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PREFACE

Chemistry and biochemistry at medical faculties are integral parts of basic theoretic knowledge of
contemporary graduate.

Educational book “Textbook of Medical Chemistry” is destined to students of study branches
General Medicine and Dentistry for the course “Medical Chemistry”. It is structured into 13 chapters
concerning several topics: general and physical chemistry, organic chemistry, chemistry of natural
substances (static biochemistry), enzymology and oxidative stress. Individual chapters provide
comprehensible explanation of the fundamentals of physico-chemical, chemical and biochemical
relationships applying in living systems as well as the knowledge of the structure of biologically
important molecules (simple molecules and macromolecules) related to their properties and biological
function.

The theoretical knowledge of this subject, which student obtains in the lectures, is verified in
laboratory practices and is expanded in seminaries.

Our selection of topics makes the text especially appropriate for medical students and managing of
problems gives the students satisfactory ground for effective study of biochemistry and other related
study subjects (clinical biochemistry, immunology, pharmacology, physiology, pathophysiology a.0.)
in the sense of comprehension of relative continuity and interdependence of biochemical processes or
their function respectively.

We expect this study literature to serve as a basic study material for mentioned medical study
branches for preparation to exam from “Medical Chemistry”.

The authors thank their former colleagues Prof. Ing. I’.Bergendi, DrSc., Prof. RNDr. J.Carsky,
CSc., RNDr. M. Hrnciarova, CSc. and Ing. A. Liptakova, CSc. for their lifelong work on creating the
study literature for future doctors that helped us to write this textbook.

Authors

Bratislava, 2018



1. STRUCTURE OF THE ATOM. CHEMICAL BOND As A PART OF
BIOLOGICAL SYSTEMS.

1.1. Classification of matter, its kinds and states

Matter is anything that occupies space and has mass, and there are three kinds of matter called mixtures,
elements and compounds (Fig. 1.1.).

Matter is mixture of pure substances. Homogeneous mixtures are composed from one phase, for example, true
solutions. Heterogeneous mixtures are composed minimally of two phases, such as suspensions, emulsions. Pure
substances are with a definite, fixed chemical composition. A pure substance is either an element or a
compound. Elements are the building blocks of compounds. Elements are substances that cannot be broken
down into anything simpler, yet are stable enough to obtain, store (sometimes under special conditions), and use
in experiments. Familiar examples are iron, copper, silver and gold. Compounds are invariably made from two
or more elements. Water is a typical compound.

An atom is the smallest particle of an element that shows the chemical properties of element. A molecule is the
smallest individual unit of a pure substance exhibiting chemical properties of a substance. Elements consist of
one kind of atoms, compounds are built of more types of atoms. Molecules may consist of different numbers of
atoms.

Matter
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Neutrons | | Protons

Fig. 1.1. Organization of matter

1.2. A simple view of atomic structure

An atom is the smallest representative particle of element. Each element has a unique kind of atoms that differs
from the atoms of all other elements. The chemical behavior of an atom is directly related to its atomic structure.
The fundamental particles of which atoms are composed are the proton, electron and neutron.

relative mass relative charge
proton 1 +1
neutron 1 0
electron 1/1836 -1




An atom consists of a very small, extremely dense, and positively charged nucleus around which negatively
charged electrons of relatively very low masses are moving (Rutherford, 1911).

The nucleus is at the center of the atom and contains the protons and neutrons. Protons and neutrons are
collectively known as nucleons. Virtually all the mass of the atom is concentrated in the nucleus, because the
electrons weigh so little.

1.2.1. Protons and neutrons

Number of protons = ATOMIC NUMBER (Z) of the atom

The atomic number is also given the more descriptive name of proton number.
Number of protons + Number of neutrons = MASS NUMBER (A) of the atom
The mass number is also called the nucleon number.

This information can be given simply in the form: mass number

19
o F
atomic number —

How many protons and neutrons has this atom got?

The atomic number counts the number of protons (9); the mass number counts protons + neutrons (19). If there
are 9 protons, there must be 10 neutrons for the total to add up to 19.

The atomic number is tied to the position of the element in the Periodic Table (Tab.1.3.) and therefore the
number of protons defines what sort of element you are talking about. So if an atom has 8 protons (atomic
number = 8), it must be oxygen. If an atom has 12 protons (atomic number = 12), it must be magnesium.

Similarly, every chlorine atom (atomic number = 17) has 17 protons; every uranium atom (atomic number = 92)
has 92 protons.

1.2.2. Isotopes

Atoms with the same atomic as well as mass numbers are termed nuclides. For example nuclide of fluorine
mentioned above with atomic humber Z = 9 and mass number A = 19 consists of atoms each of which contains 9
protons and 10 neutrons in nucleus.

Atoms of certain element can differ in the mass number, i.e. in the number of neutrons. Atoms which have the
same atomic number but different mass numbers are called isotopes. They all have the same number of
protons, but the number of neutrons varies. For example, the following nuclides constitute the isotopes of
carbon: carbon-12 (**C), carbon-13 (**C), and carbon-14 (**C)

protons neutrons mass number
carbon-12 6 6 12
carbon-13 6 7 13
carbon-14 6 8 14

The fact that they have varying numbers of neutrons makes no difference whatsoever to the chemical reactions
of the carbon.

Some of the elements occur naturally with only one nuclide, e.g. *°F or phosphorus *'P. Other elements have
two, three ( 'H, ?H, *H; 'O, '70, ™0 ) or more naturally occurring isotopes. Even though an element has
isotopes, all of the atoms of that element have the same chemical behavior and chemical properties. The
existence of isotopes is reflected in the average mass of an atom of an element: The relative atomic masses
(weights) listed in periodic table are the average relative masses of an atom of elements determined by
considering the contribution of each natural isotope. Most naturally occurring nuclides are stable and retain their
structure indefinitely.

However, some nuclides spontaneously decay over time — they are radioactive. Radioactivity depends on the

instability of nuclei which decay by giving off nuclear particles (o or B accompanied by y radiation in some
cases) and forming new nuclei with different atomic numbers.



1.2.3. Electrons
Working out the number of electrons

Atoms are electrically neutral, and the positiveness of the protons is balanced by the negativeness of the
electrons. It follows that in a neutral atom: number of electrons = number of protons

So, if an oxygen atom (atomic number = 8) has 8 protons, it must also have 8 electrons; if a chlorine atom
(atomic number = 17) has 17 protons, it must also have 17 electrons.

Atomic orbitals and electron configuration of atoms

To understand the behaviour of electrons in atoms and molecules it requires the use of quantum mechanics (also
called wave mechanic). According to this theory, every elementary particle behaves simultaneously as a particle
or a wave. The basic equation of quantum mechanics is Schrodinger equation. The solution of the equation gives
not the exact position of the electron, but the probability of finding the electron in a specific region around the
nucleus. The most probable region in space at which electron is found is known as an orbital.

According to quantum mechanics, three quantum numbers are required to describe atomic orbitals. These
numbers are derived from the mathematical solution of the Schrédinger equation for the hydrogen atom. Fourth
quantum number that describes the behaviour of a specific electron — spin quantum number — completes the
description of electrons in atoms.

The principal qguantum number (n) determines the energy of an orbital and has an integral values 1, 2, 3....
With an increasing n, there is an increase in electron energy and in the size of orbitals (the “distance” of
electrons from the nucleus increases).

The angular momentum quantum number (1) is related to the shape of atomic orbitals. The values of | depend
on the value of the principal quantum number, n. For a given value of n, | has possible values from 0 to (n-1). If
n =1, there is only one possible value of I: 1 = 0. If n = 2, there are two values of I: 1=0and I =1. If n =3, there
are three values of |, given by 0, 1 and 2, etc. The value of | is generally designated by the letters s, p, d, f. Thus
if | =0, we have an s orbital; if | = 1, we have a p orbital; if | = 2, we have a d orbital and so on. This system
arises from early spectral studies and is summarized in Table 1.1. A collection of orbitals with the same value of
n is frequently called a shell. One or more orbitals with the same n and | values are called a subshell.

The magnetic quantum number (m;) describes the orientation of the orbital in space and has integral values
from -l to +l including zero. For a certain value of |, there are 2I+1 values of m;. The number of m, values
indicates the number of orbitals in a subshell with particular | value. For example, the orbital where n =3 and | =
1 is symbolized as 3p. There are three 3p orbitals (because there are three values of m;, given by -1, 0, 1) which
have different orientations in space. The orbital where n = 3 and | = 2 is symbolized as 3d. There are five 3d
orbitals (because there are five values of m,, given by -2, -1, 0, 1, 2). The shape of the orbitals and their
orientation in space is schematically drawn in Fig. 1.2.

The electron spin guantum number (m;g) has the value of +1/2 or -1/2. These values correspond to the two
possible spinning motions of the electron. Whereas an atomic orbital is defined by a unique set of three quantum
numbers, an electron in an atomic orbital is defined by a unique set of four quantum numbers: n, I, m; and ms. As
there are only two values of m, an orbital can by occupied only by two electrons which are spin—paired; one
electron has a value of mg = +1/2 and the other mg = -1/2.



Tab.1.1. Quantum numbers for the first four levels of orbitals in the hydrogen atom

Maximal
n | Name of orbital m, Number of orbitals number of
electrons
1 0 1s 0 1 (1s) 2
2 0 2s 0 1 (2s) 8
1 2p -1, 0, 1 3 (Zva 2pv. 2pz)
0 3s 0 1 (35)
3 1 3p -1,0,1 3 (3px 3py. 3p2) 18
2 3d -2,-1,0,1,2 5 (de, 3dy,, 3dy,,
3d>< -Vzl 3d221)
0 4s 0 1 (4s)
1 4p -1,0,1 3 (4px 4py, 4p,)
4 2 4d -2,-1,0,1,2 5 (4dx¥, 4d,,, 4dy,, 32
4d>< 'v2: 4d221)
3 4f -3,-2,-1,0,1,2,3 |7 4f
s-orbital p-orbitals
z z T z
v Y bf! v
b 3 x /q ; x
L] P Py P
d-orbitals
3

Fig. 1.2. Shapes of orbitals s, p and d

Size of orbitals

For a given atom, a series of orbitals with different values of n but the same values of | and m, (for example 1s,
2s, 3s....) differ in their relative size (spatial extent). The larger the value of n, the larger the orbital, although this
relationship is not linear. An increase in size also corresponds to an orbital being more diffuse. Fig. 1.3. shows us
the hydrogen 1s, 2s and 3s orbitals. The hydrogen atom is a particularly simple system because it contains only
one electron. Hydrogen’s single electron can occupy any of its atomic orbitals. However, in the lowest energy
state, the ground state, the electron resides in the 1s orbital. If energy is put into the atom, the electron can be
transferred to a higher-energy orbital, producing an excited state.



1s 2s 3s
Fig. 1.3. Schematic representation of the hydrogen 1s, 2s and 3s orbitals

The situation is different for multi-electron atoms. To understand electronic behaviour in multi-electron atom,
we must know the electron configuration of the atom.

Electron configuration of atoms

The electron configuration of an atom tell us how the electrons are distributed among the various atomic orbitals
(it describes the electronic structure of an atom). A knowledge of the electron configurations helps to understand
and predict the properties of the elements.

The general rules that are used to figure out the electron configuration of atoms are following:
1. In neutral atoms the number of electrons equals the number of protons in atomic nuclei.

2. The building-up principle. The building-up principle states that electrons occupy orbitals in the order of
increasing energy. Orbital energy depends on the atomic number. The following sequence is
approximately true (exact only for hydrogen atom) for the relative energies of orbitals in neutral atoms,
lowest energy first:
1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 4f, 5d, 6p, 7s, 5f, 6d, 7p

3. Pauli exclusion principle. In a given atom no two electrons can have the same set of four quantum
numbers (n, I, m;, and mg). Since electrons in the same orbital have the same values of n, | and m,, this
postulate says that they must have different values of ms. Then, since only two values of mg are allowed,
an orbital can hold only two electrons, and they must have opposite spins. This principle will have an
important consequences as we use the atomic model to account for the electron arrangements of the atoms
in the periodic table.

4. The rule of maximum multiplicity - Hund's rule. Hund's rule states that the lowest energy configuration
for an atom is the one having the maximum number of unpaired electrons allowed by the Pauli principle
in a particular set of degenerate orbitals (orbitals that have the same energy). It means, that electrons may
not be spin-paired in an orbital until each orbital in the set contains one electron; electrons singly
occupying orbitals in a degenerate set have parallel spins, i.e. they have the same values of m,. See
electron configuration of carbon, below.

According to these rules, the ground-state electron configuration of an atom can be found by putting electrons in
orbitals, starting with that of lowest energy and moving progressively to higher energy.

For example, helium has two electrons (Z = 2), hence the electron configuration of He is 1s%

number of electrons
in the orbital

energy level
(the principal quantum number n)

\ 182

type of orbital
(the angular momentum guantum number 1)



The electron configuration can also be represented by an orbital diagram that shows the spin of the electrons:

He N

1s

Carbon has six electrons (Z = 6). Two electrons occupy the 1s orbital, two occupy the 2s orbital, and two occupy
2p orbitals. Since there are three 2p orbitals with the same energy, electrons will occupy separate 2p orbitals
(Hund’s rule):

C: 1s°2s*2p®>  or N N T T

1s 23 2p

Note that the unpaired electrons in the 2p orbitals are shown with parallel spins. Orbitals that are not occupied by
electrons are referred to as vacant orbitals.

In neon the 2p orbitals are completely filled:

Ne: 1s?2s?2p®  or N N N N N

1s 2s 2p

For sodium (Z = 11), the first ten electrons occupy the 1s, 2s, and 2p orbitals, and the eleventh electron must
occupy the first orbital with n = 3, the 3s orbital. The electron configuration for sodium is 1s°2s*2p®3s’. To avoid
writing the inner-level electrons, this configuration can be abbreviated as [Ne]3s', where [Ne] represents the
electron configuration of neon, 1s%2s%2p°.

The chemical properties of elements depend chiefly on the electron configuration, especially on the
configuration of valence electrons. Valence electrons are electrons in the outermost electron shell (valence
shell) of the atom. For example, the valence electrons of the carbon and neon atoms are electrons in the 2s and
2p orbitals and sodium atom has one valence electron in 3s orbital. The valence electrons are very important,
because they are involved in the formation of chemical bonds. Elements in a given group of the Periodic table
have the same number of valence electrons and therefore have similar chemical properties. The electron
configuration of some elements with emphasis on the valence orbitals and valence electrons is in Table 1.2.

Tab. 1.2. Electron configuration of some elements (valence orbitals and electrons are signed by bold type)

Element | Outermost | Element | Outermost Element | Outermost
eLE(ﬁron electron electron
she shell shell
H 1st ;N 1s22s%2p° 1K 15225%2p®3s%3p°4s!
,He 15° Ne) 1s%2s%2p* »xCa 15%25%2p®3s%3p°4s?
sLi 1s%2¢ 1uNa 15%25%2p°3s" 6Fe 15°25%2p°3s%3p®3d°%4s?
.Be 15%25? 5P 15%25%2p%3s%3p° | ,Cu 15%25°2p°35%3p®3d"%4s!
B 15225%2p1 | 1S 15225%2p®3s23p* | 30Zn 15225%2p®3s%3p°®3d1°4s?
C 1s%2s%2p® | ;€I 15%25%2p%3s%3p° | 54Se 15°25%2p°3s%3p°3d " 4s%4p*

1.2.4. Periodicity in properties of the elements

The Periodic Law: The properties of elements are periodic functions of their atomic numbers. The Periodic
Table is a two-dimensional tabular arrangement portraying the elements in terms of similarities and differences
in chemical properties. In the table, the elements are arranged in rows in increasing order of atomic number,
running from left to right across the table (Tab.1.3.).

The rows are called periods and are normally identified with Arabic numerals (i.e., Period 3).

The columns are termed groups. There are two systems of group numbers; one using Arabic numerals (1, 2, 3)
and the other two using Roman numerals (I, Il, I1I). The Roman numeral names were used at first and are the
traditional names; the Arabic numeral names are newer names that the International Union of Pure and Applied



Chemistry (IUPAC) decided to use as well. The IUPAC names were meant to replace the older Roman numeral
systems as they used the same names to mean different things, which was confusing. Under an international
naming convention, the groups are numbered numerically from 1 to 18 from the leftmost column (the alkali
metals) to the rightmost column (noble gases). In each group, the outermost electron shell contains the same
number of electrons for each member.

The block of elements between Groups 3 and 12 are called transition metals. Transition metals have from one
to ten electrons in the d orbitals. These transition elements have very similar chemical properties.

Elements 58 to 71 are the lanthanides or rare Earth elements. Lanthanides are elements in which the 4f
orbitals are being filled. Elements 90 to 92 (to 103 if the elements that have been created artificially are counted)
are termed the actinide elements. Actinides are elements in which the 5f orbitals are being filled.

The elements in Group 17 are collectively termed halogens. Atoms of these non-metals contain seven electrons
in their outer electron shell. All form univalent anions, e.g., CI. They are oxidizing agents, decreasing in
oxidizing power (and chemical reactivity) with increasing period, so that fluorine is the most reactive and iodine
the least.

The elements in Group 18 are collectively termed noble or inert gases. Their electron configurations are very
stable as the outer shell of electrons is complete. They gain or loose electrons only in extreme conditions and so
do not normally enter into chemical reactions. They exist as monoatomic gases.

Tab. 1.3. Periodic table of elements
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

IA [IlA lIB IVB VB VIB VIIB VIIIB IB 1IB IIAIVA VA VIA VIIA VIIA
H ,He
sLi |4Be B |sC /N 8O |oF 10Ne
uNa [;,Mg 1Al 2SI |1sP 165 [17Cl [18Ar

10K |20Ca [1SC [Ti |3V [24Cr |5sMn psFe [57C0 NI |50CU [30ZNn [51Ga |5.Ge  [33AS  [34Se  |ssBr  |gKr
37RD [36Sr |30Y  |40ZF |uNDb [2MO |45TC  |4RU |5sRh [46Pd [;7AQ (48Cd |ggln |50SN |5:Sb |5, Te |s3l 54X€
55Cs |ssBa |s7la |7Hf [75Ta |7uW  |75Re 7608 |77Ir  |7gPt |70AU |goHG |a1 Tl |goPb  |g3Bi  |s4PO [gsAL  [ggRN

~N o g~ W NP

7T |gsRa [goAC |104RT |10sDD |106Sg |107BN |108HS |100M1t |120DS |11:Rg |12.CN

* 56Ce |soPr |eoNd |g:PM [6SM [g3EU [64Gd |g5Th |gDY |67HO |gsEF  |sgTM |70Yb |71Lu
**  goTh |g1Pa |ooU  |gsNP |9sPU |osAM |osCM [g7BK |9gCF  |99ES |100FM |10:Md |102NO |105LF

* Lanthanides
** Actinides

1.2.5. The electron structures of atoms in individual periods
The first period
Hydrogen has its only electron in the 1s orbital - 1s*, and at helium the first level is completely full - 152

The second period

Lithium's electron goes into the 2s orbital because that has a lower energy than the 2p orbitals. Lithium has an
electron structure of 1s%2s*. Beryllium adds a second electron to the same level - 15?252

10



Now the 2p levels start to fill. These levels all have the same energy, and so the electrons go in singly at first.
B 1s°2s%2p, !

C 1s°2s%2p,t2p,t

N 1s°2s%2p,'2p,'2p,!

The next electrons to go in will have to pair up with those already there.
0 1s%2s%2p,?2p, 2p,*

F 1s%2s%2p,22p,22p,*

Ne 1s%2s°2p,22p,*2p,?

The third period

At neon, all the second level orbitals are full, and so after this we have to start the third period with sodium. The
pattern of filling is now exactly the same as in the previous period, except that everything is now happening at
the 3-level.

For example:
short version
Mg 15°2s%2p°3s? [Ne]3s®
S 1s%25%2p®3s°3p,*3p, 3p," [Ne]3s?3p,23p,'3p,*
Ar 15%25%2p°35%3p,?3p,*3p,> [Ne]3s%3p,Z3p,*3p,

The beginning of the fourth period

At this point the 3-level orbitals are not all full - the 3d levels have not been used yet. But if you refer back to the
energies of the orbitals, you will see that the next lowest energy orbital is the 4s - so that fills next.

K 15°2s%2p°3s%3p°4s’

Ca 15°25%2p°3s%3p°4s?

There is strong evidence for this in the similarities in the chemistry of elements like sodium (1s°2s*2p®3s') and
potassium (15°2s2p°3s?3p®4s?)

The outer electron governs their properties and that electron is in the same sort of orbital in both of the elements.
That wouldn't be true if the outer electron in potassium was 3d".

s- and p-block elements

ra

3 ] 7 3 9 1d
E |< [N |o |F Na
12 114 [15 |16 |17 [18
Al IS [P O[5S |l [ Ar
21 |22 (22 |24 |25 (26 |27 |28 [29 |30 |31 [32 |33 [34 [235 |36
Sc [Ti [V Cr [Mu [Fe [Co [Ni [Cu [Zn [Ga [Ge [As [Se [Br [Er

! t

5 block p block
5 ofbitals being filled fr ortaitals being filled

The elements in group 1 of the Periodic Table all have an outer electron structure of ns* (where n is a number
between 2 and 7). All group 2 elements have an outer electron structure of ns?. Elements in groups 1 and 2 are
described as s-block elements.

11



Elements from group 13 across to the noble gases all have their outer electrons in p orbitals. These are then
described as p-block elements.

d-block elements

1 2
H He
3 |4 s |6 |7 |2 [9 [wo
Li |Ee E |c |N [¢ [F |Me
1 |12 13 (14 |15 |16 |17 |18
Mz Al si P |3 [ |ar
21 |22 |23 |24 |25 (26 |27 |28 |20 (30 |21 |32 [32 (34 |25 |36
i Se |Ti |¥ [Cr [Mn[Fe |[Co |Mi |Cu |Zn |Ga |Ge |As [Se [Br |Kr
5 block d block p block
45 orteital filling 3d ortxitals filling 4 citeitals filling

The 4s orbital has a lower energy than the 3d orbitals and so fills first. Once the 3d orbitals have filled up,
the next electrons go into the 4p orbitals as you would expect. d-block elements are elements in which the last
electron to be added to the atom is in a d orbital.

d electrons are almost always described as, for example, d® or d® - and not written as separate orbitals.
Remember that there are five d orbitals, and that the electrons will occupy them singly as far as possible. Up to 5
electrons will occupy orbitals on their own. After that they will have to pair up.

d® means T T T T T
d® means T l T l T l T T

All the 3-level orbitals are written together, even though the 3d electrons are added to the atom after the 4s.
Sc 15?25%2p°35?3p°®3d*4s?

Ti 15?25%2p°35?3p°®3d%4s?
\Y 15?25%2p°35?3p°®3d°4s?
Cr 15?25%2p°3s?3p°®3d°4s*

Chromium breaks the sequence. In chromium, the electrons in the 3d and 4s orbitals rearrange so that there is
one electron in each orbital. It would be convenient if the sequence was tidy - but it is not!

Mn 15%25%2p®3s°3p°®3d°4s? (back to being tidy again)
Fe 15225%2p°35%3p°3d°4s?
Co 15%25%2p°35%3p°3d’4s*
Ni 15%25%2p°35%3p°3d°4s?
Cu 15225%2p°35?3p®3d™4s*
Zn 15225%2p°35%3p®3d"4s?

And at zinc the process of filling the d orbitals is complete.

12



The d-block elements are called the transition metals and the f-block elements (lanthanides and actinides) are
called the inner transition elements or the rare earths elements.

1.2.6. First ionization energy

The first ionization energy is the energy required to remove the most loosely held electron from one mole of
gaseous atoms to produce 1 mole of gaseous ions (cation) each with a charge of 1",

This is more easily seen in symbol terms.

Xg — > Xg + ¢
It is the energy needed to carry out this change per mole of X (Tab.1.4). There is a general decrease of the first
ionization energy of elements from top to bottom within a given group and increase from left to right within
a given row of the periodic table. Metals have usually few outer-level electrons and incline to give positively

charged ions (cations) by losing the electrons. Therefore, they are said to be electropositive elements, their
values of electronegativity are low.

Tab. 1.4. The values of ionization energy for some elements (kJ/mol)

H-H' Li — Li" Na—Na* K—K" Rb—Rb*
13125 520.4 496.1 419.1 401.5

Be —Be? Cu—Cu? Ag—Ag’ Au—Au’ Zn—Zn*
2646.1 2683.8 724.3 896.0 2625.2

1.2.7. First electron affinity

lonization energies are always concerned to the formation of positive ions. Electron affinities are the negative
ion equivalent, and their use is almost always confined to elements in groups 16 and 17 of the Periodic Table.

The first electron affinity is the energy released when each atom of 1 mol of gas acquires an electron to form 1
mol of gaseous 1" ions.

This is more easily seen in symbol terms.
Xg+t &€ —> X

It is the energy released (per mol of X) when this change happens. First electron affinities have negative values.
For example, the first electron affinity of chlorine is -349 kJ mol™. By convention, the negative sign shows a
release of energy.

The first electron affinities of the group 7 elements:

F  -328 kI mol™
Cl  -349 k mol™
Br -324 ki mol*
I -295kJ mol™

1.2.8. Second electron affinity

The second electron affinity is the energy required to add an electron to each ion in 1 mole of gaseous 1" ions to
produce 1 mole of gaseous 2 ions. This is more easily seen in symbol terms.

- - 2.
Xgt e —> X

It is the energy needed to carry out this change per mole of X'.

13



Why is energy needed to do this?
You are forcing an electron into an already negative ion.

Ogt & — O 1% EA = -142 kJ.mol™
Opg+te — 02'(9) 2" EA = +844 kJ.mol™

The positive sign shows that you have to put in energy to perform this change. The second electron affinity of
oxygen is particularly high because the electron is being forced into a small, very electron-dense space.

1.2.9. Oxidation states

Oxidation state (also called oxidation number) is a measure of the degree of oxidation of an atom in a
substance. The oxidation numbers of the atoms in a covalent compound are defined as the imaginary charges the
atoms would have if the shared electrons were divided equally between identical atoms bonded to each other or,
for different atoms, were all assigned to the atom in each bond that has higher electronegativity. The oxidation
number is represented by a Roman numeral. For ionic compounds containing monatomic ions, the oxidation
number of the ion is equal to the net charge on the ion, for example K*, Ca?*, Fe** have oxidation numbers I, Il
and 11 respectively.

Here are the rules which allow the assignment of oxidation numbers in most compounds:

1. The oxidation number of a free element (uncombined element) is zero. Thus Na, Be, O, has the same
oxidation number: 0.

2. The oxidation number of hydrogen is I, except when it is bonded to metals in binary compounds (that is,
compounds containing two elements). For example in LiH, CaH, its oxidation number is -I.

3. The oxidation number of oxygen in most compounds is —I1, in hydrogen peroxide (H,0,) its oxidation
number is -1.

4. Fluorine has an oxidation number of -1 in all compounds. Other halogens have negative oxidation
numbers when they occur as halide ions in their compounds (e.g. NaCl, KBr). When combined with
oxygen, for example in oxoacids (HCIO,), they have positive oxidation number.

5. In a neutral molecule, the sum of the oxidation numbers of all atoms must be zero. In a polyatomic
ion, the sum of oxidation numbers of all atoms in the ion must be equal to the net charge of the ion.
For example in the sulfate anion SO, the oxidation number of S is VI and that of O is -I1. Thus the sum
of the oxidation numbers is 6 + 4.(-2) = -2, which is equal to the net charge of the ion.

An element is said to be oxidized if its oxidation number increases in a reaction; if the oxidation number of the
element decreases in a reaction, it is said to be reduced. The higher the oxidation state of a given atom, the
greater is its degree of oxidation; the lower the oxidation state, the greater is its degree of reduction.

Fig. 1.4. shows some of the oxidation states found in compounds of the transition-metal elements.
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Fig. 1.4. The oxidation states found in compounds of the transition-metal elements.
A solid circle represents a common oxidation state, and a ring represents a less common (less energetically favourable)
oxidation state.

14



1.3. Chemical bonds

The atoms of a compound are held together by chemical bonds formed by the interaction of electrons from each
atom. The chemical bond means a net force of attraction that holds atomic nuclei within compounds near each
other. Atoms are disposed to those chemical reactions that give them more stable, preferentially closed
configurations of outer-shell electrons (see the “octet rule”).

There are two ways in which atoms interact through their outer-shell electrons to attain the stable configuration:

1. Formation of molecules by mutual possession or sharing a pair of electrons which acts as a bonding
force to link the atoms, the covalent bond (Fig. 1.5.)

2. Formation of oppositely charged ions by the transferring some valence electrons; the ions are attracted
through electrostatic forces, the ionic bond (Fig. 1.5.)

000

ELECTRON ELECTRON
SHARING TRANSFER
_®
) 5 )
ra
molecule cation anion
covalent bond ionic bond

Fig. 1.5. Comparison of covalent and ionic bond

1.3.1. Covalent bond

When nonmetals or metalloids form compounds with other nonmetals, the atoms attain a stable configuration by
sharing one or more electron pairs between the atoms (Fig. 1.5.).

1.3.1.1. Single covalent bond

One shared pair means one covalent bond. It is drawn as one line connecting the atoms and represents an
overlap of two half-filled atomic orbitals which have turned into a bonding molecular orbital occupied by two
electrons of opposite spins- by a shared bonding pair. A covalent bond which result from an end-to-end overlap
of half filled s or p orbitals, with cylindrical symmetry around the bond axis, is called a o bond (Fig. 1.6.a).
A bond formed by coupling of atoms of the same element is a nonpolar bond, the electron pair is shared
equally. The formation of diatomic molecules such as hydrogen or chlorine lead to a single covalent bond (o
bond).

A covalent bond between nonmetals with different electronegativity values is called a polar covalent bond,
because of an unequal sharing of the bonding electron pair. If the difference in electronegativity is smaller than
0.4, the covalent bond is still classified as nonpolar.

Definition of electronegativity

Electronegativity is a measure of the tendency of an atom to attract a bonding pair of electrons. The Pauling
scale is the most commonly used. Fluorine (the most electronegative element) is assigned a value of 4.0, and
values range down to cesium and francium which are the least electronegative at 0.7.

What happens if two atoms of equal electronegativity bond together?
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A——B
If the atoms are equally electronegative, both have the same tendency to attract the bonding pair of electrons, and

so it will be found on average half way between the two atoms. To get a bond like this, A and B would usually
have to be the same atom. You will find this sort of bond in, for example, H, or Cl, molecules.

What happens if B is slightly more electronegative than A?
B will attract the electron pair rather more than A does.
&+ &
A——B

That means that the B end of the bond has more than its fair share of electron density and so becomes slightly
negative. At the same time, the A end (rather short of electrons) becomes slightly positive. Symbol 6 is used to
indicate a fractional charge; 5* means partially positive charge and & partially negative charge.

Definition of polar bonds

The polar bond is a covalent bond in which there is a separation of charge between one end and the other - in
other words in which one end is slightly positive and the other slightly negative. Examples include most covalent
bonds. The hydrogen-chlorine bond in HCI or the hydrogen-oxygen bonds in water are typical.

What happens if B is a lot more electronegative than A?
In this case, the electron pair is dragged right over to B's end of the bond. To all intents and purposes, A has lost
control of its electron, and B has complete control over both electrons. lons have been formed.

+ —
A—B

A "'spectrum® of bonds

The implication of all this is that there is no clear-cut division between covalent and ionic bonds. In a pure
covalent bond, the electrons are held on average exactly half way between the atoms. In a polar bond, the
electrons have been dragged slightly towards one end.

How far does this dragging have to go before the bond counts as ionic? There is no real answer to that. You
normally think of sodium chloride as being a typically ionic solid, but even here the sodium has not completely
lost control of its electron. Because of the properties of sodium chloride, however, we tend to count it as if it
were purely ionic.

The absolute value of the difference in electronegativity of two bonded atoms tells the degree of polarity in their
bond. Although dividing points between bond types are not sharply defined, the following rule is helpful in
distinguishing between them:

- No electronegativity difference or a small electronegativity difference (less than about 0.4) between two
atoms leads to a non-polar covalent bond (H-H, O-O, C-H).

- An electronegativity difference from about 0.4 to 1.7 leads to a polar covalent bond (H-Cl, H-O)
- An electronegativity difference greater than about 1.7.leads to an ionic bond (NaCl, KF).

Some simple covalent molecules
Hydrogen

Hydrogen atoms need two electrons in their outer level to reach the noble gas structure of
helium. Once again, the covalent bond holds the two atoms together as the pair of electrons is %

attracted to both nuclei.
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Chlorine
For example, two chlorine atoms could both achieve stable structures by sharing

their single unpaired electron as in the diagram.

The fact that one chlorine has been drawn with electrons marked as crosses and
the other as dots is simply to show where all the electrons come from. In reality
there is no difference between them.

The two chlorine atoms are said to be joined by a covalent bond. The reason that

the two chlorine atoms stick together is that the shared pair of electrons is attracted to the nucleus of both
chlorine atoms.

Hydrogen chloride
The hydrogen has a helium structure, and the chlorine an argon structure. o @

Shapes of simple molecules and ions

One of the most important features of covalent bonds is their strong directionality. It is this property which
determines the specific three-dimensional structure of the molecule.

The electron pair repulsion theory

The shape of a molecule or ion is governed by the arrangement of the electron pairs around the central atom. All
you need to do is to work out how many electron pairs there are at the bonding level, and then arrange them to
produce the minimum amount of repulsion between them. You have to include both bonding pairs and lone
pairs.

Four electron pairs around the central atom
There are lots of examples of this. The simplest is methane, CH,4. Carbon is in group 4, and

so has 4 outer electrons. It is forming 4 bonds to hydrogen atoms, adding another 4 '| 109.5°
electrons - 8 altogether, in 4 pairs. Because it is forming 4 bonds, these must all be bonding f,'CL‘,t

pairs. Four electron pairs arrange themselves in space in what is called a tetrahedral H"' \- H
arrangement. A tetrahedron is a regular triangularly-based pyramid. The carbon atom would H

be at the centre and the hydrogen atoms at the four corners. All the bond angles are 109.5°.

Other examples with four electron pairs around the central atom
Ammonia, NH;

Nitrogen is in group 5 and so has 5 outer electrons. Each of the 3 hydrogen atoms is adding ,Nh .
another electron to the nitrogen's outer level, making a total of 8 electrons in 4 pairs. He'i ‘LH
Because the nitrogen is only forming 3 bonds, one of the pairs must be a lone pair * »H
(triangular pyramid). The electron pairs arrange themselves in a tetrahedral fashion as in ;32
methane.

In this case, an additional factor comes into play. Lone pairs are in orbitals that are shorter and rounder than the
orbitals that the bonding pairs occupy. Because of this, there is more repulsion between a lone pair and a bonding
pair than there is between two bonding pairs. That forces the bonding pairs together slightly - reducing the bond
angle from 109.5° to 107°.

Remember this:

Greatest repulsion lone pair - lone pair

lone pair - bond pair
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Least repulsion bond pair - bond pair

Although the electron pair arrangement is tetrahedral, when you describe the shape, you only take notice of the
atoms. Ammonia is pyramidal - like a pyramid with the three hydrogen atoms at the base and the nitrogen at the
top.

Water, H,0O

Following the same logic as before, you will find that the oxygen has four pairs of electrons, O
two of which are lone pairs. These will again take up a tetrahedral arrangement. This time the .8 \:
bond angle closes slightly more to 104°, because of the repulsion of the two lone pairs. The H

shape isn't described as tetrahedral, because we only "see" the oxygen and the hydrogen atoms > >H
- not the lone pairs. Water is described as bent or V-shaped.

1.3.1.2. Multiple covalent bond

Multiple covalent bonds arise between two o-bonded atoms when their non-hybridized and half-filled p or d-
orbitals situated in one plane overlap side-to side. The resulting second or third covalent bond is called a = bond,
the bonding electron pair of which lies half above and half below the bond axis. A double covalent bond (e.g.
CH,=CH,) consists of one o bond and one = bond. A molecule of N, has atriple covalent bond (N=N)
composed from one o bond and two & bonds (Fig. 1.6.).

Fig. 1.6. Schema of bonds in molecule of nitrogen: a) o bonds, b) ¢) = bonds

1.3.1.3. Dipole moment

Polarity is an important molecular property. The polarity of a molecule is measured by its dipole moment.
Dipole moment is equal to the product of the charges (q) and the distance between them (d); « =q.d. For
diatomic molecules such as H—F and H—CI that have only one bond, when the bond is polar so is the molecule.
Whether polyatomic molecules are polar in an overall sense depends not just on the presence of polar bonds
but also on the geometry of the molecule. It is possible for the polarities of individual bonds to cancel out each
other. A good approximation is to assign a dipole moment (which is a vector, shown as an arrow pointing from
the negative charge to the positive charge) to each bond, and then obtain the total dipole moment by carrying out
a vector sum of the bond dipoles. In linear molecule CO,, for example, each carbon-oxygen bond has a dipole.
However, because the dipoles are equal in magnitude and point in opposite directions, the total molecular dipole
moment vanishes:

& S+ -
O=C=0
p=0

That is the reason, why in highly symmetrical molecules such as BF; (trigonal planar symmetry) or CF,
(tetrahedral symmetry) the net dipole moment is zero even though the individual bonds may be strongly polar
and such molecules are nonpolar. On the other hand, water molecule is polar. Because of the lone pairs on
oxygen, the structure of H,O is bent (see description of its geometry above) and the vectors representing the
dipole moment of each O—H bond do not cancel each other out:
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In a similar way, NH3; molecule is also polar. Dipole moments are an important source of intermolecular forces.

1.3.2. Coordinate bond

Coordinate bond (also sometimes called a dative bond) is a special case of bond where the electrons for sharing
are supplied by one atom — donor atom. It means that a coordinate bond is distinguished by the ligand donor
atom donating both electrons of a lone electron pair (nonbonding electron pair) to an empty orbital on the
central atom to form the bond. The ligand is an ion or molecule having at least one donor atom with a lone
electron pair, for example F', 0%, OH", CN", H,0, NH; The central atom is the electron pair acceptor (possesses
vacant orbitals) and is conventionally metal, for example Cu, Co, Fe, Mn. Metal ions may exist and form
coordinate bonds in a number of oxidation states. A coordination entity (or complex) is an ion or neutral
molecule that is composed of a central atom to which is attached a surrounding array of ligands. The formula of
the entire complex, whether charged or not, is enclosed in square brackets.

Examples:
1. [Co(NHg)e]**
2. [Fe(CN)]*
3. [CuCly(H20),]
4. [Ni(CO)4]

In these complexes, the central atoms are cobalt in the oxidation state of Ill, iron in the oxidation state of IlI,
copper in the oxidation state of Il and nickel in the oxidation state of 0, respectively and ligands attached to them
are either neutral molecules NH3, H,0O and CO or anions CNand CI'.

The coordination compound is any neutral compound that contains a coordination entity, for example
[Co(NHj3)g]Cls or K3[Fe(CN)g]:

coordination entity coordination entity
(complex) (complex)
— —M
[Co(NH,)ICI, Kg[Fe(CN)G]
ligands ligands
central atom counter ion counter ion central atom
hexamminecobalt(l11) chloride potassium hexacyanidoferrate(l11)

The number of c-bonds between ligands and the central atom (number of donor atoms directly bound to the
central atom) is called the coordination number. For example, the coordination numbers of Co* in
coordination compound [Co(NH5)s]Cl; and of Fe®* in K;[Fe(CN)g] are 6. The most common coordination
numbers are 6 and 4.

Ligands such as F, 0%, OH", CN", H,O, NHjsare classical examples of monodentate ligands, it means that these
ligands have only one donor atom able to form a bond with the same central atom. Many ligands offer more than
one donor atom capable of binding to the same central atom, such ligands are called a polydentate
(multidentate) ligands or chelate ligands. The number of such ligating atoms in a single chelating ligand is
indicated by the adjectives bidentate, tridentate, tetradentate, pentadentate, etc. It means, when two donor
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atoms of a ligand are bound to the same central atom, it is a bidentate ligand; three bound donor atoms yields a
tridentate, and four bound is called a tetradentate ligand.

The cyclic structures formed when more than one donor atom from the same ligand is bound to the central atom
are called chelate rings and the process of coordination of these donor atoms is called chelation. The complexes
thus created are called chelates. Chelate ligands forms more stable complexes than do monodentate ligands.
Usually, the higher the denticity, the more stable is the complex formed.

Common example of bidentate ligand is ethylenediamine (en) and chelation leads to a five-membered chelate
ring. Ethylenediaminetetraacetic acid (EDTA), a hexadentate ligand, is an example of a multidentate ligand that
has six donor atoms with a lone electron pairs that can be used to bond to a central atom:

! ! t t
L — <« "O0CH,C_L L _CH,COO —
H,N—CH,—CH,—NH, 2 SN—CH—CH,—N{ 2
«— "O0OCH,C CH,COO —
ethylenediamine (en) ethylenediaminetetraacetate (EDTA®)

In medical practice, chelate ligands (chelating agents), are widely used for direct treatment of metal poisoning
because they are capable of binding to toxic metal ions to form complex structures which are easily excreted
from the body removing toxic metal ions from intracellular or extracellular spaces (see Chapter 2.4.3.). Chelating
agents are also employed as extracting agents in industrial and laboratory separation of metals and as metal-ion
buffers and indicators in analytical chemistry. Many commercial dyes and a number of biological substances,
including chlorophyll and hemoglobin, are chelate compounds.

1.3.2.1. Biological ligands for metal ions

Within the biological context, metals are present mainly in oxidized form as ionized metal centers, which are
surrounded by electron pair donating ligands. The three most important classes of biologically important ligands
are: proteins with amino acid side chains that can be used for coordination, specially biosynthesized
macrocyclic chelate ligands and nucleic acids with nucleobases as potentially coordinating components.

Proteins as ligands

Proteins, including enzymes, consist of o amino acids, which are connected via peptide bonds, —C(O) —N(H) —.
The functional groups in the side chains of amino acids residues, such as -COOH, —-NH,, -OH and —SH are
particularly well suited for metal coordination. The common donor atoms in proteins are sulfur atom of
cysteines, nitrogen atoms of histidines and oxygen atoms of glutamates, aspartates and tyrosinates. Another
potential donor atoms (though less common) for metal ion coordination are sulfur atoms of methionines,
nitrogen atoms of arginines and lysines and oxygen atoms of serines.
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HS—CHZ—ClH—COOH H3C—S—CH2—CH2—$H—COOH
NH, NH,
cysteine methionine

N | CHz—ClH—COOH HzN—(ﬁ—NH—CHZ—CHZ—CHZ—?H—COOH
L)
NH

H, NH NH;
histidine arginine
OEC—CHZ—CH—COOH O>C—CH2~CH2—CH—COOH
HO I HO |
NH2 NH;
aspartic acid glutamic acid

Polypeptide chain of proteins thus acts as a huge chelate ligand, employing metal-binding amino acid residues.
This is often the way how metals are bound in metalloproteins (see Chapter 9.3.3), one important branch of
which is the metalloenzymes.

For example important antioxidant enzyme Cu/Zn-superoxide dismutase (Cu/Zn-SOD), contains copper and zinc
in the active site. Copper is coordinated by four nitrogen atoms from four histidine residues. One of them acts as
a bridge between the copper and the zinc ion. One oxygen from aspartate and two nitrogen atoms from two other
histidine residues complete the coordination of zinc atom.

Tetrapyrrole ligands

The tetrapyrroles are fully or partially unsaturated tetradentate macrocyclic ligands which can tightly bind metal
ions. A pyrrole ring in a molecule is a five-atom ring where four of the ring atoms are carbon and one is
nitrogen. In cyclic tetrapyrroles, lone electron pairs on nitrogen atoms can bind a metal ion such as iron,
magnesium or cobalt. The resulting complexes are among the most common and best known bioinorganic
compounds: hemoproteins, chlorophylls, and the cobalamins. The heme prosthetic group, which consist of an
iron center and a substituted porphyrin ligand is found in metalloproteins hemoglobin, myoglobin, cytochromes
and peroxidases. Chlorophylls contain Mg as the central atom and chlorin as a ligand, cobalamins (the
coenzymatically active forms of vitamin B1,) contain cobalt as the central atom and corrin as a ligand.

porphyrin chlorin corrin
(or porphin in unsubstituted form)

Nucleobases, nucleotides and nucleic acids as ligands

Suitable ligands for metal ions are also information-carrying nucleic acids and oligo- and polynucleotides. The
formation, replication and cleavage of nucleic acid polymers (RNA, DNA) as well as their structural integrity
require the presence of metal ions (e.g. Mg®*). Coordination sites are negatively charged phosphate/carbohydrate
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backbone and heterocyclic nucleobases with nitrogen or oxygen donor atoms. Formation of coordinate bond
between metals and nucleic acids is important also from clinical point of view. For example

metal-nucleic acid interactions are the basis for application of cisplatin and its derivatives as anticancer
chemotherapeutic agents (see Chapter 2.5).

1.3.3. lonic bond

The ionic bond is the mutual electrostatic force of attraction between oppositely charged ions in an ionic
compound. Electrons are transferred from one atom to another resulting in the formation of positive ions -
cations and negative ions — anions (Fig.1.7.). lonic compounds are made up of combinations of oppositely
charged ions occurring in a crystal lattice in the definite ratio that ensures that all of the electrical charges on the
assembled ions cancel out so that the substance is electrically neutral. The electrostatic attractions between the
positive and negative ions hold the compound together.

Simple (binary) ionic compounds can originate in chemical reactions between two elements, the
electronegativity values of which differ more than 1.7 (usually s-block metals with oxygen, sulphur and
halogens, respectively). In those reactions, the complete transfer of one or more valence electrons occurs from
the metal atom to the nonmetal. Both atoms gain the configuration of the nearest noble gas by forming
monoatomic ions, without any sharing of electron bonding pairs. The ionic bond is sometime referred to as
the extremely polarized type of covalent bond.

Consider the formation of the ionic compound sodium chloride from sodium and chlorine. The electron
configuration of sodium is 15°2s°2p®3s’, or [Ne] 3s', and that of chlorine is 1s%2s?2p°3s?3p°, or [Ne] 3s°3p°. The
electronegativity of chlorine is much greater than that of sodium. Because of this large difference, electron will
be transferred from sodium to chlorine to form chloride anions and sodium cations in the compound. Thus,
both ions gain electron configuration of the nearest noble gas: chlorine needs one electron to fill its 3s and 3p
valence orbitals and to achieve the configuration of argon (1s°2s°2p®3s23p®). On the other side, by losing one
electron, sodium can achieve the configuration of neon (1s*2s°2p°). One electron is therefore transferred:

Na [Ne]3s' + CI [Ne]3s?3p° — Na' [Ne] + CI [Ar]

To predict the formula of the ionic compound, we simply recognize that chemical compounds are always
electrically neutral — they have the same quantities of positive and negative charges. In this case we have equal
numbers of Na* and CI" ions, and the formula of the compound is NaCl.

sodium atom (Na)  chlorine atom (CI) sodium cation (Na* chloride anion (CI")
-
sodium chloride (NaCl)

Fig. 1.7. Origin of ionic bond in molecule of NaCl

1.3.4. Metallic bond

Metals exist predominantly in the solid state. Atoms of metals are bonded in a closed-packed lattice. However,
they are not held rigidly by covalent bonds or by surrounding array of anions. A model of the metallic state is
suggested in which the metal atoms exist as cations and electrons resulting from the ionization of atoms are
distributed throughout the lattice so as to overcome the mutual repulsion of the cations and to set up the net
attraction forces between electrons and cations. With such a model, the binding electrons belong to the crystal of
a metal as a whole (an electron “gas”), they can move throughout the lattice at continuous bands of energy
levels, thus providing conducting electricity. The electrons can move in metal freely within molecular orbitals,
and so each electron becomes detached from its parent atom. The electrons are said also to be delocalized. The
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metal is held together by the strong forces of attraction between the positive nuclei and the delocalized
electrons. This is sometimes described as "an array of positive ions in a sea of electrons™:
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=

delocalized electrons

The free movement of delocalized electrons is responsible for high electrical and thermal conductivities of
metals.

1.3.5. Intermolecular forces

In addition to chemical bonding between atoms or ions, there is another type of attractive forces that exists
between molecules (or atoms), known as intermolecular forces. Though this forces are generally much weaker
than intramolecular forces (e.g. ionic or covalent bonds), they play very important role in biological systems,
because they have a very significant influence on the three-dimensional structures of proteins, nucleic acids,
polysaccharides and membrane lipids.

1.3.5.1. Van der Waals forces

Van der Waals forces includes: dipole-dipole, dipole-induced dipole and London (instantaneous dipole-
induced dipole) forces. Van der Waals forces are electrostatic, involving attractions between positive and
negative species, it means between polar molecules with permanent dipoles or nonpolar molecules (or atoms)
with instantaneous induced dipoles.

1. Dipole-dipole forces are forces that act between polar molecules - between the partially positive end of one
polar molecule and the partially negative end of another polar molecule. It means, they occur between molecules
that possess permanent dipole moments. The larger the dipole moments, the greater the force. These forces
occur between the polar molecules such as HCI, HBr or H,S.

5 8" 5 s’

dipole dipole

2. Dipole-induced dipole forces are the attractive interactions between a polar molecules with permanent dipole
and the induced dipoles. If we place apolar molecule near anonpolar molecule (or atom), the electron
distribution of the nonpolar molecule (or atom) is distorted by the force exerted by the polar molecule. The
resulting dipole in the molecule is said to be an induced dipole, because the separation of positive and negative
charges in the nonpolar molecule or atom is due to the proximity of the polar molecule. The ease with which
a dipole moment can be induced depends not only on the strength of the permanent dipole but also on the
polarizability of the neutral molecule. Polarizability is the ease with which the electron distribution in the
neutral molecule (or atom) can be distorted. Generally, the larger the number of electrons and more diffuse the
electron cloud in the molecule (or atom), the greater its polarizability. By diffuse cloud we mean an electron
cloud that is spread over an appreciable volume, so that the electrons are not held tightly by nucleus.

3 5-’ » 8 5’ 8 5’
polar molecule nonpolar molecule dipole induced dipole
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3. London forces, also called dispersion forces, are attractive forces between nonpolar molecules (or atoms),
due to their mutual polarizability. Polarizability give us the clue to why gases containing nonpolar molecules or
atoms (for example He or N,) are able to condense. In a helium atom the electrons are moving at some distance
from the nucleus. The atoms are nonpolar and so possess no permanent dipole moment. If we could freeze the
motion of the electrons at any given instant, both electrons could be on one side of the nucleus. At just that
instant, the atom has an instantaneous dipole moment. The motions of electrons in one atom influence the
motions of electrons in its neighbours. The instantaneous dipole on one atom can induce an instantaneous dipole
on an adjacent atom, causing the atoms to be attracted to each other. At very low temperatures, this attraction is
enough to hold the atoms together, causing helium gas to condense.

° ° —_— ‘6- 06" ° e (8- ’6+ ‘8- .8+
two helium atoms, instantaneous instantaneous induced
no polarization dipole dipole dipole

Dispersion forces usually increase with molar mass, because molecules with larger molar mass tend to have
more electrons and dispersion forces increase in strength with the number of electrons (molecules have higher
polarizability). For example, the melting and boiling points of the straight-chain alkanes increase with the
number of carbon atoms, and thus with molar mass. This is a consequence of the increasing strength of
dispersion forces between heavier molecules. Methane, ethane, propane and butane are all gases at room
temperature, but the hydrocarbons that follow them in the alkane series are liquids and alkanes beyond about
Ci7Hsg are solids. Molecular shape also influences the magnitudes of dispersion forces. For example, the
hydrocarbon molecules butane and 2-methylpropane both have a molecular formula C4H,q, but the atoms are
arranged differently. In butane the carbon atoms are arranged in a single chain, but 2-methylpropane is a shorter
chain with a branch. Intermolecular attraction is greater for butane because the molecules can come in contact
over the entire length of the longer butane molecules. Less contact is possible between the shorter and branched
2-methylpropane molecules.

CH3*(‘?H—CH3

H;—CH,—CH,—CH

CH3—CH,—CH,~CH3 CH,
butane 2-methylpropane

The London dispersion forces are also components of the forces between polar molecules.

1.3.5.2. Hydrogen bond

The hydrogen bond is a special type of dipole-dipole interaction. It is the attractive force between the hydrogen
attached to an electronegative atom of one molecule and another electronegative atom of the different
(intermolecular hydrogen bond) or the same molecule (intramolecular hydrogen bond). Usually the
electronegative atom is oxygen, nitrogen or fluorine, which has at least one lone electron pair. A typical
hydrogen bond may be depicted as:

X-H+Y-Z — X-H....... Y-Z

The dots denote the hydrogen bond and X and Y are F, O or N. Because of their high electronegativity, they
have a partial negative charge (5-). The hydrogen then has the partial positive charge (6+). In some cases X and
Y are the same. It is best considered as an electrostatic interaction, heightened by the small size of hydrogen,
which permits proximity of the interacting dipoles or charges. The hydrogen bond is generally stronger than
ordinary dipole-dipole and dispersion forces, but weaker than true covalent and ionic bonds. Early evidence for
hydrogen bonding came from the study of boiling points of compounds. Normally, the boiling points of a series
of similar compounds containing elements in the same group increase with increasing molar mass. But, as Figure
1.8. shows, some exceptions were noticed for the hydrogen compounds of Groups 15, 16 and 17 elements. In
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each of these series, the lightest compound (NHj;, H,O, HF) has the highest boiling point, contrary to the
expectations based on molar mass. It is because molecules held together by hydrogen bonding are more difficult
to separate. It takes a lot more kinetic energy in an increased temperature to break the hydrogen bonds to free
NHa;, H,O, HF molecules as the gas.

150 +

100

50 +

Boiling point (°C)
[en]

1 H,Te
SbH,
-50 - HI
-100 + PH,
-150 T T T T
1 2 3 4 5

Period number

Figure 1.8. Boiling points versus formula masses for the binary, nonmetal hydrides of the elements
in groups 15, 16 and 17.

The Figure 1.9. shows the hydrogen bonds between water molecules. Water is the most abundant substance in
living systems with many important functions, see Chapter 2.3.1. Water has a high specific heat capacity, it
means that water is able to absorb a high amount of heat before increasing in temperature, allowing humans to
maintain body temperature (thermoregulation). The reason for this is that to raise the temperature of water,
many intermolecular hydrogen bonds must be broken. Thus, water can absorb a substantial amount of heat while
its temperature rises only slightly.

Just as it takes a lot of heat to increase the temperature of liquid water, it also takes an unusual amount of heat to
vaporize water, because hydrogen bonds must be broken in order for molecules to fly off as gas, it means that
water has also a high heat of vaporization. In many living organisms, including in humans, the evaporation of
sweat, which is 90 percent water, allows the organism to cool so that a consistent, healthy body temperature is
maintained.
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Figure 1.9. Schematic representation of hydrogen bonds in water

The hydrogen bonds may be intermolecular or intramolecular. The hydrogen bonds between NH3, H,O, HF
molecules are intermolecular hydrogen bonds, it means they occur between separate molecules in a substance.
Intramolecular hydrogen bonds are those which exist within one single molecule. This occurs when two
functional groups of a molecule can form hydrogen bonds with each other. Intramolecular hydrogen bonds do
not influence the physical properties of substances such as the boiling and melting points.

The hydrogen bond is a powerful force in determining the structures and properties of many compounds and is
very important in biological systems:

The hydrogen bonds
- hold the two complementary strands of DNA together, see Chapter 10.4.2.
- hold polypeptide chain together in secondary structures (as a-helix and B-sheet conformation)
- contribute to the stabilization of tertiary structures of proteins, see Chapter 9.3.1.
- help enzymes bind to their substrate, see Chapter 12

Hydrogen bonds are also important in stabilizing the antibody-antigen interaction and play an important role in
the transfer of genetic information (e.g. binding of transcription factors to DNA or to each other).

1.3.5.3. Hydrophobic interactions

Hydrophobic interactions describe the relations between water and a low water-soluble molecules. Water is a
polar solvent (see Chapter 1.3.1.3). It readily dissolves most biomolecules, which are generally charged or polar
compounds; compounds that dissolve easily in water are hydrophilic. In contrast, nonpolar solvents such as
chloroform and benzene are poor solvents for polar biomolecules but easily dissolve those that are hydrophobic
- nonpolar molecules such as lipids and waxes. In aqueous solutions, nonpolar molecules (or nonpolar region of
the molecules) tend to cluster together to avoid contact with water. The forces that hold nonpolar molecules or
nonpolar regions of the molecules together are called hydrophobic interactions. Many biomolecules are
amphipathic; proteins, certain vitamins and the sterols and phospholipids of membranes all have polar and
nonpolar surface regions. Structures composed of these molecules are stabilized by hydrophobic interactions
among the nonpolar regions. Hydrophobic interactions among lipids and between lipids and proteins, are the
most important determinants of structure in biological membranes. Hydrophobic interactions between nonpolar
amino acids stabilize the three-dimensional structures of proteins.

Hydrophobic interactions also play an important role in the binding of the substrate to the enzyme and in
antigen-antibody interactions.
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Control questions:

1.

10.
11.
12.

13.

14.

15.
16.

Can the atoms with the following electron configuration be changed to a stable ions? If they can, what
would be the electrical charge on the ion?
a) 1s%2s%2p°
b) 1s?25?2p°3s?3p°4s’
What is the oxidation number of iron in Fe,(SO,);and in FeSO3?
What are the oxidation numbers of carbon and hydrogen in methane and what is meant when single bonds
between carbon and hydrogen is called a sigma bond?
Explain the formation of a covalent bond.
Suppose that atoms X and Y form diatomic molecule, and that atom X is less electronegative than atom Y.
Is the bond X—Y polar? If so, where are the 5" and the & charges located?
Select the polar compound/compounds:
a) CoO,
b) NH;
C) H,O
d) CCl,
What are an ionic compounds? How is electrical neutrality maintained in an ionic compound?
Compare and contrast the properties of molecular compounds and ionic compounds. Which elements are
most likely to form ionic compounds?
Which of the following compounds are likely to be ionic? Which are likely to be molecular?
SiCly, LiF, C,H,, glucose, CaCl,, KCI, H,0, SO, urea
Explain the terms coordinate bond, coordination compound and coordination number.
Why NH; and H,O molecules can act as ligands in coordination compounds?
Ligands in complexes can be:
a) halide ions
b) OH’ions
¢) corrin
d) Cr*ions
Indicate the oxidation number of central atom and its coordination number in K3[Co(CN)e] and
[Cu(NH3)4]SOs.
Explain what is chelate and which compounds can be chelate ligands. Write two examples of chelate
ligands.
Why water plays an important role in human body thermoregulation?

Explain the principle of hydrophobic interactions.

27



2. CLASSIFICATION OF ELEMENTS. IMPORTANCE OF ELEMENTS IN THE
ORGANISM. TOXIC ELEMENTS.

If we look at the periodic table we can find around 25 elements that are required by most, if not all, biological
systems. Six elements, carbon, hydrogen, nitrogen, oxygen, phosphorus and sulfur provide the building blocks
for major cellular components including proteins, nucleic acids, lipids, polysaccharides and metabolites. But life
cannot survive with only these principal elements. It is now clear that around 20 additional elements are essential
for most species to function. Conduction of nerve impulses, hydrolysis and formation of adenosine triphosphate
(ATP), regulation of gene expression, control of cellular processes and signaling and catalysis of many key
reactions of metabolism require elements such as calcium, magnesium, potassium, iron, zinc and many others.
All elements that play an important role in the physiological context are biogenic elements.

2.1. Classification of biogenic elements

Biogenic elements are building blocks of living organisms; they take part in the metabolism and play an
important biological role.

According to their abundance in organism biogenic elements can be classified into macroelements and
microelements.

Macroelements include 11 elements in total. They form up to 99 % of any organism, and can be further
subdivided into:

a) a group of stable primary elements (elements found in all of Earth's living systems, often in relatively
large quantities, form up 2 — 60 % of total organism weight). These elements are O, C, H and N.

b) a group of stable secondary elements (elements found in living systems in relatively small guantities,
form up 0.05 — 2 % of total organism weight). These elements are Na, K, Ca, Mg, P, S and CI.

Microelements (or trace elements), which are present in organism in amounts less than 0.05 %.
Microelements can be subdivided into:

a) agroup of metals: Fe, Cu, Zn, Mn, Co, Ni, Mo, V, W

b) a group of semi-metals (or metalloids) and nonmetals: B, Si, F, I, Se

Trace elements play an important role in enzymatic activities, where they can be a part of the cofactor. Enzymes
that need a trace metal element for their activity are called metalloenzymes.

Some of biogenic elements are essential for all living form (bacteria, plants, animals) other differs in various
biological species. For example V is essential for some nitrogen fixing bacteria as part of enzyme nitrogenase.
Bromoperoxidase and iodoperoxidase enzymes in marine algae, microscopic fungi and lichens also require
vanadium for proper functioning, but its essentiality for humans has not been proven yet.

First four elements, O, C, H, N, are present in a large amount because they are building blocks of “bio-mass”;
together with phosphorus and sulfur provide the building blocks for major cellular components including
proteins, nucleic acids, lipids, polysaccharides and metabolites. The values for O and H also reflect the high
content of water in human body. Calcium is the most abundant metallic element and its main quantitative use is
the stabilization of the endoskeleton. Three transition metals, Fe, Zn and Cu are needed in significant amounts
and trace quantities of many other transition elements are required to maintain proper physical functioning.
Nonnegligible quantities of obviously nonessential elements such as Br, Al, Sr, Ba or Li and toxic elements
such as As, Pb, Cd or Hg are also present in the body. All these elements are probably incorporated due to a
chemical similarity (indicated by —) with important essential elements (Li*—Na®*, K*; Sr**, Ba**— Ca®*"; Br —
Cl; APF*— Fe¥; cd*, Pb*" — Zn2+).

Criteria of including the chemical element to biogenic elements are based on many years research of individual
pathways and mechanisms. The classification has not been finished yet and it can be changed based on new
information. As our knowledge of the chemistry of living systems increases, other elements might be added to
the list of essential elements.
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2.2. Biological functions of elements
Inorganic elements are involved in all life processes. Main biological functions of the elements are following:

a) Structural function. The formation of hard structures in the form of exo- or endoskeleton (bones, teeth)
via biomineralization. This function is represented mainly by Ca, Mg (as divalent cations) and P, O, C, Si,
S, F as parts of anions, e.g. PO,>, COz%".

b) Charge carriers. Simple atomic ions are superbly suited as charge carriers for very fast information
transfer. Electrical impulses in nerves, triggering of muscle contraction are initiated with the fastest
possible effect by sudden fluxes of simple inorganic ions (K*, Na*, Ca®")

¢) Metabolism (synthesis and degradation of organic compounds). Many biochemical processes are catalyzed
by enzymes that require trace element as cofactor (Zn, Ni, Mn, Fe).

d) Electron transfer. Transition metals with multiple oxidation states facilitate the transfer of electrons which
is essential for energy transfer in organisms. Biological ligands can stabilize metals in unusual oxidation
states and fine tune redox potentials (Fe'/Fe'"'/Fe'Y, cu'/cu", Mn"/Mn""'/Mn"Y, Mo"V/Mo"IMo™")

e) Activators of small molecules. Transition metals allow organisms to carry out energetically and
mechanistically difficult reactions under physiological conditions, e.g.:
— transport and storage of O,: Fe, Cu
— fixation of N,: Mo, Fe, V (conversion to ammonia)
— reduction of CO,: Ni, Fe (reduction to methane)

f)  Various specific functions:
— organometallic reactivity: Co (in vitamin B,, see Chapter 11.2.7)
— hormonal action: | (trilodothyronine and thyroxine produced by the thyroid gland)

2.3. Importance of elements in the organism
2.3.1. Non-metallic elements

Hydrogen

Hydrogen is the most abundant chemical element in the universe and the third most abundant element in the
human organism (with 10 % contents). Hydrogen is present in all organic compounds and in water. Unique, non-
covalent interactions between electronegative atom and a hydrogen atom covalently bonded to another
electronegative atom in the same or another molecule (e.g. O, N), hydrogen bonds, are very common in living
organisms and play an important role in many chemical processes. Hydrogen bonds are responsible for unique
properties of water (high boiling point, high heat of vaporization and specific heat capacity). They hold
complementary strands of DNA together, and are responsible for determining the three-dimensional structure of
folded proteins including enzymes and antibodies.

Hydrogen plays a particularly important role in acid-base chemistry, in which many reactions involve the
exchange of protons (H") between soluble molecules. Hydrogen transfer from organic compounds to oxygen
(formation of H,0) is the principle of biological oxidations, in the course of which organism gains energy in the
form of adenosine triphosphate (ATP).

Oxygen

Oxygen is the most abundant element of the Earth; it occurs in elemental state as dioxygen O, and ozone Os, or
combined in innumerable compounds (oxides, silicates, carbonates, etc.). Oxygen is also a constituent of water
and of nearly all biological molecules; it is a key component of proteins and carbohydrates, for example.
Atmospheric O, (about 21 vol. %) comes almost entirely from photosynthesis by green plants. Photosynthetic
cells absorb light energy and use it to drive electrons from water to carbon dioxide, forming products such as
glucose, releasing O, into the atmosphere:

n C02 +n Hzo e CnHZnOn +n 02

In human organism, oxygen is the biogenic macroelement that represents 65 % of the body weight. O, is
transported from the lungs to the peripheral tissues by the iron-containing protein hemoglobin. In cells, oxygen

occurs together with carbon and hydrogen in most organic compounds that have either structural or metabolic
functions. O, is essential for cellular respiration in all aerobic organisms. It serves as an electron acceptor: in
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the inner mitochondrial membrane electrons derived from different fuels of the body flow through the cascade of
redox reactions (respiratory chain) to oxygen, reducing it to water. Simultaneously there is created proton
gradient which is driving force for generation of ATP .

Oxygen participates in metabolic reactions in the body and during these reactions can create reactive oxygen
species, such as singlet oxygen, hydrogen peroxide, hydroxyl radicals and superoxide anion radical (see
Chapter 13).

Oxygen therapy is widely used in the management of a number of chronic and acute health conditions. Oxygen
therapy is useful in the treatment of pneumonia, emphysema, some heart disturbances and another diseases.
The therapeutic use of oxygen under pressure is known as hyperbaric oxygen therapy. Hyperbaric oxygen
therapy in hyperbaric chamber may be used to treat carbon monoxide poisoning, burns, radiation injury or
decompression sickness.

Ozone (O3)

Ozone, Os, is the less stable triatomic allotrope of oxygen. It is a blue, diamagnetic gas with a characteristic
pungent odour. Ozone is a trace constituent of the upper layers of the atmosphere, where it plays an important
role as an absorber of UV radiation and is formed by electrostatic discharge in the presence of molecular
oxygen. Ozone is very toxic for human organism, irritates airways and can be neurotoxic. Ground-level ozone
is an air pollutant with harmful effects on the respiratory systems of animals.

Ozone is powerful oxidizing agent and at low concentrations it is used for drinking water sterilization and for air
purification. Small ozone doses help in the treatment of surface caries, promotes wound healing and
epithelization.

Compounds of oxygen and hydrogen

Water (H,0)

Water is the most abundant substance in living systems, making up 70 % or more of the weight of most
organisms. Its unique physical properties, which include the ability to solvate a wide range of organic and

inorganic molecules, derive from water’s dipolar structure and exceptional capacity for hydrogen bonds
formation. These properties affect the structure and function of biomolecules.

The main functions of water in the organism can be summarized to following points:

1. Water is a universal solvent and transport medium of inorganic and organic compounds (both, low and
high molecular weight).

It is a structural component of biological macromolecules (hydration water).
It is an activator of certain chemical reactions.
Water takes part essentially in organism thermoregulation.

Water is also central to acid-base balance. As a fundamental factor it secures stability of internal
environment of cells and organisms. Internal environment has a stabilizing, buffering capacity.

6. Water is substrate or product of many biochemical reactions (photosynthesis, cellular respiration).

A AN

Hydrogen peroxide (H,0,)

Hydrogen peroxide, when pure, is almost colourless (very pale blue) liquid, less volatile than water and
somewhat more dense and viscous. Mixtures of H,O, and organic or other readily oxidized materials are
dangerously explosive. In H,O, the oxidation state of oxygen is -I, intermediate between the values for O, and
H,0, and can act either as an oxidizing or a reducing agent. It spontaneously decomposes to water and oxygen, a
reaction that is accelerated in the presence of peroxidases, mainly catalase, which are ubiquitous in human blood
and tissues. Organisms naturally produce hydrogen peroxide as a by-product of oxidative metabolism. As H,0,
belongs to reactive oxygen species and plays an important role in Fenton reaction it must be quickly converted
into other, less dangerous substances. Therefore organisms have evolved enzymes to prevent oxidative damage
to cells and tissues caused by hydrogen peroxide and other reactive oxygen species, (see Chapter 13.2.).

H,O, demonstrates broad-spectrum efficacy against viruses, bacteria, yeasts and bacterial spores. Diluted
solution of H,0, (3 %) is used medically for cleaning wounds, removing dead tissue, or as an oral debriding
agent.
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Carbon

Carbon occurs both as the free element (graphite, diamond) and in combined form, mainly as the carbonates of
Ca, Mg and other electropositive elements. It also occurs as CO,, a minor but crucially important constituent of
the atmosphere. In human organism, carbon is the biogenic macroelement that represents 18 % of the body
weight. Together with hydrogen, oxygen and nitrogen make up more than 99 % of the mass of most cells and
provide the building blocks of proteins, nucleic acids, lipids, saccharides and metabolites. Carbon can form
single bonds with hydrogen atoms, and both single and double bonds with oxygen atoms. Of greatest
significance in biology is the ability of carbon atoms to form very stable carbon—carbon single bonds. Each
carbon atom can form single bonds with up to four other carbon atoms. Covalently linked carbon atoms in
biomolecules can form linear chains, branched chains, and cyclic structures. To these carbon skeletons are added
groups of other atoms, called functional groups, which confer specific chemical properties on the molecule. It
seems likely that the bonding versatility of carbon was a major factor in the selection of carbon compounds for
the molecular machinery of cells during the origin and evolution of living organisms. No other chemical element
can form molecules of such widely different sizes and shapes or with such a variety of functional groups. Among
alot of inorganic compounds containing carbon an important role plays bicarbonate buffer system
(HCO;3 /H,COy). It is one of the major buffering systems used to maintain the pH of mammalian blood. A small
amount of insoluble calcium and magnesium carbonates, CaCO3; and MgCQOs, can be found in bones.

Carbon dioxide, CO, is one of the end products of cellular respiration. In the blood most of the CO, produced
in metabolism is transported as hydrogencarbonate (or bicarbonate) ion HCO;™ and 15-20 % of the CO, is
carried as carbamate bound to the N-terminal amino groups of hemoglobin, forming carbaminohemoglobin. A
small portion of carbon dioxide, about 5 %, remains unchanged and is transported dissolved in blood.

Carbon monoxide, CO is colourless and odourless gas and is highly toxic to aerobic organisms. It is produced
by the incomplete burning of various fuels, including coal, wood, charcoal, oil, kerosene, propane, and natural
gas. Its toxicity follows from the binding of CO at a very low concentration to hemoglobin to the same site as
oxygen (200 times stronger than oxygen). This product is called carboxyhemoglobin (HbCO) and is ineffective
for oxygen delivery. The initial symptoms of low to moderate CO poisoning are similar to the flu (but without
the fever). They include fatigue, shortness of breath, nausea and dizziness. High-level CO poisoning results in
progressively more severe symptoms, including mental confusion, vomiting, loss of muscular coordination loss
of consciousness and ultimately death. Carbon monoxide poisoning is treated with 100 % oxygen at high
pressure (hyperbaric oxygen therapy), which facilitates the dissociation of CO from the hemoglobin.

On the contrary, the controlled in vivo release of CO appears to have several important physiological effects.
Cells and tissues produce small amounts of CO as an elimination product of cellular metabolism, largely during
the degradation of heme to biliverdin catalyzed by microsomal heme oxygenase. CO functions as a signaling
molecule in the neuronal system, involving the regulation of neurotransmitters and as a vasodilatory agent.

Nitrogen

Nitrogen, in the form of nitrogen gas N, is the most abundant element in the Earth’s atmosphere (78 % by
volume). It is an essential macroelement for humans; the human body contains about 3 % of nitrogen, which is
present in amino acids, nucleotides, hormones, and many other biologically important compounds. However N,
is unavailable for direct use by most organisms because there is a triple bond between the two nitrogen atoms
with bond energy 945 kJ/mol, making the molecule almost inert. Only some prokaryotes, such as free bacteria of
the Azotobacter strain or Rhizobium bacteria that live symbiotically on the roots of some plants, are capable of
converting (“fixing”) extremely stable atmospheric nitrogen (N,) into ammonia:

N, + 10 H* + 8¢ +16 ATP—> 2 NH," + 16 ADP +16 P; + H,

To catalyze this reaction nitrogen-fixing bacteria utilize the enzyme nitrogenase. Other bacteria, the nitrifying
bacteria, oxidize ammonia to nitrites and nitrates. Plants can generally use either ammonia or nitrate as their sole
source of nitrogen to produce the biologically important nitrogen molecules, but vertebrates must obtain nitrogen
in the form of amino acids or other organic compounds.

In nitrogen metabolism an important role plays nitric oxide (NO), a natural free radical molecule. NO is
synthesized from L-arginine by the enzyme nitric oxide synthase. NO is the endothelium-derived relaxing factor,
which causes vasodilation by relaxing vascular smooth muscle and, therefore, lowers blood pressure. NO also
acts as a neurotransmitter, prevents platelet aggregation and plays an essential role in macrophage function.
NO-induced relaxation of cardiac muscle is the same response brought about by nitroglycerin tablets and other
nitrovasodilators taken to relieve angina pectoris, the pain caused by contraction of a heart deprived of O,
because of blocked coronary arteries. Nitric oxide has a very short half-life in tissues (3—10 seconds) because it
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reacts with oxygen and superoxide, and then is converted into nitrates and nitrites including peroxynitrite
(O=NOQ"), a reactive nitrogen species. Nitrovasodilators produce long-lasting relaxation of cardiac muscle
because they break down over several hours, yielding a steady stream of NO. Nitrates are toxic in higher
concentrations; they can for example oxidize hemoglobin to methemoglobin, which is ineffective for oxygen
delivery. From nitrite and nitrate salts, nitrous acid (HNO,) can be formed. Nitrous acid is a potent accelerator
of the deamination of nucleobases. It deaminates cytosine (to uracil), adenine (to hypoxanthine) and guanine (to
xanthine).

Phosphorous

Phosphorus is an important element in all known forms of life. In the form of the phosphate (PO,*) it provides
stable backbone of DNA and RNA. It is present in many other biologically important compounds, such as
phospholipids in cell membranes, phosphoproteins (phosphate group usually regulates protein function) and
high energy phosphate esters, for example a fundamental energy source ATP. As a component of these
important biological substances, phosphorus plays a central role in energy and cell metabolism.

Phosphorus is constituent of hydroxyapatite Cas(PO,)3(OH) and fluorapatite Cas(PO,)3F, mineral
components of bones and teeth. Fluorapatite is more resistant to acid attack than hydroxyapatite is. For this
reason, toothpaste contains a source of fluoride anions (e.g. sodium fluoride, sodium monofluorophosphate),
which allows exchange of fluoride anions for hydroxide anions in hydroxyapatite in the teeth. Too much fluoride
results in dental fluorosis and/or skeletal fluorosis.

Phosphate buffer system (H,PO, /HPO,*) is one of the main biological buffer systems which regulates the
acid-base balance of animal body fluids.

Sulfur

Sulfur represents about 0.2 % of our total body weight, similar to potassium. The body (adult, 70 kg) contains
approximately 140 grams of sulfur bound in many important biomolecules. Sulfur is present in proteins as a part
of amino acids methionine, and cysteine. Sulfur is also present in coenzyme A, a-lipoic acid, and two B
vitamins, thiamine and biotin (see Chapter 11.2. and 12.2.). Sulfur is part of other important molecules (e.g.
mucopolysaccharides heparin, chondroitin sulfate and keratan sulfate). Glutathione (GSH), an important
sulfur-containing tripeptide (y-glutamyl-cysteinyl-glycine) belongs to low-molecular weight antioxidants and it
is readily oxidized by reactive oxygen/nitrogen species to glutathione disulfide (GSSG). GSH/GSSG is the
major redox couple that determines the antioxidative capacity of cells. Disulfide bonds (S-S bonds) formed
between cysteine residues in peptide chains are very important for protein structure and stability. For example,
disulfide bonds are largely responsible for the mechanical strength and insolubility of the protein keratin, found
in outer skin, hair and feathers.

Fluorine

Fluorine occurs in organism as the negatively charged ion, fluoride (F"). Fluoride anions are absorbed in the
stomach and small intestine. Once in the bloodstream they rapidly enter mineralized tissue (bones and
developing teeth). At usual intake levels, fluoride anions do not accumulate in soft tissues. Fluorides are used in
trace amounts in toothpastes and other medical preparations for the prevention of dental caries. F~ small radius
allows it to either displace the larger hydroxide anion (OH") in the predominant mineral in bones and teeth,
hydroxyapatite, forming fluorapatite, or to increase crystal density by entering spaces within the
hydroxyapatite crystal. Moreover, fluorides have been found to inhibit bacterial enzymes, resulting in reduced
acid production by cariogenic bacteria.

Ingestion of excess fluoride ions can cause fluorosis which affects the teeth and bones. Fluorosis manifests itself
through discoloration of the teeth, deformation of the skeleton, renal failure and muscle weakness. Moreover
excess of F~ ions can cause inhibition of numerous enzymes by binding of F~ to the metal center or due
formation of insoluble CaF, with Ca®* ions. (Calcium ions are important for many physiological processes, see
calcium role).

Chlorine

Chlorine as chloride (CI") is an essential macroelement being found mainly in extracellular fluids. Along with
hydrogencarbonate HCO5" it is the most important free anion. Chloride is essential for the regulation of osmotic
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pressure and acid-base balance. It is the chief anion of the gastric juice where it is accompanied by the
hydrogen ions thus participating in the maintenance of the gastric juice pH.

In the body, the concentration of chloride ions is closely regulated. Any significant decrease or increase may
have harmful or fatal consequences. Hypochloremia, excessive depletion of chloride ions through losses of
certain gastrointestinal fluids (e.g. vomiting), by heavy sweating or by kidney disorders may lead to alkalosis
due to an excess of hydrogencarbonate, since the inadequate level of chloride is partially compensated for or
replaced by hydrogencarbonate. High levels of CI™ in the blood, hyperchloremia result in acidosis.

Chlorine is powerful bleaching, oxidizing and disinfecting agent. It is very effective for the deactivation of
pathogenic microorganisms and is one of the most commonly used disinfectants for water disinfection.

lodine

The heaviest stable halogen was already recognized as an essential element for higher organisms in the middle of
the 19" century. lodine is present in thyroid gland in the form of polyiodinated small organic compounds: the
thyroid hormones thyroxine (tetraiodothyronine) and even more active triiodothyronine. The thyroid gland
traps iodine from the blood and incorporates it into thyroid hormones that are stored and released into the
circulation when needed. Thyroid hormones regulate a number of physiological processes, including growth,
development and the control of energy metabolism and associated processes. Thyroid hormones also affect
cardiovascular, central nervous and reproductive systems.

Symptoms of reduced thyroid activity (hypothyroidism) include fatigue, weight gain and cold intolerance. One
of the most devastating effects of maternal iodine deficiency is congenital hypothyroidism, which can result in
irreversible mental retardation. Low thyroid activity due to iodine deficiency may be compensated by excessive
growth of the organ (goiter) with an increased tendency for tumor formation; it can be counteracted by
supplementing iodide preparations (iodinated drinking water or cooking salt). Due to the extreme localization of
iodine in the human body, tumors of the thyroid can be successfully diagnosed and treated using the radioactive
isotopes *'I and '#1. Excessive amounts of the thyroid hormones (hyperthyroidism) cause nervousness, heart
palpitations, weight loss and heat intolerance.

Selenium

Selenium is the trace element that is essential in small amounts, but like all essential elements, it is toxic at high
levels. This nonmetal is chemically related to sulfur and is found in selenocysteine selenium analogue of sulfur-
containing amino acid cysteine. Humans and animals require selenium for the function of a number of selenium-
dependent enzymes. It is an essential component of enzyme selenium-dependent glutathione peroxidase (GPx).
GPx is an antioxidative enzyme that reduces potentially damaging reactive oxygen species, such as hydrogen
peroxide and lipid hydroperoxides, to harmless products like water and alcohols by coupling their reduction with
the oxidation of glutathione. Selenium also takes part in thyroxine conversion to triiodothyronine in thyroid
hormone biosynthesis. Most of the biologically more active triiodothyronine in the circulation and inside cells is
created by the removal of one iodine atom from thyroxine in a reaction catalyzed by selenium-dependent enzyme
- iodothyronine deiodinase. Thus, selenium is an essential element for normal development, growth and
metabolism.

Selenium deficiency is rare; selenium deficiency symptoms can occur on extremely selenium-poor soil.
Selenium deficiency may contribute synergistically with iodine deficiency to the development of goiter and
hypothyroidism and can also lead to liver necrosis and an increased susceptibility for liver cancer.
Characteristic symptoms of selenium overload are the loss of hair and disorders of the central nervous system.

2.3.2. Metallic elements

Sodium and potassium

Sodium and potassium are biogenic macroelements. While Na* is an important extracellular cation, K* is
typical intracellular cation; in most mammalian cells, 98 % of K" is intracellular, for Na" the situation is the
reverse. This concentration differential ensures a number of major biological processes, such as cellular osmotic
balance, transport through the cell membranes and transmission of nerve impulses both within the brain and
from the brain to other parts of the body.

Absorption of sodium cations in the small intestine plays an important role in the absorption of chloride anions,
amino acids, glucose and water. The latter is important for maintaining water balance in the body; thus the
concentration of Na™ influences extracellular fluid volume, including blood volume. In general, sodium retention
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results in water retention and sodium loss results in water loss. Disorders of sodium balance — hyponatremia
and hypernatremia — are the most common electrolytic disturbances seen in clinical medicine. Hyponatremia
may result from increased fluid retention or increased sodium loss (vomiting, excessive sweating, the use of
some diuretics). Symptoms of hyponatremia include headache, nausea, vomiting, muscle cramps, fatigue,
disorientation and fainting. If sodium levels fall rapidly, seizure, coma and brain damage can occur. A high
plasma sodium concentrations, hypernatremia is much less common than hyponatremia and rarely caused by
excessive sodium intake (e.g. from the ingestion of large amounts of seawater or intravenous infusion of
concentrated saline solution). Hypernatremia generally develop from excess water loss, frequently accompanied
by an impaired thirst mechanism or lack of access to water. Symptoms of hypernatremia in the presence of
excess fluid loss may include dizziness or fainting, low blood pressure, and diminished urine production.

Potassium is crucial to heart function and plays a key role in skeletal and smooth muscle contraction.
Hypokalemia is most commonly a result of excessive loss of potassium (e.g. from prolonged vomiting, the use
of some diuretics). Severe hypokalemia may result in an abnormal heart rhythm (cardiac arrhythmia) that can be
fatal. Elevated serum potassium concentrations are referred to as hyperkalemia. Hyperkalemia occurs when
potassium intake exceeds the capacity of the kidneys to eliminate it. Hyperkalemia may also result from a shift
of intracellular potassium into the circulation, which may occur with the rupture of red blood cells (hemolysis) or
tissue damage (e.g. trauma or severe burns). The most serious complication of hyperkalemia is the development
of an abnormal heart rhythm, which can lead to cardiac arrest.

The major role in regulating the balance of electrolytes and water play mineralocorticoids. They act especially
on kidneys, where they facilitate reabsorption of sodium ions and water from urine and excretion of potassium
ions.

Magnesium

Mg?* is the fourth most abundant cation in the body and the second most prevalent intracellular cation. Nearly
99 % of the total body magnesium is located in bones or in the intracellular space. Magnesium is a critical
cation in numerous intracellular processes. Mg®* is an essential factor for biological phosphate transfer
reactions, such as phosphorylations by kinases and dephosphorylations by phosphatases. Mg?" is required for the
activity of over 300 enzymes which play an important role in nucleic acid metabolism, glycolysis (of the ten
enzymes involved in the glycolytic pathway, five are Mg?* dependent), oxidative phosphorylation and in many
other processes.

Further important roles are its Ca?'- analogous function in bones and teeth, stabilization of the cell
membranes and conduction of nerve impulses and muscle contraction. Magnesium deficiency
(hypomagnesemia) in healthy individuals who are consuming a balanced diet is quite rare because magnesium
is abundant in both plant and animal foods and because the kidneys are able to limit urinary excretion of
magnesium when intake is low. Effects of Mg?* deficiency are reduced mental and physical performances due to
insufficient energy production via phosphate transfer and due to the inhibition of protein metabolism and
neurological, cardiovascular and metabolic disorders. Acute magnesium deficiency is treated with intravenous
magnesium sulfate. Elevated serum levels of magnesium (hypermagnesemia) may result in a fall in blood
pressure (hypotension). Some of the later effects of magnesium toxicity, such as lethargy, confusion,
disturbances in normal cardiac rhythm and deterioration of kidney function, are related to severe hypotension. As
hypermagnesemia progresses, muscle weakness and difficulty breathing may occur. Severe hypermagnesemia
may result in cardiac arrest.

In plants, magnesium plays a key role in photosynthesis as Mg?" is the central atom of the chlorophyll molecule.
Activity of many key enzymes involved in photosynthetic carbon metabolism is greatly affected by small
variations in Mg®* concentration.

Calcium

Calcium is an essential macroelement in the human body. Over 99 % of the total body calcium is located in
bones and teeth and the mineral component of bone consists mainly of hydroxyapatite Cas(POg)s(OH)
crystals. The other 1 % of the total body calcium exists outside of the skeleton, mainly in extracellular space.
The extracellular concentration of Ca** is much higher (10* times) than that in the cytosol of the average
mammalian cell (which is around 107 M). In order to preserve normal physiological function, calcium
concentrations in the blood and fluid that surround cells are tightly controlled by parathyroid hormone (PTH),
calcitriol and calcitonin. A slight drop in blood calcium levels (e.g. in the case of inadequate calcium intake) is
sensed by the parathyroid glands, resulting in their increased secretion of PTH. Elevations in PTH rapidly
decrease urinary excretion of calcium but increase urinary excretion of phosphorus and stimulate bone
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resorption, resulting in the release of bone mineral (calcium and phosphate) - actions that restore serum calcium
concentrations. PTH also stimulates conversion of vitamin D to its active form - calcitriol, which increases the
uptake of calcium from the small intestine (see Chapter 11.1.2.). The third hormone - calcitonin stimulates
deposition of calcium into bones, which decreases its blood concentration.

In addition to its structural function (bones, teeth), Ca®" ion plays central role in many fundamental
physiological processes:
1. it affects neuromuscular excitability of muscles (together with the ions K*, Na*, Mg®*) and it takes part in
muscle contraction,
2. it takes part in regulation of glycogenolysis in liver and in regulation of gluconeogenesis in kidneys and
liver,
3. it decreases cell membrane and capillary wall permeability, what results in its anti-inflammatory, anti-
exudative and antiallergic effect,
4. itis necessary for blood coagulation,
5. it influences secretion of insulin into the circulation and secretion of digestion enzymes into small
intestine.

A low blood calcium level (hypocalcemia) usually implies abnormal parathyroid function since the skeleton
provides a large reserve of calcium for maintaining normal blood levels, especially in the case of low dietary
calcium intake. Other causes of low blood calcium concentrations include chronic kidney failure and vitamin D
deficiency. Hypocalcemia is characterized by tetany, cramps, altered mental status, seizures, muscle spasms and
hypotension. Chronically low calcium intakes in growing individuals may contribute to accelerated bone loss
and ultimately to the development of osteoporosis (osteoporosis is a multifactorial disorder and nutrition is only
one factor contributing to its development and progression).

High level of serum calcium (hypercalcemia) indicates primary hyperparathyroidism or malignancy.
Hypercalcemia can be also associated with the consumption of large quantities of calcium supplements in
combination with antacids. Mild hypercalcemia may be without symptoms or may result in loss of appetite,
nausea, vomiting, abdominal pain, fatigue and hypertension. More severe hypercalcemia may result in
confusion, delirium and coma.

Iron

Iron, element 26 in the periodic table, is the second most abundant metal (after aluminium) and the fourth most
abundant element of the earth’s crust. Its position in the middle of the elements of the first transition series
implies that iron has the possibility of various oxidation states (from —II to V1), the principal ones being Il and
1.

The average amount of iron in the human body (adult, 70 kg) is 4 - 5 g and iron is thus the most abundant
transition metal in our organism. About 70 % of this amount is used for oxygen transport and storage
(hemoglobin, myoglobin), almost 30 % is present in the storage forms, mostly as ferritin, and about 1 % is
bound to the transport protein transferrin and to various iron-dependent enzymes.

The daily absorption rate of iron supplied by food amounts to 1 - 2 mg. Iron enters the body by absorption,
primarily in the duodenum through the action of enterocytes. In the blood iron binds to transferrin, which
delivers iron to the blood-forming cells in the bone marrow for the hemoglobin synthesis or to the liver and
muscle cells, where it can be utilized in the biosynthesis of iron-containing enzymes or myoglobin. Unused iron
is stored mainly in ferritin. Hemosiderin is another iron storage form found in organisms, particularly during
iron overload (it is assumed that this insoluble species is formed via lysosomal decomposition of ferritin).
Storage and transport proteins ferritin, hemosiderin and transferrin are non-heme iron proteins and bind an
iron in its ferric (Fe®") state.

Hemoglobin and myoglobin are hemoproteins, it means that they contain heme prosthetic group, which consists
of a complex organic ring structure, protoporphyrin, to which an iron atom in its ferrous (Fe®") state is bound.
Hemoglobin is found exclusively in red blood cells, where its main function is to transport oxygen (O,) from the
lungs to the capillaries of the tissues. Furthermore it can transport H* and CO, from the tissues to the lungs.
Myoglobin, present in heart and skeletal muscle, functions both as a reservoir for oxygen and as an oxygen
carrier that increases the rate of transport of oxygen within the muscle cells.

Other important hemoproteins are catalase and cytochrome c¢ oxidase. Catalase is an enzyme that protects the
cells against the toxic action of hydrogen peroxide by catalyzing its decomposition into molecular oxygen and
water (see Chapter 13.2.1.). Cytochrome ¢ oxidase plays a crucial role in aerobic life being the terminal oxidase
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of the mitochondrial electron transfer chain that catalyzes reduction of molecular oxygen to water. Besides iron
cytochrome c oxidase contains also copper as the other metal in the active site.

Iron uptake, transport and storage are highly regulated; proteins function as endogenous multidentate chelating
ligands that tightly bound iron in the chelate structures. An excess of free iron (or more accurately, loosely
bound) is dangerous for any organism as highly reactive hydroxyl radicals can be generated in the presence of
superoxide anion radical or hydrogen peroxide, see Haber-Weiss and Fenton reaction, Chapter 13.1.1.

Iron deficiency in organism causes iron-deficiency anemia. This type of anemia results from a discrepancy
between iron availability and the amount required for production of red blood cells. The main causes of iron
deficiency are the poor availability of iron in the diet, malabsorption and chronic blood loss. Treatment for iron-
deficiency anemia will depend on its cause and severity. Treatment includes dietary changes, supplements,
surgery and severe iron-deficiency anemia may require a blood transfusion.

Iron overload due to gene defects (thalassemia, hereditary hemochromatosis), as well as an excessive iron
intake can cause severe pathological symptoms. Hereditary hemochromatosis is a genetic disorder that
increases the amount of iron that the body absorbs from the gastrointestinal tract. Iron is then deposited in
various organs, mainly in the liver, but also in the pancreas, heart, endocrine glands and joints and causes
cirrhosis, liver cancer, diabetes, cardiomyopathy and arthritis. Treatment of iron overload includes therapeutic
phlebotomy and iron chelation therapy (chelating agent desferrioxamine).

Copper

Copper is the trace element and is essential for the function of most living organisms. Copper relevant oxidation
states are 1 and Il, but bivalent copper Cu(ll) represents the most stable oxidation state of copper. The total
amount of copper in the human body (adult, 70 kg) is relatively small, about 150 mg. Copper absorbed from the
small intestine is transported in the blood bound predominantly to serum albumin. Copper taken up by the liver
may be stored in hepatocytes (predominantly bound to metallothionein), secreted into plasma, or excreted in bile.
About 80 % of the copper circulating in the blood is an integral part of protein ceruloplasmin. In addition to
transporting copper, ceruloplasmin has the ferrooxidase activity - the ability to catalyze the oxidation of Fe?*
to Fe*", thus influencing the iron metabolism (Fe® is taken up by transferrin which delivers iron to the cells
where it can be utilized in the biosynthesis of iron-containing enzymes). Ceruloplasmin may also function as an
antioxidant. As free copper and iron ions are powerful catalysts of free radical formation, ceruloplasmin can
prevent oxidative damage to biomolecules by:

1. binding of copper ions (both Cu* and Cu?")

2. oxidation of Fe?* to Fe** (ferroxidase activity) which prevents free ferrous ions (Fe") from participating in
harmful free radical generating reactions

3. scavenging of superoxide anion radical (O,")

Important copper-containing enzymes are cytochrome c oxidase (see section Iron) and Cu/Zn-superoxide
dismutase (Cu/Zn-SOD). Cu/Zn-SOD catalyzes the disproportionation (dismutation) of toxic superoxide anion
radical O, to molecular oxygen and hydrogen peroxide (see Chapter 13.2.1.). The hydrogen peroxide formed in
this process can further disproportionate to yield O, and H,O in reaction catalyzed by the iron-containing
enzyme catalase.

Copper deficiency is rare among healthy people and the most common cause of copper deficiency are Crohn’s
disease, celiac disease, gastric surgery due to malabsorption or high dietary zinc intakes. As copper plays an
important role in iron metabolism, lack of copper leads to iron-deficiency anemia. Copper deficiency may also
lead to decreased number of white blood cells, osteoporosis and some neurologic diseases, because copper is
required for a number of enzymes which are necessary for energy production, formation of bones, connective
tissues (collagen, keratin), neurotransmitter biosynthesis and many others.

Genetic disorder causing copper deficiency is called Menke’s disease. The resulting symptoms in infants
include severe disturbances in mental and physical development; an effective therapy must rely on intravenously
administered copper compounds.

Another copper-related genetic disorder is Wilson’s disease. Wilson’s disease causes excessive copper
accumulation in the liver and brain, leading to liver failure, progressive neurological disorders, or psychiatric
iliness. A therapy of this disease, and of acute copper poisoning, requires the administration of Cu-specific
chelate ligands such as D-penicillamine. This ligand contains both S (thiolate) and N (amine) donor atoms, in
order to guarantee specificity for copper and a hydrophilic carboxylic functional group, which makes the
resulting complex excretable.
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Excess of copper is toxic; similarly to iron, copper ions are prone to participate in the formation of reactive
oxygen species.

zZinc

With approximately 2 g per 70 kg body weight, zinc is the second most abundant transition element in the
human organism, following iron. Under physiological conditions, this element occurs only in the oxidation state
Il and thus, in contrast to iron and copper, zinc is not redox active. The daily zinc requirement has been
estimated at between 3 mg (small children) and 25 mg (pregnant women). A relatively large tolerance exists for
higher doses before symptoms of zinc poisoning become manifest. Zinc is absorbed in the small intestine and in
the blood stream is transported predominantly by albumin. Zinc plays an essential role in cell membrane
integrity, it helps manage insulin action and blood glucose concentration and has an essential role in the
development and maintenance of the body’s immune system. Zinc is also required for bone and teeth
mineralization, normal taste and wound healing.

Zinc is a cofactor of several hundred enzymes (e.g. Cu/Zn-SOD, alcohol dehydrogenase, carbonic anhydrase,
carboxypeptidase), which catalyze the metabolic conversion or degradation of proteins, nucleic acids, lipids,
porphyrin precursors and other important bioorganic compounds (synthases, polymerases, ligases, transferases
and hydrolases). Other functions lie in structural stabilization of proteins and peptides conformation of (e.g.
role of zinc in insulin, Cu/Zn-SOD) and of transcription-regulating factors.

It is thus not surprising that zinc deficiency can lead to severe pathological effects. Symptoms of zinc deficiency
include growth disorders, reduced sense of taste and a lack of appetite, enhanced disposition for inflammations
and an impairment of the immune system and of the reproduction, delayed wound healing and dermatitis. They
are usually a consequence of impaired zinc absorption rather than of undersupply.

Zinc is essential for many processes; however, excess of zinc is toxic. This type of toxicity occurs from
selfsupplementation or prolonged use of oral zinc supplements for medicinal purposes. Excess of zinc may also
affect copper status with symptoms of neutropenia and anemia, impaired immune function and lower plasma
HDL concentrations.

Cobalt
Cobalt is arelatively rare element of the earth’s crust, which is essential to mammals as an integral part of
vitamin Bg,. Its most common oxidation numbers are Il and Il1l. The human body (adult, 70 kg) contains

approximately 1 mg of cobalt, 85 % of which is in the form of vitamin B,,. Cobalt is readily absorbed in the
small intestine, but the retained cobalt serves no physiological function since human tissues cannot synthesize
vitamin B, in the intestine and vitamin By, must be obtained from the diet. Most of the consumed cobalt is
excreted in the urine with very little being retained, mainly in the liver and kidneys. Though for cobalt only one
specific compound is known (vitamin By,), recent studies show that cobalt may be linked with iodine in the
formation of thyroid hormones. Function of vitamin By, and its deficiency symptoms are described in detail in
Chapter 11.2.7.

A cobalt deficiency as such has never been produced in humans. Signs and symptoms that are sometimes
attributed to cobalt deficiency are actually due to lack of vitamin B,.

The toxicity of cobalt is relatively low compared to many other metals, however it is toxic and carcinogenic at
higher concentrations. Effects on lungs, including asthma and pneumonia have been found in workers who
breathed high levels of cobalt in the air. Workers exposed to cobalt-containing hard metal compounds exhibited
a significantly higher risk of developing lung cancer. Cobalt-mediated free radical generation contributes to the
toxicity and carcinogenicity of cobalt.

Some radioactive isotopes of cobalt, such as *’Co or ®°Co, are used in treating patients in nuclear medicine and
in research, for example to study defects in vitamin By, absorption. By injecting a patient with vitamin Bj,,
labeled with radioactive cobalt, the physician can study the path of the vitamin through the body and discover
any irregularities.

Manganese
Manganese is an essential trace element in all forms of life. Manganese has access to three oxidation states of
relevance to biology: I, 111 and 1VV. Absorption of manganese from the gastrointestinal tract is related inversely

to the level of calcium, phosphorus and iron in the diet. The main excretion route is through the bile. Manganese
is a cofactor and an activator of many enzymes involved in the metabolism of proteins, lipids and carbohydrates
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and in the detoxification of reactive oxygen species. Manganese is an essential cofactor of enzymes called
glycosyltransferases; these enzymes are required for the synthesis of proteoglycans that are needed for the
formation of healthy cartilage and bone. Manganese is also a cofactor in enzymes such as arginase, catalase and
superoxide dismutase (Mn-SOD). Arginase is involved in the conversion of the L-arginine to form L-ornithine
and urea. In mammals, hepatic arginase is the terminal enzyme of the urea cycle, which represents the major end
product of nitrogen metabolism. Mn-SOD is present in eukaryotic mitochondria and also in many bacteria. This
enzyme catalyzes the two-step dismutation of superoxide anion radical. Mechanism is similar to that of Cu/zZn-
SOD but manganese atom oscillates between trivalent and divalent oxidation states, according to the following
equation:

"+ 0, — Enzyme-Mn" + 0O,

Enzyme-Mn" + O, —2H 5 Enzyme-Mn" + H,0,

Enzyme-Mn

Manganese deficiency is rare, because this element is nutritionally essential only in small amounts. Low levels
of this element in the body can result in skeletal abnormalities, impaired reproductive function and growth, and
altered carbohydrate and lipid metabolism.

Manganese toxicity upon overexposure is associated with inhalation in occupational settings (mining, alloy
production, welding) and may result in neurobehavioral and neurological effects, with symptoms similar to those
of Parkinson’s disease, including tremors, postural instability and rigidity.

Molybdenum

Molybdenum is the only element from the second period of transition metals (4d) that is essential for most living
organisms. While it is relatively rare in the earth’s crust, molybdenum is the most abundant transition metal in
seawater in its most stable hexavalent (VI) form as molybdate MoO,*, at pH 7. This ion shows a close
resemblance to the biologically important sulfur-transporting sulfate ion, SO,%. The physiologically relevant
oxidation states lie between 1V and V1.

In humans, molybdenum is an essential element in several enzymes, including xanthine oxidase, sulfite oxidase
and aldehyde oxidase. Xanthine oxidase inserts hydroxyl groups into derivatives of the purine bases adenine
and guanine, finally converting xanthine to uric acid, the final product of purine degradation, which is excreted
in the urine. Sulfite oxidase catalyzes the oxidation of sulfite to sulfate, a reaction that is necessary for the
metabolism of sulfur-containing amino acids and aldehyde oxidase participate in the alcohol metabolism, it
catalyzes oxidation of aldehydes into carboxylic acid. Xanthine oxidase and aldehyde oxidase also play a role in
the metabolism of drugs and toxic substances. Molybdenum is also present within tooth enamel and may prevent
its decay.

Molybdenum deficiency is rare because amount of molybdenum required is relatively small. Low levels of this
element can result in low serum uric acid, neurological problems and mental retardation. A deficiency in
molybdenum has also been linked to tooth decay and cavities. Molybdenum is copper antagonist and excessive
dietary intake of molybdenum induces a secondary copper deficiency. Molybdenum overload causes anemia,
high levels of serum uric acid, bone and joint deformities and impaired reproductive function.

Chromium

Under physiological conditions, the typical oxidation states of chromium are 111 and VI, the latter as chromate,
CrO,*, at pH 7. Chromium carcinogenicity was first identified over a century ago and Cr(\VI) compounds were
amongst the earliest chemicals to be classified as carcinogens.

However trivalent chromium, Cr(l11), is generally believed to be an essential trace element and to have a role in
maintaining proper carbohydrate and lipid metabolism, probably by enhancing insulin signaling. This
stimulation of insulin activation occurs without changing the concentration of insulin. However, chromium
deficiency is difficult to achieve. After entering the body from an exogenous source, Cr(111) binds to transferrin,
an iron-transporting protein in the plasma. Trivalent chromium is the most stable form found in living organisms,
but is not as bioavailable as its hexavalent counterpart (VI1). Cr(V1) (as chromate, CrO,*) is strong oxidizing
agent and can oxidatively damage DNA and proteins. CrO,* can actively enter the cells through channels for
the transfer of the isoelectric and isostructural anions, such as SO, and HPO,> channels and reach the cell
nucleus unless it is rapidly reduced. Inside the cell there are three major reducers of Cr(VI): ascorbic acid,
glutathione and cysteine. If the level of the reducing agents is low compared with the amount of Cr(V1), then
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more labile and more strongly oxidizing Cr(V) and Cr(IV) intermediates are formed. These intermediates
produce free radicals that can directly attack the DNA and effect bond cleavage, crosslinking and, as
a consequence, faulty gene expression.

Vanadium

Vanadium may be beneficial and possibly essential in humans, but certainly essential for some marine organisms
and mushrooms. Vanadium is a constituent of enzymes haloperoxidases as well as nitrogenases in some
nitrogen-fixing organisms (Azotobacter). The usual oxidation states of the vanadium are 111, IV and V.

Though its role as a micronutrient in humans has not yet been well defined, particular interest has been given to
the study of the therapeutic applications of vanadium compounds. It has been shown that these compounds are
implicated in many biological processes as inhibitors of cancerous tumor growth or insulin-mimetics drugs.
Insulin-mimetic (insulin-like) activity encompasses the ability to lower elevated blood glucose levels in vivo.
Vanadium stimulates glucose uptake and subsequent oxidation in glucose-metabolizing cells as well as glycogen
synthesis in vitro. In addition, it promotes the inhibition of glycolysis and gluconeogenesis, and inhibits lipolysis
(activates lipogenesis).

Nickel

The most common oxidation state of nickel in biosystems is Il. Nickel is often only one of several components
of complex enzymes, which may otherwise contain several coenzymes as well as additional inorganic elements.

Nickel-dependent enzymes are for example urease, CO dehydrogenase, Ni-superoxide dismutase (Ni-SOD) and
are found in bacteria and some eukaryotes. Urease catalyzes the hydrolysis of urea, forming ammonia and
carbon dioxide. Urea is a very stable molecule, which normally hydrolyzes very slowly and the catalytic activity
of the enzyme increases the rate of hydrolysis by a factor of about 10'*. Many methanogenic bacteria contain
enzyme CO dehydrogenase which catalyzes the oxidation of CO to CO,. This reaction is enzymatically
reversible and may therefore serve as an alternative method of CO, fixation (assimilation) by photosynthetic
bacteria. Ni-SOD catalyzes disproportionation of superoxide anion radical O,” to molecular oxygen and
hydrogen peroxide.

Essentiality of nickel in humans has not been proven. Nickel can enter body via inhalation, ingestion and dermal
absorption. The amount of nickel absorbed by the gastrointestinal tract depends on the type of nickel species in
the food, the content and the absorptive capacity. Normally, only 1-2 % of ingested nickel is absorbed. The daily
intake of nickel has been estimated to be in the range 35 - 300 ug per day. Nickel is toxic at higher
concentrations. Workers exposed to nickel-containing compounds exhibited increased risk of respiratory tract
and nasal cancers. Nickel is also one of the most common causes of allergic contact dermatitis.

2.4. Toxic elements
2.4.1. Toxicity of metal ions in biological systems

The previous chapters have demonstrated that many elements (in the form of their chemical compounds) are
essential for life and their deficiency results in impairment of biological functions. However, even such essential
substances will be poisonous if present in excess (Paracelsus principle “The dose makes the poison”). With
regard to the toxicity, we distinguish the group of elements for which exclusively negative effects have been
found to date. This group includes metals such as mercury, lead, cadmium, beryllium, thallium and arsenic
(semi-metal).

The toxicity of metal ions is based on:

1. Mutual substitution of essential metal in the active site of metalloenzymes by toxic metal with similar but
not identical chemical characteristics: Zn®* < Pb?* or Cd?*, Ca?* < Pb*" or Cd*", K" & TI".

2. Binding to the functional groups of proteins, nucleic acids, lipids, e.g. -SH, -NH-, -OH, -COOH (acidic
protons may be substituted by metal cations). It affects enzyme activity, transport processes across the cell
membranes and can cause changes in genetic information.

3. Oxidative damage to important macromolecules. Metal-mediated formation of reactive oxygen and
nitrogen species causes various modifications of DNA bases, enhanced lipid peroxidation and changes in
biological functions of proteins.
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The toxic effect of metal ions depends on:
1. the dose
2. physicochemical properties (phase state, solubility, oxidation state, chemical form)
3. duration and route of exposure (inhalation, ingestion, skin penetration and in case of teratogenic and
embryotoxic substances through placenta)
4. organism (the age, gender, genetics and nutritional status of exposed individuals)

2.4.2. Exposure, absorption, transport, distribution and excretion

Air, food and water are the major exposure media for humans. In urban areas and in the vicinity of industries
inhaled air is often a major, direct exposure route. Air is also especially important for occupational exposures.
Metals and their compounds occur naturally in food and drinking water, because they are intrinsic components of
the earth’s crust and biota. Contaminated air may pollute soil and water secondarily, resulting in contaminated
crops and vegetables.

The physicochemical properties of metals in exposure media play an important role in determining the extent
of absorption and distribution of metal in organism. One of the major factors influencing the availability and
absorption of metals is solubility of metal compounds in water and lipids. The chemical form in which the
metal occurs is also of great importance, because absorption can be entirely different for different compounds of
the same metal. This is particularly so when inorganic and organometallic compounds of the same metal are
compared. Organometallic compounds are compounds having bonds between metal atom and carbon atom of an
organyl group, e.g. CHs-, CH3CH,-. Generally organometallic compounds because of their lipophilic character
tend to pass membranes, including the very discriminating blood-brain barrier, much easier than inorganic metal
compounds and usually are more toxic. For example methylmercury (CHs-Hg") is almost completely absorbed
(approximately 90-100 % absorption), whereas inorganic Hg(ll) salts are absorbed to an extent 10 % or less.

The transport and distribution of metals depend on the form in which the metal occurs in the blood, which is
the main transporting medium in the body. The lymph may also constitute an important route for transport of
metals, for example, from the lung into the blood circulation. The toxic metal ions can penetrate the cell
membranes by the same transport mechanism, as the chemically related essential metal ions. For example the
structure of arsenate and chromate oxyanions mimic those for endogenous anions phosphate and sulfate
respectively, and are transported across the cell membranes the same way as these endogenous anions.

The biological half-life is used to predict the accumulation of a metal in the body as a whole or in individual
organs. It defines the time it takes for the body to excrete half of a certain accumulated amount. Several of the
toxic metals have a long biological half-life and tend to accumulate in the body. For cadmium, the biological
half-life in man is estimated to be 10-30 years. For arsenic and chromium it is only hours or days.

Effects of different metals on specific target organs are presented in Table 2.1.

Various routes exist by which a metal may be excreted from the body. The most important excretory pathways
are the gastrointestinal and renal ones.

Concentration of the toxic metal is frequently determined in blood, urine and hair. For example blood levels,
particularly red cell levels, of methylmercury are valuable for assessing the concentration of methylmercury in
CNS, as well as in the body as a whole. Urinary levels cannot be used, because the excretion of methylmercury
in urine is extremely small, the main excretion route being the bile. In contrast, measuring the urinary
concentration of As is useful in assessing recent exposure to As, because most arsenic that is absorbed from the
lungs or from the gastrointestinal tract is excreted in the urine within 1-2 days. Biomonitoring for As in hair and
nails is particularly useful in evaluating chronic exposures to As.

Tab. 2.1. Effects of different metals on specific target organs.

Heavy metal  Target organs

Lead long bones, brain, liver, kidney, placenta
Arsenic CNS, skin, hair

Cadmium kidney, liver

Mercury brain, liver, kidney, immune system
Chromium lungs, liver, kidney, genitals, skin
Beryllium lungs, skeleton, skin

Thallium degenerative effect to all cells
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2.4.3. Treatment of metal poisoning

Organisms have developed various detoxification strategies in order to remove unwanted inorganic substances,
e.g. transformation from toxic to less toxic states (Hg** < Hg"). Certain proteins can bind toxic ions up to a
certain storage capacity and thus remove them from the circulation. Special membranes can hinder the passing of
highly charged ions into brain, fetus or cell nucleus.

In the treatment of metal poisoning, prevention of further absorption (removal from exposure, minimizing
absorption from the gastrointestinal tract), elimination of absorbed poison (diuresis, dialysis, chelation therapy)
and general supportive therapy is a priority.

Chelation therapy is indicated in the treatment of metal poisoning, as well as in the treatment of metal-storage
diseases (Wilson’s disease) and in blood transfusion overload (iron overload due to thalassemias). Chelating
agent is a multidentate ligand that can form a chelate with a metal atom (see Chapter 1.3.2.). The ligand should
possess electron donor groups showing a high affinity for the metal to be removed, thus releasing it from
complexes with proteins or other endogenous ligands in a form which it can be readily excreted.

Basic principles that define efficiency of chelating agent are:

high affinity of chelating agent to toxic metal

low toxicity of chelating agent and of formed complex under the physiological pH
minimal interaction with biomolecules in organism

permeation to tissues where metal is deposited

minimal chelating agent metabolism

fast elimination of created complex from organism

Treatment is the most effective if the chelating agent is given while the metal is still in the circulation or in the
extracellular fluid compartment, because once intracellular, the metal is less accessible.
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The most important chelating agents:

1. Polyaminopolycarboxylic acids (used as an antidote for lead intoxication) have a low toxicity as their salts
with Na*, Ca®* and Zn?* (e.g- CaNa,EDTA, calcium disodium salt of ethylenediaminetetraacetic acid).

2. Compounds containing -SH ligands, e.g. dimercaprol (2,3-dimercapto-1-propanol), DMPS (2,3-
dimercapto-1-propanesulfonic acid) and DMSA (2,3-dimercaptosuccinic acid). These dithiol compounds
successfully compete with protein sulfhydryl groups and are effective chelating agents mainly for Pb*",
Hg?*, As**, Sb®" intoxication.

3. D-penicillamine used in case of Hg®*, Cu®*, Zn*", Pb* poisoning.
4. Crown ethers used selectively in the case of Cd**, Hg?*, Pb*" poisoning.

5. Desferrioxamine (Desferal) in the case of iron and aluminium poisoning. It is indicated for example in the
treatment of transfusion-associated iron overload.

2.4.4. Toxicity of individual metals
Mercury

Mercury was used for centuries both as a medicine and a poison and is currently used for many commercial
purposes. Mercury is the only metal which is liquid at room temperature. There are three main forms of mercury:
elemental mercury and inorganic and organic compounds (methyl-, ethylmercury).

All forms induce toxic effects, the extent of the effects depends on the form of Hg at the time of exposure, the
duration of exposure and the route of exposure. The toxicity of mercury compounds is based on the strong
affinity of this metal for thiol ligands (containing —SH groups), such as cysteine. Mercury compounds affect
tertiary and quaternary structure of proteins and significantly influence their activity. Toxic mercury compounds
are rapidly distributed in the body to those parts, which feature the highest affinity towards this heavy metal;
mercury is mainly found in the liver, kidney and nervous system, especially the brain. The biological half-life
depends on the form of Hg and vary from a few days to month.

Humans are exposed to all forms of mercury through different pathways. Elemental, metallic mercury (Hg°) is
poorly absorbed from the gastrointestinal tract, but is very volatile and mercury vapour is efficiently absorbed
from the lungs. Elemental mercury is highly soluble in lipids; a characteristic that facilitates its diffusion across
the alveoli into the circulation, as well as its distribution throughout the lipophilic compartments of the body
including passage across the blood-brain barrier into the central nervous system and across the placenta,
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where it lodges in the fetal brain. Mercury vapour has however a limited survival time; it is rapidly oxidized to
Hg(ll) in tissue and then reacts in the same way as mercuric mercury.

For inorganic mercury salts common routes of exposure are the gastrointestinal tract and skin. Especially toxic
are soluble mercuric Hg(ll) salts (e.g. HgCl,). Mercuric mercury does not readily cross the blood-brain barrier
or the placental barrier; however it does accumulate in the placenta, fetal tissues and amniotic fluid. The critical
organs are the kidneys and the intestinal tract.

An especially toxic form is represented by organometallic compounds, particularly by the methylmercury
(HsC-Hg"). Organometallic compounds usually originate from biological sources, mainly fresh- or saltwater fish
and the dominant route of exposure is through the ingestion. They are absorbed more completely from the
gastrointestinal tract than inorganic salts because they are more lipid soluble. As they have high lipid solubility
they are distributed throughout the body, accumulating mainly in the brain, kidney and liver. Organometallic
compounds also cross the placental barrier attributing to neurological symptoms and teratogenic effects.

Acute exposure caused by inhaled elemental mercury causes pulmonary symptoms (shortness of breath, chest
pain) and effects on CNS (lethargy, confusion, tremor). Acute exposure to inorganic mercury results in
gastrointestinal effects (metallic taste, gastric and abdominal pain, necrosis of the intestinal mucosa) and renal
effects. Chronic exposure induces toxic effects in nervous (increased excitability, memory loss, depression),
gastrointestinal (diarrhea), cardiovascular (hypertension, tachycardia) and renal (polyuria, failure) systems.
All forms of mercury are toxic to the fetus, but methylmercury most readily passes through the placenta and
maternal exposure can lead to spontaneous abortion or retardation. For treating mercury poisoning thiol-
containing chelating agents such as dimercaprol, DMSA, DMPS and penicillamine are used. In severe cases of
toxicity when renal function has declined hemodialysis is used.

Lead

Historically, lead is the “oldest” recognized toxic metal and it is also the one which has been most extensively
spread into the environment by humans. In contrast to mercury and cadmium, it is not particularly rare in the
earth’s crust. After absorption lead is transported by blood; within blood most of lead is present in the
erythrocytes. From blood the absorbed lead is distributed to other organs. Lead accumulates mainly in teeth and
in the skeleton, among the soft tissues, the liver and the kidney attain the highest concentrations of this metal.
Lead is excreted from the body mainly through the urine and feces. The biological half-life depends strongly on
the location in the body. In blood and soft tissues the half-life is about 1 month. The major part of incorporated
lead is stored in the bone tissue due to the similar properties of Pb** and Ca?*. The half-life there may reach 30
years or more, with effects on the development of degenerative processes such as osteoporosis.

Lead toxicity arises not only due to its ability to substitute other bivalent cations like Ca®* or Zn** but also due
to its great affinity to -SH groups of proteins, affecting various fundamental biological processes of the body.

Very toxic lead compounds are organometallic compounds, e.g. tetraethyl lead, which was used as fuel additive.
Organometallic compounds may cause severe disorders of the central and peripheral nervous system (e.g.
cramps, paralysis, loss of coordination). The toxicity of organometallic cations results from the permeability of
membranes, including the very discriminating blood-brain barrier for such lipophilic species. Furthermore, lead
passes the placenta and may cause effects on the nervous system of the fetus. Poisoning with inorganic lead
compounds on the other hand primarily causes gastrointestinal (colics) and hematological symptoms such as
anemia due to inhibition of heme synthesis - even relatively low concentrations of lead inhibit Zn*" dependent
enzyme which catalyzes an essential step in porphyrin and thus in heme biosynthesis. Further toxic effects of
lead poisoning include reproductive disorders such as sterility and miscarriages. Heavy lead exposure may
cause renal dysfunction and chronic renal failure. Acute lead poisoning causes classic symptoms, including
abdominal and muscle pains, nausea and vomiting, seizures. The most commonly used chelating agents for the
treatment of lead poisoning are combination of CaNa,EDTA with dimercaprol.

Cadmium

Cadmium is a cumulative, very toxic metal. In its ionic form, Cd** shows great chemical similarity with two
biologically very important metal ions: the lighter homologue Zn®* and Ca?*, which comes very close in size.
Cd*" can displace this cations and interfere with their physiological action. Cadmium, similar to lead, has a great
affinity to -SH groups of proteins, affecting their activity but cadmium is generally regarded to be far more toxic
than lead.

Humans normally absorb cadmium into the body either by ingestion or inhalation. The absorption of cadmium
compounds through the skin is negligible. Cadmium can be incorporated through food, with the liver and kidney
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of slaughter animals and wild mushrooms being particularly rich in this element. Important route of exposure for
the general population is smoking tobacco. A low intake of iron, zinc and calcium increases the degree of its
absorption. After absorption from the lungs or the gastrointestinal tract, cadmium is transported through the
blood to other parts of the body. Cadmium in blood is found mainly in the blood cells. Cadmium is distributed to
many of the organs, the greatest amounts of Cd** were found in the liver, kidneys and muscles with particularly
long biological half-life, 10-30 years. In contrast to many other heavy metals and toxic elements, cadmium does
not easily pass into the central nervous system or the fetus, because, in its ionized form and under
physiological conditions, it cannot be bioalkylated to form stable, membrane-penetrating organometallic
compounds. Cadmium accumulates in the body and only small portion of the Cd®* absorbed is excreted. The
daily excretion takes place through the feces and urine.

The critical organ in cadmium poisoning is the kidney. Chronic exposure leads to renal tubular dysfunction.
Chronic cadmium poisoning may also lead to the disturbance of calcium metabolism, osteoporosis and
osteomalacia. Extremely painful deformations of the skeleton have been observed and characterized in Japan in
the middle of 20™ century and named as “itai-itai disease”. Long term inhalation causes pulmonary disorders
(e.g. chronic obstructive lung disease). Acute exposure because of inhalation leads to dryness of the nose and
throat, headaches, chest pains and lung edema. Acute gastrointestinal symptoms are nausea, vomiting and
abdominal pain. Cadmium is classified as a human carcinogen.

There is no specific treatment for cadmium poisoning. Because of the long half-life of cadmium in the kidneys
and in the liver, which are the critical organs, primary prevention is essential. When there are signs of
osteomalacia, large doses of vitamin D are given.

Arsenic

Arsenic is a semi-metallic element found in soils, groundwater, surface water, air and some foods. Arsenic in
the environment occurs in both organic and inorganic compounds in its trivalent (111) or pentavalent (V) state.
Trivalent arsenic compounds are generally more toxic than pentavalent arsenic compounds. In organic,
especially methylated form, arsenic compounds are less toxic and are quite common, particularly in marine
organisms such certain fish and crustaceans. After absorption by the lungs or the gastrointestinal tract, arsenic is
transported by the blood to other parts of the body. The highest levels of arsenic in humans are found in hair,
nails and skin. The main route of excretion is through the kidneys, only a low percent is excreted in feces.
Arsenic has a relatively short biological half-life, most arsenic is excreted in the urine within 1-2 days.

Arsenic exerts its toxicity by inhibiting around 200 enzymes involved in cellular energy pathways and DNA
synthesis and repair.

The toxicity of As(111) occurs mainly through the interaction of trivalent arsenic with sulfhydryl groups (-SH) in
proteins. Arsenic binding to a specific protein could alter the conformation of the protein resulting in loss of its
function. For example As(I11) binds with two -SH groups of the enzyme complex pyruvate dehydrogenase which
converts the end product of glycolysis - pyruvate to acetyl coenzyme A, which then enter the citric acid cycle
(Krebs cycle). Inhibition of the pyruvate dehydrogenase complex can block the citric acid cycle and ultimately
decrease the production of ATP, resulting in cell damage and death.

As(V) in the form of inorganic arsenate (HAsO,*) is a molecular analogue of phosphate (HPO,*) and thus can
compete for phosphate anion transporters and replace phosphate in some biochemical reactions. For example,
arsenate can substitute phosphate in the formation of ATP (forming ADP-arsenate) and other phosphate
intermediates involved in glucose metabolism, which could slow down the normal metabolism of glucose, and
interrupt the production of energy.

Acute arsenic exposure results in gastrointestinal effects (e.g. nausea, vomiting, thirst, abdominal pain) and
neurological effects (e.g. headaches, dizziness) on the central and peripheral nervous system.

Chronic exposure is associated with adverse health effects on several systems of the body, including dermal
(hyperpigmentation, skin cancer), nervous, renal, hepatic, hematological and cardiovascular systems.
Avrsenic is classified as a human carcinogen and ingested or inhaled arsenic is involved in the development of
several cancers (skin, lungs, bladder, kidneys and liver).

Effective chelating agents for the treatment of arsenic poisoning are dimercaprol, DMPS and DMSA.

Thallium

Thallium forms a stable, highly toxic monovalent cation TI* under the physiological conditions. TI**, the other
stable oxidation state is easily reduced to TI*. Absorption of thallium compounds is rapid after inhalation, skin
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contact and is nearly complete after digestion. After absorption, thallium compounds are widely distributed in
the body, the highest concentration being accumulated initially in the kidneys. Excretion occurs through both
urine and feces. Excretion also occurs through hair, which in unexposed subjects has been shown to contain the
highest concentration of thallium in any tissue. Thallium has the biological half-life from 3 to 8 days.

Thallium compounds are extremely toxic. The majority of thallium toxic properties are due to its chemical
similarity to potassium: the ionic radii of TI" and K™ are quite similar and TI* can penetrate membranes via
potassium ion channels and pumps to reach nearly all regions of an organism and cause disorders. Enzymes
requiring the presence of K* for their activity, such as Na*/K*-ATPase or pyruvate kinase, an important enzyme
of glycolysis, are inhibited by thallium. Thallium also crosses the placental barrier. Acute poisoning is
characterized by gastroenteritis with nausea, vomiting and abdominal pain within hours of absorption.
Involvement of the nervous system then becomes apparent after a few days, with peripheral neuropathy, mental
confusion or delirium and convulsions, with respiratory and circulatory involvement followed by death. After an
interval of 1-3 weeks, alopecia (loss of hair) develops. Neurologic symptoms (paresthesias) predominate with
chronic exposure and tend to progress, even despite decreasing blood thallium levels.

For the treatment of thallium poisoning chelation therapy is not recommended as the thallium complexes
formed are highly lipophilic and may increase thallium levels in the brain.

Suitable countermeasures following thallium poisoning include dialysis and high supplementation with K* in
combination with administration of large quantities of mixed-valent iron cyanide complexes such as Prussian
blue, simplified as KFe[Fe(CN)¢] in colloidal form. Prussian blue particles are able to function as nontoxic
cation exchangers; they do not release significant amounts of cyanide but can bind monocations such as T1* and
Cs" instead of K* and thus remove them from the organism.

Beryllium

Beryllium is a strategic and critical material for many industries. As a result of the increasing industrial use of
beryllium, occupational exposure to the metal may be an important issue. Exposures to beryllium are much more
hazardous by the inhalation route than by the ingestion route. Beryllium and its compounds are poorly absorbed
from the gastrointestinal tract. Inhalation exposure to beryllium compounds results in long-term storage of
beryllium in lung tissue and may lead to chronic beryllium disease (berylliosis) and lung cancer.

Once incorporated, beryllium is excreted only very slowly from organisms and is deposited in the skeleton. As
a lighter homologue of magnesium, divalent beryllium can reach the cell nucleus, where it exerts mutagenic as
well as carcinogenic effects. Beryllium interacts also with the immune system, its compounds being allergenic
contact toxins. A possible chelation therapy of beryllium poisoning is not feasible, since Be®* specific O-
containing ligands are also strongly binding such biologically important metal ions as Mg®* and Fe**.

2.5. Application of inorganic compounds in medicine

Inorganic or metal-containing medicinal compounds may contain either chemical elements essential to life
forms, for example iron salts used in the treatment of anemia, or nonessential/toxic elements that carry out
specific medicinal purposes, for example platinum-containing compounds as antitumor agents or technetium and
gadolinium complexes as medical diagnostic tools, thus playing a great number and variety of roles in modern
medicine both as therapeutic and as diagnostic agents.

In the present, preventive medicine, such as early recognition and treatment of cancer or coronary artery
diseases, plays a very important role. A major tool in prevention is based on the use of non-invasive techniques,
such as magnetic resonance imaging (MRI) and computed tomography (CT) or techniques that are used in
nuclear medicine, such as scintigraphy and single photon emission computed tomography (SPECT). Nuclear
medicine imaging involves the administration of a radiolabelled molecules called a radiopharmaceuticals.

X-ray and MRI contrast agents

The use of X-ray radiation (discovered by Wilhelm C. Rontgen in 1895) to visualize the internal anatomic
structures of a patient without surgery is still one of the most important diagnostic tools in modern medicine. As
a rule, materials of high density or high atomic number (Z) tend to better absorb X-rays. While the large contrast
between electron-dense bones and the surrounding more permeable soft tissues allows high-resolution imaging,
the native contrast between the different soft tissues is so small, that unenhanced x-ray imaging cannot
differentiate between them. In order to achieve better X-ray absorption than observed for biological tissues,
elements of higher atomic number are incorporated into the contrast agent molecule. Contrast agents are a class
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of pharmaceuticals that, when administered to a patient, enter and pass through anatomic regions of interest to
provide transient contrast enhancement, and are completely excreted afterwards without being metabolized.
In the form of suspension, relatively insoluble BaSO, is widely used for gastrointestinal tract imaging. Water-
soluble iodinated aromatic contrast agents are used for X-ray computed tomography (CT) of the head and the
body for the evaluation of neoplastic and non-neoplastic lesions, for angiography throughout the cardiovascular
system and many others.

Among the existing imaging techniques, MRI stands out thanks to the excellent spatial resolution and the
outstanding capacity of differentiating soft tissues. This technique offers exquisite anatomical images of soft
tissues based on resonance detection of protons largely in water or lipids. The magnetic resonance image can be
enhanced by the administration of suitable MRI contrast agents. Contrary to contrast agents used in X-ray
computed tomography, MRI contrast agents are not directly visualized in the image. Only their effects are
observed as they alter water protons relaxation times and consequently the intensity of the signal. Metal ions
most suitable for this application are those having the higher number of unpaired electrons, especially Gd (111)
(seven unpaired electrons). Its administration as a free ion is strongly toxic even at low doses. For this reason, it
is necessary to use ligands that form very stable chelates with Gd (I11), for example polyaminocarboxylic acids.
Gd (I11) chelates in clinical use are for example Dotarem® (lesions in the blood-brain barrier), Eovist” (imaging
of the liver).

Radiopharmaceuticals

Radiopharmaceuticals are compounds that contain radioactive atoms (radionuclides or radioisotopes) within their
structure, for example complexes containing various radioactive isotopes of gallium, cobalt, technetium, rhenium
and rhodium, that are widely exploited to deliver radiation to the targeted sites.

They play an important role in non-invasive diagnosis and therapy of various diseases such as cancer or
neurodegeneration. In the case of the diagnostic imaging agents the goal is to use a radioisotope that emits
radiation allowing good image of the target organ, but has only little effect on surrounding tissue. This is
achieved with y emitting isotopes. a- or B- emitting radionuclides are applied for therapeutic purposes; if the
nuclides also emit y radiation, they can simultaneously image the distribution of the therapeutic agent. They
deposit the decay energy of the particle within a short range, which will lead to very high local doses
accompanied by corresponding biological damage, necrosis, or apoptosis of the targeted cells, so they are widely
used for the treatment of cancers. The physical half-life of the radionuclide should be long enough to allow
administration and sufficient accumulation in target tissue in the patient. On the other hand, the radioactive
decay time should be short enough to minimize the radiation dose to the patient. An ideal radiopharmaceutical is
one that rapidly localizes specifically in the target organ causing minimum damage to normal tissues,
remains in it for the duration of study, and is quickly eliminated from the body.

The most common isotopes for radiotherapy and radiodiagnostics are:
1. **'1, mainly in the form of iodide, with exclusive selectivity for the thyroid gland
2. ¥Ga, which is used in localizing inflammatory processes or cancer cells
3. %™Tc, in a wide variety of complexes for the imaging of various organs

%MTe is the most widely used radionuclide in diagnostic medicine. It emits y ray; this emission is sufficiently
energetic to allow visualization of sites deep within the human body. *™Tc labelled compounds are used to
image heart and kidney functions, spread of cancer to bone and is indicated for detecting coronary artery disease
by localizing myocardial ischemia and infarction. The in vivo behaviour of the ®™Tc radiopharmaceutical
depends on the ligands that surround the metal and charge and lipophilicity of the complex. For example,
negatively charged compounds tend to clear through the kidneys, many positively charged complexes
accumulate in the heart and an overall neutral complex is required for crossing the blood—brain barrier.

Radioisotopes such as ®’Cu, *°Y, *®Re and #?Bi (preferably a and {§ emitters) are used in radioimmunotherapy;
they can be selectively incorporated into tumor tissue, allowing very specific tumor cell killing.

Boron neutron capture therapy: Stable inorganic isotopes such as °B, “’Ru and**'Gd can have an indirect
radiotherapeutic effect. Boron neutron capture therapy is a binary form of treatment of cancer in which
acompound containing isotope '°B is selectively delivered to tumor tissue prior to irradiation by thermal
neutrons. Upon irradiation, interaction of a '°B atom with these thermal neutrons produces an a particles, a high-
energy 'Li ions and a low-energy y-ray. This therapy is used especially for the treatment of glioma (tumors
originating from the brain or spinal cord) and cutaneous melanoma.
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Anticancer therapeutic agents

The Pt(11) complex cisplatin, [Pt(NH,),Cl,], is one of the most widely used anticancer drugs, particularly for the
treatment of testicular and ovarian carcinoma and against bladder, cervical and lung tumors and tumors in the
head/neck.

3

H3N\ Pt/ . Cl\ Pt/ -
H3N/ \c1 7

H3N Cl

cis-diamminedichloridoplatinum(l1) trans-diamminedichloridoplatinum(Il)
cisplatin

Cisplatin reacts with DNA in the cell nucleus, where the concentration of chloride ions is markedly lower than in
extracellular fluids. In media containing low concentrations of chloride cisplatin loses its chloride ligands to
form positively charged mono- and diaaqua species: [Pt(NH5),CI(H,0)]" and [Pt(NH),(H,0),]**. Water ligands
are in turn replaced by nucleobases (main donor atom is N7 nitrogen atom of guanine) from DNA strands and
form cross-link adducts. Such adducts leads to marked conformational alterations in DNA structure and are able
to inhibit DNA and RNA synthesis and thereby induce cell death. The most common side effects of a cisplatin
therapy include kidney and gastrointestinal problems, which may be attributed to the inhibition of enzymes
through coordination of platinum to sulfhydryl groups in proteins. Similar platinum-containing antitumor drugs
in clinical use are carboplatin and oxaliplatin with broader spectrum of antitumor activity or improved safety.

Several Pd(I1), Ru(ll), Rh (1), Rh(Il), Rh(111) complexes have been prepared and are currently investigated for
their anti-tumor properties on the basis of their similar properties as compared to cisplatin.

Inorganic compounds in non-cancer therapy
Lithium
Lithium is clinically used in the treatment of manic depression (or bipolar disorder). Lithium salts, usually

Li,CO; are administered orally in several controlled doses per day. Difficulties in the therapy result from the
toxicity of lithium at higher concentrations.

Magnesium

Magnesium-based drugs have agreat number of potential uses, including the treatment of eclampsia,
arrythmias, stroke and myocardial infarction. Mg®* ion plays a physiological role in processes pertinent to
ischemia; it is complexed with ATP and is an important cofactor in cellular energy metabolism and protein
synthesis. Magnesium hydroxide together with aluminium hydroxide (Maalox®) act as antacids by neutralizing
stomach acid. Magnesium citrate and magnesium sulfate are used as laxatives. This products are used for the
short-term of relief of constipation, and to cleanse the bowels prior to certain procedures, such as
a colonoscopy, usually with other products. In the intestinal lumen the poorly absorbable magnesium ions exert
an osmotic effect and cause water to be retained in the intestinal lumen. This increases the fluidity of the
intraluminal contents and results in a laxative action. Magnesium is an attractive therapeutic agent because it is
inexpensive, widely available and intravenous and intramuscular administration yields predictable serum
concentrations.

Gold

The monovalent form of gold Au(l) has therapeutic importance in the treatment of rheumatoid arthritis (RA).
Most of the Au compounds used as antirheumatic agents contain thiolate ligands RS, that stabilize oxidation
state 1. Among the first gold compounds used for the treatment of RA are Solganol® and Aureotan®, containing
thioglucose as a ligand. A disadvantage of this gold drugs is that they are administered to patient via
intramuscular injection and gold is accumulated in organs such as kidneys resulting in nephrotoxicity, which
leads to leakage of protein and blood into the urine. A relatively new gold-based drug that finds wide use is
Auranofin® which can be administered orally and the concentration of gold in kidneys is considerably less.
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Bismuth

Bismuth compounds were first used in the seventeenth century as a treatment for syphilis and other bacterial
infections. Bi(11l) compounds containing hydroxycarboxylate ligands (salicylate, citrate) have applications as
remedies for gastrointestinal disorders. The preparations Pepto-Bismol® and De-Nol® are used for gastric and
duodenal ulcer therapy and to treat non-ulcer dyspepsia and have antimicrobial activity against Helicobacter
pylori.

Sodium nitroprusside

Sodium nitroprusside, Na,[Fe(CN)s(NO)], is a nitrosyl complex, long in clinical use. It is administered in case
of suddenly elevated blood pressure (e.g. during surgery) or after myocardial events. After infusion of the drug,
the desired reduction of the blood pressure begins within 1-2 minutes. The reason for the therapeutic effect is,
that the complex releases NO, which leads to the relaxation of the smooth muscles of the blood vessels.
Alternatively, nitroglycerine can be administered in case of angina pectoris.

Some other elements with therapeutic and diagnostic effects are listed in Table 2.2.

Tab. 2.2. Some examples of inorganic elements and compounds with medicinal purposes

Element Some medically-relevant uses

Calcium CaCOg: antacid, CaSO,41/2 H,0: plaster ingredient, Ca(lactate),: dietary supplement
Aluminium AIl(OH)3: adjuvant in vaccines, antacid

Gallium Ga(NOs,)3: treatment of cancer-related hypercalcemia

Iron FeSO,, complex organic Fe(ll) salts (succinate, fumarate): for iron deficiency
Cobalt vitamin By,: treatment of pernicious anemia

Zinc Zn(gluconate),: dietary supplement, ZnO: skin ointment

Copper Cu(histidine),: Menke’s disease treatment

Vanadium insulin mimetics, V(1V) and V(V) complexes in clinical use for DM type 2
Silver AgNO;: cauterizing agent, histology: silver staining

Helium ®He for MRI

Cesium 129Cs: (y-particle emitter) for myocardial imaging

Radium 22%Ra (a-particle emitter): for treatment of skeletal metastases
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Control questions:

1.
2.

N o gk~ w

2

10.
11.
12.
13.
14,
15.

Except of biogenic elements, nonessential and toxic elements are also present in the body. Explain why.

Name the biological functions of biogenic elements (generally). Why Zn is not involved in electron transfer,
while metals like Fe, Cu, Mn and Mo are?

What is the biological function of nitric oxide? Can this molecule be toxic?

What are hemoproteins, name 3 examples and their functions.

Why is carbon monoxide toxic?

Can iron be toxic? If yes, give the reasons.

Ceruloplasmin has a ferrooxidase activity. Explain what it means and the biological importance of this
activity.

What are the functions of Zn-containing proteins?

Co is bound in complex with corrin in vitamin By,. What type of ligand corrin is? Is the formed complex
stable?

Write the reaction which is catalyzed by Mn-SOD.

Name three main mechanisms of action of toxic metals, i.e. what is the metal toxicity based on.
What is chelation therapy based on? Characterize chelating agents.

What are organometallic compounds? What is the base of their toxicity?

Why can be BaSO, used for gastrointestinal tract imaging?

What are radiopharmaceuticals and what is their application? Name some examples.
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3. DISPERSED SYSTEMS

3.1. The types of dispersed systems

Dispersed systenis formed by dispersing of a substance in a solviem sizes of the particles intimately mixed
with a solvent determine some physical propertfeth® mixtures (Tab. 3.1.). Mixtures are either log@neous
or heterogeneougiomogeneousmixtures are those in which the tiniest samples ewrerywhere identical in
composition and propertiebleterogeneousmixtures are any mixtures that are not homogenéeigs mixture
of water and ice). A homogeneous part of a hetereges mixture is called a phase, that is physic#parated
from its other parts. There are two kinds of rekly stable homogeneous mixtureslution and colloidal
dispersion A third kind, thesuspension is unstable, being homogeneous only when corgtatitred. The
suspension is on the borderline between homogermotiheterogeneous (e.g. thieod, while moving, is a
suspension, besides being a solution and a codlldidaersion). The kinds of homogeneous mixturdtedi
fundamentally in the sizes of the particles invdlvand the differences in the size can alone catseesting
and important changes in properties. See Tabf& & summary of the chief properties of solutiordloidal
dispersions, and suspensions.

According to the size of dispersed particles systare:

1. True solutions— are homogeneous mixtures in which the particfdsoth the solvent and the solutes have
the size of atoms, or ordinary ions and moleciitethe range 00.1 to 1 nm(1 nm = 10° cm).

2. Colloidal dispersions— are homogeneous mixtures consisting of veryelatgsters of ions or molecules,
or macromolecular compounds in which the dispepseticles have the diameter in the rangd ofm to
1000 nm

3. Crude dispersions— suspensions- on the borderline between homogeneous and lgeteeous mixtures,
in which the dispersed or suspended particles tieevdiameter ovet000 nm.

Tab. 3.1. Properties of dispersed systems

Dispersion Analytical Colloidal Crude
(true solutions)
Particles size <1nm (0.1-1nm) 1-1000 nm over 1000 nm
all particles are of atoms, ions particles are large clusters of
or small molecules atoms, ions, or small moleculeg,

or very large ions or moleculeg

Particles movement no Brownian motion Brownian motion slow Brownian matio
Particles filterability cannot be separated by cannot be separated using filter can be separated by
filtration paper, can be separated using| filtration,particles are

semipermeable membrane trapped by filter paper

Diffusion rapid slow no diffusion
Osmotic pressure high small no osmotic pressure
Visibility cannot be seen with electront can be seen with a high power| may be seen with a low
microscope microscope power microscope, or by
eyes
Sedimentation most stable to gravity less stable to gravity, they unstable to gravity , they
sediment in the strong separate under the
centrifugal field influence of gravity
Aging are stable to aging less stable to aging unstable to aging
(with time they get old)
Optical properties transparent often translucent or opaque, | cannot be transparent
may be transparent
no Tyndall effect Tyndall effect
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Thetypesof colloidal and crude dispersed systems, accortdirggcharacter of dispersed particles and dispgrsi
medium are presented in Tab. 3.2.

Tab. 3.2. The types of colloidal and crude-dispersezystems

Dispersed particles
Dispersin
megium < Gas Liquid Solid
gas - liquid aerosol smoke
- (mist, fog, clouds, (dust in smog)
certain air pollutants)
liquid foam emulsion suspension
(whipped cream, (milk, mayonnaise) (blood, sand in water)
suds) hydrosol
(blood plasma, starch in water)
gels (are sols that adopt
a semisolid form)
fruit jellies, gelatin)
solid solid foam solid emulsion solid sol (pearls, opals, alloys)
(pumice, (butter, cheese)
marshmallow)

3.2. True solutions
3.2.1. Characteristics

Solutions are homogeneous systemolid, liquid or gaseous), which consist of adetwo components — a
dissolvedsubstance — solute (one or more) and solvent (the component present in the greatest amount), in
variable proportion, in which the particles of bathlutes and solvent have sizes of atoms, or angioas and
molecules, in the range of 0.1 to 1 nm.

Solutes may be liquids, gases, or solids.

Gas systems are usually mixtures (e.g. air is aumexof 78 % nitrogen, 21 % oxygen, 1 % inert gased
0.03 % carbon dioxide). Solid homogeneous systems.g. alloys.

We usually think of solutions digjuids. A liquid solvent can dissolvesmlid substance (e.g. solution of sugar in
water), aliquid substance (e.g. vinegar — acetic acid in wateg g@as substance (e.g. carbonated beverages —
carbon dioxide in water).

Solubility dependsmainly on thefeatures of dissolved substancesolvent and temperature. Solubility is
commonly reported as the weight of a substancd @@rg of saturated solution (the solution with thaximum
guantity of the solute that can dissolve in a gigelntity of solvent), at 25 °C. Dissolution of stdnces is a
complex physicochemical process, in which interrol@r and intramolecular bonds of dissolving sutcsta

and forces among solvent molecules interrupt, aed @associations between the solvent molecules and
molecules or ions of solute arise.

Various factors affect solubility. Molecular struot determinethe polarity of a molecule Solventsarepolar
(water) andhonpolar. Polar solutes(electrolytes and nonelectrolytes) with polar gr@ipa molecule dissolve
well in polar solvents,while nonpolar solutesdissolve innonpolar solvents.Theratio of polar —hydrophilic

to nonpolar — hydrophobic (or lipophilic) parts of molecules of organic substances deterntives solubility.
For example, solubility of carboxylic acids in polsolvents decreases with the extension of carlfainc
Cholesterol does not dissolve in water (neither in water mediofmblood), because the entire cholesterol
molecule is hydrocarbon-like. It has only one pgesup (OH), and this represents too small portion of the
molecule to make cholesterol sufficiently poladissolve either in water or in water medium of lmloo

The most importanpolar solventis water, the compound necessary for life. In water mediuenractions in
living organisms proceed. Total water is about 60f%ody mass (in adults). The total volume of bddids in
the average 70 kg person is about 40 liters. Thigl fis divided into two major compartments and nove
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between themintracellular fluid — approximately 25 | held within the body’s cells andracellular fluid —
approximately 15 liters present outside the cébdracellular fluids are for exampldood plasma, interstitial
fluid (the fluid between cells)ymph (the interstitial fluid that is transported froimet spaces between the cells
back to the blood circulatory systenterebrospinal fluid(surrounding the brain and spinal coréljid in
gastrointestinal tract, urin@nd variety of other fluids.

Intake and elimination of water must be in equilibr (balance) in organism. From the viewpoint citer
homeostasis, the total volume of water is not gsontant as its distribution among the three conmpents:
intravascular, interstitial, and intracellular |t Continuous water exchange proceeds among tiee th
systems, however, the water volume in these spa&reains constant in a certain range. The main atguyl
factors include osmotic, hydrostatic and oncotiesgure (kidney being the central regulation organ).

The covalent bonds in water molecule are polar lieeaxygen atom is more electronegative than atbm o
hydrogen. Water does act like alectrical moleculardipole (Fig. 3.1.), and therefore it is an excellent polar
solvent. By a molecular dipole, we mean a mole¢bkt has a positive and the negative end. Two dgol
brought close enough will attract or repel one hentThe positive end of one molecule attractsdgative end

of another.

a) /Og b) ) H- O H - o0
o =105°

Fig. 3.1. Schematic arrangement of strture: a) water molecule, b) electrical dipole, chydrogen bond

Polar particles of substances and ions in watersarmunded by water molecules which negative qrudist
toward the positively charged ions.

Pressurehas little effect on the solubilities of liquids solids, but increased pressure increases théibglwof
gases. An increase in temperature decreases titalgplof a gas, but the effect of temperaturetioa solubility
of a solid varies with the identity of a solid.

True solutions are:

1. ionic — solution ofelectrolytes in which ions are present, formed by electrolydissociation of ionic
compounds or by ionization of polar covalent compsi Anelectrolyte is a chemical compound that
dissociates into ions and hence is capable of grating an electric charge - i.e. an electrolytadrctor;
unlike metals the flow of charge is not a floweddctrons, but is movement of ions.

When ionic compounds dissolve in water, the assetiaons in the solid separate because water rediee
strong electrostatic forces between them. The pe&er molecules surround individual ions at thfame of
crystal and penetrate between them, reducing tieagstinter-ionic forces that bind ions together deiting

them move off into solution dsydrated ions (Fig. 3.2.). This process is calletéctrolytic dissociation:

Hzo + ny
NaCl— Na + ICl
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Fig. 3.2. Dissolution ofonic compound:s Fig. 3.3. Scheme of ionization afpolar covalent
in apolar solvent compound a polar solvent

2. molecular— solutionsof nonelectrolyte: contain molecules of compounds is@ution (e.g. water solutic
of glucose or urea).

When polar covalentompounds dissolveFig. 3.3.) in a polar solvent, @olar covalent bor is heterolytically
cleavedby water molecules and ions are formed. This ikdionization:

_/_\54. 5 — -
H-=0 + H=Cll —— |H-O-H| +ICl
H H
H,O + HCIO OO - HO" + CI

Hydronium
or oxonium cation

3.2.2. Ways of expressing solution compositit

Concentration is a measure of tamount of solute dissolved in a givelmmount of solutior. The amount of
solute can be expressed eithemiass unit¢ (such as grams) or asnount of substancgin moles).

Ways of expressing concentratio are present in Tab. 3.8olution composition can be described in term
amount of substance concentration (molarity, molal concentration (molality), weight (or mass)
concentration, weight fraction, weight percentag, volume fraction and volume percentage

Amount of substance(n) is abasic S| quantity, having basic unit of 1 mole (symbol mol). This is such
amount of asubstance, which contains number of specifigparticles (atoms, moleculesons, radicals or
electrons) equal to the number of atoms in 0.010f *°C carbon.

Amount of substanceconcentration means the amount of substance of the dissaedae (here denoted as
the solute B) divided by theolution volum. The symbol of amount of substance concentrat is ¢ (e.g.
c(NaCl), qacior [NaCl]. The basic unit of the amount of substance concémtréc) is mol/l

Weight (mass) concentratioris used wheithe molecular weight (M of asubstance is unknow

Weight (w %, or % w/w)or volume percentag: (v %, or % v/v) is sometimes used in practice. Ehasits
express the number of weight or volume units of gbkite Bpresentin 100 weight or volume units of tt
solution. They are obtaindgy multiplying mass fraion (wg) or volume fraction (y) by 100

%\v=wg. 100 or v% =v 100
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Tab. 3.3. Quantities and units of concentration

Weight percentage

w% = (nms/m).100

Weight of the dissolved compound B
in 100 weight units of a solution

Quantity Symbol Definition Unit
Amount of substance R’ Amount of substance of the dissolvddmol.ni®
concentration (older name - g = — compound B divided by the solution| mol.dm?® = mol.I*
molar concentration, molarity) Volution volume
Molal concentration rY Amount of substance of the dissolvegdmol.kg® water
(older name - molality) m= — compound B divided by the solvent

Molvent Weight
Weight (or mass) concentration m Weight of the dissolved compound B kg.I* (g.I")

pg= — divided by the solution volume

\Y,
Weight fraction m Weight of the dissolved compound B g/g (kg/kg)
(or mass fraction) wg= — divided by the solution weight

Molution

3

Volume fraction

6
Vg= ——

Vsolulion

Volume of the dissolved compound
divided by the solution volume

Volume percentage

V% = (Vg/V).100

Volume of the dissolved compound
in 100 volume units of a solution

Bmi/ml (/)

3.2.2.1 Calculations of solution composition and solutiorrgparation — practical examples

1. How many grams of NaCl (M=58,44) is needed to prepare 1000 ml of NaCl solati with
concentration ¢ = 0.15 mol:t?

m= cxVxM, = 0.15 x1x 58.44 = 8.766 g NaCl

2. Prepare 500 g 0.9 % (w/w) of NaCl solution.

W % = m(B)/m(R) .100

m (B)= w% x m(R)/100 = 0.9x500 /100 = 4.5 g NaCl

3. Mass concentration of albumin (M=69000) in blood plasma is 38 @'l What is amount of substance
concentration of albumin?

c=n/V= (M/M)/V)=m/(M;xV)=38/(69000x1)= 0.55x1C* mol.I*

4. How many grams of glucose (IV=180) is needed to prepare 10 ml of glucose solutivith
concentration ¢c= 0.5 molf?

m= cxVxM, = 0.5x0.01x180= 0.9 g glucose

5. The volume of 2 ml of a glucose solution with conagration 5 mmol.I™* was diluted with 6 ml of
water. Calculate concentration of resulting solutio.

V1= oV,

C=C1V1/V, = 5x2/(2+6) = 5x2/8 = 1.25 mmol:t = 1.25x10°mol.I*

6. Calculate the concentration of glucose solution, with was prepared by mixing the volume of 15 ml

glucose solution with concentration 5 mmol} with 25 ml of glucose solution with concentratiort

mmol.I"t 2
G Vit CoVo=C3Vs3

5= (C1Va+ CoVo)/Va= (5.15+4.25)/40= 4.375 mmol']
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3.2.3. Properties of true solutions

Colligative properties are those properties of solutions, that do not deépen the structure and the chemical
composition of a solute, but depend only on the lmemof solute particles (molecules or ions formed b
dissociation) present in a solution. Colligativeperties of solutions include:

- freezing point depression in a solution
- boiling point elevation in a solution
- osmotic pressure

Because a nonvolatile solute lowers the freezirigt@nd raises the boiling point, it extends thpiid state of
the solvent. The vapor pressure of a solution éoimz a nonvolatile solute is always less than vapor
pressure of the pure solvent, since the presentieeofolutedecreases the number of solvent moleculeer

unit volume and thus proportionately lowers the escapérglency of the solvent moleculd®aoult’s law

states that the vapor pressure of a solution &cthir proportional to the mole fraction of the smit. Raoult’s

law holds for ideal solution.

The processes based on colligative propertiedifftesion, osmosisanddialysis.

Diffusion is a process of a spontaneous movement of partiflaglissolved compound from a region of higher
concentration to a region of lower concentratiandistribute themselves uniformly. Diffusion happerery
rapidly in gases, but much more slowly in liquittsliquids, diffusing molecules encounter and a#liwith a
large number of solvent molecules, and such cofisimpede their progress. The rate of diffusiopetels on
differences in concentration within a solution: theeater concentration difference, the greater rdte of
diffusion. Diffusion takes place at transport ofgad nutrients between cells of the body and aheironment
constitutes. Low-molecular weight compounds, sushwater, urea, nitrogen, oxygen, carbon dioxide are
transported through biological membranes by di€fosi

Osmosis and dialysis (migration of solvent — osmosis, or migration oflwion — dialysis through
semipermeable membranes) also depend only on thberwf solute particles (molecules or ions).

Osmosisis a phenomenon, which arises at the boundary lestaesolution and a solvent (or two solutions with
different concentrations of the same compound) #rat separated by a semipermeable osmotic membrane
(membrane that is permeable only to solvent moés;ubut not to molecules of the solute). During osis)
there is always a net flow of solvent from the mditate area to the compartment in which the sotuts more
concentrated. By permeation of the solvent intosthieition, excess pressure is creafdte pressure needed to
prevent the net flow of solvent from the dilutetition to the concentrated one is calledmotic pressure
Osmotic pressure is measureddsynometer(Fig. 3.4.).

Dialysis is process similar to osmosis, with the followiniffetence: during dialysis not only water molecules
can permeate through the membranes, but also nkedeotithe solute (with exception of macromolecukes.
protein molecules). Pores dialyzing membranesare larger than those of osmotic membranes. D&atg&es
place in living organisms. Cell membranes have ertigs of dialyzing membranes, but their permegbif
highly selective. Selective migration of molecut@sions through cell membranes is an important raeism
for entry of nutrients into and exit of waste protfufrom the cells.

Blood dialysis (hemodialysis)

Hemodialysis, removal of waste metabolic produsisci as urea or creatinine) or toxins, is perforrmed
kidney. If the kidneys do not work efficiently,ebe wastes built up in the blood and threateniftbeof the
patient. The artificial kidney is one remedy feemodialysis The bloodstream is diverted from the body and
pumped through a long, coiled tube that serveshasdialyzing membrane (Fig. 3.5.) A solution caltbé
dialysate circulates outside of the tube. The dialysaterépared not only to be isotonic with blood, bubatis
have the same concentrations of all the essentistances that should be left in the blood.

In the case of the same concentrations, the ratdiah such solutes migrate out of the blood eqtradsrate at
which they return. The dialysate is kept very lowthe concentration of the wastes, so the ratehathathey
leave the blood is greater than the rate at whiedy tcan get back in. In this manner, hemodialykis/lg
removes the wastes from the blood.
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3.2.3.1. Osmotic pressure

Osmotic pressure - 1t of diluted solutions depends ' thenumber of solute particles and can be express
the relationship:

=i.c.RT
where: i -number of solute particles in soluti; ¢ - amount of substance concentration of solute intiswl;
R — gas constant (8.314 J.inolY); T — temperature in Kelvin K (0C = 273.15 K)

Osmotic pessure is directly proportionto the cacentration of all particles of solutesa solution. Osmotically
active are all compounds insilution, electrolytes, organic compounds and macromolecul compounds
(e.g. proteins). Each particle, that arises the solution by dissociation contributiEsthe osmotic pressure, so
the amount oBubstance concentrat of the solution is multiplied by theumber of particles ithe solutionj
(for compounds that are not dissociatethe solution, i = 1). It means tlosmotic pressure solutions with the
same amount of substance concentradepends just on the number of particlésnean: electrolytes have
higher osmotic pressure than nelectrolytes

Osmoaticpressure is determined lamount of substanceconcentration of all osmoticaly active particles of

the solution (ions, molecules, or macromolecu, which is calledosmolarity - csm (€EXpresing concentration
of osmoticallyactive particles of compounds dissolvedthe volume of one liter of aolutior) or osmolality

(relatedto one kg of solventwater)

Cosm = I.C - osmolarity - [mol.I"] older units:[Osmol.]
- osmolality - [mol.kg™ H,O] [Osmol.kg'] H,0

For example, osmolarity of :

a) NaCl solution with concentration ¢ .15 mol.I*  is Gem= 2% 0.15 = 0.3 mol1,
b) MgCl solution with concentration ¢ =.15 mol.I* is Gem= 3% 0.15 = 0.45 mol,
c) glucose solution with concentration ¢.15 mol.I* is Ggem= 1x 0.15 = 0.15 molf.

The osmotically effective concentraticosmolarity) of blood serum can be calculated frbmrelationship fo
osmotic pressure, and from the known blood osnmssure of around 780 k:
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_ 780 kP _
Cosm = Ti(blood) - a = 0.3 mol.lt

RT 8.3 J.Ktmolt. 310 K

Under physiological conditions, osmolarity of tiéeirnal environmentggsm, = 285+ 10 mmol.I*.
This osmolarity value is maintained at a constaml, thus protecting cells from excessive voluimenges.

Maintaining a constant osmolarity is provided bgukatory systems of the organism, and it is pergmainly
with the help of water and ions transfer betwedfedint compartments (extra- and intracellular) dydthe
action of kidney (osmo- and volume receptors).

Two solutionsof equal osmolarity are calledsotonic orisoosmoticsolutions. When we compare two solutions
with different osmolarities, the solution with loimesmolarity (or osmotic pressure) is calleghotonic and the
solution with higher osmolarity is calld/pertonic solution. A solution 0f0.15 mol.I* NaCl corresponds to
the osmotic pressure of body fluids (blood), therefit is calledisotonic (isoosmotic) saline solutionor
physiological saline solution Physiological solutions are solutions, which cosifion, pH value and buffering
properties resemble blood plasma (Tab. 3.4.). mesanedical situations, body fluids need replacenmnt
nutrients have to be given by intravenous drip. d&molarity of the solution being added should imakat of
the fluid inside. Any solution to be added in aasge quantity into the bloodstream has to be isoton

The osmotic condition of living cells separateddaynipermeable membranes results from balance betihee
rate of water entering the cell and the rate okewkgaving the cell. The red blood cells (erythitesy circulate in
the bloodstream, and their membranes behave apeendable membranes. Within each red blood celétise
an aqueous fluid with dissolved and colloidallypdissed substances (see Fig. 3.6.a). Although theidzd

particles are too large to dialyze, they contribigte colloid osmotic pressure. They help to deteenthe
direction of dialysis through the membranes.

The relations between a cell's inner and outer erythrocyte

concentrations lead to three different osmotic _ -
conditions: hypotonic, hypertonic, and isotonic,
illustrated in Fig. 3.6. When red cells are placed° =
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bring fluid into the red cell. Enough fluid moves 0] [ 2y iaestie
in to make the red cell burst open. The rupturing . b c

of red cells is callethtemolysis(Fig. 3.6.b). Red ) _ ) _

cells hemolyze if placed in hypotonic o Particleswiththe size ofions
environment. Red cells undergo crenation, if _ 2nd molecules

placed in a hypertonic environment (Fig. 3.6.c). macromolectiles

Determination of erythrocyte hemolysis has a
diagnostic importance. Fig. 3.6. Red blood cells in: isotonic (a), hypotic (b)
and hypertonic (¢) environment

Tab. 3.4. Examples of physiological, isoosmotic ¢nic) solutions in biology

Physiological solutions
Solution Ringer’s Ringer’s
el peflen Lock's Tyrode’s

@) (g.m) L@ (mmolt
)

NaCl 9.0 8.0 137.9
KCI 0.42 0.2 2.7
CaCb 0.24 0.2 1.8
NaHCGO; 0.2 0.1 1.19
MgCl, - 0.1 1.0
Na,HP O, - 0.05 0.23
Glucose 1.0 1.0 55
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All dissolved solutes contribute to overall osmapiessure. The intracellular fluid, the interstitiluid, and
blood all contain a variety of dissolved solutesl aolloid particles. All these fluids contain rédaty high
levels of electrolytes, e.g. charged particles sashsodium, potassium, chloride, and bicarbonate {@ab.
3.5.). The electrolyte (ions) makeup of the extllata fluids (plasma and interstitial fluid) arenry similar. But,
ions are distributed unevenly between the intratalland extracellular compartments. Osmolaritythef two
compartments is, however, equal and both compatthae electroneutral. The osmotic pressures dtiecte
electrolytes are balanced.

Compared to the electrolyte concentrations, théoictall protein concentration is very low. Yet, theis a
difference in the protein concentration among blgddsma, interstitial fluid and intracellular flgd The
difference in the protein concentration gil®sod plasmaahigher osmotic pressurethan that exhibited by the
interstitial fluid . Colloid osmotic pressure is termedncotic pressure (see subchapter 3.2.3.5.). The oncotic
pressure is the property of colloid solutions.

Tab. 3.5. Electrolyte content of body fluids

Osmotically active concentration — osmolarity (mmal™)
of main solutes in the body fluids (average values)
Solute i
Extracellular fluids .
— - Intracellular fluids
Blood plasma Interstitial fluids
Na" 144 137 10
K* 5 4.7 141
ca’ 25 24 0
Mg** 1.5 1.4 31
cr! 107 112.7 4
HCO; 27 28,3 10
HPQO? , H,PO,” 2 2 11
SO 0.5 0.5 1
proteinate 1.2 0.2 4
other solutes 13 13 90.2
total osmolarity 303.7 302.2 302.2

3.2.3.2. lonic strength

The ionic strength of a solution is a measure eteblyte concentration and is calculated by:
I =%Xcz?

where ¢is the molar concentration of a particular iond @ is the charge on the ion. The sum is taken alve
ions in the solutions. Due to the square;ofidltivalent ions contribute strongly to the ionteemgth.

For a 1:1 electrolyte such asdium chloride, where each ion (cation or anion) is singly - ¢eak, the ionic
strength is equal to the concentration.

For the electrolytégSO,, however, each ion is doubly-charged, leadingntdoaic strength that is four times
higher than an equivalent concentration of sodibforae:

=¥ (c(+2f +c(-2)= 4c

3.2.3.3. Importance of the ionic strength

A number of biochemically important eventor example: protein solubility and rates of enzyme
action) vary with the ionic strength of a solution.

The solubility of proteins is strongly dependenttib@ salt concentration (ionic strength) of the med Proteins
are usually poorly soluble in pure water. Theiubdlity increases as the ionic strength increakesause more
and more of the well-hydrated inorganic ions arerfaibto protein’s surface, preventing aggregatiorihef
molecules galting in). At very high ionic strengths, the salts withdsathie hydrate water from the proteins and
thus leads to the aggregation and precipitatioth@fmoleculesdalting out). For this reason, adding salts such
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as ammonium sulphate (NSO, makes it possible to separate proteins from aurgxaccording to their
degree of solubility (fractionation).

3.2.3.4. Calculations of osmolarity and ionic strgth — practical examples

1. Calculate the ionic strength of FeSQwith concentration 0.02 moll™.
=15 (1% 0.02x(+2)? + 1x 0.02x(-2))= 0.08 moll™

2. Calculate osmolarity and the ionic strength of KSO, with concentration 0.1 moll™.
Cosm= 3% ¢ = 0.3 moll™*
I= % (2 x 0.1x(+1)? + 1x0.1x (-2)’)= 0.3 moll™
3. Calculate osmolarity and the ionic strength of a dation containing 0.02 moll™NaCl and 0.02 mol™
BaSO,.
Cosm= 2%0.02 + 2x0.02= 0.08 mol™*
I= ¥ (1%0.02x (+1)* + 1x0.02x(-1)* + 1x0.02x(+2)?+1x0.02x (-2)%) = 0.10 moll™

4. Calculate concentration c of KPO, solution which is isoosmotic with physiological dation.
Cosm (KaPOs) = Cosm(NaCl) = 0.30 mal™
4x ¢ =0.30 mol™
c=0.075 mal™

5. Calculate concentration ¢ of CaC] solution which is isoosmotic with kPO, solution with
concentration 5 mmoll ™.
Cosm (C&Cb) = Cosm (KSPO4)
3x ¢ = 4x5 mmoll™ = 20 mmoll~*
c = 6.66 mmal™

3.2.3.5. Colloid osmotic pressure

Colloid osmotic pressure is termedncotic pressure. It is represented (caused) by the btmodponents
(proteins) which can not pass the membrane to réhehsame concentration on both sides of capillary
membranes. Although blood oncotic pressure reptesmnly 1 % of the total blood osmotic pressurés still

of a great importance. Small ions and moleculesk=Eaulialyzed in both directions between the blond e
interstitial compartment. Large protein molecules bt have this ability, therefore their presencedpces
excess osmotic pressure of blood relative to tterstitial fluid.

Due to the higher blood colloid osmotic pressumgerstitial fluid tends to dialyze into circulatigimto blood) to
maintain the equilibrium of osmotic pressures. Blgmessure at the arterial side of the capillarfwoek is
sufficient to prevent this dialysis. Water and dlsed substances leave the blood for interstitiabfinstead.
Substances are exchanged. Nutrients are transfent@dells and cell waste products are removed. thé
venous side of capillaries, blood pressure is twotb prevent natural diffusion of the fluid backdirculation.
The fluid contains the waste products. These muglationships are shown in Fig. 3.7.

The important function of oncotic pressure igrtaintain water within capillaries. If capillaries become more
permeable for proteins (in certain abrupt impairtegm®.g. during surgical procedures or extensiveaju
proteins migrate from blood. Proteins loss resialtthe loss of blood oncotic pressure that has lassisting in
return of fluids from tissues back to blood. Asault, the total blood volume decreases rapidlyatvdnastically
reduces the ability of blood to transfer oxygen tmdliminate carbon dioxide (G Decrease of blood volume
associated with insufficient brain oxygen suppbds to shock.

Decreased blood protein concentration (hypoproteiagis observed also under other conditions a$, wei.
during kidney diseases and starvation. Althougdh & slow process, it can lead to a decrease tdidasmotic
pressure as well. Liquid is accumulated in intéedtcompartments, resulting iedemadevelopment. Edema
occurs at certain stages of starvation, when osgarstarts to metabolize circulating proteins, doeheir
absence in the diet. The same occurs when oncasspre in tissues is increased (during inflammativater
is transferred to tissues and causes edema.
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3.3. Colloidal solutions
3.3.1. Properties of colloidal dispersior

Colloids are defined not by the kind of matter they contaih by the size of the particles involved colloidal
dispersionis a mixture inwhich the dispersed particles have diamete the range of 1 nm to 1000 nm a
consist of very large clusters of ions or molecL

High—-molecular weight rhiacromolecular) compounds (e.g. proteins, polysaccharide), in the process of
dissolution spntaneously form colloidal solutions. L—molecular weightcompounds may form colloid.
solutions as aonsequence of clustering of molecules into agdges— micelles(e.g. soap solution:

In organism there are many substances in collaidaé. Almost all reactions proceeda colloid environment.
Cdlloidal state allows formation cthe large surface needed for many chemical reac. Colloids are rich in
water which isalso necessary for the reactions. All proteinthe organism are in eolloidal stat.If a native
protein loses water, it loses aldwe colloidal chracter and its vital functions adiminishec. Properties of
dispersed systems are presenteflah 3.1.

Colloidal particles may be separated from analyfeaticles bythe dialysis. Colloidal dispersion properties .
determined by the character oband between dispersed particles a dispersion mediurrBlood carries many
substances in colloidal dispersions, including et of proteins

When colloidal dispersions are in a fluid state, dlispersed particles, although la are not large enough to
trapped by theordinary filter paper during filtration. They ararge enough to reflect and scatter light. Li
scattering by a colloidal dispersion is called Tyndall effect, after theBritish scientist John Tyndall. Tt
effect is responsible for the milky, partly obsagricharacter of smog, or the way sunlight sometisgesns tc
stream through a forest canopy.

When a colloidal dispersion is fluid, the large lowmlally dispersed particleeventually settl down due to
gravity. The settling process can take time randnogn a few seconds to many decades, depending &
system. One of the factors that keeps the partidiggerseds their constant bunmpg by molecules of th
solvent. Evidence for this burmg can be seen by looking at the colloidal systeler a good microscope. Y:
can’tactually see the colloidal particles, but you caa the light scintillations caused as they movatieally
and unevenly about. This motion of colloi particles is called thBrownian motion.

Emulsions are colloidal dispersions of two liquids. An emalsimay be prepared by shaking together
immiscible liquids. Emulsions usually are not stalfé.g. the oil soon separates from the aqueows)lafn
emulsion can & stabilized by a third component calemulsifying agent

Biologically important emulsifying agents are salt:bile acids They are important for digestion and retion
of nutrients. By the time dietary lipids (fats) leapassed through the stomeand entered the small intestine
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has been separated into liquid droplets suspendethiaqueous medium. In the intestine, emulsificats
accomplished by the action of biologically surfaa#ive compounds - salts of bile acids. Their preseat the
oil-water boundary combined with the mechanicaioactf the intestine emulsifies the lipid droplegseatly
increasing their total surface area. The increasbd surface area of lipid droplets results imalar increase in
the rate of their digestion.

Dispersed colloidal particles are usually electlyceharged. In colloidal particles there are fareehich prevent
their aggregation, expansion, as well as sedimentathese forces result from the electric charfjeadioidal

particles. As particles contain the charge they wenve in the direct electric field (electrophorgsislectric

charge on the surface of particles is formed bgadtigtion of functional groups of molecules. If artrle

contains acidic -COOH group, anion —CO®formed, if it contains basic —NHjroup, cation NH is formed.

In case the particles are amphoteric (they coriath acidic and basic groups in their moleculesgpeding to
the pH of environment zwitterion (dipolar ion), anior cation will be formed.

Colloidal systems demonstratelloidal osmotic — oncotic pressurgsee subchapter 3.2.3.5.) and #eta
potential.

3.3.2. Classification of colloidal systems

Types of colloidal and crude-dispersed systems rdoug to the state of dispersed particles and désue
medium are illustrated in Tab. 3.2.

Classification of colloidal dispersions accordingheir properties:
1. lyophilic (hydrophilic) — sols,
2. lyophobic (hydrophobic) — sols,
3. micelles — association colloids.

3.3.2.1. Lyophilic colloids

Lyophilic colloids are formed in spontaneous digsa of macromolecular substances. They are mdariped
of high molecular weight organic compounds. Thetiplas of lyophilic colloids are stabilized in alstion
(prevention of aggregation) by solvation (hydra}ishell, i.e. oriented solvent molecules (Fig. 8.8he loss of
hydration shell after an excess of a neutral s#cfrolyte) is added into the solution resultssaiting out
(precipitation) of particles from the solution. Tlxng cells represent solutions of lyophilic auilis (as well as
crude dispersions).

Under the certain conditions, the dispersed phasa dolloidal systentoagulatesso that the whole mass,
including the liquid, set to an extremely viscousdp known as theyel. Because the formation of a gel is
accompanied by taking up water or some other stdy¢ine gel is said to be hydrated or solvated.aipiptly,
the fibers of the dispersed substance form a contplee—dimensional network, the interstices bédileg with

a medium or a dilute solution of a dispersed pligge 3.9).

Globular proteins, usually form colloidal solutiow$ normal viscosity —sols. Sols that adopt a semisolid,
semirigid form are gels. From macromolecular conmpisi gels arise by swelling in a solvent — acdaptaof
water molecules by solid polymers.

Gels exhibiting high viscosity are formed from fibropsoteins (gelatin from collagen, polysaccharidesgel
dextran, sephadexgels are elastic and keep the stable shape.

Gels represent the most important colloidal systenmature, give to living cells elasticity andXikility, allow
electrolyte diffusion, exert high surface for metbdreactions to rapidly proceed.

The cellular wall of the living cells is colloidand within the cell there is a gel. Gels undergm@ particles
coagulate, gel volume diminishes and water is disgd.
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Fig. 3.8. Lyophilic colloid auticle Fig. 3.ar8cture of gel (a — hydrophobic part,

b — hydrophilic, dwdration shell)

3.3.2.2. Lyophobic colloids

Lyophobic colloids are made by aggregation of lowlenular weight substances in a solution. Theyf@maed

of clusters of inorganic molecules, e.g.,8sand their electric charge keeps them in the smutihe charge
loss or its decrease results in the coagulatiorm@dtion of aggregates). Addition of an electrolygsults in
irreversible separation of colloidal particles fraime solution. This thickening causes formationcofide

dispersions, which are visible in electron micrgezo

3.3.2.3. Association colloids — micelles

Association colloids — micellesare formed by dissolving the low-moleculamphipathic compounds
Amphipathic compound is a compound with both hytiitbp — polar, and hydrophobic (lyophilic) — nonpol
groups in its molecule. The molecules of amphigatiiimpounds, when mixed in the right proportiometer,
spontaneously become grouped into colloidal pagiel micelles (Fig. 3.10.). A micelle is a globular
aggregation, in which the hydrophobic tails gather together and theydrophilic heads have maximum
exposure to the aqueous medium. Soaps and deteayerexamples of amphipathic compounds.
Amphipathic compound®rm the basic architecture of animal cell membranes. Cell embranes are made
of phospholipids and proteins. Phospholipids are aphipathic substances. They form micelles of extende
shape, that would produce two rows of molecules ar lipid bilayer arrangement.

In the lipid bilayer of cell membranes, hydrophobioups become positioned within the membrane laad t
hydrophilic heads face the water at each surfatcbeobilayer(see also Fig. 8.9. in subchapter 8.3.)

Border line

Hydrophobic
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¢ e Polar compound Nonpolar compound
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system of particle:

Fig. 3.10. Structure of soap anions (left) and aigelle (right) in water
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The long—chain carboxylic acidse insoluble in water, but their salts (sodiumtagsium)— soaps are almost
completely miscible with water. However, they dd déssolve as we might expect, that is, as indigidans.
When soap is shaken with water it forrr colloidal dispersion — not atrue solution. These soap solutic
containaggregates of soap molecul called micelles(Fig. 3.10). Soap micelles are usually spherical clus
of carboxylate ions that are dispersed throughogitaqueous phase. So, the polathydrophilic ends of the
molecule on the surface of the micelle that is @nésd to the water and the nonpolar, hydrophobic
(lipophilic), carbon chains are directed toward the centathefmicelle. The outer part of each micelle
negatively charged, and the positisodium ions congregate near the micelles (thiéuso salts are scatten
throughout the aqueous phase as individual solvate).

The nonpolar alkyl chains of the soap remain nonpolar environment in the interior of the micelle. Tt
polar carboylate groups are exposed 1 polar environment that of the aqueous phase. Because the surf:
micelles isnegatively charged, individual micelles repel eattter and remain dispersed throughout the acs
phase.

Soaps serve their function as detmovers in similar way. Most dirt particles (for example o tbkin) becom:
surrounded by &yer of an oil or fat. Water molecules alone armhle to disperse these greasy glob
because they are unable to penetrate the oily End separate thendividual particles from each other or frc
the surface to which they are stuck. Soap solutibowever, are able to separate the individuaigestbecaus
hydrocarbon chainsan dissolve in the oily layer ig. 3.11). As this happens each individiparticle develops
an outer layer of carboxylate ions and presentsatiigeous phase witk much more compatible exteri—
apolar surface. The individual globules now repdiestand thus, become dispersed throughout the ag
phase, shortly thereaftérey make their way down the draUnusuallylow surface tension a soap property,
which gives asoap solution more wetting power than plain wages. # combination of the emulsifying pow
and the surface action gbap solutions enables themdetach dirt, grease, and oil particles from thdasa
being cleaned and to emulsify them so that theybeawashed awe

Synthetic detergents function in the same way apsahey have long nonpolar alkane chains witarpgloups
at the end. The palgroups of most synthetic detergents are sodidfarsates or sodium sulfat:
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inpurity ’ ° & A T " g
e®00e® _ o TS $ os®’
«?*?%, ¢ o @ o b -00
) WS a e .. ® ]
. 3 é ° ° Soe, 05 ?
.3 b ®ee <. % ® ° % Pe
® N L I 2 °
] ®o0e * oo0?® ®s 00 ®
=) ]
e g0

® 80 ®
00090909 90,0000 00® 4900 200 2000909000

Drenching Separation Dispersing

Fig. 3.11. Surface activity
of soap anions, micelle

3.3.3. Biological importance of colloid and colloidal systems

- all living organisms are composed of highly struetlcolloidal systems

- protoplasm is a viscous (seffiuid, jelly-like) substance. It is surrounded by tatl wall.

- every cell has an internal colloidal system arranigepatternto create specific functio

- blood, lymph, proteins, mucusytosol, nucleu: cell membranes are biocolloids

- high dispersity of colloidal particles pla role in adsorption processes

- the changes of colloidalsmotic state of cytosol influence distributiorvedter between the cell and
environment, which may lead &mlema formation
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Control questions

©OoNOTRAWDNPR

What is the definition of true solutions?

What is the definition of diffusion?

What is the definition of osmosis?

What is the definition of dialysis and practicaéusd hemodialysis in medicine?
What is the definition of semi-permeable membrane?

Explain the difference between true and colloidisohs.

What is the definition of lyophobic colloids?

What is the definition of lyophilic colloids?

What is the definition of colloidal dispersions?

. What is the definition of suspensions?

. What is the Tyndall effect?

. What are the colligative properties of solutions?

. What is the definition of osmotic pressure?

. What is the definition of oncotic pressure?

. Explain the hemolysis of erythrocytes.

. What is the definition of emulsions? Give an exargfl biological important emulsifying agent.
. What are the emulsifying agents and what is tledé in making emulsions?
. What are sols?

. What are gels?

. What are the association colloids-micelles?

. What is the definition of amphipathic compounds?

. Explain the conditions of edema development.

. Explain the biological importance of colloids.
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4. BAsic CHEMICAL PROCESSES. pH. AciDS AND BASES. BUFFERS

A reaction means a change. Chemical reactions involve rearrangements in the electron layers of atoms resulting
in a conversion of reactants to products. During this process following parameters can be evaluated:

1. The rate of a reaction (reaction kinetics).
2. State of equilibrium and its properties (chemical equilibrium).
3. Changes in energy (energetics of chemical reactions).

Quantitative and qualitative aspects of a chemical process can be described by a chemical equation. This
equation must meet the principle of mass conservation and electroneutrality. This principle implies that mass
can neither be created nor destroyed, although it may be rearranged in space. Thus, during any chemical reaction
in an isolated system, the total mass of the reactants or starting materials must be equal to the mass of the
products.

Chemical reactions can be classified in many ways. In living systems there are four particularly important types
of chemical processes:

1. Acid-base reactions (proton transfer between acid and base).

2. Oxidation-reduction reactions (electron transfer between reacting substances).

3. Displacement reactions (precipitation reactions — formation of volatile products).

4. Reactions of complex formation or decomposition (formation or cleavage of coordination bond).

4.1. Reaction rates (chemical Kinetics)
Chemical reactivity is controlled by two broad factors: thermodynamics and kinetics (Fig.4.1.).

Thermodynamics considers these questions: which state is more stable? Reactants or products? Should this
reaction occur? Kinetics- the subject of this chapter- considers the question: what controls the rate of a reaction?

Control of Chemical reactivity

Enthalpy Entropy Activation Energy Mechanism/Concentration
\ / \ / Temperature
Thermodynamics Kinetics

N7

Overall Control

Fig. 4.1. Chemical reactivity and its control

In order for a reaction to occur, it must be both thermodynamically and kinetically favored.

Kinetic control of a reaction arises from the manner in which the reaction takes place- its mechanism, the energy
barrier required to be overcome- the activation energy and many other factors such as the concentration of
reactants, pressure, temperature, and enzyme activity, can impact the rate of a reaction.

The rate of a chemical reaction is a measure of how quickly reactants are converted into products. Chemical
reactions occur due to collisions of molecules, atoms or ions involved in the reaction. Upon collision, some
bonds are broken and others formed. The collisions must provide a minimum of energy (the activation energy)
to start a chemical reaction.

The interval required for a chemical change or reaction to occur is called the reaction time. Every reaction has its
own unigue reaction time and a reaction rate.
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The reaction rate (v) is defined as a change of concentration of a reactant (or formed products) per time
unit.

change in reactant concentration dc
Rate = : V=
time interval dt

The reaction reaches equilibrium when its rate is constant. General definition of concentration effect on rate of
chemical reactions is specified in Guldberg-Waage law or rate equation (the Law of Mass Action):
the rate of a chemical reaction is proportional to the concentrations of the reacting substances. Consider a typical
chemical reaction::

A+B —> C

The rate (v) of the reaction is:
v =k[A][B] (or:  v=kcacCg)

where [A] and [B] are the molar concentrations of a reactant A and B (mol.I™), and k is the rate constant.

Rate constant k is a main kinetic feature (characteristics) of a certain reaction. It gives the rate of reaction in
which reacting substances are in unit concentrations. It depends on the properties of reacting substances and
temperature. The higher k value, the faster the reaction proceeds. The rate constant is related to the activation
energy by a relationship known as the Arrhenius equation:

k = A x e—Ea/RT

where: R is the gas constant (8.314 JK™ mol™), T is the temperature on the Kelvin scale, E, is the activation
energy in joules per mole, and A is a constant called the frequency factor, which is related to the frequency of
collisions and the orientation of the reacting molecules.

In a chemical reaction the concentration of reactants and products change with time (Fig. 4.2.). The
concentration of reactant A and reactant B decreases, and the concentration of product C increases. The rate is
positive for the appearance of a product and for the disappearance of reactants. When the concentrations of
products and reactants no longer change with the time, a chemical reaction has reached equilibrium.

Reaction A+B—C

Reactant A

Product C
Reactant B

Molar concentration —»
T T T T

T 1T 7T

1 L ] ] | 1 1 1 1 |

Time —

Fig. 4.2. Concentrations of A, B reactants and product C as a function of time

A reaction can be also characterized by the half -time of the reaction. The half-time of a reaction ( t'%) is the
time required to consume the half amount of original concentration of the reactant. As example, the half-time of
reaction is used for expression of radioactive decomposition (breakdown) or for elimination/chemical
degradation of xenobiotics (toxicants, drugs) from organism.

4.1.1. Temperature

The rates of chemical reactions increase with arise in temperature. Some reaction rates are very sensitive to
temperature changes, whereas other are only slightly affected. The reason is that all reactions have an “activation
barrier,” i.e. an energy level that must be overcome before the start of reactant conversion to products. Therefore,
temperature and activation energy are important factors in the control reaction rate. The lower the activation
energy, the higher the reaction rate, and vice versa. The reason is because, molecules are constantly in motion
and collide with one another in solution, and any collision such as this can create a chemical reaction between
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them. If the energy released from the collision is higher than that of the activation energy required for the
creation of the intermediate, the chemical reaction will take place. If no, the chemical reaction will not start. But
the high activation energy can be overcome with higher temperatures. A general rule that can be used is that on
the average a 10 °C rise in temperature doubles the reaction rate. Temperature and activation energy effects are
part of the rate constant, k, as described by the Arrhenius equation.

In living organisms, chemical reactions are dramatically affected by changes in temperature. Since these
reactions run under enzyme actions, the effect of temperature on the reaction rate is limited by enzyme
denaturation at the higher temperature, as stated later. In general, temperature rising results in an increased
metabolic rate. On the contrary, temperature lowering slows down metabolism of an organism. The technique of
the body temperature lowering (hypothermia) in patients undergoing a surgery can be used to prevent
deterioration of vital tissues. As example, hypothermia is often used when blood circulation is interrupted under
heart surgery. When surgery is completed and circulation resumed, the patient body temperature is increased
gradually.

4.1.2. Catalysts

A catalyst is a substance that increases a reaction rate when it is present in the reaction mixture. Catalysts serve
one of two functions: making reactions faster or making them more “selective.” In either case, the catalyst
provides an alternative mechanistic pathway for the reaction, which changes the activation energy and changes
the rate. Catalysts are usually required only in small amounts and their amount is the same (unchanged before
and after the reaction.

Basic features/characteristics of a catalyst:
1. It lowers the activation energy of a reaction.
2. It does so by becoming an active participant in the chemical process, but it emerges unchanged.
3. It does not alter the results of a reaction; it changes only the speed at which the reaction takes place.
4. Any catalyst for the forward reaction of a chemical equilibrium also acts as a catalyst for the reverse
reaction.

Catalysts in animals and plants allow these organisms to carry out reactions at rates sufficient for the organism to
survive. Catalysts in organisms are called enzymes (see subchapter 12.).

4.2. Oxidation-reduction reactions

Oxidation-reduction (redox) reactions take place in the world at every moment. In fact, they are directly related
to the origin of life. For instance, oxidation of nutrients forms energy and enables human beings, animals, and
plants to thrive.

An oxidation-reduction (redox) reaction is a type of chemical reaction that involves a transfer of electrons
between two species. Oxidation is loss of electrons (or hydrogen), reduction is gain of electrons (hydrogen).

An oxidizing agent (oxidant) is substance which oxidizes something else. A reducing agent (reductant) reduces
something else.

In a redox reactions, the number of electrons lost by the reductant must be equal to the number of electrons
gained by the oxidant (Tab. 4.1.). To decide when a redox reaction has taken place, we assign a number to an
atom that defines its oxidation state, called its oxidation number. If that number undergoes a change as a result
of achemical reaction, the reaction is aredox reaction. Furthermore, the changes in oxidation number of
reductant and oxidant are used to balance redox reaction equations.

Tab. 4.1. Three different definitions of oxidation and reduction

Oxidation Reduction
0]

Gain oxygen =~ €«————  Lose oxygen
H

Lose hydrogen ——> Gain hydrogen
o

Lose electrons ~——> Gain electrons
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Oxidation and reduction go hand in hand. You cannot have one without the other. When one substance is
oxidized, another must be reduced. In reaction:
Cu+ Clz 4)CUCI2

Copper is oxidized and chlorine is reduced. Chlorine is called the oxidizing agent, that is, the agent that brings
about the oxidation of another substance. Copper is the reducing agent; it supplies the electrons that cause
chlorine to be reduced. Because reduction and oxidation are always paired, the term redox is often used to
describe these reactions.

Oxidation numbers are numerical values assigned to elements in compounds according to the following rules:
1. The oxidation number of free elements is zero (0).
2. Incompounds, Group IA and Group IIA elements are assigned oxidation numbers of +1and +2,

respectively.

In most compounds, hydrogen has an oxidation number +1.

In most compounds, oxygen has an oxidation number —2 ( in peroxides is —1).

For compounds, the algebraic sum of all the oxidation numbers must be 0.

For ions, the algebraic sum of all the oxidation numbers must equal the charge on the ion.

ook w

The special case of oxidation-reduction reaction is dismutation (disproportionation). It is the reaction in which
one compound containing certain element in the “middle” oxidation number (e.g. 0) changes to two products. In
one of them the element has a lower oxidation number (e.g. —1) than in the initial compound and in the other
product the element has a higher oxidation number (e.g. +1). One element is simultaneously reduced and
oxidized to form two different products. For example:
SOD
CL® + H,0 ——— HCI™® + HOCI®Y | or 20,” + 2H" ——— 0, + H,0,

where SOD is enzyme superoxide dismutase (see subchapter 13.2.1.).
Autooxidation is oxidation process running under action of air oxygen on compound at normal or mildly
increased temperature.

4.2.1. Biological oxidation-reduction reaction

Although oxidation and reduction must occur together, it is convenient when describing electron transfer to
consider the two halves of an oxidation-reduction reaction separately. For example oxidation of ferrous ion by
cupric ion:

Fe* + Cu* «—— Fe* + Cu'
This reaction can be described in terms of two half-reactions:

1) Fe* «— 5 Fe*
)
(2 Cu* «— cu'

The electron-donating ion, reducing agent or reductant is Fe®"; the electron-accepting ion, oxidizing agent or
oxidant is Cu?*. A given agent, such as an iron cation existing in the ferrous (Fe*") or ferric (Fe®") state,
functions as a conjugate reductant-oxidant pair (redox pair). In redox reactions we can write equation:

electron donor «—— ¢ + electron acceptor

In the reversible half-reaction (1) together Fe** and Fe** constitute a conjugate redox pair.

The electron transfers in the oxidation-reduction reaction of organic compounds are not fundamentally different
from those of inorganic species. In biological systems, oxidation is often synonymous with dehydrogenation,
and many enzymes that catalyze oxidation reactions are dehydrogenases.

Electrons are transferred from one molecule (electron donor) to another (electron acceptor) in one of four
different ways:
1. Directly as electrons. For example, the Fe®*/ Fe** redox pair can transfer an electron to the Cu® /
Cu”* redox pair:

+

Fe? + Cu* «—— 5 Fe* + Cu
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2. As hydrogen atoms. A hydrogen atoms consist of a proton (H") and a single electron (¢7). In this case we
can write the general equation: AH, <> A + 2¢  + 2 H', where AH, is the hydrogen/electron donor.
AH, and A together constitute a conjugate redox pair (A / AH,), which can reduce another
compound B (or redox pair, B/ BH,) by transfer of hydrogen atoms:

AH, + B <« 5 A+BH,

3. As a hydride ion (:H™), which consists of two electrons and one proton. This occurs in the case of NAD-
linked dehydrogenases (described in subchapter 12.2.1.).

4. Through direct combination with oxygen. In this case, oxygen combines with an organic reductant and is
covalently incorporated in the product, as in the oxidation of a hydrocarbon to an alcohol:

R-CH; + %0, «— R-CH,OH
The hydrocarbon is the electron donor and the oxygen atom is the electron acceptor.

4.2.2. Reduction potentials

When two conjugate redox pairs are together in solution, electron transfer from the electron donor of one pair to
the electron acceptor of the other may occur spontaneously. The tendency for a reaction depends on the relative
affinity of the electron acceptor of each redox pair for electrons. The standard reduction potential (E°) is the
tendency for a chemical species to be reduced, and is measured in volts at standard conditions. Electrochemists
have chosen as a standard of reference the half-reaction:

H" +e «——> %H,

The electrode at which this half-reaction occurs is arbitrarily assigned a standard reduction potential of 0.00 V.
When this hydrogen electrode is connected through an external circuit to another half-cell in which an oxidized
species and its corresponding reduced species are present at standard concentration (each solute at 1 mol.I™*, each
gas at 101.3 kPa, or 1 atm), electrons tend to flow through the external circuit from the half-cell of lower
standard reduction potential to the half-cell of higher standard reduction potential. By convention, the half-cell
with the stronger tendency to acquire electrons is assigned a positive value of E°.

The reduction potential of a half-cell depends not only on the chemical species present but also on their
activities, approximated by their concentrations. W. Nernst (Nobel price in year 1920) derived an equation that
relates standard reduction potential (E°) to the reduction potential (E) at any concentration of oxidized and
reduced species in the cell:

RT [electron acceptor]
E=E°+ In
nF [electron donor]

where R is gas constant (8.314 JK™mol™), T is temperature (Kelvin degree), n is the number of electrons
transferred per molecule, and F is the Faraday constant (9.68 . 10* Cmol™). At 298 K (25 °C), this expression
reduces to:
0.026 [electron acceptor]
E=E°- In
n [electron donor]

Many half-reactions of interest to biochemists involve protons. As in the definition of AG"(transformed
standard Gibs free energy), biochemists define the standard state for oxidation-reduction reactions as pH 7 and
express reduction potential as AE ", the standard reduction potential at pH 7. The standard reduction potentials
given in Table 4.2. are values of E’° and are therefore only valid for systems at neutral pH. Each value
represents the potential difference when the conjugate redox pair, at 1 mol.I"* concentrations and pH 7, is
connected with the standard (pH 0) hydrogen electrode.
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Tab. 4.2. Standard reduction potentials of some biologically important half-reactions, at 25 °C and pH 7

Half-reaction E°" (V)
2H " +2e > H, —0.420
NAD* + H" +2 ¢” — NADH —0.320
Lipoic acid + 2 H" + 2 ¢~ — dihydrolipoic acid —0.290
S+2H"+2e > H,S —0.243
Glutathione + 2 H" + 2 e~ — 2 red. glutathione -0.230
Riboflavin + 2 H" + 2 ¢ — dihydroriboflavin —0,208
Pyruvate + 2 H" +2 ¢ — lactate —-0.185
Fumarate +2 H*+2 e~ — succinate 0.031
Cytochrome b (Fe*") + ¢~ — cyt b (Fe?") +0.075
Ubiquinone + 2 H" +2 ¢~ — ubihydroquinone +0.100
Cytochrome ¢ (Fe**) + ¢~ — cyt ¢ (Fe?") +0.254
Cytochrome a (Fe**) + ¢~ — cyt a (Fe?") +0.290
0;+2H"+2¢ — H0, +0.295
Fe* +e — Fe* +0.774
O, +4H" +4¢ - 2H,0 +0.815

Oxidation-reduction potentials are of great importance for medicine. Enzyme systems and substrates form
biological series of potentials in cells, in which each system is theoretically able to reduce the system located
below in the series and to oxidize the system located above. The oxidation-reduction potentials of biological
redox systems allow to determine the direction and sequence of oxidation-reduction reactions in biological
systems. The sequential character of enzymatic reactions in the “respiratory chain” rule out a sharp change of
two interacting systems allowing a gradual release of energy during biological oxidation.

Standard reduction potentials can be used to calculate the free-energy change (see also Chapter 5.2.6, eq. 5.11):

AG =nF AE, or AG™° = nF AE™®

4.3. Chemical equilibrium
4.3.1. Electrolytes

All aqueous fluids of the living systems — plants or animals — contain dissolved molecules and ions. Blood, for
example, contains sodium and chloride ions at low concentrations, several other ions at even smaller
concentrations, as well as molecules of glucose and other molecular compounds. To understand these fluids at
their molecular level, therefore, it requires a study of the chemical properties of ions.

Solid ionic compounds do not have electrical conductivity because the ions are not free to move. Electrical
conductivity requires the movement of charged particles. In the solid state, electrostatic forces hold the ions
together in a crystal lattice structure, which is, in short, a 3D interconnected ion network. In a liquid, the ionic
compound dissociates into its respective ions. lons can move and conduct electricity. This flow of ions is an
electric current. Charge-motion is required for there to be electric current. For this reason, ionic compounds are
called electrolytes. Water and compounds such as glucose, ethanol, gasoline, which when dissolved in water do
not dissociate to ions and conduct electricity, are called nonelectrolytes.

When an electrolyte (ionic compound) dissolves in water, we say that dissociation occurs because the oppositely
charged ions separate from each other and form ions. Certain chemical systems except electrically neutral
molecules contain the particles with electric charge. While dissolving, many substances spontaneously fall into
electrically charged particles, which were named ions by Faraday. lons can have positive or negative charge.
lons with a positive charge are cations, and with a negative charge are anions.

As the molecules have the total charge zero, in solution there is the same number of positive charges on cations
and negative charges on anions (electroneutrality law). According to the number of ions into which electrolytes
fall, these can be divided into binary electrolytes (2 ions, e.g. KCI), ternary electrolytes (3 ions, e.g. ZnCl,)
and quaternary electrolytes (4 ions, e.g. FeCls).

Free ions can be formed for example during the dissolving of ionic crystals, which create the structure of most
salts. Attractive forces between the ions in crystal grate are weakened by solvent, because ions are coated with
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molecular dipoles of the solvent. This interaction is called solvation, in case of water solutions hydration of
ions.

Apart from dissociation, many molecular compounds (non-ionic, polar covalent compounds) can also generate
ions in water by a different way — in the process of ionization. lonization is the formation of ions by a chemical
reaction of a molecular compound with the solvent (interaction between the molecules of a dissolved compound
and molecules of a polar solvent). Hydrogen chloride, for example, undergoes ionization as it dissolves in water.
We can describe this reaction as follows:

Hiéi N H:@: ionization lH:§1H+ . ’:@:I_
H

1 1
Hydrogen chloride Hydrochloric acid

Pure hydrogen chloride, either as a gas or a liquid, contains no ions. Yet when HCI (g) dissolves in water,
essentially 100 % of its molecules react with water to give hydronium and chloride ions. This solution tis called
hydrochloric acid.

The passage of electricity through a solution with dissolved ions is called electrolysis. Electricity in metals is a
flow of electrons. The atoms of metal elements are characterized by the presence of valence electrons - electrons
in the outer shell of an atom that are free to move about. Because valence electrons are free to move they can
travel through the lattice that forms the physical structure of a metal. These “free electrons” allow metals to
conduct an electric current. Based on this property of metals, electrodes are manufactured. An electrode is used
to take an electric current to or from a source of power, a piece of equipment, or a living body. Electrodes are
used to provide current through nonmetal objects to alter them in numerous ways and to measure conductivity
for numerous purposes. Examples include electrodes for medical purposes (EEG, ECG, defibrillator), for
electrophysiology techniques in biomedical research, for chemical analysis using electrochemical methods
(measurement of pH) etc. The negative electrode is called the cathode and it attracts positively charged ions -
cations

The negative ions or anions are naturally attracted to the anode, the positive electrode.

Molten ionic compounds are also electrolytes. For electrolysis to happen, ions must be mobile. When ions are
immobilized in the solid state, no electrolysis occurs. If the solid, ionic compound is heated until it melts,
however, than the ions become mobile, and molten salts conduct electricity. Thus the term electrolyte can refer
either to a solution of ions or to the pure, solid ionic compound.

Electrolytes are not equally good at enabling the flow of electricity. A strong electrolyte is a substance which is
fully dissociated in water solutions (for example all soluble salts, KOH, HCI). A weak electrolyte is a substance
that generates ions in water (solvent) only to a small percentage of its molar concentration. Typical examples are
aqueous ammonia, acetic acid.

We can summarize the relationships we have just studied as follows. Be sure to notice the emphasis on
percentage ionization as the feature dominating these definitions:

Strong electrolyte - One that is strongly dissociated or ionized in water (solvent) — a high percent ionization
Weak electrolyte - One that is weakly ionized in water (solvent) — a low percent ionization
Nonelectrolyte - One that does not dissociate or ionize in water (solvent) — essentially zero percent ionization

4.3.2. Equilibrium in chemical reactions

When reactants first come together - before any products have been formed - their rate of reaction is determined
in part by their initial concentrations. As the reaction products accumulate, the concentration of each reactant
decreases and so does the reaction rate. However, chemical reactions do not proceed in one direction only. As
a reaction occurs, product molecules are formed and they begin to participate in the reverse reaction, which re-
forms the reactants.. Thus, the forward and backward reactions can occur at the same time. After some time, the
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rates of the forward and reverse reactions become equal, so that the concentrations of reactants and products stop
changing.

When the rate of product formation is equal to the rate of reactant formation, an equilibrium is established:

forward
reactants —————— products
reverse reaction

Let’s consider a general equation
aA + bB «—— cC + dD

If reactants A and B are in equilibrium with products C and D. the equilibrium for the system is defined by:
[C]° [D]°
Keq = — 4.1)
[AT* [B]

where brackets indicate equilibrium concentrations of reactants and products; a, b, ¢, d represent the
stoichiometric coefficients that balance the equation..

The equilibrium constant (K,) is proportional to the ratio of products and reactants concentrations. This ratio is a
fixed value that is independent of the rate at which the reaction proceeds. The K¢, depends on the nature of the
reactants and products, the temperature, and the pressure (particularly in reactions involving gases). In the
presence of an enzyme or other catalyst, the reaction rate may increase, but the final ratio of product to reactant
will always be the same. Because a catalyst accelerates the rates of the forward and reverse reactions by the
same factor, it does not change the value of the rate constants of both reactions. Thus, under standard physical
conditions (25 °C and 1 atm pressure, for biological systems), the K¢, is always the same for a given reaction,
whether or not a catalyst is present. Notice, the K, tells nothing about how fast a reaction proceeds. The
equilibrium can however change with temperature. The direction of change depends on whether the reaction is
exo- or endothermic. If the reaction is exothermic in the forward direction — evolves heat — the equilibrium
constant decreases with increasing the temperature. For reactions that are endothermic in the forward direction,
the equilibrium constant increases with increasing temperature. The size of K, indicates the position of
equilibrium.

The size of the equilibrium constant tells us about the yield of the reaction. The value of K¢, is small, less than 1,
when the denominator in the equilibrium law is larger than the numerator. The denominator carries the reactant
concentrations, so a larger denominator means that reactants’ concentrations are greater than those of the
products. A small value of K¢, means that the reactants are favored at equilibrium.

Conversely, a value of K¢, greater than 1 means that the products are favored, because their molarities appear in
the numerator in Equation 4.1. We can summarize the relationships of K¢ to position of equilibria as follows:

Keg < 1, reactants are favored at equilibrium

Keg > 1, products are favored at equilibrium

Keq is a constant in the midst of other changes. Two Norwegian scientists Guldberg and Waage were the first to
realize this important fact about chemical equilibria. No matter how we try to change the concentrations of
individual species in the equilibrium and thereby make the equilibrium shift, the value of K¢, remains constant.
The concentration of reactants does not necessarily equal the concentration of products at equilibrium. These
relative concentrations depend on the particular system considered. What is necessarily true at equilibrium is that
each time some reactants changes to a product, an equal amount of product changes back to a reactant. Because
molecules are still reacting, even though their concentrations do not change, we say that equilibrium is
a dynamic situation (dynamic equilibrium). Therefore, an equilibrium may be disturbed. A disturbance to an
equilibrium is called a stress. The system in chemical equilibrium can be temporarily displaced from equilibrium
with changing of conditions: concentration, temperature, (and pressure of gas). A French chemist, H. L. Le
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Chatelier, summarized the effect of these variations. His rule is called Le Chatelier’s principle: If a stress
(such as a change in concentration, pressure, or temperature) is applied to a system in equilibrium, the
equilibrium shifts in a way that tends to undo the effect of the stress (the system adjusts in such a way as to
minimize the stress).

4.3.3. Water, its properties and functions

Roughly 60 % of the adult body mass is water Its content varies in the course of life and the individual parts of a
body contain different amounts of water (Tab. 4.3.). Generally, the water content is higher in younger
organisms than in older ones, both, from the phylogenetic and ontogenetic viewpoints.

Water is distributed between intracellular and extracellular compartments of the body. The movement of water
depends on the concentration of solutes (or osmolality) of each compartment. Because water is a dipolar
molecule with an uneven distribution of electrons between the hydrogen and oxygen atoms, it forms hydrogen
bonds (see subchapter 1.3.5.2.) with other molecules and acts as a solvent. A hydrogen bond is a weak
noncovalent interaction between the hydrogen of one molecule and the more electronegative atom of an acceptor
molecule.

B H o_

A
H H.
H—0_ 0 H Wt

Based on this property, polar organic and inorganic salts can be readily dissolved in water. Compounds that
dissolve easily in water are hydrophilic (Greek, “water-loving”). In contrast, nonpolar solvents such as
chloroform and benzene are poor solvents for polar biomolecules but easily dissolve those that are hydrophobic
- nonpolar molecules such as lipids and waxes.

The structure of water also allowed it to resist temperature changes and therefore water is an important agent in
thermal regulation of the body. Water is also an important transport medium because many of the compounds
produced in the body or originated from food are dissolved in water (hormones, minerals, vitamins etc.) and
transported to other parts of body.

Many of the compounds dissolved in water also contain chemical groups that act as acids and bases, releasing or
accepting hydrogen ions. The hydrogen ion content and the amount of body water are controlled to maintain
body homeostasis - a constant environment for the cells.

Water itself dissociates to a slight extent (autoionization), generating hydrogen ions (protons, H*) and hydroxide
ions (OH"). Pure water contains not only H,O, but also equal concentrations of hydrated protons, called
hydronium ions (H;0").

Tab. 4. 3. Water content in some organisms

Organism Water content (%) Organism Water content (%)
Human embryo 93 Bacteria
Newborn 72 Escherichia coli 75-80
Adult man Green vegetables

— whole body 60— 62 — average 70 — 85

— skeleton 20 —27 — leaves 70 — 92

— brain 70 —wood 30-60

— muscles 76 — dry seeds 5-20

— blood 80 Fungi 35-90
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These molecular species are formed by the autoionization of water:
H,0 + H,0 «———— H30" + OH" 4.2

The formula for the hydrated proton is written as H;O", but since each hydrated proton actually interacts with
three water molecules, HyO," is a more accurate formula. For convenience, however, the hydrated proton is
usually represented as H;O", or even as H”, since it is understood that the hydrogen ion in water is always
hydrated:

H H
l |
i o e
H\O/H
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i
0
N
H/ H

The autoionization of water can be analyzed quantitatively. At the equilibrium the equilibrium constant (K,) for
the ionization of water (4.2) is given by:

[H;0"][OH]
Ky = —— (4.3
[H,0]*

where [H30™] is the concentration of hydronium ions, [OH] is the concentration of hydroxide ions and [H,0]
is the concentration of water.

Since one liter of water has a mass of 1000 g, and since the gram molecular weight of water is 18 g.mol™, water
has a concentration of 1000 g/18 g.mol™, or 55.6 mol.I™%. The equation (4.3) thus collapses to:

55.6° . Keg= [H3O"][OH] (4.4)

The equilibrium constant for the autoionization of water, as measured by electrical conductivity studies, is
3.24 .x10™® (at 25 °C). Substituting this value in equation (4.4) yields:

[H;0'][OHT = 1x10* mol’I? (4.5)

The quantity 1x10™* (mol®.1?) in equation (4.5) is called the ionic product of water and is designated K.
Therefore:

Kw = [H30"J[OH] =1x10™* mol*.I? (4.6)

The only way to change Ky, is to change the temperature. We can obtain two pieces of information from the
expression for the ionic product of water. First, very little water exists in the form of its ionic products; that is,
Ky is very small. Second, given that the product of hydronium ion and hydroxide ion concentrations is a
constant, we know that, when the concentration of H3;O" in water increases, the concentration of OH™ must
decrease, and vice versa. Thus three situations can exist for the relative concentrations of hydronium and
hydroxide ions in water:

e inneutral solution, [H;0"] = [OH] = 107 mol.I™*

e inacidic solutions, [H;0"] > [OH]

e in basic solutions, [H;0"] < [OH]

Because of K,, = 1x10™ mol®I? we can calculate the value of one of the two concentration terms [H;O"] or
[OHT, if we know the other.

The autoionization of water and its participation in acid-base reactions are fundamental to the progress of many
biochemical reactions or functions of many biomolecules such as proteins and nucleic acids.
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4.3.4. The pH scale

Many biochemical reactions and processes depend on the concentration of hydrogen ions, even though these
silent partners often do not appear explicitly in the process. The transport of oxygen in the blood, the
biochemical reactions catalyzed by enzymes, and the generation of metabolic energy during respiration and
photosynthesis are several of the many biochemical phenomena that depend upon hydrogen ion concentration.
The range over which [H30™] varies is enormous, from 0.1 mol.I™* in the stomach to less than 107" mol.I™* in the
cytosol of a cell. Because it is difficult to plot such a wide range of values on graphs, it is convenient to use a
logarithmic scale to define the quantity called pH, where:

pH = —log [H30"] 4.7)
Hydroxide ion concentration can be similarly expressed in terms of pOH:
pOH = —log [OH] (4.8)
The relationship between pH and pOH is:
pH + pOH = 14 (4.9)

Thus, a neutral solution has a pH value of 7.0. Acidic solutions have pH values smaller than 7.0, whereas
basic solutions have pH values greater than 7.0. Since the scale of pH is logarithmic, a change in pH of one
unit means that the hydronium ion concentration has changed by a power of 10 (Tab. 4.4.):

Tab. 4.4. The pH and pOH scales and their relation to HsO* and OH™ concentration

[H:O]

molrt) 1 10t 107 10° 10* 10° 10° 107 10° 10° 10" 10* 10% 10% 10
pH 0 1 2 3 4 5 6 7 8 9 0 11 12 13 14
Ezm'l) 0" 10® 10? 10™ 210° 10° 10® 107 10® 10° 10* 10* 10 10t 1
pOH 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Most of body cells and fluids have pH value different from 7. pH values of some cells and body fluids are given
in Tab. 4.5.

Tab. 4.5. pH values of some cells and body fluids

Body cells pH Body fluids pH
Erythrocytes 7.00 Blood 7.36 —7.44
Platelets 7.28 Gastric juice 1.00 - 2.00
Osteoblasts 8.50 Duodenal juice 6.50 —7.60
Prostatic cells 4.50 Urine 5.00 - 8.00
Sceletal muscle cells 6.90 Bile 6.20 — 8.50
Saliva 7.00 - 7.50
Pancreatic juice 7.50-8.80

4.4. Acids and bases. Acid-base equilibria

During metabolism, the body produces a number of acids that increase the hydrogen ion concentration of the
blood or other body fluids and tend to lower the pH. However, the pH of the blood is normally maintened
between 7.36-7.44, and intracellular pH at approximately 6.9-7.4. To understand how this acid-base balance is
kept, we must understand the basic rules of acid and base behaviour in a solution.
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Acid and base can be defined in several ways. According to the Arrhenius theory of acids and bases, an acid is a
compound that increases the concentration of H' ions that are present when added to water. These H* ions form
the hydronium ion (H;0%) when they combine with water molecules. Arrhenius bases are substances which
produce hydroxide ions in solution. This theory successfully describes how acids and bases react with each other
to make water and salts. However, it does not explain why some substances that do not contain hydroxide ions,
can make basic solutions in water. The Bronsted-Lowry theory of acids and bases addresses this problem.
According to this theory, acids are compounds that donate a hydrogen ion (H") to a solution, and bases are
compounds that accept hydrogen ions. A compound that acts as both a Brensted-Lowry acid and base together is
called amphoteric, for example H,O, HSO, , H,PO, , or amino acids. When a Brensted acid dissociates, it
increases the concentration of hydrogen ions in the solution [H*]; conversely, Bronsted bases dissociate by
taking a proton from the solvent (water) to generate [OH"]. Based on this definition also molecules or ions
(positive as well as negative) can act as acids and bases.

Because there is a proton exchange in these reactions, acids and bases are termed as protolytes and these
reactions are called as protolytic reactions, . In protolytic reactions an acid reacts with a base; a proton donor
reacts with a proton acceptor.

When an acid and base react and transfer a proton, another base and acid are produced. The acid that loses a
proton forms a conjugate base of the acid. Every acid has a conjugate base, and vice-versa and every base has a
conjugate acid. The acids and bases, whose formulas differ by just a proton (H), are called conjugate acid —
base pairs:

Acid «———— Proton + Base
HCI «— 5 H + CI
H,S0, «———> H' + HSO,
HSO, «—— H' + SO7
NH," «—> H + NH,
H,0 — H + OH
H30+ > H+ + Hzo

In order for an acid to act as a proton donor, a base (proton acceptor) must be present to receive the proton. An
acid does not form its conjugate base unless a second base is present to accept the proton. When the second base
accepts the proton, it forms its conjugate acid, the second acid. When hydrogen chloride , HCI, reacts with
anhydrous ammonia, NHs;, forming ammonium ions, NH,*, and chloride ions, CI~, hydrogen chloride (acid;)
gives up a proton forming chloride ion, its conjugate base (base;). Ammonia act as the proton acceptor and
therefore is a base (base,). The proton combines with ammonia to give its conjugate acid, the ammonium ion
(acid,). The equations for this and several other acid-base reactions are as follows:

Acid; + Base, «—— Acid, + Base;

HCI + NH3 > NH4+ + CI-
HNO; + F «— 5 HF + NO3
NH," + S% «—— 5 HS + NHs

In aqueous solutions of acids the proton is donated to water and the hydronium ion is formed. For example,
when gaseous hydrogen chloride is dissolved in water, virtually every HCI molecule transfers its proton to water,
and a solution of hydronium ions and chloride ions results:

HCl + HLO ——— H;0" + CI

The transfer of a proton from an acid to water is called ionization. The proton in the hydronium ion is attached
to oxygen by a nonbonded pair of electrons on oxygen. The terms proton, hydrogen ion, or hydronium ion are
often used interchangeably in describing aqueous acid solutions.

Acids that can give up one proton are monoprotic, as hydrochloric acid, nitric acid, perchloric acid (HCIOy).
Diprotic acid can transfer two protons to water or to a base, as in case of sulfuric acid. Transfer of a proton
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yields in hydrogen sulfate ion HSO,; transfer of the second proton yields the sulfate ion SO,*". Triprotic acids
can transfer three protons to water or a base. Phosphoric acid is triprotic because it may transfer three protons to
water and form H,PO,~ , HPO,> and PO,*.

All Bransted acids produce hydronium ions in solution but in different amounts.

According to the degree of ionization, acids and bases can be divided to strong and weak acids and bases.
Strong acids belong to the group of strong electrolytes. They are almost completely dissociated in aqueous
solutions. The resulting anions do not react with water, they are not able to bind H*. Anions of strong acids are
weak conjugate bases and they do not participate in acid-base reactions. Hydrochloric, hydrobromic and
hydroiodic acid belong to binary strong acids. Oxoacids involve mainly sulphuric acid, nitric acid, chloric, and
perchloric acid.

Strong acids
| HCl | HBr | H,S0, | HNO, | HCIO; | HCIO, | CF,COOH | CCIL,COOH | RSOH | R-0-SOH

Strong bases belong to the group of strong electrolytes. They include metal hydroxides of the first and second
main subgroup and tetraalkylammonium hydroxides.

They completely dissociate to ions in water. The ions do not enter acid-base reactions. In clinical biochemistry,
the cations of strong bases are often called “strong” cations (e.g. Na*, K*, Ca*" Mg®").

Strong bases
| NaOH | KOH | Ca(OH), | Mg(OH), | Ba(OH), |

Weak acids belong to weak electrolytes. They react only partly with water, that is, only a small percentage of the
acid and base molecules ionize in water to form hydronium and hydroxide ions, respectively.

The weak inorganic acids include hydrocyanic acid (HCN), nitrous acid (HNO,), hydrofluoric acid (HF), and
carbonic acid (H,COgz). Organic compounds containing the carboxyl group (—COOH) are the weak acids.

To consider weak acids and weak bases in quantitative terms, we must consider them to be systems in chemical
equilibrium, characterized by equilibrium constants. For an acid with the general formula HA (e.g. acetic acid),
the equilibrium constant for ionization is obtained from the equation for ionization:

HA +H,0 «—— H;0" + A

T T

Weak acid Conjugate base

The anion of a weak acid (A") is a strong conjugate base; it participates in acid-base reactions (see hydrolysis).
The weaker the acid, the higher affinity of anions to H" and thus the stronger the conjugate base is.
The equilibrium constant expression for its ionization is:

[HsO'I[A]
Keg =
[HA][H0]

The concentration of water is 55.6 mol.I" and is so large compared to that of the other components of the
equilibrium that its value changes very little when the acid HA is added. Therefore, it is included in the acid
ionization constant, K:

[HsO"][A]
Ka= Kg[HO0] = ————— (4.10)
[HA]

Similarly, weak bases are weak electrolytes. Ammonia (NH;) is an example of a weak base. Many organic
compounds containing nitrogen are also weak bases. These organic bases can be considered to be derivates of
ammonia, with other groups substituting for one or more of the hydrogen atoms of ammonia. Examples of
organic bases are methylamine (CH3NHy), pyridine (CsHsN), and others. Weak bases, like ammonia or the
bicarbonate ion, react incompletely with water, usually to a small percentage, to make some OH™.
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An equilibrium is established in which the unchanged base is favored. For a base with the general formula B
(e.g. NHsy), the equilibrium constant for ionization is obtained from the equation for ionization:

B +H,0 ¢«———— BH" +OH’

7 i
Weak base Conjugate acid
The base ionization constant for this equilibrium, Ky, is defined by the following equation:
[BH][OH]
Kp= Keq[H0] = ———— (4.11)
[B]

The values of K, and K, are indicative of the relative amounts of products and reactants at equilibrium. The
larger the value of K, the larger is the percentage of ionization at the same concentration. The smaller the values
of the ionization constant, the smaller the amount of product relative to reactant, or in terms of ionization, the
smaller the degree or extent of ionization. In other words, the value of this constant provides us with a
quantitative measure of just how “weak” a weak acid or weak base is. The smaller the ionization constant, the
weaker the acid or base.

For the same reason that the pH concept was devised, analogous pK, and pK, expressions, based on K, and K,
have been defined. The pK, is the negative logarithm of K,, and the pKj is the negative logarithm of Kj:

pK, = —log Ky ; pK, = —log K, (4.12)
The relationship between the pK, and pKy values for an acid and its conjugate base:
pK, + pK, =14.00 (25 °C) (4.13)
Table 4.6. lists various weak acids and weak bases along with their ionization constants K and pK values at
25 °C. Note that, reading down each list, as the ionization constants become smaller, the corresponding pK

values become larger.

Tab. 4.6. Values of K and pK for some weak acids and weak bases

Acid Base
Name (formula) Name (formula) of
of acid Ka PKa base Ky PKp
Citric acid 7.1x10™ 3.15 Dimethylamine 5.81 x 107 3.24
Ascorbic acid 7.9 x107 4,10 Methylamine 459 x10™ 3.34
Acetic acid 1.8 x107° 4.74 NH; 1.75x 107 4,70
Carbonic acid 45x 107 6.35 HPO,* 1.60 x 107’ 6.80
H,PO,” 6.3 x 107° 7.20 HCO; 2.20 x 107 7.65
NH, 5.7 x 1071 9.24 Cocaine 3.90 x 107 8.41
HCO4~ 5.6 x 107 10.25 Acetate ion 5.60 x 1070 9.26
HPO,> 45x 10" 12.35 Aniline 417 x 107 9.38
Calculation of pH:

strong acid, pH =—log [ H:0"]

strong base, pOH = —log [OH] pH =14 — pOH

weak acid, pH = 7% pKy— "% logc,

weak base: pOH = % pK,— % logcy pH=14- % pKy,+ Y logcy

Where: K is ionization constant of an acid or base and c is concentration (mol.I™"); pK =—log K
In all calculations it has to be distinguished between strong or weak acid (base).

Strong acids and bases are completely dissociated in the solution. From total concentration of an acid or
hydroxide, we can directly derive the concentration of H* or OH" ions, respectively. In monoprotic acids the
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concentration [H'] is equal to the concentration of acid (c,). Similarly, in monobasic hydroxides the
concentration [OH?] equals to the concentration of hydroxide (cy,). Then we can calculate the pH of a strong acid
(base) solution from the expressions:

pH = —log [ H;0"] pOH = —log [OH] pH + pOH =14
pH=-logc, pOH =—log ¢,

In polyprotic acids (polybasic hydroxides) we have to consider the number of H* or OH" ions liberated by the
dissociation of one mole of a substance.

pH calculation examples for strong acids and bases.

| 1. What is the pH of sulfuric acid solution (c = 0.02 mol.I"*)?

H,S0; — 2H" + SO,*
c(H" = 2 ¢ (H,SO,) = 2 x 0.02 mol.I"*
pH = —log ¢ (H") = —log (0.04) = 1.4

Sulfuric acid solution has pH = 1,4.

‘ 2. What is the amount of substance concentration of HCl at pH =2.7?

HCl > H"+CI
c(H) =10""=10%"=2.0 x10™ mol.I"*
¢(HCI) = ¢(H") = 2.0 x 10° mol.I"*

Amount of substance concentration of HCI is 2 mmol.I™.

| 3. What is the pH of KOH solution (c= 0.02 mol.I*)?

¢ (OH") = ¢(KOH) = 0.02 mol.I*
pOH = —-log ¢(OH") =—1log (0.02) = 1.7
pH=14-pOH=14-1.7 = 12.3

KOH solution (c = 0.02 mol.I"") has pH = 12.3.

‘ 4. Solution of Ba(OH), has pH = 12.5. What is the amount of substance concentration of this hydroxide?

Ba(OH), — Ba*" +2 OH"
pOH = 14—pH = 14-125 = 15
c(OH) = 107" = 10™° = 3,2 x 10 mol.I*
¢ (Ba(OH),) = % c¢(OH) = 1.6 x 102 mol.I*
Amount of substance concentration of this solution is 16 mmol.I™,
Weak acids and bases dissociate only partially in solutions.
We can calculate the pH of a weak acid solution from the expressions:
pH =% (pKa — log ¢,) pKa =-log K,

pH =% pK;— " log c,

Similarly, expressions for calculating pH of a weak base:

POH =% (pKy —log ;)  resp.  pH = 14 - % pK, + % log o,
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where pK = - log K of certain type of acid (A) or base(B) and c is the amount of substance concentration of acid
or base.

pKa + pK, =14

pH calculation examples for weak acids and bases

1. What is the pH formic acid solution (¢ = 0.032 mmol.I")? pK, = 3.75

pH="% (pK;—-log ¢,) = % (3.75—log 0.032)
pH =2.62

Formic acid solution has pH = 2.62.

2. Calculate pH of ammonia solution (c = 64 mmol.I™") . pK, = 4.75

pH =14 - % (pK, - log ¢y)
pH =14 — % (4.75 - log 0.064)
pH=11.03

pH of ammonia solution is 11.03.

4.4.1 Hydrolysis of salts

Salt is a compound formed by neutralization reaction between an acid and a base . They generally ionize in water
furnishing cations and anions. The cations or anions formed during ionization of salts either exist as hydrated
ions in aqueous solutions or interact with water to regenerate the acids and bases. The process of interaction
between cations or anions of salts and water is known as hydrolysis of salts (Tab.4.7).

Salts formed by the neutralization of strong acid and strong base are neutral (neutral salts) as the bonds in the
salt solution will not break apart. They generally get hydrated but do not hydrolyze (e.g. NaCl). Salts formed by
the neutralization of weak acid and strong base are basic (basic salts, e.g. CH;COONa), while salts formed by
the neutralization of strong acid and weak base are acidic (acidic salts. e.g. NH,CI).

The process of hydrolysis starts with dissociation of a salt when dissolved in water and after that dissociated
ions can be hydrolyzed. Salts are divides into 4 groups:

A . Salts of weak acids and strong hydroxides (e.g. CH;COONa, KCN, Na,CO3, NaHCO;, KNO,)
These salts dissociate to cation and anion in an aqueous solution, e.g. CH;COONa — Na" + CH;COO". The
cation Na* comes from the strong hydroxide (NaOH), does not react with water, however it is hydrated and is

found in a hydrated form in the solution. The anion CH3COO comes from the weak acid (CH;COOH) and is the
subject of hydrolysis, i.e. it reacts with water to form acetic acid until equilibrium is established:

CH;COO" + H,O0 <——— CH;3COOH + OH"

This results in an increase in concentration of OH™ ions which makes the solution alkaline. pH of the solution is
greater than7.

B. Salts of weak bases and strong acids (e.g. NH4CI, (NH,),SO,4, NH4NO3)

NH,Cl «— > NH, +CI’

Anion of this salt (CI") comes from the strong acid (HCI), it does not react with water, and is found in the
hydrated form in the solution. Cation of this salt is the subject of hydrolysis:

NH," + H,0 ¢———— NH; + H0"
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The final solution is acidic in nature because of formation of H;O" ions in the course of hydrolysis of the
ammonium cation. pH of such solutions is less than 7.

C. Salts of weak acids and weak bases (e.9. CH;COONH,, NH;NO,, CuNO,)

After a salt dissociation in water, the ions undergo independently hydrolysis, and both hydroxide and oxonium
ions are formed. The pH of the final solution can be acidic, basic or neutral depending on the nature of acids and
bases involved. If the acid HA is stronger than the base B, then pK,<pK, and pH < 7, the solution has acidic
reaction. And, if the base is stronger, then pK;>pK, and pH > 7, the solution has basic reaction. If the
dissociation constants of both components are nearly equal (pK, = pKy), pH of hydrolyzed salt solution remains
neutral.

D. Salts of strong acids and strong bases (e.g. NaCl, Na,SO,)

The salts of strong acids and strong bases are completely dissociated in aqueous solutions. Cations and anions do
not hydrolyze but they are found in hydrated forms in solutions and pH of these solutions remains neutral.

Tab. 4.7 The hydrolysis of salts

The origin of the salt Hydrolysis occurs Hydrolyzing ion spolru?ifoi

Strong acid + strong base no none 7

Strong acid + weak base yes cation <7

Weak acid + strong base yes anion >7

Weak acid + weak base yes cation + anion =7
4.5. Buffers

Many acids are formed in the course of metabolic processes in our bodies. Our stomach produces hydrochloric
acid. Our muscles produce lactic acid. When starch and glucose are metabolized, the pyruvic acid is formed.
Carbon dioxide from respiration produces carbonic acid in the blood. The physiological pH in human blood is
kept in the narrow range of pH about 7.4 (7.4 + 0.04). A slight change outside of this range can be devastating to
cells and the entire body. Therefore the body must have several defense mechanisms to protect the acid-base
homeostasis of the body. There are three important mechanisms the body uses to regulate pH. The first is the
system of chemical buffers, the second line of defense is the respiratory system, and last, is the urinary system.
These three mechanisms work together to keep body pH within that narrow range.

The first line of defense against pH changes is comprised by chemical buffers in the body. A buffer keeps the
pH of a solution constant by taking up protons that are released during reactions, or by releasing protons when
they are consumed by reactions. The observation that partially neutralized solutions of weak acids or bases are
resistant to changes in pH when small amounts of strong acids or bases are added led to the concept of the
“puffer”. Chemically, a buffer solution usually contains approximately equal concentrations

a/ of a weak acid and salt of its conjugate base,
b/ of a weak base and salt of its conjugate acid.

How does a buffer work? Consider a buffer solution consisting of weak acetic acid (CH;COOH) and sodium
acetate (CH;COONa). Addition of sodium acetate to acetic acid solution inhibits its ionization. If a strong acid
is added to this solution, the hydronium ions produced by the added acid donate protons to the acetate ion in
solution:

[CHsCOOH + CHsCOO™ + Na' |+ H* + CIF «————» 2CH,COOH + Na"+ CI

CH3COO_ + H30+ > CH3COOH + Hzo
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Although the reaction is reversible to a slight extent, most of the protons remain attached to the acetic acid
product. Remember, acetic acid is a weak acid, and it cannot transfer the proton back to the water molecule
efficiently. Since most of the protons are tied up in this way, the pH of the solution changes very little.

When a strong base is added, the hydroxide ions react with hydronium ions already in the buffer because of the
presence of acetic acid:

| CH;COOH + CH3COO™ + Na® |+ Na* + OH «———— 2 CH;COO™ + 2Na" + H,0

H0" + OH «———> 2 H,0

Acetic acid is a weak acid, but it is an acid, and that means that it produces some hydronium ions in solution.
The added hydroxide ions are tied up. Some of the hydronium ions originally present in the buffer are used up in
this process. They are immediately replaced by further ionization of the acetic acid in the buffer:

CH;COOH + H,0 «—————— CH3;COO™ + H30"

The concentration of hydronium ions returns to approximately the original value, and the pH is only slightly
changed.

The pH of a buffer solution remains constant when a limited amount of strong acid or base are added to it. A
solution’s ability to resist pH changes when an acid or base is added to it is called its buffer capacity. Buffer
capacity is defined as the quantity of strong acid (base) that has to be added to one liter of a buffer solution to
change its pH value by one unit. For optimal buffering action to take place, the concentrations of conjugate acid
and conjugate base in the buffer system must be approximately equal and whose pH equals pK value of the acid
or base. The larger the difference between pH and pK of the buffer system, the smaller its capacity to accept or
donate a proton. The greater the concentrations of conjugate acid and base, the greater the capacity of the buffer
to absorb changes in hydronium or hydroxide ion concentrations.

4.5.1. Quantitative aspects of buffer systems

The pH values of buffered solutions can be calculated from ionization constants and buffer concentrations. The
buffer is made by dissolving a weak acid [HA] and its sodium salt, [NaA] in water.
Recall Equation 4.10, which defines K, for a weak acid, HA:
[HsO'T[A]
Ka=
[HA]

Because we want to know [H;0"] and then pH, let us rearrange this equation to give us an expression for [HsO™:

[HA]
[H30+] = Ka X

(4.14)
[A]

We can convert Equation 4.14 into a form that includes pH instead of [H;0"]. If we take the logarithm of both
sides of Equation 4.14, and then multiply every resulting term by — 1, we get:

[HA]
—log [H30"] = —log K, — log
[A]
We can recognize expression for pH and pKj in this, so we can write:
[AT] [salt]
pH = pK,+log = pK,+log (4.15)
[HA] [acid]

Equation 4.15 is the Henderson-Hasselbalch equation and is used for calculation of pH of buffers composed of
a weak acid and its conjugate base (salt).
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Calculation of pH of buffer solution consisting of a weak base and salt of its conjugate acid:

[base]
pH= 14 — pK, + log

(4.16)
[salt]

Calculation example:
Calculate pH of acetate buffer, which contain in 1000 ml of solution 0.2 mol CH;COOH and 0.5 mol
CH3;COONa. K, (CH;COOH) = 1.8 x 10°°.
[salt]
pH = pK, + log

[acid]
pH = 4.75 + log (0.5/0.2) = 5.138

4.5.2. Buffers in biological systems

Almost every biological process is pH dependent; a small change in pH produces a large change in the rate of the
process. This is true not only for the many reactions in which the H* ion is a direct participant, but also for those
in which there is no apparent role for H" ions. The enzymes that catalyze cellular reactions, and many of the
molecules on which they act, contain ionizable groups with characteristic pK, values. The protonated amino and
carboxyl groups of amino acids and the phosphate groups of nucleotides, for example, function as weak acids;
their ionic state depends on the pH of the surrounding medium. lonic interactions are among the forces that
stabilize a protein molecule and allow an enzyme to recognize and bind its substrate.

Cell and organisms maintain a specific and constant cytosolic pH, keeping biomolecules in their optimal ionic
state, usually near pH 7. In multicellular organisms, the pH of extracellular fluids is also tightly regulated (Tab.
4.5.). The constancy of pH is achieved primarily by biological buffers. Four buffer systems of body fluids take
part in stabilizing pH of body. These systems act in concert. In addition, lung and kidney play a role in the
process of maintaining acid-base balance.

The main buffer systems in the organism are:

« Bicarbonate buffer system (H,CO3 / HCO3).

« Phosphate buffer system (H,PO, / HPO,?).

« Proteinate buffer system (protein / proteinate).
» Oxyhemoglobin / hemoglobin.

Bicarbonate buffer system

The buffering action of blood depends upon the equilibrium of carbonic acid, bicarbonate, and carbon dioxide.
Carbon dioxide is both dissolved in blood, CO, (aq), and present in the air spaces of the lungs, CO, (g). Carbon
dioxide produced by cells as an end product of metabolism diffuses into the erythrocytes of the blood. There, it is
converted into bicarbonate ion in a reaction catalyzed by the enzyme carbonic anhydrase. This process can be
represented by a two-step process:

CO, (aq) +HO «—m— H,CO4

H2CO3 + Hzo > H30+ + HCOg_
Furthermore, CO, (aq), is also in equilibrium with CO,(g):

COQ (g) + HQO —> C02 (aq)
The Henderson-Hasselbalch equation must be slightly modified so that is uses the formula of carbon dioxide, not
the formula of the associated weak acid, H,CO3; We cannot employ the usual symbol, pK,, because we are not
working with a system at 25 °C but at 37 °C. Moreover, we’re not working with H,CO; for which pK, = 6.35. To
handle these different conditions, we use what is called an apparent acid ionization constant, symbolized as K',

and a corresponding apparent pK'. The accepted value of pK' for the bicarbonate buffer under body conditions is
6.1, so we can write:
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[HCO;T]
pH = 6.1 + log ——
[CO; (aq)]

Under normal pH conditions in human arterial blood, [HCO5] = 24 mmol.I"*, and [CO,] = 1.2 mmol.I™. The pH
of human arterial blood is then calculated by putting the values into the equation. The pH is 7.4.

If the pH of blood falls because of a metabolic process that produces excess hydrogen ions, the concentration of
H,CO; decreases due to formation CO, (aq), that enters the gas phase. Thus, the increase in proton concentration
is compensated by an increase in pressure of CO, that is eliminated by the lungs from the body. On the other
hand, if the pH of the blood rises, the pH is rapidly restored because atmospheric CO, (g) converts to CO, (aq)
and then to H,COj; in the capillaries of the lungs. Whether there is an increase or decrease of the pH, the
reservoir of CO, (g) restores the equilibrium of the blood buffer. Since this reservoir is large and can be changed
quickly by altering the breathing rate, the pH of the blood does not change under the physiological conditions
(Fig. 4.3.). Hydrogen carbonate buffer system provides approximately 53 % of blood buffer capacity.

® O,
B AECO a0 Agueous phase

H of blood cells
passing through
H,CO;(aq) capillaries in lung

I

CO,(aq) + H,0
’ CO,(g) Air space
in lung

Fig. 4.3. pH regulation of the blood

Phosphate buffer system
This buffer system acts in cytoplasm of cells and is an ideal urinary buffer. It consists of a weak acid H,PO, as a
donor and a conjugate base HPO,* as a proton acceptor:

OH- H,0
H,PO; HPO}
H+

The phosphate buffer system is maximally effective at the pH close to its pK, of 6.86 and thus tends to resist pH
changes in the range between about 5.9 and 7.9. It is therefore an effective buffer in biological fluids; in
mammals, for example, most cytoplasmic compartments have a pH in the range of 6.9 to 7.4. The formation of
an acid is more common in metabolism, and HPO,* is the more important component of the buffer. The normal
[H,PO, ]/ [HPO,*] ratio in the cells is about 1: 4, and the buffer neutralizes acid more efficiently than base. The
H,PO, formed from the reaction of HPO,* with acid is eliminated by excretion in the urine. This system has a
relatively small share in maintaining blood pH — about 5 %.

Protein buffer system

Proteins act as a third type of blood buffer. Proteins are ampholytic substances. These molecules can act as
proton acceptors and proton donators. Proteins provide for about 7 % of the total buffer capacity of blood.
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Buffer function is carried out mainly by:
a) imidazole groups of histidine,
b) sulthydryl groups of cysteine:

a) b) R-SH <——— R-S™ + H"
CH,
+

T |

C—NH C—NH H+
H \//CH ‘ >CH
CH-NH" CH-N7

Hemoglobin buffer system

The buffer capacity of the hemoglobin system is about 35 %. Hemoglobin as well as oxyhemoglobin (HbO,)
have character of weak acids with pK = 7.71 and 7.16. Based on the pK value HbO, is a stronger acid than
hemoglobin. lonization and binding of H* ions is carried out on imidazole group of histidine residues of globin
part of the molecule. The changes in ionization of Hb are in correlation with formation and ionization of
carbonic acid.

In lungs during oxygenation protons are released according to equation:
HHb + 02 — HHb02 — HbOZ_ + H+.

The released protons bind to HCO3;™ and H,COs is formed. Carbonic acid is cleaved to CO, and water with
carbonic anhydrase and CO, is eliminated by pulmonary ventilation.

In the peripheral tissue cells, oxygen is released and the processes proceed according to the following
equations:

HbO,” ——— Hb" + O, and Hb™+ H" ——— HHb

The feedback bond of proton to hemoglobin can also occur. The source of the proton is H,CO; according to the
following equation:

H,O + CO, ———— H,CO; ——— HCO; + H*

By this way blood and erythrocytes, which are moving from tissues to lungs and back, allow continual one-
direction transport of CO, from tissues to lungs where it is eliminated to external environment. This transport is
called isohydric trasport of CO, because it proceeds without change of pH.

In clinical practice the measurement of partial pressures of CO, (pCO,) and O, (pO, is of a great importance in
the evaluation of the acid-base balance and its imbalance. Similarly, the determination of the level of alkali in
blood — so called base excess or deficit (BE) is of a great importance. The BE is defined as the amount of a
strong acid that must be added to each liter of fully oxygenated blood to return the pH to 7.40 at a temperature of
37°C and a pCO, of 5.3 kPa. The predominant base contributing to base excess is bicarbonate. Thus, a
deviation of serum bicarbonate from the reference range is ordinarily mirrored by a deviation in base excess. BE
represents a component of blood buffer capacity. It alters under the different physiological and
pathological states and it serves as diagnostic tool.

Acid-base balance in the blood exists when the pH of blood is in the range of 7.36 to 7.44. Acidemia/alkalemia
isa decrease/increase in pH of the blood. It is a serious condition requiring prompt attention, because all the
equilibria that involve H* in the oxygenation or the deoxygenation of blood are sensitive to pH. If the pH falls
below 6.8 or rises above 7.8, life is not possible. The term acidosis/alkalosis means a pathological state caused
by a disease that results in an abnormal increase/decrease in acid in the body.

In certain circumstances — for example, in the lung disease emphysema, pneumonia, poliomyelitis, heart failure,
or when a person is under anesthesia, the ventilation rate may be too low, and CO, is not removed from the lungs
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rapidly enough. Consequently, the bicarbonate buffer system will “back up”, hydrogen ion will not be removed
by reaction with HCO3", and the blood pH will fall under 7.4. This pathological condition is called respiratory
acidosis. An immediate treatment consists of intravenous bicarbonate infusion. Conversely, if CO, is removed
from the lungs faster than it arrives, the blood pH will rise over 7.4. This state, called respiratory alkalosis, can
result from hyperventilation, which may occur in extreme fevers or severe hysteria, under circumstances of great
excitement (rapid breathing) and other pathological conditions. First aid for this condition is to have the patient
breathe into a paper bag, an action that increases the CO, content of the lungs.

Metabolic acidosis is a lowering of pH as a result of a metabolic disorder, rather than as a result of a failure of
the blood buffer system. For example, a large and serious decrease in pH can occur as a result of uncontrolled
diabetes and as the result of some low carbohydrate — high protein diets. The blood pH may fall from the normal
7.4 to as low as 6.8. The increased H* concentration is due to the large amounts of acidic compounds produced
in the liver. The bicarbonate buffer system attempts to compensate for the H* excess, producing excess of CO,,
which must be eliminated in the lungs. However, so much CO, is lost by ventilation that the absolute
concentration of the buffer system decreases. The capacity of the buffer system is severely compromised and
cannot reduce the metabolically produced excess of H'. In such cases, buffer capacity can be temporarily
restored by intravenous administration of sodium bicarbonate.

An increase in pH as a result of a metabolic disorder is called metabolic alkalosis. This condition can arise
when excessive amounts of H ion are lost, for example, during excessive vomiting. H * starts removing from the
blood and the pH of the blood is rising. Intake of excessive amounts of antacids also will cause the blood pH to
rise. Immediate treatment consists of intravenous administration of ammonium chloride

These simple disturbances in acid-base balance can also combine and result in combined failures of acid-base
balance.

Control questions:
1. Calculate pH of a hydrochloric acid solution with concentration 0.0001 mol.I™.

2. Calculate pH of buffer solution which is prepared by mixing 15 ml of NaH,PO, solution, ¢ = 0.1 mol.I"* and
5 ml of NaOH solution, ¢ = 0.1 mol.I'*. pK = 7.2.

3. What is the pH of solution prepared by mixing:
a) 200 ml 0.1 mol.I" of acetic acid with 100 ml 0.1 mol.I™ of sodium acetate (pKa = 4.75)
b) 100 ml 0.1 mol.I"of acetic acid with 100 ml 0.1 mol.I"*of sodium acetate (pKa = 4.75)
¢) 100 ml 0.1 mol.I"*of acetic acid with 200 ml 0.1 mol.I™of sodium acetate (pKa = 4.75)

4. What is the pH of solution which was prepared by mixing 10 ml of 20 mmol.I"* of acetic acid solution and:
a) 10 ml of water
b) 10 ml 10 mmol.I"*NaOH

5. At which ratio is needed to mix the solution consisting of 0.1 mol.I" of sodium monohydrogen phosphate
solution and 0.1 mol.I™ sodium dihydrogen phosphate to obtain buffer with pH = 7.5? pKa = 7.2.

85



5.LIFE AND ENERGY

5.1. Organism and energy

Life is an energy demanding process. Living celtel organisms must perform work to stay alive amd t
reproduce themselves. The ability to harness enanglyto channel it into biological work is a fundamtal
property of a living organism. All of the physiologl processes, like muscle work, cell divisionalirgg,
thinking or the process of cell dying require eryeiyhat energy is and how is acquired by organisto® does
organism transform and utilize energy? The answeethese questions are given lmpenergetics the field of
science concerned with the energy involved in mgkind breaking of chemical bonds in the molecuesd in
biological organisms. It can also be defined asstinely of energy relationships and energy transétions in
living organisms.

A living organism as the thermodynamic system exista dynamic steady state and it is never atlibgum
with their surroundings. Maintaining this steadststrequires the constant investment of energy.n/he cell
can not longer generate energy, it dies and begindecay toward equilibrium with its surroundingshe
dynamic steady state is ensured by the flow ofggnand mass to the thermodynamic system.

In autotrophs (bacteria, plants) energy flow thiodlge system is supplied principally by solar rédia This
solar energy is converted into the necessary usefwk to maintain the plant in its complex, higheegy
configuration by a process called photosynthesiassylsuch as water and carbon dioxide, also flovsigh
plants, providing necessary raw materials, butemetrgy. For heterotrophs such as animals, enesgytfirough
the system is provided by eating high energy bi@neisher plant or animal. The breaking down of #&mergy-
rich biomass, and the subsequent oxidation of ghit (e.g., carbohydrates), provides a continusosrce of
energy as well as raw materials. Maintenance ottmplex, high-energy condition associated with 1§ not
possible apart from a continuous source of energy.

In biosphere, autotrophs and heterotrophs live thmgein a vast, interdependent cycle in which aofatic
organisms use atmospheric carbon dioxide to bhié brganic biomolecules, some of them generaiingen
from water in the process. Heterotrophs in turn thi@eorganic products of autotrophs as nutrients raturn
carbon dioxide to the atmosphere. Some of the ¢witlaeactions that produce carbon dioxide alscsaore
oxygen, converting it to water. Thus carbon, oxygerd water are constantly cycled between the dietgrhic
and autotrophic worlds, witkolar energy as the driving force for this globadgess. All living organisms also
require a source of nitrogen, which is necessarytfie synthesis of amino acids, nucleotides, arrot
compounds. Thus, in addition to the global carbod axygen cycle, a nitrogen cycle also operateth@n
biosphere. These cycles of matter are driven bgraarmous flow of energy into and through the biesph
beginning with the capture of solar energy by phgmbhetic organisms and use of this energy to geémer
energy-rich carbohydrates and other organic nusjetihese nutrients are then used as energy soubrces
heterotrophic organisms (Fig. 5.1).
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Fig. 5.1. The flow of energy and mass in the biosphe
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However, a source of energy alone is not sufficiergxplain the origin or maintenance of living tgyss. Think
of this example. An automobile with an internal drstion engine, transmission, and drive chain plewithe
necessary mechanism for converting the energy solge into comfortable transportation. The movetraem
transport would be impossible without such an ,ggdransducer”. In a similar way, food would ddldtfor a
man whose stomach, intestines, liver, or pancreas wemoved. Therefore, an organism must have asrafa
converting this energy into the necessary usefukwmw be able to build and maintain complex liviprpcesses.

This ,energy transducer” is represented in an degarby the specific metabolic pathways, in whiclergy of
substrates is converted to specific work. To i, cells in the human are able to oxidize glacimsthe
metabolic pathways of glycolysis and oxidative gitagylation. In these principal metabolic pathwayergy
captured in glucose is converted to adenosine dsphate (ATP), the universal energy currency in all
organisms. ATP supplies the energy for muscle ectitn and this process involves the change of aam
energy to mechanical work of the muscle. Or, ttghtenergy phosphate bonds of ATP can also be wsed f
biochemical work in the metabolic pathways whichtbgsize large molecules (e.g. DNA, proteins).

Energy transformation in the living system can hded into three phases:

- nutrient (fuel) oxidation (carbohydrates, lipids, proteins) where enzymes ttatalyze cellular oxidation
capture released energy in electrons into justvatfges of universal electron carriers (NADH, NADPH
FADHo,). This process results in the conservation of éreergy released by substrate oxidation

- energy transformation to high-energy phosphate bonds of ATP. In thiscess electrons from reduced
electron carriers are transferred by the mitochiah@tectron transport chain to,CEnergy of Qreduction is
conserved in ATP generation in the process of dixidghosphorylation (Fig. 5.2)

nutrients oxidation NADE fransfere”
(carbohydrates, lipids, proteins) ———» e
FADH3 Oz electron

transport chain

Fig. 5.2. Scheme of energy conversion of nutrients energy of ATP

- utilization of energy ofenergy rich phosphate bonds in energy demanding cellular pease

The energy of ATP is employed to perform severpégyof the work:

- mechanical work where the energy of ATP hydrolysis results in comfational change of the protein with
subsequent mechanical movement, e.g. muscle ctintrac

- transport work (active transport across the membranes)n which energy is used to transport molecules
against a concentration gradient, e.g: Mansport out of the cell by R&* pump

- biochemical work where energy ofnergy rich phosphate bonds is used in anabolic pathways/fdhesis of
large and complex biomolecules such as glycogestems, DNA or for detoxification processes wherid¢o
compounds are converted to nontoxic compoundscHrabe excreted (NfAconversion to urea in liver )

Some of the energy from fuel oxidation is conveitéd heat in the process tifermogenesis
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Fuel oxidation is regulated to maintakTP homeostasis.Regardless of whether the level of cellular fuel
utilization is high (increased ATP consumption)@w (decreased ATP consumption), the available AvitRin
the cell is maintained at a constant level by appabte increases or decreases in the rate of fxielaton.
Problems in ATP homeostasis and energy balance atcome diseases such as obesity, myocardiatirda

or hyperthyroidism.

Cell metabolism is highly coordinated cellular pres and the remarkable ability of the organisro ideal with
energy in super-efficient way. This efficacy isleefed incoupling of energy generating pathways (catabolic-
degradative) to energy utilizing (anabolic-biosyetit) pathways. So energy yielding processes camster
energy directly to those requiring energy (Fig)5.3

Cell macromolecules
(proteins, polysaccharides,
lipids, nucleic acids)

A

energy-containing nutrients
(carbohydrates, fats, proteins)

catabolism anabolism

chemical energy

Precursor molecules
(amino acids, sugars,
fatty acids, nirogenous bases)

Energy-depleted
end products

Fig.5.3. Energy relationships between catabolic anahabolic pathways
Catabolic pathways deliver chemical energy in thenfof ATP, NADH, NADPH, and FAQHThese energy carriers are
used in anabolic pathways to convert small precunsolecules into cell macromolecules.

Since the flow and energy transformation follow Hassic laws of physics, the utility of thermodynaraws in
biological systems is reviewed. The basic meaninthat the laws of thermodynamics can help to ptatie
feasibility of a physical process, its direction,understand why molecules adopt their natural aromdition or
why move through cell membranes. But thermodynarségs nothing about the speed of processes (wéthdsp
of chemical processes deals chemical kinetics).

5.2. The basic law of thermodynamics

5.2.1. Organism as thermodynamic system

The molecules and ions contained within a livingasrism differ in kind and in concentration from skdn the
organism’s surroundings. Although the characterisimposition of an organism changes little throtigte,
the population of molecules within the organisnfisisfrom to be static. Small molecules, macromadiesand
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supramolecular complexes are continuously synthdsand then broken down in chemical reactions that
involve a constant flux of mass and energy throilnghsystem. The hemoglobin molecules carrying omywgid

be degraded and entirely replaced by new hemogimbiecules. The glucose ingested with recent médhbes
converted into carbon dioxide or fat and will bgleeed with a fresh supply of glucose and the cydlebe
repeated. Despite these transformations, the amafnhemoglobin and glucose in the blood remairripea
constant because the rate of synthesis or intakadf just balances the rate of its breakdown,wopson, or
conversion into some other product. The constarfi@oncentration is the result ofdynamic steady statea
steady state that is far from equilibrium. Maintagthis steady state requires the constant investiof energy.
When the cell can no longer generate energy, it @ird begins to decay toward equilibrium with its
surroundings. In this way the living organisrmais open thermodynamic systemwhich exchanges both energy
and matter with its surroundings through its boumdH the system exchanges energy but not matter itgth
surroundings, it is closed systemlif the system exchanges neither matter nor enertjyits surroundings, it is
said to basolated.

5.2.2. The first law of thermodynamics

Many quantitative observations on the interconeersif different forms of energy led to the formidatof two
fundamental laws of thermodynamics.

The first law of thermodynamics, which is the empirical law, is the principle okthonservation of energy. It
statesin any physical or chemical change, the total egesfja system, including its surroundings, remains
constantlt implies that within the universe energy maymga form or it may be transported from one regmn t
another, but it cannot be created or destroyed.

The equation that supports the first law of therymzomics mathematically is:
AU=Q+W (5.1)

whereAU is the total change in internal energy of a ayst® is the heat exchanged between a system and its
surroundings, and W is the work done thie system (W<O0). If the work is made the system (W>0), the
equation 5.1 is

AU=Q-W

The internal energy of a system (U) encompassey midferent kinds, including the kinetic energy asisted
with the motions of the atoms, the potential enestpred in the chemical bonds of the moleculesher t
gravitational energy of the system. It is nearlyassible to sum all of these contributions up ttedeine the
absolute energy of the system. That is why we wmdgry aboutAU, the change in the energy of the system from
the initial state to the terminal state. That metr AU is the state function. The internal energy would
decrease if the system gives off heat or does widnkrefore, internal energy of a system increadasnvwthe
heat increases (this would be done by adding mata system). The internal energy would also meeeif
work were done onto a system. Any work or heat ¢fuss into or out of a system changes the intemnaigy.
However, since energy is never created nor dedr{tye first law of thermodynamics), the changénternal
energy always equals zero. If energy is lost bysystem, then it is absorbed by the surroundirfgsnérgy is
absorbed into a system, then that energy was ezldag the surroundings. BasicalilJ formulates the ,net”
energy change in the system, i.e. the differenceniergy obtains from surroundings and energy retbds
surroundings (Fig. 5.4). Based on above, the wabvkn statementit, is impossible to construct perpetual
motion device'is a popular formulation of the first law of therdymamics.
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SURROUNDINGS

work
AT] = - S heat

]
+
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Fig. 5.4. Internal energy of a system, work and héa

Heat (Q) andwork (W) are the forms of energy by means of the systemgdsaits internal energy. Heat stands
for the disordered form of energy, while work ie thrdered form of energy.

Energy of the systemis the state function, i.e. the energy of anyeystiepends on the state of the system
(initial and final) and not on the way, nature grathways by which the system gets into the finatestFor
example, all glucose molecules contain the sameuamof energy independent of biosynthetic pathwiays
which they were created. Heat and work are notstage quantities because they depend on the pathway
which the system has got from the initial to theafistate.

According to the first law of thermodynamics, theeggy in our consumed fuel can never be lost. Coesufuel
is either oxidized to meet the energy demandsebtsal metabolic rate and exercise, or it is dtasefat. Thus,
an intake of fuels in excess of those expendedtsasuweight gain.

5.2.3. Hess’s law

Hess's law states theite heat evolved or absorbed in a chemical proceise same whether the process takes
place in one or in several stepkhis is also known as the law of constant heatrsation. Hess's law is saying
that if you convert reactants A into products Be thverall enthalpy change\l) will be exactly the same
whether you do it in one step or two steps or hawvevany steps (Fig.5.5)

pathway 1

intermediates Y

Y <
reactant A reactant A

‘ rsctant ]| ——— [produay)

AH AH \ /
product B 4 y Product B
=L

P

enthalpy

i
o
-

pathway 2

Fig.5.5. Graphical (A) and schematic (B) representamn of enthalpy change in a chemical reaction whitproceeds
through intermediates or two steps
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Enthalpy (H) is the heat contentof a system and in a chemical reaction, the epyhaf the reactants or of
products is equal to their total bond energies.

The mathematical formulation of enthalpy is
H=U+pV (5.2)

where H is enthalpy of the system, U is the inteamergy of the system, p is pressure and V isitheme of
the system.

Compare now the definition of the total changeriteinal energy of a system (eq. 5.1) and the difiniof
enthalpy (eq. 5.2). Did you find out that they aeey similar? What is the difference between them?

Enthalpy vs. internal energy of the thermodynamic gstem

In biochemical thermodynamics the enthalpy is als® state function and it is usually measured a& he
transferred to or from the system under constaggure (p). Because biological systems are gepdrald at
constant pressure and volun/(= 0), the expression pV = 0 (it expresses thekyvor the eq. 5.2. and

H=U (5.3)

Similar to the internal energy, enthalpy is not mwad directly but as the change in enthalpy betviee inital
and the final state

AH =AU (5.4)
whereAH is the change of enthalpy (J/mal)) is the change of the internal energy.

That means, if the chemical reaction occurs undeumstances where the volume of the reaction Id he
constant, then the change in internal energy isleguheat transferred in the reactiso.the difference between
entropy and energy is insignificant in most biochehsystems.

When chemical reactions occur, the change of enegytent of the system can be often detected as
a temperature change, i.e. the system can releagzsorb heat and the products have a differenggramntent
than the original reactants. Aaxothermic reactionis one which gives out energy to the surroundingsally

in the form of heat energy. The products contass kenergy than the reactants amtlis negative AH<0). If the
products contain more energy than the reactants, ieetaken in or absorbed from the surroundings the
change is called aendothermic reaction(AH>0).

The thermodynamic quantities are generally refetedstandard conditions. The usual standard referen
conditions are 298 K (25 °C and 1 atm/101 kPa), @heér criteria may apply e.g. physical state dfstance -
gaseous, liquid, solid phase state, 1 molar salwgic. The values defined at this standard conditere called
the standard values of thermodynamic functionsand they are indexed asi°, AU°.

For example, the standard heat of water formatmd@spheric pressure, 25 °C)ABl = - 286 kJ/mol and this

heat is released to surroundings and it is exoticer@action
V2 H(g) + G:(9) — H:O (1)

Thus, using Hess's law with standard heats of faomave can calculate heat of formation of any cioam
reaction.

In summary, the relationship between the chandbkdrinternal energy of the system during a chenrieattion
and the enthalpy of a reaction can be summarizéallas/s

1. enthalpy of areaction or energy change of areacthAH) is an amount of energy or heat released
(AH < 0), or consumedA{H > 0) in the reaction

2. the heat given off or absorbed when a reactionnsat constant volume or at constant pressureualeq
the change in the internal energy of the system

3. the difference betweetU andAH for the system is small for reactions that ineobnly liquids and solids
because there is little if any change in the voluofiethe system during the reaction. However, the
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difference betweenU andAH can be relatively large for reactions that inebases, if there is a change
in the number of moles of gas in the course ofélaetion (Eq. 5.2)

5.2.4. The second law of thermodynamics

The second law of thermodynamics, which can beedtat several forms, is the law that formulates the
spontaneity of processes. It describes the flownafrgy in irreversible processes. It statke: universe always
tends toward increasing disorder: in all naturalqmesses, the entropy of the universe increases.

Many chemical and physical processes are reveraitileyet tend to proceed in a direction in whidghythre said
to be spontaneous. This raises a question: Whaesnakeaction spontaneous? What drives the redotione
direction and not the other? The tendency of a tsp@ous reaction to give off energy can't be tHg driving
force behind a chemical reaction. There is andidetor that helps determine whether a reactiopdmtaneous.
This factor, known asntropy (S), is a measure of the disorder of the system.

Entropy is the state function again and it defines the rextéd randomness or disorder of the system. Any
change in randomness of the system is expresstb@ &ntropy changeS, which by convention has a positive
value when randomness increases.

The mathematical formula is
AS=QI/T or AS=AHIT (5.5)

whereAS is entropy, Q is the flow of heat to or from 8ystem, T is absolute temperature (K is enthalpy
and the total change of entropy is defined as

AS (oral = ASsystem+ ASsurroundings (5.6)

The state with the maximal value of entropy isemithermodynamic equilibrium. The system in equilibrium
is the most stable and has the highest entropthisnmeaning the death of an organism is thermaahjcslly
the most stable and disordered state of the systdrare the entropy of the system is equal to theopy of
surroundings.

Several factors can influence entropy, such as

- volume changef the system. When the volume is increased, reoergy levels become available within
which the system’s energy can be dispersed

- temperature change at higher temperatures, molecules have greateti& energy, making more energy
levels accessible. This increases the number ofggnlevels within which the system’s energy can be
dispersed, causing entropy to increase

- molecular complexity molecules can also exhibit rotational and vibratiootions. Ordered forms (cyclic,
spiral) restrict the motion of atoms and molecwded so their entropy is low. For example, undemadr
physiological conditions, polypeptides spontanepdsld into unique three-dimensional structureslezhl
native proteins. The functional or native stateagfrotein has very low entropy because its conftiomas
highly restricted. However, native proteins denatim the course of the time, their structures bexom
disturbed and the entropy rises. That is why tlgaism degrades ,old" proteins and synthesizesores.

- increase in the number of particles in the systefor example, passive ion transport through melinbranes
increases the disorder of the system. To keep tt®py low, the organism must perform the work by
pumping ions back through a cell membrane. Thiwiactrequires the input of energy which is obtairgy
ATP hydrolysis. So order is the result of work ametrgy investment.

These concepts may be summarized as follows:

- ASysem> O it implies that the system becomes more died during the reaction and the reaction is
spontaneoughowever, this does not in any way describe host fae reaction occurs). The spontaneous
reaction is exothermic, the flow of heat is relehs#o surroundingAH<0). ASysem™> O also in the case of
some irreversible processes when there is no chantpe surroundings. All spontaneous processdhuiof
flows, heat flows and material flows are irrevelsibAs example, cells grow irreversibly, a dropdye
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expanding in water is also irreversible processabse molecules diffuse and mXSyyseem> 0 when heat
flows from a hot to a cold object, and there ichange in the surrounding of the two objectsASg, > 0.

- ASysem< O it implies that the system becomes less dese (more structured) during the reaction, the
reaction requires energy to occur and the flowezths from surroundings to the systekie0) (Tab. 5.1)

5.2.5. Entropy and order of biological systems

Living organisms consist of collections of molecutauch more highly organized than the surroundiatenals
from which they are constructed. Life evolved ia firocess of evolution from the simple organizedfoto the
most complicated forms of life, including a humaeinyg. DNA, RNA and proteins are informational
macromolecules where chemical energy is used to fbe covalent bonds between the subunits. Iniaddithe
cell must invest energy to order the subunits igirtlcorrect sequencd&he investment of energy results in
increased order in a population of molecules antredese in entropy. But according to the second daw
thermodynamics, the tendency in nature is towarer-gveater disorder in the universe. Does it mdeat t
evolution violates the second law of thermodynamiSsirely not. How is it possible? The answer isi@rdin
the transformation of energy. A living organism is involved in a contous and steady state process of taking
up low-entropy food and energy from the environmémtthe course of metabolic reactions, energysisduto
form cell organized structure, i.e. order with wlevel of entropy. However, a part of energy ileased in the
form of heat and waste. In doing so, surroundirgmomes more disordered and its entropy is incredsedg
organisms are able to decrease their own entropindrgasing the entropy of surroundings. Thihe, local
decrease in entropy as the result of formation morerdered structures is followed by increase in entpy

of surroundings and the second law of thermodynamics is not teédla

Another characteristic feature of the ordered stmec of living organism is thénformation content of its
macromolecules. Information can be measured indiras of ordered arrangement of structure’s subuhRibr
example, proteins and nucleic acids, in which ffec#ic linear sequence of the subunits is highlyeoed, are
low in entropy and high in information content. Migining a state of high information content regsithe
input of energy. The ability of living organista couple energy, work and informationresults in production
of informational biomolecules. Doing so, the livisgstem is functional and individual cells possgsscific
functions (muscle, nervous cells etc.). The funeidy depends on some kind of complexity and theglexity
is not the result of random processes. For exanilplg,extremely improbable that amino acids in etore
would spontaneously condense into a single typprofein, with a unique sequence. What the diffegeisc
between order and complexity? Think about this edamconsider crystals. They are very orderly, igfigt
periodic arrangements of atoms (or molecules) ey tarry very little information. Nylon is anothexample
of an orderly, periodic polymer (a polyamide) whichrries little information. Nucleic acids and miot are
aperiodic polymers, and thigperiodicity is what makes them able to carry much more inftiona By
definition then, a periodic structure has order. &periodic structure has complexity. Living orgamésare
distinguished by their specified complexity. Crystéail to qualify as living because they lack cdexity;
mixtures of random polymers fail to qualify becattsey lack specificity. Three sets of letter armmgnts show
nicely the difference between order and compleixitselation to information:

1. An ordered (periodic) and therefore specified ageament:
INFORMATION INFORMATION INFORMATION

2. A complex (aperiodic) unspecified arrangement:
AGDCBFE GBCAFED ACEDFBG

3. A complex (aperiodic) specified arrangement:
THIS SEQUENCE OF LETTERS CONTAINS INFORMATION!

Based on above, it can be concluded that informatimacromolecules have a low degree of order thigla
degree of specified complexity. This aspect acomydo recent research probably makes the basierdifte
between living organism and inanimate things.
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Tab. 5.1 Relationship among the change of enthalpgntropy and the spontaneity of a reaction

Change of enthalpy Change of entropy Is the reaction spontaneous?
Exothermic  AH < 0) increased disorderA$ > 0) Yes,AG <0
Endothermic 4H > 0) decreased disordeA§ < 0) No,AG >0

5.2.6. Gibbs free energy

According to the second law of thermodynamitS,,,; > O (eq. 5.6.) for a spontaneous process. Whaarae
usually concerned with and usually measure, howearerthe properties of the system rather tharetiobshe
surroundings or those of the universe overall. &fwge, it is convenient to have a thermodynamicfion that
enables us to determine whether or not a procegmistaneous by considering the system alone. pess the
spontaneity of a process more directly, we intredaoother thermodynamic function callde Gibbs free
energy (G), or simply free energy. Gibbs free energy espeshe amount of energy capable difing work
during areaction at constant temperature and puessG has units of energy just as H and TS do. Like
enthalpy and entropy, free energy is a state fancfThe change in free energyG, of a system for a process
that occurs at constant temperature is

AG =AH — TAS (5.7)

whereAG is the change of Gibbs free energy (J/mth,is the change of enthalpy, T absolute temperdtdye
AS is the change of entropy.

Equation 5.7 enables us to predict the spontamdity process using the change in enthalpy, the geham
entropy, and the absolute temperature. At conséanperature and pressure, for processes that antasggous
as written (in the forward direction\G is negative. The reaction is said to deergonic For example,
biosynthesis of water

2H+% Q - H,0 AG® = - 237 kJ.mot

For processes that are not spontaneous as writterthbt are spontaneous in the reverse directidh,is
positive. The reaction is said to lemdergonic The examples of endergonic reactions in an osgarare
biosynthetic reactions which require the input o€y for synthesis of energy-rich products. WHean gystem
is at equilibriumAG is zero.

* AG < 0 The reaction is spontaneous in the forwarelction (and nonspontaneous in the reverse dirgctio
* AG > 0 The reaction is nonspontaneous in the forwaettion (and spontaneous in the reverse dingktio
* AG = 0 The system is at equilibrium.

At this point is worth stressing the difference vetn an exothermic/exergonic reaction and an
endothermic/endergonic reaction. You surely notiteat in eq. 5.1. are two functions: heat and wdrke
change of entropy is small (insignificant) in mostthe classical chemical reactions and we consdér AH.
Thus, an exothermic or endothermic reaction desstite flow of heat energy In biochemical reactions the
system is able to do a work and the change of pytcan be significant. Gibbs free energy consithets the
change of internal energy as well as the change eftropy of the systemand these reactions are called
exergonic and endergonic.

The value ofAG for a reaction can be influenced by initial camcation of substrates and products, temperature,
pH and pressure. Similar to the rest of thermodyoaduonctions,AG is also confined to the standard conditions
(25°C; 101.3 kPa)The standard Gibbs free energyAG® for a reaction refers tthe energy change for

a reaction starting at 1 M substrate and producteentrations and proceeding to equilibriuthis the constant
typical for every chemical reaction and its valun de find in the thermodynamic tables. Most biocicel
reactions, however, occur in well-buffered aquesaisitions near pH 7. Both the pH and the concedotradf
water are essentially constant. Biochemists theeedefine a different standard state, in whichdbecentration

of H" is 10" M (pH 7), that of water is 55.5 M and Kfq(it binds to ATP) is commonly taken to be constant
solution at 1 mM. Physical constants based onhtitishemical standard state are cat#ahdard transformed
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constantsand are written with a prime\G®) to distinguish them from the untransformed comistaised by
chemists and physicists (Tab. 5.2.) Although th#edince between cellular conditions (pH 7; 37°@H a
standard conditions is very small, the differenetwieen cellular concentration of ATP, ADP and irzonig
phosphate (Pis huge and greatly affects the availability oémgy in the cell.

Tab. 5.2. Standard Gibbs free energy changes of sorh®chemical reactions

Type of reaction AG'™ (kJ/mol)

Hydrolytic reactions

ATP + H,O — ADP +PR -30.5
ATP + H,O — AMP + PP -45.6
PR+HO — 2R -19.2
UDP-glucose + O — UMP + glucose 1-phosphate -43.0
Glucose 6-phosphate +8 — glucose + P -13.8
Ethyl acetate + D — ethanol + acetate -19.6
Glutamine + HO — glutamate + N -14.2
Maltose + HO — 2 glucose -15.5
Lactose + HO — glucose + galactose -15.9

Elimination of water

Malate— fumarate + HO 3.1

Rearrangement reactions

Glucose 1-phosphate> glucose 6-phosphate -7.3
Fructose 6-phosphate glucose 6-phosphate -1.7
Oxidation

Glucose + 6@ — 6CQ, + 6 HO -2.84
Palmitate + 23 @ — 16CQ + 16 HO -9.77

The tendency of a chemical reaction to go to cotigriecan be expressed as equilibrium constant (Keg).
For the reaction

aA+bB — cC+dD

the equilibrium constantd, is given by

IS

[ [o]*
Keq = [AFIEF

(5.8)
where [A], [B], [C], [D] are concentration of reactts (substrates) or products. Gibbs showedA@afor any

chemical reaction is a function of the standaré-feergy chang&\G®, a constant that is characteristic of each
specific reaction, and a term that expresses itialiooncentrations of reactants and products:

AG = G + rT nkeL 2]’

" [T (5.9)

In equilibrium, no driving force remains, no worarcbe done andG = 0. Then eq. 5.9 is transformed to
AG™ =-RT In Kgq (5.10)
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where R is the universal gas constant (8.31 J/mdikgbsolute temperature (K).

Thus,AG™ is simply a second way (besideg)kof expressing the driving force on a reactionc@ese Ik, is
experimentally measurable, we have a way of detengiAG'®, the thermodynamic constant characteristic of
each reaction. Whend(> >1,AG" is negative; opposite whend&« < 1,AG'" positive (Tab. 5.3)

Tab. 5.3. Relationship among Gibbs free energy, eliirium constant and spontaneity of reaction

Keg AG' (kJ/mol) Spontaneity of reaction
107 -23 Spontaneous-f)

10°? -11 Spontaneous-()
10°=1 0 Equilibrium

1072 +11 Reversible<-)

1071 +23 Reversibled-)

Be warn the difference betwedG andAG'™: AG'™ describes the change of Gibbs free energy rustdedard
biochemical conditionsAG describes an actual free energy of a reactiandgiace under actual cell conditions
in the cell, i.e. actual concentrations of subssapH, temperature etc. The criterion of the spugity of a
reaction is not thaG'® butAG. Some reactions, despite their thermodynamidairprable stateAG<0) do not
run, in fact. The reason is the existence of tigh mitial energy barrier. These reactions reqgtheinitial input
of energy calledactivation energy to overcome the activation barrier and proceedhsmeously. In cells
enzymesare utilized as the tool for decrease of the atitwm barrier. The binding of an enzyme to a sualbstis
exergonic and the energy released by this bindédgges the activation energy for the reaction.

In living organisms an exergonic reaction can bepbted to an endergonic reaction to drive otherwise
unfavorableeactions (Fig.5.6).

. AA .
p AL 9
ATP
nutrient . - B
é @ ¢ »
’\F M r."'ﬂ‘-/ PN 4 : "f: / T H
e LA <3 e

mechanic work

DD:> transport work

biochemical work

eXergonic process endergonic process

-AG +AG

Fig. 5.6. Coupling of exergonic and endergonic retions. ATP produced in an exergonic reaction is utitzed in an
endergonic reaction to run this energy unfavorableeaction

Coupling is based on these preconditions: A&° values in a reaction sequence adglitive, the pathway
acquires amverall negativeAG'* and there i& common intermediatein the reaction pathway. Shortly:

The first reaction A> B AG,°
The second reaction BC AG,°
Sum: A—C AG;° + AG,°

Oxidation and reduction reactions represent theomagrt of cell metabolism and they involve thensijgort of
electrons. Each oxidation/reduction reaction maketakes a fixed amount of energéG'°), which is directly
proportional to the difference in reduction potal#tiof the oxidation/reduction paiAE™). The reduction
potential of a compound, E®', is a measure in volts of thergy change when that compound accepts electrons
(becomes reduced). -E°' is the energy change wieeadmpound donates electrons (becomes oxidiz&€dyak
be considered an expression of the willingnessi@compound to accept electrons. Some examplesiottion
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potentials are shown in Table 5.4. Oxygen, whicthésbest electron acceptor, has the largest pesiiduction
potential + E™ (i.e., is the most willing to actepectrons and be reduced) and the transfer ofreles from all
compounds to Qis energetically favorable and occurs with enaggase. In an organism, the more negative
the reduction potential of a compound, the greiatédre energy available for ATP generation as usaleenergy
currency in an organism when that compound passeseictrons to oxygen.

The direct relationship between the energy chairgesidation/reduction reactions and>' is expressed by the
equation
AG"” =-nFAE" (5.11)

where n is the number of electrons transferreds Faraday's constant (96 500 C/mol) atB' standard
reduction potential.

Tab. 5.4. Reduction potentials of some oxidation/ragttion reactions

Redox system AE™ (V)
Y O, + 2H + 26 — H,0 0.82
2 cytochrome a-Fé + 26 — 2 cytochrome a-Fé 0.29
2 cytochrome c-F& + 2¢ — 2 cytochrome c-Fé 0.25
Ubiquinone + 2H + 26 — ubiquinone-H 0.10
Fumarate + 2H+ 26 — succinate 0.03
FAD + 2H" + 26 — FADH, -0.18
Oxaloacetate + 2H+ 26 — malate -0.10
Pyruvate + 2F+ 26 — lactate -0.19
NAD® + 2H" + 26 — NADH + H' -0.32

Compounds are oxidized in the body in essentialigd ways:

- the transfer of electrons from the compound hgdrogen atom or a hydride ion
- the direct addition of oxygen from,O

- the direct donation of electrons ( e.g”Fe Fée™)

Fuel oxidation in an organism involves the transféelectrons to NAD or FAD coenzymes which become
reduced (NADH+H or FADH,). Electrons from reduced form of coenzymes arasfexred to @ and the
energy derived from reoxidation of coenzymes isilakie for the generation of ATP by oxidative
phosphorylation. Which of the transfer is more falate and provides more energy for ATP productibirii
out it from the following calculation that utilizése eq. (5.11) and Tab. 5.4.

The transfer of electrons from NADH donates elewdrtm Q, thenAE'™ = + 0.32 (opposite of that shown in Tab.
5.4., the table shows values for accepting elesjrandAE' = 0.82 for the transfer of electrons te.@hen the
AE' for the net rection is calculated from the sefithe half-reactions

AE"™ = Ef%cceptor + E%donor

AE©=0.82+032=114V
the number of transferred electrons is 2 (n=2)

AG'™ =-n FAE"™ = -2 x 96,500 x 1.14 = 220,019 J/mol220 kJ/mol
The calculation for FADHK

AE*®=0.82+0.18=10V
the number of transferred electrons is 2

AG'™ = -n FAE™ =-2 x 96,500 x 1.0 = 193,000 J/molX93 kJ/mol

Based on the calculations can be concluded thatahsfer of electrons from NADH+Hto O, provides more
energy for ATP synthesis than the transfer elestform FADH..
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5.2.7. Dependence ofG on reactant and product concentrations

One aspect of free energy changes contributingeddrward direction of anabolic pathways is thpatelence

of AG (eg. 5.9), the free energy change of a reactanthe initial substrate and product concentratidre
dependence is of a great importance to regulatfometabolic pathways under physiological conditiarsl
helps us to understand the diverted metabolic patbwnder pathological conditions. Reactions incilewith

a positiveAG'™ can proceed in the forward direction if the oamtration of substrate is raised to high enough
levels, or if the concentration of product is desed to very low levels. Product concentrationskeamery low

if, for example, the product is rapidly used inubsequent energetically favorable reaction, ohéf product
diffuses or is transported away.

The effect of substrate and product concentratiorA@ and the direction of a reaction in the cell can b
illustrated with conversion of glucose 6-phosph@fe-6-P) to glucose 1l-phosphate (glu-1-P) (Fig@)5This

reaction is the reaction in the pathway of glycoggnthesis and degradation. The reaction is cadlyy the
enzyme phosphoglucomutase and it is reversible.

glucose o

o H H
i ] glucose transport ' X
HONOH H/OH

glucose S
luG-P
|-é® >
e ADP

glucose 6-phosphate
SN\ e @
glycolysis glucose 1-phosphate 2. yDP-glucose — glycogen

Fig. 5.7. Metabolic pathway of glycogen synthesis
ATP, UTP - energy rich compounds with high-energyndso which donate energy for the reaction, PGM -
phosphoglucomutase

Glu-1-P has a higher phosphate bond energy thaf-§libecause the phosphate is on the aldehydercarhe
AG'™ for the forward direction (glu-6-P> glu-1-P) is therefore positiveAG'® = +6.89 kJ/mol). Beginning at
equimolar concentrations of both compounds, ther@ net conversion of glu-1-P back to glu-6-P ahd a
equilibrium the concentration of glu-6-P is highkean glu-1-P. The exact ratio is determinedA§y° for the
reaction and can be calculated from the equatib®. 5.

AG"™ = -RT In Ky
where Kyis given by the ratio of the product concentraiiBjito the substrate concentration (S)
Keg= [9lu-1-P] / [glu-6-P]
then
AG'™ = -RT In ([glu-1-P)/[glu-6-P])
6.89 = -8.31x18 x 298 x In ([glu-1-P)/[glu-6-P])
[glu-1-P)/[glu-6-P] = &8
[glu-1-P]/[glu-6-P] =0.062

so the ratio of [glu-1-P] to [glu-6-P] at equilibm is 0.062.
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However, if another reaction uses glu-1-P suchttiiatratio P/S will decrease to e.g. 0.032, then
AG =AG” + RT In ([glu-1-P)/[glu-6-P])
AG = 6.89 + 8.31x18 x 298 x In 0.032
AG =-1.63 kJ/mol (negative value!)

Thus, adecrease in the ratio of product to sutestt@as converted the synthesis of glu-1-P from
thermodynamically unfavorable to a thermodynamjcdlvorable reaction that will proceed in forward
direction (to glycogen synthesis) until equilibriusreached.

The direction of this reaction is facilitated byetfavorable energy balance of the overall pathwlaglycogen
synthesis from glucose. The glycogen synthesisrpuarates reactions that expend high-energy bonds to
compensate for the energy-requiring steps. BecidngseG' values for a sequence of reactions are additie
overall pathway becomes energetically favorablee $ynthesis of glucose 6-phosphate is the firgt Btehe
utilization of glucose by many organisms:

glucose + P- glucose 6-P + (D AG'™ =+ 13.8 kJ/mol

If the reaction were to proceed by addition of georic phosphate to glucose, glu-6-P synthesis whalde
a positiveAG™. However, in the organism this reaction is dedpo cleavage of the high-energy ATP bond
through a phosphoryl transfer reaction

ATP + HO — ADP + R AG"™ = - 30.5 kd/mol

The energy released by ATP hydrolysis is used e glu-6-P synthesis. The energy balance of glucose
phosphorylation is calculated from the sum of the teactions

glucose + P- glucose 6-P + (D

ATP + HO — ADP + R

the sum: glucose + ATP glu-6-P + ADP
AG =AG"; +AG'",
AG = +13.8 + (-30.5) =16.71 kJ/mol

The overall reaction is exergonic. In the next stépre is the conversion of glu-6-P to glu-1-PeTdnergy
favorable direction of the reaction is obtainedusing glu-1-P at the next reaction sequence (skealation

above). At the next step the cleavage of UTP angfRide the energy (32.2 kJ/mol) for the generatibthe

activated intermediate UDP-glucose. In the lagh stiethe glycogen synthesis the high-energy bords@P-

glucose (-13.8 kJ/mol) are used to bind glucosy umthe existing chain of glycogen (Fig. 5.7).daese free-
energy changes are additive and the sequence cifares share a common intermediate, the overalbbmdic

pathway is thermodynamically favorable and resulglycogen synthesis.

5.3. Energy rich compounds

Many biochemical pathways form activated intermestiacontaining high-energy bonds to facilitate
biochemical work. The high-energy bonds, caketergy rich bonds(marked as ~) are not a special kind of
chemical bonds. They are covalent bonds with tigh biond energy which is released during a bondvalga
Energy rich bonds are defined by th& for ATP hydrolysis 4G° = -30.5kJ/mol). Any bond that can be
hydrolyzed with the release of approximately asmac more, energy than ATP is called a high-en&ayd or
aenergy rich bond. The meaning of generation of #reergy rich compounds in an organism is to store energy
and facilitate the energy transfer to perform nadghe work required in the cell.
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5.3.1. ATP, phosphorylation and their meaning in oganism

ATP plays a special role in an organism becaudes lzatabolism and anabolism reactiodslls obtain free
energy in a chemical form by the catabolism of ieatrmolecules, and they use that energy to make f&dm
ADP and R ATP then donates some of its chemical energynttergonic processes such as the biosynthesis of
macromolecules, the transport of substances aonessbranes against concentration gradients, and anaet
motion. Through donation of energy ATP participatethe reactions, with the final result that Aldcbnverted

to ADP and Pi or, in some reactions, to AMP and. ZRis cycle is callethe ATP-ADP cycle

ATP (adenosine triphosphate) is made up of threi@ s@mponents, the base adenine, a phosphate cizaia

of three phosphate groups and a ribose sugar bael(fig. 5.8). It is a nucleotide that contailarge amount

of chemical energy stored in two high-energy (epe&ich) phosphate bonds. When these bonds are lygday
energy is released (— 30.5 kJ/mol) because theupteaf the reaction are more stable than the aatxtThe
instability of the phosphoanhydride bonds arisemftheir negatively charged phosphate groups. YHeokytic
cleavage of the terminal phosphoanhydride bond irP Aseparates one of the three negatively charged
phosphates and thus relieves some of the eledimstgpulsion in ATP. ADP has fewer negative charge
repeal each other andiP more stable because the electrons of the oxggeble bond are shared by all the
oxygen atoms (resonance structure).
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k H\H H/H
OH OH
adenosine 5' - triphosphate inorganic phosphate adenosine §' - diphosphate
ATP P; ADP

Fig. 5.8. ATP hydrolysis

Although the hydrolysis of ATP is highly exergonitie molecule is kinetically stable at pH 7 becatise
activation energy for ATP hydrolysis is relativeligh. Rapid cleavage of the phosphoanhydride bowedsrs
only when catalyzed by an enzyme which decreageadtivation energy of the reaction. The value533/mol
that is generally used for theG? of ATP hydrolysis is thus the amount of energy e from hydrolysis of
ATP under standard conditions. But the actual #rergy of hydrolysisAG) of ATP in living cells is very
different and the cellular concentrations of ATH)A and R are not identical and are much lower than the 1.0
M of standard conditiongzurthermore, Mg in the cytosol binds to ATP and ADP and form dmnplexes
which partially shield the negative charges andf@anation of phosphate groups in ATP and ADP (Eig).
Thus the finalAG under intracellular conditions depends on actaaicentrations of substrates and pH in the
cell. In intact cellsAG for ATP hydrolysis is much more negative the®°, ranging from -50 to -65 kJ/mol and
is often calledhe phosphorylation potential
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Q /O © MgATP* Q /O MgADP
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Fig. 5.9. Formation of ATP complexes with M§'"
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Though it is often spoken about ATP hydrolysisiochemistry, ATP is not hydrolyzed directly in tbell in the
majority of cases. Energy released as heat from Aydolysis cannot be transferred into energy-néagi
processes such as biosynthetic reactions. In deneilia not ATP hydrolysis buthe direct transfer of a

phosphoryl, pyrophosphoryl, or adenylyl groupfrom ATP to a substrate or enzyme molecule thapkss the
energy of ATP breakdown to endergonic transfornmatiof substrates. The reactions of ATP are gene®it

nucleophilic displacements. Each of the three phatgs of ATP is susceptible to nucleophilic attaokl each
position of attack yields a different type of pratiurhe nucleophile may be an alcohol (ROH), a @gybgroup
(RCOO) or aphosphoanhydride. According to the taosiof nucleophilic attack and the group which is
transferred to an acceptor (Fig.5.10), it is idfent:

1. the phosphoryl transfer - a nucleophile attactg position in ATP, the group transferred from ATPais
phosphoryl (-P@%), not a phosphate (-OR®) and ADP is displaced\G®~ 30.5 kJ/mol

2. the pyrophosphoryl transfer — attack at thep phosphate of ATP displaces AMP and transfers

a pyrophosphoryl groupAG® ~ 45.6 kJ/mol

3. the adenylyl transfer— nucleophilic attack at theposition of ATP displaces P&hd transfers adenylate (5'-

AMP) as an adenylyl group. The reaction is callddrglylation, hydrolysis of the — p phosphoanhydride
bond releases considerable amount of enex@y,~ 46 kJ/mol. Furthermore, the #&med as a byproduct
of the adenylylation is hydrolyzed to twg I/ the ubiquitous enzyme inorganic pyrophosphataseasing
19 kJ/mol and thereby providing a further energysip’ for the adenylylation reaction. Adenylylation
reactions are therefore thermodynamically very fakte and are used to drive a particularly unfabiera

metabolic reaction, e.g. fatty acid activation, monacid activation
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Fig. 5.10. Types of the energy transfer after a nuebphilic attack on ATP
The nucleophilic attack by the labeled nucleopRIEO: produces three types of energy transfer (a) wheroxygen of the
nucleophile attacks the position, the bridge oxygen of the product is lebe the group transferred from ATP is
a phosphoryl transfer (b) attack on tfigosition displaces AMP and leads to the transfea pyrophosphoryl group to the
nucleophile (c) attack on theposition displaces PPi and transfers the aderytglup to the nucleophile.

Nucleotides formed in these reactions are very i regulators of cell metabolism because maagtiens
in metabolism are controlled by the energy stafuthe cell. Energy chargeis an index used to measure the
energy status of biological cells. It is related\BP, ADP and AMP concentrations and it is defilasd

[ATP] +%, [ADP]
[AMP] + [ADP] + [ATP]
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In general, increased concentrations of AMP or Af@Bult in the stimulation of catabolic reactiong, ithe
reactions which produce ATP and at the same tineegyrconsuming reactions are blocked. Thus, theeased
level of AMP in the cell represents the signal vtk final meaning - ,starvation” of the cell.

Phosphoryl group transfers from ATP also resulaimnaccumulation of ADP. ADP contains ogeergy rich
phosphate bond therefore the cell is able to gémek@P from ADP in the reaction catalyzed aglenylate
kinase,the enzyme that transfers a phosphate from one ta2Rother ADP

2ADP <~ ATP + AMP

Although ATP is the primary high-energy phosphatampound, several enzymes in the cell can carry
phosphoryl groups from ATP to the other nucleotifi¢BP, CDP, GDP). Nucleoside diphosphate kinasendo
in all cells, catalyzethe transphosphorylation reaction

ATP + NDP«< ADP + NTP

where NDP is nucleoside diphosphate (UDP, CDP, Giol)NTP is nucleoside triphosphate (UTP, CTP, GTP)
Although this reaction is fully reversible, the atlely high [ATP]/[ADP] ratio in cells normally dres the
reaction to the right, with the net formation of R§. Besides RNA synthesis, the cells use these KIfRsm
activated intermediates. Different anabolic pattsvayge different nucleotides as the direct sourcdigif
phophate-bond energy, e.g. UTP is used in sugaatak$ém, CTP in lipid metabolism and GTP in protein
synthesis.

5.3.2. Other energy rich compounds
Organism, to ensure its energy demands, forms etirapounds containing high-energy bonds. They are
* phosphoenolpyruvate, where a phosphate ester bond undergoes hydrolgsigetd the enol form of

pyruvate, and this direct product immediately tawtozes to the more stable keto form of pyruvate
(Fig.5.11)

COoO
oo coo ADP  ATP |
C—O-LPO# C—-O-H 2\ % =0
: +HO ——> | + HPQ - H—C—H
/C\ Pt tautomerization [
H H H H H
phosphoenolpyruvate pyruvate pyruvate
enol form keto form

Fig. 5.11. Hydrolysis of phospoenolpyruvate

« 1,3-bisphosphoglycerate where hydrolysis of an anhydride bond is accompanied blarge, negative,
standard free-energy change3(° = - 49.3 kJ/mol) and resonance stabilization oflprts contributes to the
negative free energy change (Fig. 5.12)
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‘0O O resonance stabilization

\ Pi/ _ _
SN AN O_ OH SN
1T ADP  ATP T T
2CHOH CHOH CHOH
3 éHz éHz tL» éHz
c‘) (‘) ionization (‘)
0 P0 H20 0 PO 0 P0
& & 3
1,3-bisphosphoglycerate 3-phosphoglyceric acid 3-phospiigcerate

Fig. 5.12. Hydrolysis of 1,3- bisphosphoglycerate

« thioesters,in which a sulfur atom replaces the usual oxygethéester bond. Hydrolysis of thioester bond
also have large, negative, standard free enex@y € - 31.4 kd/mol). The acyl group in these compousds
activated for transacylation, condensation, or att@h-reduction reactions. Acetyl-CoA is one ofnya
thioesters important in metabolism (Fig. 5.13)

resonance
stabilization
CoASH g
0 H” )
EH:—Ci —.-"—A" CH—C —/—b_‘_ CH:CT,
TTsecer Ho o o
ionization
acetyl CoA acetic acid acetate

Fig. 5.13. Hydrolysis of acetyl coenzyme A

* phosphocreatine the P-N bond is hydrolyzed to generate free crediir) and P(Fig. 5.14). The release
of P, and the resonance stabilization of creatine resuknergy The standard free-energy change of
phosphocreatine hydrolysis is again larg&f = - 43.0 kJ/mol).

resonance stabilization
ADP ATP

IR e L5
'O*%N*(\\Z*N—CHTCOO' HgN*(H:fN—CHTCOO' <> HZNiEC:N*CHZ*COO
" *NH, *NH, NH,
phosphocreatine H20 creatine

Fig. 5.14. Hydrolysis of phosphocreatine

Phosphocreatine (PCr) serves as a ready sourdeepporyl groups for the quick synthesis of ATRr&DP
in the case of extended energy demand such as encsetraction. The enzynmezeatine kinasecatalyzes the
reversible reaction

ADP + PCre ATP + Cr
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When the demand for energy slackens, ATP produgechtabolism is used to replenish the PCr resetwpir
reversal of the creatine kinase reaction.

As you could see in this chapter, in the courseewflution an organism has developed highly efficien
mechanisms for coupling the energy obtained fronlight or fuels to the many energy consuming preesst
must carry out. ATP as universal energy curren@y®lthe central role in these processes. Cells taiain
constant levels of ATP despite fluctuations in thee of utilization. Therefore, increased utilipatiof ATP
increases the rate of fuel oxidation. Opposite,l&ss ATP is used, the less fuel will be oxidiz&tle major
control mechanism in regulation of fuel oxidatiommoys the feedback regulation by ATP levels or by
compounds related to the concentration of ATP. sThased on the validity of the thermodynamic laavergy
received in consumed fuel is either oxidized to e energy demands of the basal metabolic rate an
exercise, or it is stored as fat.

Control questions:

1. Calculate the equilibrium constant of fumariédaconversion to malic acid if a change in stand@ildbs
energy AG° = -880 J/mol, T= 310 K)

2. The highest-energy phosphate bond in ATP igéachetween which of the following groups?

a) adenosine and phosphate
b) ribose and phosphate

c) ribose and adenine

d) two phosphate groups

3. Assess the type of a reaction that occursarctinversion of citric acid te-ketoglutaric acid, if the standard
Gibbs energy of these reactions are:
citrate® « isocitrate® AGP = +1,490 J/mol
isocitrate®™ + % Q + H, < a-ketoglutaraté” + HO + O, AG® = -54,400 J/mol

4. Which of the following statements best describesdirection a chemical reaction will follow:

a) A reaction with positive free energy will proceedthe forward direction if the substrate concendrats
raised enough

b) A reaction will proceed in the forward directionttfe free energnG® is positive under the standard
conditions

c) The direction of a reaction is independent of thiéal substrate and product concentration becduse
direction is determined by the change in free eperg

d) The enzyme for the reaction must be working at $5ff its maximum efficiency for the reaction to
proceed in the forward direction
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6. ORGANIC COMPOUNDS AND THEIR BIOLOGICALLY
| MPORTANT REACTIONS

6.1. General characteristics of organic compounds.

Organic chemistry is thehemistry of carbon compounds In organic compounds carbon atoms @realently
bonded to each other and to atoms of other nonsjetath as hydrogen, oxygen, nitrogen, sulfur ahd
halogens. All other compounds are inorganic, bettmclude a few carbon compound — oxides of carbon
carbonates, bicarbonates, cyanides, cyanates. e\WWhgre are known only about 500 thousands of arocg
compounds, natural or synthetic organic compoumesoger 15 millions. Almost all reactions in livingatter
involve organic compounds.

Carbon is of central importanet the molecular level of life because its atoms make up most of the backbones
of molecules (other than water) that are in livicgjls. The major constituents of living matteproteins,
carbohydrates, lipids, nucleic acids, enzymes, homnes, cell membranes are organicThese compounds
have quite complex structures. To understand theamyill have to study simpler molecules first.

Originally, organic chemistry concerned only théstances obtained from living matter. For yeargrdests
believed that organic compounds may be formed onliving systems. However, in 1828, the Germanncisé
Wohler prepared urea in laboratory by heating therganic compound ammonium cyanate, without the
necessity of a kidney. Urea is an organic compouhith is formed in the liver and excreted by kidadthe
main nitrogen waste of animals).

NHCNO ——  BN-CO-NH
Ammonium cyanate Urea

Organic substances include not only natural pradbat also synthetic substances. At present, tinebau of
organic compounds that have been synthesized ideatia and industrial research laboratories is faatgr
than the number known natural products. Anothesardor synthesis is to create new substances mitte
useful properties than the natural products. Maymounds used in medicine are synthetic.

6.2. Structure of organic molecules

Carbon atom is in the group 14 (carbon group) eiopéc table of elements. With four valence eleospthe
valence shell of carbon is half filled. Carbon atbas neither a strong tendency to lose all itstedlas nor
a strong tendency to gain four electrons. Beinghan middle of the periodic table, carbon is neitegongly
electropositive nor strongly electronegative. lastdt usually forms covalent bonds with other atdm sharing
electrons. The sharing of electron pair leads tom&iion of acovalent bond.

Carbon exists in two forms, In basic state (inofg@arbon) its electron configuration is expresasgC (1€ 28
2pt Zp/lszo) from which it follows that carbon atom is twadbended. In excited state electron ,jumps” from
s orbital to energetically more rich orbital Electron configuration of that carbon atom (orgasarbon) can be
written aseC (15 28" 2p! 2p,'2p,"), where is visible that carbon atom in excite estaas four non-paired
electrons, that is why it will be in its compourfdsir - bonded - it can take part in the formatidrfaur single
bonds.

basic state 1l 11 t R
excited state 11 1 1 1 t
1s 2s 2py 2py 2p,

All bonds are equivalent and symmetrically orgadjzealence angles in space are approximately 189° (n
methane molecule).

Organic chemistry is a chemistry of covalent bartdiracteristic with sharing of one electron paimfge bond,

C - C, with bond angles 109° ), two electron pairsuf@le bond, C = C, with bond angles 120°) or thieetson
pairs (triple bond, &G C with bond angles 180°) either between carbomator between the carbon atom and
another element.

The prevalence of nonmetal atoms in organic comgeumeans that their molecular structures are ddedriay
covalent bonds. Most inorganic compounds are io@arbon-carbon and carbon-hydrogen bond are thé mos
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prevalent in organic molecules. Organic compoumdgealatively nonpolar, except when electronegaditems,
such as oxygen and nitrogen are present. Most imrgampounds are relatively insoluble in water, many
ionic compounds are soluble.

The properties of organic compounds are influengid polarization of covalent bonds when arrangeintén
molecules and substituents causes shift of electemsity around the atoms. There are formed reapiaces in
molecules of organic compounds allowing reactioprtuceed.

Structure theory — the chemical properties of compounds are detexanby different arrangement of atoms in
molecule and their mutual relations, i.e. chemgtalcture. Each compound has certain charactersimgture.
The structural features allowing to classify orgamolecules are calleflinctional (characteristic) groups
(Chapter 6.4.1).

6.2.1. Relationship between compounds structure artoperties. Isomerism.

Themolecular formula of a substance tells us the numbers of differtorha present, butstructural formula
tells us how those atoms are arranged. Moleculgshiive the same molecular formula (kinds and nurabe
atoms) but different arrangements are caideaners. So, isomers are different compounds, that havesainge
molecular formula, different molecule structure atiffierent chemical and physical properties. isEnce of
unlimited number of organic compounds results ftheexistence of isomerism.

When we consider the molecules of nature, suctadmbydrates, lipids, proteins, and nucleic acigswill see
that different isomers have different chemical ghgsiological behavior. We often find that althoublere are
many possible isomers, only one isomer has phygicdd function. There is high selectivity in the lecules
used in nature.

There are two different types of isomersoenstitutional isomersandstereoisomers Both types of isomers
play key roles in the selectivity of biological pesses.

6.2.1.1. Constitutional isomers

Constitutional isomersare different compounds having the same moledolamnula but different structural
formulas — different connectivity, the order in whiatoms are attached to one another. There apes tyf
connectivity differences, any one of which giveserio constitutional isomers:

a) carbon chain isomerism (different carbon skeletons, branched or unbradathain)

CH;
|
C4H1o CH; - CH,— CH,— CH; CHz—CH-CH;
molecular formula butane 2-methylpropane (isobutane)

b) position isomerism(different placements of the functional groupsioesame carbon skeleton)

OH
|
C3HgO CHz — CH,—-CH, — OH CHz—CH-CH;
molecular formula 1-propanol 2-propanol

c) functional group isomerism (different functional groups together with diffatecarbon skeletons)

C,HsO CH; - CH, - OH CHz—O-CH
molecular formula ethanol dimethyl ether

d) isomerism of double bonds position(different position of diouble or triple bond threir number)
C,Hg CH,=CH-CH-CH; CH;—CH=CH-CH
molecular formula 1-butene 2-butene

e) oxo — enolandlactam — lactim tautomerism (different position of hydrogen atom, which is ciaiwhing
position of double bond)
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Many aldehydes and ketones actually exist as aflilium mixture of two forms called the keto (ox&rm
and the enol form. The two forms differ in the ltea of a proton and a double bond.

CH,=CH-OH= CH;—CH=0 N=C-OH= —NH-C=0
| |

enol- vinylalcohol oxo (keto) acetaldehyd lactim (enol) lactam(oxo)

Lactim — lactam tautomerism is very important imipe and pyrimidine bases of nucleic acids. Oxmel e
tautomery is exhibited in case of molecules of agils, e.g. pyruvic acid and acetoacetic acid:

CH3—(|f—COOH — CH2=(|:—COOH CHg—ﬁ:—CHZ—COOH — CH2=(|:—CH2—COOH
OH (@) OH
0x0 (90%) enol (10%) 0X0 enol
pyruvic acid acetoacetic acid

6.2.1.2. Stereocisomers

Stereoisomershave the same connectivity but differ in their fogurations. Configuration describes the
relative orientations in space of the atoms ofaestisomer, independent of changes that occurtagion about
the single bond (they are of different biologicefiety). There are two classes of sterecisomers:

a) geometrical stereoisomersalso callectis — transisomers.

Geometrical isomers are compounds with double Hasdilkenes) and cyclic compounds, when therelsdo
the same substituent on each of two carbon atdmhvare connected by double bond.

Examples of geometrical isomers of compounds wdihble bondsare cis— and trans—2-butene or cis— and
trans— butendioic acid:

H—C—COOH HOOC—C—H
H—C—COOH H—C—COOH
maleinic acid fumaric acid

cis — butenedioic acid trans — butenedioic acid

Geometrical isomery causes different propertiebath isomers. The fumaric acid is biochemical int@or
component of citrate cycle, while maleinic acic ilttle toxic.

Cis - trans isomerism is important in several jidal processes, one of which is the vision. Irs thiocess
isomerization of highly unsaturated aldehyde ofi@tinal to trans—retinal plays role. Retinal asibg oxidation
of alcohol, —OH group of vitamine A to aldehyde gpo

Cis —trans stereoisomerism aycloalkanes. The carbon — carbon bonds of aring, unlike thasedyclic
structures, have restricted rotation. The carb@matof a ring are not free to rotate relative toheather.
Certain cycloalkanes posess geometrical, or cisstraterecisomerism, a type of isomerism differieam
constitutional isomerism, because of this regdabtation. Cis—trans stereoisomers have the saivgituents
attached to the same carbon atoms of the ring —s#tmee connectivity — but the compounds differ in
configuration — that is, in the spatial orientatiarwhich the substituents extend from the ringooas into the
regions lying on opposite sides of the plane ofrihg. The cis— isomer is the isomer in which twleritical
substituents on two different ring carbons aretengame side of the ring. The trans— isomer hasaheimilar
substituents on opposite sides of the ring. Fomga cis— and trans— stereoisomers of cyclopropane:

H3C CHs HsC H
/ N / N
H H CHs;
cis cyclopropane trans cyclopropane
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b) enantiomers oroptical isomers.

Optical isomerism is conditioned by presenceasymmetric (chiral) carbon atom (C*). Asymmetric carbon
atom, callecthiral center, is defined as a carbon atom with four differgrtups attached to it.

Enantiomers are isomers that are nonsuperimposable mirrorésafieach other. The two molecules are mirror
images if each one can see the other as its mimage. The two molecules are nonsuperimposableeif to
not become identical. A molecule that is nonsuppasable on its mirror- image molecule is said tahieal or

to have chirality. Molecules that do not posesalhir are achiral.

Enantiomers haveonfiguration D- or L-. Chiral compounds exhibit optical activity, and aegéd to be optically
active. The enantiomers of an enantiomeric pairideatical in all their physical properties (e.gillmg point,

solubility) except optical activity. Optical actiyiis the ability of a compound to rotate the plarfigoolarized
light. The two enantiomers of a pair of enantiomatate the plane of polarized light by the sammiper of

degrees, but in opposite direction. One enantiomaites light in the clockwise direction and is |edl
dextrarotatory. The direction of rotation of plasfepolarized light is indicated in the names of mr@mers by
placing (+) and (-) as prefixes to their names,eiwample (+) — glyceraldehyde and (-) — glycerajdie. The
direction of optical rotation (+ or -) is determéhavith polarimeter. The configuration (whether O-1g) is

determined by X — ray crystallography. There isgemeral relation between configuration and directd

optical rotation. Some D- enantiomers are dexteaooy (e.g. D-(+)-glyceraldehyde), other are levarory (e.g.
D-(-)- fructose, or L-(+)-lactic acid).

H—C,I=O H—C,Z=O
H—C~OH HO—C—H
CH,OH CH,OH
D(+) - glyceraldehyde L(-) - glyceraldehyde

Equimolar mixture (1:1) of both enantiomers is sidras D,L- (racemate) and is without optical attivi

The enantiomers of an enantiomeric pair have diffebiological activities. Enzymes of saccharidgahelism
catalyze reactions only of D(+)-saccharides. Enzaymie mammal catalyze only reactions of L-aminodaci
Lactate dehydrogenase oxidizes only L(+) —lactid,gand cannot change D(-) — lactic acid. One goarer of
an enantiomer pair can be active medicament ( €~ adrenaline), while the other is inactiveH)
adrenaline). One may be toxic, and the other withiuia effect.

6.2.1.3. Conformational isomers (conformers)

A single bond between any two atoms possessesdtaton, that is, the atoms in the bond are &bletate
freely relative to one another through 360° , dmelytdo it continuously. There is little or no energtation
about single bonds. Due to the free rotation a cubdecan have differembnformations.

Conformation of molecule is arrangement of a gigenfiguration in space. Conformation is usuallyicail for
large-sized biochemical molecules such as protaiaghohydrates and nucleic acids. One conformaion
favored over others for a large-sized molecule, thiglspecific conformation determines the mole'sutererall
shape, which in turn is critical to its physiologiiédunction.

Conformation of alkanes For a simple molecule like ethane, for exampiejrdinite number of structures is
possible as a consequence of rotating one carlmm @nd its attached hydrogens) with respect toother
carbon atom. Two of possible conformations of ethare staggered and eclipsed. In #taggered
conformation of ethane, each C —H bond on one cabigects an H- C —H angle on the other carbonthén
eclipsedconformation, C-H bonds on the front and back casbare aligned. By rotating one carbon 60° with
respect to the other, we can interconvert staggarefleclipsed conformations. Between these twoemds
there is an infinite number of intermediate confations of ethane:
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staggered eclipsed

H H
H H H H
H
H/ \‘H
\
H H H

Conformations of cycloalkanes.Six-membered rings are common in naturecyi€lohexanewere a planar
hexagon, the internal C—C—C angles would be 12f)fite a bit larger than the tetrahedral angle @Q9The
strain that would result from such angles prevecyslohexane from being planar. The most favored
conformation of cyclohexane is tiehair conformation, an arrangement in which all the C-C-C anglestlage
normal 109.5°, and all the hydrogens on adjacembara atoms are perfectly staggered. In the chair
conformation, the hydrogens in cyclohexane fallbintvo sets, calledaxial and equatorial. Three axial
hydrogens lie above and three lie below the averagenean, plane of the carbon atoms, the six egaht
hydrogens lie approximately in that plane. By aiowin which alternate ring carbons move in onection
(down) and the other three ring carbons move indpgosite direction (up), one chair conformatiom ¢ee
converted into another chair conformation in whéotial hydrogens have become equatorial, and viceave
Another puckered conformation for cyclohexane, onghich all C-C-C angles are the normal 109.5this
boat conformation. This conformation is very much less stable thendhair conformation:

chair boat

6.3. Reactions of organic compounds

Reagentsin organic chemistry have character of low molecwaight compounds (molecules, ions, radicals)
reacting with substrate. We recognize:

a) homolytic reagents— they are free radicals — particles containing on more non paired electrons
(e.g. He, Cls). They exist only for splits of sexts and have tendency to connect resulting in fooma
of covalent bond.

b) heterolytic reagents— they are ions or polar molecules. In their moles they contain free electron
pairs.

- nucleophilic — reagent is a donor of electron for formatiotofd (e.g. OH, X /halogen/, HO,
NH;
- electrophilic — reagent is an acceptor of electrons in reactan’'SO;H, "NO, , CI")

Reaction are classified:
1. according to the nature of bond cleavage to:
a) radical reactions — homolytic cleavage of bond XY - Xe+Ye
During homolytic cleavage of bond each ofie@@aconnected in covalent bond retains one of valenc
electrons. Homolytic cleavage of bond of stable goumd can be caused with ultraviolet light or effec
of a homolytic reagent.
b) ionic reactions — heterolytic cleavage of bond XY - XT+Y'
During heterolytic cleavage of covalent boinel complete electron pair stays with one atom.ofaing
to the reagent ionic reactions are classified noieleophilic— using nucleophilic heterolytic reagent
— electrophilie- using electrophilic heterolytic reagent
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2. according to the structural change of substratéo:
a) addition —double or triple bond change into the simpler one

\C—C/Jr XYy — \C—C/ CH,=CH L CH;—CH
=G AN —=Chp 3 3
XY ethene ethane

b) substitution — in a substrate molecule (initial compound) atargroup of atoms are substituted with
another atom or group of atoms, respectively.

R-CH-X + Y- R-CH-Y + X CH;— CH, - Cl + OH CH-CH,—OH +CT
Ehyl chloride Ethanol

c) elimination —> - (reverse of addition) — from substrate simpleeuale (water, hydrogen,
ammonia, halogen, hydrogen halide) is eliminateftm product with multiple bond

AN 7 XY N\ / -2H
C—C —» = _ - 9 _
AT =G CH;—CH; — CH=CH,
X Y dehydrogenation
ethane ethene
-H,0
HOOC—?H—(llH—COOH ——» HOOC—CH=CH- COOH
OH H dehydration
malic butenedioic

d) Molecular rearrangements— reshuffle of atoms or group of atoms from one@lim molecule of substrate
to another one to form more stable product (eamérization of ammonium cyanate to urea in heating

6.4. Types of organic compounds and their charactestic groups

The study of organic chemistry is organized aroarfdnctional (characteristic) group. Parts of moles that
include nonmetal atoms other than C and H, or ldaat double or triple bonds, are specific sitesriganic
molecules most often attacked by chemicals. Thesal aunits are calledfunctional (characteristicgroups,
because they are chemically functioning locatidithough over fifteen million organic compounds &rewn,
there are only a handful of groups, and each onesdo define a family of organic compounds (T&ah.)
Organic compounds according to arrangement of ocacbains are:

1. Acyclic 2. Cyclic
- unbranched (straight chain) - alicyclic (cyclohexane, cholesterol)
e.g. butane CH CH,—- CH,— CH; - aromatic — arenes (benzene)
- branched, e.g. isobutane £HCH - CH; - heterocyclic (pyrrole, nicotine)
\
CH

Both, cyclic and acyclic compounds, according tespnt bonds may be saturated or unsaturated. Cyclic
compounds that contain rings of carbon atoms dtedoearbocyclic. The smallest possible cyclic ring has three
carbon atoms, but carbon rings come in many sindssaapes. The rings may have chains of carbon atom
attached to them and may contain multiple bondge-Fand six-membered rings are most common. Many
compounds with more than one cyclic ring are known.
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Aromatic compounds

Aromatic compounds (e.g. benzene) are class ofliccgabstances with special chemical propertieieda
aromaticity. They contain conjugated system of deuionds, despite its, they do not behave as urdaty
their test for unsaturation is negative. They dburwergo the typical addition reactions, like caupds with
double bonds. They are not easily oxidized by @iidj agents (e.g. potassium permanganate, KMrikbey do
not act as unsaturated, becamselectrons of their conjugated double bonds atecdéized — thet electrons
are distributed evenly around the ring.

Heterocyclic compounds

Heterocyclic compounds are cyclic compounds, incilzt least one atom in the ring must deeteroatom, an
atomthatis notcarbon. The common heteroatoms are oxygen, nitragdrsulfur, but many hetorocycles with
other elements are also known. More than one hegtmmo may be present, and, if so, the heteroatonyshma
alike or different. Heterocyclic rings come in magiges, may contain multiple bonds, may have cadi@ins
or rings attached to them, and in short may eklailireat variety of structures. The most importaet five-,
and six — membered with one or more heteroatonaselthan one ring contain fused heterocycles. ideyetes
are components of proteins, nucleic acids, vitamamsl coenzymes. Heterocycles are present in matwyah
products, which have important physiological effemh humans or play a key role in some biologicatesses.

The most important heterocycles are following:

ARANGEaNAER

Furane Pyerol Pyrrolidine Thiophene  Imidazole Thiazole
XN Yy N7 N © X

> YT

L b

N N NG = NH N ’
Pyridine Pyrimidine Purine Pyran Indole Nicotine

Many heterocyclic compounds are aromatic. One arengarbon atoms of an aromatic ring are replaced wi
heteroatoms, and the system will still retain it®naatic properties. Except pyrrolidine and pyrafl, a
heterocycles shown above are aromatic. Pyrrolenfand thiophene are also aromatic, because theanaus
electron pair on the heteroatom (nitrogen, oxyged aulfur) is delocalized as part of the six-electron
aromatic ring.

Different basicities of nitrogen heterocyclic corapds reflect their structural differences. For egnpyrrole
is very weakly basic (Kof 4.10'%), but pyrrolidine is an ordinary amine base, @ 1.3.10°). Pyrrole is an
aromatic compound, the unshared electron pair ennttrogen is delocalized as part of the gmixelectron
aromatic ring. In contrast pyrrolidine is an ordnaecondary amine with the unshared electronlpedlized on
the nitrogen atom.

Pyrrole rings form the building blocks of several biolodlgamportant pigments. Theorphin contains four
pyrrole rings linked by one-carbon bridges. Theauale is flat and has a conjugated system comgris8wt
electrons. Its derivatives aporphyrins andthey form complexes with metallic ions. Porphireifsdoes not
occur in nature, but several metalloporphyrins fMay roles in the life processes. For exantp@ene an iron-
porphyrin complex present in the red blood pigntesrhoglobin, is responsible for oxygen transport.

The indole ring contains amino acitkryptophan. Decarboxylation of tryptophan gives tryptamineariyt
compounds with this skeleton have a profound effecthe brain and nervous system. One example asosen
(5-hydroxytryptamine), a neurotransmitter and vasstrictor active in the central nervous system.

Vitamins B; and Bg is a relatively simplgyridine derivative. Thamidazole skeleton is present in the amino
acid histidine. The pyrimidine and purine ring systems are present in tBNA and RNA bases. The
barbiturates, whose uses range from mild sedatives to hypnaticanesthetics, angyrimidine derivatives.
Pyrimidine andthiazole rings contairthiamin (vitamin B,). Examples of well-knowrmpurines areuric acid
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(the end product of nitrogen metabolism of birdd eeptiles)caffeine (present in coffee, tea) atiteobromine
(found in cocoa).

6.4.1. Functional (characteristic) groups occurrig in organic compounds

Although over 15 millions of organic compounds &xiiey can be classified into several types adngrth the
presence of certain characterizing structurharacteristic (functional) groupsin their molecules (Tab. 6.1.).
Functional group is agroup of atoms, which has characteristic chemical behavior in every molecule where it
occurs. These atom groups give the character to the wholecule and together with its skeleton determisie i
physical properties, reactivity and the type oteptial reactions.

Tab. 6.1. Types of organic compounds and their chacgeristic groups

Type of compound Characteristic group Prefix Suffix
Halogen compounds O F 0O ClLO Br,O | fluoro-, chloro-,
bromo-, iodo-
Nitro compounds O NO, nitro-
Nitrosocompounds O NO nitroso-
Aldehydes
c? ° formyl- - al
Ketones 0 C=0
| 0XO0- - one
Carboxylic acids
0 . .
_Cc” carboxy- - ic acid
“OH

Alcohols — OH hydroxy- - ol
Thiols — SH merkapto- (thio-) - thiol
Ethers —O0—R R-oxy
Sulfides —S—R R-thio
Disulfides —S—S—
Sulfonic acids — SO H sulfo-
Amines — NH; amino- - amine
Imines =NH imino- - imine
Oximes =N—OH hydroxylimino- - oxime
Nitriles —C=N cyano- - nitrile

6.5. Hydrocarbons

Hydrocarbons are compounds that contain only atfrearbon and hydrogen

6.5.1. Classification of hydrocarbons

There are three main classes of hydrocarbonsratatl)y unsaturated and aromatic. Saturated hydrooar
(alkanes) contain only carbon-carbon single bohtfsaturated hydrocarbons contain carbon-carbonipteult
bonds, either double (alkenes) or triple (alkynespoth. Hydrocarbons may be cyclic or acyclic. dadic
hydrocarbons are a special class of cyclic compsualdted in structure to benzene.

6.5.2. Solubility of hydrocarbons

Hydrocarbons of all types, saturated or not, hamroon physical properties. They are insoluble itewal he
reason is that water molecules are polar, whdrgdiocarbons are nonpolar. Hydrocarbons dissolvenpolar
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solvents. Hydrocarbons themselves are used as lomgmvents. Substances whose molecules are lgntire
even mostly hydrocarbon-like are likely to be indidé in water but soluble in nonpolar solvents. Egample,
the entire cholesterol molecule is hydrocarbon:llkénas only one polar , the —OH or alcohol groaupd this is
not enough to make cholesterol sufficiently polardissolve either in water, or in blood. It is knowhat
cholesterol can form solid deposits in blood capils and may even close them. The heart has tk hasder,
and a heart attack can occur.

6.5.3. Alkanes

All alkanes fit the general molecular formulaHz,.5 wheren is the number of carbon atoms. Each member of
homologous series differ from the next higher dranext lower member by a —gHgroup (methylene group).
Members of such a series have similar chemicalptydical properties.

Alkanes are saturated hydrocarbons containing sinfple @) bonds in their molecules. Four bonds going out
of carbon atom contain 109° angle (tetrahedrahgement).

Formally, removal of one hydrogen atom from hydrboa results in formation of alkyl group (one valgn
group) oralkyl, e.g.:

R-H R - CH;—H CH- CH-CH-H CH-CH -
Alkane Alkyl Methane Methyl Ethane Ethyl

Alkanes are nonpolar compounds, therefore theg@léle in nonpolar solvents and insoluble in wad¢kanes
are relativelynonreactive, and typically take part imadical substitution reactions, such as halogenation, e.g.
chlorination of methane to mono-, di- tri-, anddaehloromethane, under UV irradiation or heat:

-HCI -HCI -HClI -HCI
CH; —> CHsCl —> CH,ChL —> CHC > CC
Ha Ch = e FCh Ch b Ch h
Methane Chloromethane ahethane Trichloromethane  Tetrachlorome¢ha
(chloroform) (carbon tetnéoride)

The most important use of alkanes is as fuels. Mdkaalso cycloalkanes) burn in an excess of oxygdarm
carbon dioxide and water. Most important, the lieastevolve large quantities of heat, that is, rdection are
exothermic. Theombustion of methane and butane is expressed in the follpweactions:

CH,+2 0, — CO,+ 2 HO + 848 kJ/mol Hio+65Q - 4CO+5HO0 + 2800 kd/mol

These combustion reactions are the basis for theiubydrocarbons for heat (natural gas or heatil)gand for
power (gasoline). The reaction has radical nataneinitiation step is required (usually ignition bByspark or
flame). Once initiated, the reaction proceeds spmuusly and exothermicallfCombustion — complete
oxidation of hydrocarbons and other compounds is one ofnthet important of organic reactions. It is not
without any problems. If insufficient oxygen is dahle for complete reaction, partial combustionyneecur,
and the reaction products, such as carbon mongosatbon or oxidized organic compounds such ashgttks
and acids, may become atmospheric pollutants:

2CH;+30, - 2CO+4HO ChH+ O, - C+2HO CH+ O, -~ CHO+ HO
Carbon monoxide Carbon Formaldehyde

Toxic carbon monoxide in exhaust fumes, soot enhittipiously from trucks with diesel engines, smeguiting
in part from aldehydes, and acids build-up in loating oils, these all are prices we pay for beingotorized
society.

6.5.4. Alkenes

Alkenes are unsaturated hydrocarbons that conteamtzon-carbon double bond. Double bond consiste®d
bond and onet bond. Double bond has some special features tst@glish it from simple bond. Each carbon
atom of a double bond is connected to only threéeroatoms (instead of four atoms, as with tetraddechrbon.
Such carbon ifrigonal. The two carbon atoms of a double bond and thedtams that are attached to them lie
in a single plane, and the bond angles are appedglgn 120°. Although rotation occurs freely arowichple
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bonds, rotation around double bonds is restrickdkdenes form homologous series, with general mdbac
formula GH,,.

Unsaturated hydrocarbons have physical properieias to those of alkanes. They are insoluble iiev. As
with alkanes, compounds with four or less carbamatare colorless gases, and the more common dieso
and larger homologues are volatile liquids.

Alkenes are far more reactive than alkanes. Dolbibfel is very sensitive to oxidizing agents.

The most common reaction of alkeneselsctrophilic addition reaction. In this reaction, thH - bond of
alkenes is broken and te bond of the electrophilic reagent is also brokemo newd bonds are formed. The
typical reaction of alkenes is addition of halogemshalogenic acids HX. For example, if brominalsado
ethylene, 1,2 — dibromoethane is formed:

CHZ:CHZ + Brz —> CHzf?Hz

\
Br Br

In case of assymetric alkenes the addition reaétibows Markovnikov's rule : the hydrogen atom of HX is
added to the carbon with the greatest number ofdggh atoms while the X component is added to #neon
with the least number of hydrogen atoms, e.g. @atien of hydrochloric acid with propene:

CH=CH-CH; + HCl —» ‘CHZ—‘CI-FCH3
cl

Propene 2-Chloropropane

Addition of water to alkene molecules (the reactisncalled hydration) produces alcohol, e.g. ethylene
hydration produces ethanol. The reaction is usdddtmially to synthesize alcohols from alkenes. ifidd of
hydrogen to alkenes (that is callbgdrogenation) producessaturated hydrocarbons, e.g ethane is formed by
hydrogenation of ethene:

hydration catalyst
CH,=CH, + HO—>» CH,—CH,-OH CH,=CH, + H, ——>» CHz—CHj
|‘_| hydrogenation
Ethene (ethylene) Ethanol Ethene Ethane

Polymerization of alkenes is free radical addition and leads tonfdion ofpolymer. A polymer is a large
molecule, usually with a high molecular weightjlbup from small repeating units. The simple mallecfrom

which these repeating units are derived is calledomomer, and the process of converting a mondmer
polymer is called polymerization. Some polymersitsas starch, cellulose, and silk, are naturalmpelg, they
are produced in nature by animals or plants. Syiathplymers are those made in laboratory, andcatked

plastic:

n CH=CH, —-CH,-CH, ]~ n = several tens till thousands ofenules
Ethylene Polyethylene

Dienesare alkenes, that contain in molecules two doubledb. Double bonds are said todwenulated when
they are right next to one another ( C = C = C).eWImultiple bonds alternate with single bonds, rthétiple
bonds areconjugated (C = C — C = C). When more than one single bontebetween multiple bonds, the
latter areisolated (C = C — C — C = C). Dienes are reactive, impdrtaaction is -addition polymerization.
For example, polymerization of isoprene moleclgesls to formation ofsoprenoides:

nCH=C-CH=CH —» J-CH,—C=CH-CH]+
| |

CH CH
2-Methyl-1,3-butadiene Polyisoprene
(isoprene) (isoprene polymer)

Natural rubber is an unsaturated hydrocarbon palyihés obtained commercially from the milky sdptéx) of
the rubber tree. When latex is heated in the alesefair, it breaks down to give unsaturated hgdrbons
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isoprene. The five — carbon repeating unit thatesakp the natural rubber molecule is calledsaprene unit
It consists of a four-carbon chain with a one-carboanch at carbon — 2. The isoprene units aredféumany
other natural products besides rubber, such asidgseterpenes, some vitamins.

N oo o oy

6.5.5. Alkynes

Alkynes are unsaturated hydrocarbons, that cordatriple bond. A carbon that is part of a triplentois
attached to only two atoms, and the bond angl8@S.1They have a linear geometry. Alkynes form btogous
serie, with general molecular formula,HG,..

Alkynes are reactive, givaddition reactions, for example:

CH=CH + HClI -~ CH,=CH-CI CH=CH+HOH- [CH,=CH-0OH - CH;—CH=0
Ethine (acetylene) Vinylchlorid Ethine (acetylene) Acetaldehyde

6.5.6. Cyclic hydrocarbons

a) Alicyclic
Alicyclic hydrocarbons are cykloalkanes, cykloalksrand fused - polycyclic hydrocarbons, e.g.:

Cyclopentane Cyclohexane Cyclohexdbgclohexadiene Cyclopentanoperhydrophenanthrene

From cyclopentanoperhydrophenantrene are deriwedids. Cycloalkanes give radical substitution tieas.
Cykloalkenes give addition reactions and are sgpdid oxidizing agents.

b) Aromatic hydrocarbons — arenes
Arenesare cyclic hydrocarbons, which have in ring conjedart - electrons, their number must égual
to (4n+2), where nisinteger (n=0,1,2..).

5-0 00 000 oF oSy

Benzene Naphthale Anthracene Phemiaamte Benzopyrene

The basic aromatic hydrocarborbisnzene It formally corresponds to hypothetical 1,3,5-ofedxatriene, but it
is not unsaturated, because its electrons are distributed evenly around the (dejocalized). Benzene ring is
planar, with angle bonds a20°.

Aromacity means the unusual stability of certaifiyfiwonjugated cyclic systems. Benzene is aromafib
special chemical properties. Benzene does not leehawnsaturated, it does not undergo the typiditian
reactions. It is not easily oxidized. Instead, leemz reacts mainly bgubstitution (nitration, halogenation,
sulfonation, alkylation).

Aryl (Ar-) group is formally created by separation gtitogen atom from an arene. Phenyl and benzylvese t
groups the most commonly occurring in arenes:

o o oo

Benzene Phenyl Toluene (methyl benzene)  Bénz
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Arenes, e.gbenzeneand polycyclic arenes, likeenzopyrene,arecarcinogenic Enzymatic oxidation converts
benzopyrene to diol-epoxide, which reacts with wal DNA, causing mutations. These carcinogenic
hydrocarbons are present not only in coal tar taat i soot and tobacco smoke.

Benzeneitself is quite toxic to human and can cause ldamage, butoluene (methylbenzene) is very much
less toxic. To eliminate benzene from the body, al@matic ring must be oxidized. Benzene ring &blst to
oxidation. However, the methyl side chain of toleeran be oxidized to give benzoic acid, which cen b
eliminated.

6.6. Derivatives of hydrocarbons

They are formed by replacing hydrogen atom in hgdrbon with another atom or a group, so calledtfanal
group (Tab. 6.1.).

6.6.1. Halogen derivatives of hydrocarbons

Halogen derivatives (alkyl- or aryl halides) areridged from hydrocarbons by replacing the hydrogeithw
halogens (chlorine, bromine, iodine, fluorine). Ylw®ntain polar covalent bond-©~  halogen,thay are non
polar. Therefore they are insoluble in water, aresaluble in alcohols and ethers. They are usexblasnts of
nonpolar compounds (GBl,, CHCL, CCly).

Typical reactions for alkyl halides areicleophilic substitution reactions The reaction islkylation, and
alkyl halides are used atkylation agents.

For example ethyl bromide reacts with hydroxidetogive ethyl alcohol and bromide ion:

HO
OH +CH,CH,-Br — . GKH,— OH +Br

Hydroxide ion is thenucleophile It reacts with substrate (ethyl bromide) andaeps bromide ion. The bromide
ion is called théeaving group. In reaction of this type, one covalent bond isken and one new covalent bond
is formed. The leaving group (bromide) takes wittboth of the electrons from the C —Br bond, ahd t
nucleophile (hydroxide ion) supplies both electréorsthe new carbon-oxygen bond. A nucleophile ieagent
that can supply an electron pair to make a covddentl.

Halogen derivatives of organic compounds are vexictfor living organism, except one — iodide dative of
thyroxine, thyroid gland hormone, thyroxine. Desgitis, many halogen compounds have very praaieas —
as insecticides, herbicides, fire retardants, éepfiuids and refrigerants.

Chlorinated methanes are made by chlorination adhame. Carbon tetrachloride (GElIs liquid insoluble in
water, but it is a good solvent for oil and greased is used to remove stains from clothes. Becalige high
density and nonflammability, carbon tetrachloridaswonce widely used as a fire extinguisher. Chérof
(CHCI;) and methylene chloride (G8I,) are both widely used as solvents of organic suizsts.

Chloroform and carbon tetrachloride are suspect@atimogens. CGlwith water is decomposed to toxic
phosgene (COG). lodoform — CHk (yellow powder), with disinfection effects, is dseas antiseptic.
Bromoform - CHBr; contains some antitussives.

The most important polyhalogenated methanes andneth are the chlorofluorocarbonsfreons (e.g.
dichlorodifluoromethane, GEL,). They are colorless gases or liquids, that amtaxic, nonflammable. They
are used as refrigerants in air conditioning arepefeeeze units, and as aerosol propellants. Exeesse led to
concern that these inert materials might accumdutatihe environment and pollute the atmosphereyTdan
diffuse upward and have a damaging effect on tién'saozone layer, a section of stratosphere tbaens out
much of the dangerous ultraviolet radiation confiiogn the sun. This could result in climate modifioa, crop
damage and additional cases of skin cancer.

Many polyhalogen compounds have been used as icidest and o cl
herbicides. They are toxic, they affect centralrvoas system.

Tetrachloro-dibenzodioxin (dioxin) is, in trace amount, a by-product in
polyhalogen compounds manufactubBgoxin is one of the most powerful
poisons known. It is a carcinogen, a teratogen sfsuige that causes
abnormal growth), and a mutagen (substance thatcesd hereditary

mutations). It is toxic at very low concentratiqas< 1 mg.I%).

O Cl

Tetrachloro-dibenzodioxin (,dioxin®)
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6.6.2. Hydroxyderivatives of hydrocarbons

Hydroxyderivatives contaihydroxyl group —OH in their moleculesAlcohols have the — OH group attached to
a saturated carboRhenolshave the same group attached to an aromatic ring.

R - OH CH- OH CH-CH,— OH &l — OH GHs — CH, — OH
An alcohol Methanol Ethanol hepol Benzylalcohol

The hydroxyl group is present in many biologicatiyportant molecules, such as saccharides, proteirdeic
acids, steroids (cholesterol), terpenes (geraniatgmins (vitamin A — alcohol, vitamin E — phejol

6.6.2.1. Alcohols

The bond —G-H bond is highly polar by the high electronegayivf the oxygen atom. This polarization places
a high partial positive charge on the hydrogen at®etause of this charge and its small size, tldedgen atom
can link together two electronegative oxygen atofwgo or more alcohol molecules become associatexigjn
hydrogen bonds. Consequently alcohols have higb#@ing points than those of ethers or hydrocarbaits
similar molecular weights
0O-H...00-H ...00-H
O O O
R R R

Classification of alcohols: CHs
a) according to the kind of carbon that holds thé gdoup 0

-primary ( 1-butanol)  Ckt CH,— CH,— CH,— OH  -tertiary (tert. butyl alcohol) cH,—C - CH

- secondary (2- butanol) CH,— CH,— CH — CH 0
O OH
OH
b) according to the number of OH groups:
-monohydric  (ethanol) CH- CH, — OH - trihydric  (triols) Chi- CH—CH,
-dihydric (diols or glycols) Ch-Ch; (propanetriols or glycerol)d o O

(ethanediol or ethylene glycol)JOH O - polyhydric (sorbitol) OH OH OH

OH

Biologically important reactions of alcohols

a) oxidation (dehydrogenation)
Alcohols with at least one hydrogen attached tohiéroxyl-bearing carbon can be oxidized to carthony
compounds. An oxidation is the loss of 2 H atomgain of O atom by a molecule.

Primary alcohols givealdehydes which may be further oxidized tarboxylic acids:

2H B -2H 420,
CH;—OH - H-CH=0 - H-COOH CH;— CH,—- OH - CH;— CH=0- CHz— COOH
Methanol Methanal -2H Forraid Ethanol Ethanal Acetic acid
(formaldehyde) (acetaldehyde)

Secondary alcoholsgive ketones
CHy—CH—CH; —2> CHy;—C—CH
o i
2-propanol propanone (acetone)

Tertiary alcohols do not undergo this type of oxidation.
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Alcohol with more than one hydroxyl group:

Oxidation of diols - glycols,compounds with two adjacent alcohol groups, isresged by the following
equation:

CHr-OH ,, HC=0 359 COOH HC=0 +12Q COOH
e E— e e
Hz-OH éHz— OH Hx-OH JIOOH JIOOH
Ethylene glycol Glycol aldehyde Glycolic acid Glyoxalic acid Oxabcid
zH\A HC=0 /1/: 0
HC=0
Glyoxal

Oxidation oftriols, compoundsvith three hydroxyl groups, is expressed by theaiqu:

CH,-OH CH,-OH HC=0 COOH

I 2H | -2 H I + HO |

C|I=O <—— CH-OH —> CH-OH T CH-OH

CH,-OH CH,-OH CH;OH CH,OH
Dihydroxyacetone Glycerol Glyceraldehyde €Hic acid

In the body, similar oxidations are accomplishedelngymes together with coenzyme, nicotinamide aeni
dinucleotide, NAD (see Chapter 12.2.1). NARlehydrogenates alcohol to aldehyde (or ketonek fEaction
takes place in liver. It is a key step in the bedsftempt to get rid of consumed alcohol:

alcohol dehydrogenase

-2 H
CH3—C|ZH—OH + NAD+ h CH3—(|3=O + NADH + Ht
+
H H
Ethanol Ethanal

The resulting acetaldehyde, also toxic, is furtteddized to acetic acid and eventually to carbawxidie and
water. Formation of oxidation metabolites causesxiity of alcohols.

Methanol can cause permanent blindness or death, evenah dases (5-100 g). The reason methanol is so
dangerous is that human have liver enzymes thatizexiit to formaldehyde (}£=0). Formaldehyde react
rapidly with the components of cells. It causesdbagulation of proteins. This property accountstlie great
toxicity of methanol. Formaldehyde is further oxigldl to formic acid (HCOOH), that causes acido$igesit

is only very slowly excreted in urine.

Ethanol is also toxic, but to a much lesser degree thathamnel. In the body, ethanol is oxidized by the sam
liver enzymes that operate on methanol. (Ethandiaistered intravenously, has long been used as an
antidote for methanol poisoning). Product obtaifreth ethanol is acetaldehyde. This product is @ddi in
turn, to acetic acid, a normal constituent of ¢aHat is further oxidized in citrate cycle. Whenenzyme, that
oxidizes acetalhehyde into acetic acid is missingtaldehyde is accumulated in liver and causes fibrosis.
Excessive ingestion of ethanol over a long peribiihee leads to deterioration of the liver and lo§snemory.
Ethanol acts as a mild hypnotic. Ethanol can casesation, transquility, lack of coordination, ohwo
intoxication, unconsciousness and possible deathiidad concentration about 80 mmol/l or 4 promile)

Ethylene glycolis water soluble liquid with sweet taste and isduas antifreeze in automobile radiators (its 50
% solutions don't freeze to —40°C). Ethylene glyisoloxic (lethal dose about volume of 100 ml). Thason

of ethylene glycol toxicity lies in oxidation de@imed above. Because its metabolites — glyoxalic exalic
acid are toxic.
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b) Esterification
Esterification is the reaction of either organidramrganic acids with alcohol.

Esterification of alcohol with inorganic acids
Inorganic esters are compounds in which the profam acids is replaced by an organic residue (R-)

a) by reaction of alcohol with nitric acid, HNG;, alkyl nitrates may be prepared:
CHy 0-NO; CH;-O—-NO;
CH O-NO, —> CH—0-NO; + 3H,0

CH, 0-NO;, CH-0-NO,
Glycerol Nitric acid Glyceryl trinitrate

Glyceryl trinitrate is explosive and also is usedriedicine as a vasodilator, to prevent heartlastan patients
who suffer fromangina pectoris.

b) by the reaction of alcohol with sulfuric acid, HSO,, alkyl sulfates are prepared:

-H-O + CH;OH
CHy 0-50; % CHO-S0; % CHO—S0,—OCH
= M2

Methanol Sulfuric acid Methyl sulfate Dimetlgyifate

¢) by the reaction of alcohol with phosphoric acidH;PO,, alkyl phosphates are prepared :

(|:H2—OH CH,—OH
C|:H—OH (|)H — » CH—OH OH + H,0
CHy o—||3=o CHZ—O—I|3=O

OH OH

Glycerol Phosphoric acid Glycerolphosphate

Glycerol phosphate is a structural component ofgderilipids.

Esters of phosphoric acid (alkyl phosphate), diphosic acid (alkyl diphosphate), triphosphoric a@tkyl
triphosphate) are versatile biochemical reactants:

Il Il (II) (IID (II) (II)
HO—I|3—OH HO—I|3—O—IT—OH HO—IT—O—IT’—O—IT—OH
OH OH OH OH OH OH
Phosphoric acid Diphosphoric acid Triphosphoric acid
+ ROH + ROH + ROH
- H,0O - H,0 - H,0
i T 0 P90
R—I|3—OH R—I|3—O—I|3—OH R—I|3—O—I|3—O—I|3—OH
OH OH OH OH OH OH
Alkyl phosphate Alkylpdiosphate Alkyl triphosphate
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At the pH of most body fluids (slightly more thapphosphate esters exist mostly as negative ions:

+ O +
I -H Il . H Il -
R—P—OH — R—P—O " R—P—O
I +H I +H |
OH OH O
pH << 7 pH< 7 pH = 7

A di- and triphosphate contain three functionalugps the phosphate ester group, the proton donating
— OH group and the phosphoanhydride system:

Phosphoanhydride system

—

0 0 .10
R—O—P—O~P—OH Ade—O—P—O~P—O Ade—O—P—O~p—0O~P—O
proton donor | B | B R _
T OH  OH  ‘goups o) ¢ o) o)
Phosphoester bond ADP (adenosine diphosphate) ATP (adenosine triphosphate)

The phosphoanhydride systemis a major storehousef chemical energy in living systems, contains
energy rich (mark) phosphoanhydride arrangement. The source ahaltenergy in the triply charged anion
of ADP is the tension up and down of the anhyddtain. This central chain bears oxygen atoms with f
negative charges, and these charges repel eaclr. ollies internal repulsion primes the
phosphoanhydride system to break apart exotherwidait is attacked by a suitable reactant. Be@aus
adenosine triphosphate, or ATP, has two phosphahit®y systems in molecule, it is one of the most
important energy-rich substances in the body (degpt@r 5.3.). By cleavage of phosphoanhydrideesyst
energy is released:

ATP + HO == ADP + P AG" =-30.5kJ/mol (= inorganic phosphate)

ATP is the main source and transporter of chemicaiggnia living cells.

Macroergic phosphates are energy reach compoundsthey are protected against attack of nucleoghile
because of their negativelly charged oxygen atoms.

Esterification of alcohols with organic acids(see Chapter 6.6.5.1.)

6.6.2.2. Phenols

Phenolsare hydroxyderivatives of arenes, where —OH fameti group (or more -OH groups) is attached to an
aromatic ring. Phenols are much stronger acids dl@hols.

Phenols have found use as germicides or antiseptich as disinfectants. Phenol kills not only uirdéde
microorganisms, but all types of cells. Phenoladgid. Applied to the skin, it can cause severe buin
bloodstream it is a systematic poison. Phenol siddesmall quantity in colon, is detoxicated withogironic
acid (see Chapter 7.3.4.1.).

Phenols are easily oxidized. Biologically importémteversibleoxidation of diphenols (dihydroxybenzenes)
into quinones. Quinones constitute a unique class of carbonyl pmamds. They are cyclic conjugated
diketones (unsaturated, not aromatic!). The phenols functsrantioxidants, and are oxidized instead of
substances to which they have been added. Alsowit& (alpha - tocopherol) is a widespread natyrall
occurring phenol. One of its biological functiongpaars to be acting as a natural antioxidant.
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Biologically very important is reversible oxidatioof
OH 0 hydroquinone, which is trivial name for 1,4-
dihydroxybenzene into 1,4-benzoquinone.

-2H This oxidation-reduction reaction also expressasciples

—_— of using of hydroquinone as photographic develapers

+2H Hydroquinone reduce silver ion that has been expdse
light to metallic silver and in turn is oxidized goiinone.

OH e} This reversible reaction plays an important rolesaveral
Hydroquinone 1,4 - Benzoquinor  biological oxidation-reduction reactions.

1,4 -dihydroxybenzene All quinones are colored. Many are naturally occurring

plant pigments, and they exhibit special biologiaativity.
CoenzymeQ, derivative of 1,4-hydroquinone, also knownuéséquinone, because of its occurrence in animal
and plant cells. Ubiquinones participate in elattr@ansport in mitochondria in the cell that areoived in the
metabolism of lipids, saccharides and proteins.

6.6.3. Thiols, disulfides and sulfides
Thiols are sulfur analogs of alcohols and phenols (Arosratic ring)

R - OH R - SH ¢HSH Cg-CH, - SH Ar — OH AISH
Alcohol Thiol Metnethiol Ethanethiol Phenol Thiophenol

Both, the —SH group, an easily oxidized group, #@S —S system, an easily reduced group, arerprgse
molecules of proteins. The —SH group is calledtthie group, or the sulfhydryl group. Some very njant
properties of proteins depend on the presenceeof8H group, which contributes to protein structuyeone
of the building blocks of proteins, the amino acédled cysteine. o H

Thiols are easily oxidized tdisulfides by mild oxidizing agents. , R—SH =——>= R—S—S—R

Disulfides are reduced to thiols. This reversiblgidation-
: Lo . . : +2H _—
reduction reaction is biochemically very important. Thiol Disulfide

Glutathione (see Chapter 9.2.4.) is biologicallypartant thiol, its antioxidative properties arekia with
above reversible reaction. Disulfide bond (—-S—%- important in formation of protein structuremio acid
cysteine is oxidized, according to the above rébkrgeaction to cystine. Hair consists of adis protein,
keratin, which contains an unusually large percentagaulbfiscontaining amino acidystein (horse hair, for
example contains about 8% of cysteine).

In organic chemistry,sulfide" usually refers to the linkage C-S-C, although térm
thioether is less ambiguous. For example, the théedimethyl sulfide is CHS-
CHs. Polyphenylene sulfide has the empirical formula ¢8,S. It is a polymer S
n

commonly called "Sulfar". Its repeating units arended together by sulfide
(thioether) linkages.

Polyphenylene sulfide is an organic polymer comrggsbf aromatic rings linked with sulfides. Syntieefiber
and textiles derived from this polymer exhibit elleet resistance to chemical and thermal attack.

6.6.4. Carbonyl compounds
The carbonyl group-C = O is present iraldehydesandketones These compounds are important in many
biological processes.

Aldehydes have at least one hydrogen atom attaih#te carbonyl group. In ketones, the carboaybon
atom is connected to two other carbon atoms:

. % o) o) o) o o
[ 7 Z Z I [
—C —CHO R—-C H-C CeHs—C R—C—R CH+—C—CH
N AN N AN 3 3
H H H H
Aldehyde group An aldehyde Methanal Benzaldehyde Ketone Propanone
(polarization) (formaldehyde) (Els—phenyl) (acetone)
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The carbon-oxygen double bond consists of lrond and am bond. As accepted for Sghybridization, the
three atoms attached to the carbonyl carbon li@ ptane with bond angles of 12@xygen is much more
electronegative than carbon. Consequently therelesin the C = O bond are attracted to the oxygad,the
bond is highly polar. This effect is especially poonced for thet electrons, which are less firmly held than
the sigma electrons. Carbonyl compounds are reactig a consequence of this polarization, manyti@a
of carbonyl compounds involve attack of a nucletglia supplier of electrons) on carbonyl carbonrato
Nucleophils attack the carbon atom of a C = O dedtdnd because that carbon atom has a partialltivygos
charge. Ketones are somewhat less reactive thehyalds toward nucleophiles.

Aldehydes cause irritation of respiratory tract ayds.Formaldehyde H,C=0, has bactericidal properties. Its
37 % aqueous solution callédrmalin, is used as a disinfectant and preservathoetaldehyde CH;,CH=0,
is formed during fermentation of glucose. It i®&it substance, responsible for ethanol intoxicatio

oxidation /o . oxidation‘
—————— > R-C carboxylic > relatively stable
/O OH acid against oxidation
R—C\ — R_%_R N
H reduction O reduction
aldenyde ~“————» R—CH,—OH primary ketone —— > R—CH—R secondary

H, (Ni, T, p) alcohol Hz (Ni, T, p) | alcohol
or donor of H: or donor of H: H

6.6.4.1. Chemical reactions of aldehydes and ketones

a) oxidation and reduction

The aldehyde group is easily oxidized to a carbioxytoup. Oxidation of an aldehyde gives an acithwhe
same number of carbon atoms, but the ketone sy#edifficult to oxidize. Aldehydes have reductive
properties, they can reduce e.g. Fehling’s or mddleeagents:

/O + i :
SO 2[AgINH))| + OH  ——> R-COO +2Ag) +4NHf +2HC
H

Aldehyde Silver-ammonia Carboxylic ~ Silver mirror
complen acid ion

Aldehydes and ketones are reduced to alcohols Whedrogen is added to their carbonyl group. Reduactib
aldehydes and ketones is either addition of hydrageeduction by hydride ion transfer. Donor ofihigle ion

in laboratory can be a metal hydride, e.g. LiALéF in living system NAD:H (coenzyme — nicotinamide
adenine dinucleotide). Addition of hydrogen (2tbl)double bond is calleldydrogenation.

b) nucleophilic addition to carbonyl group and condensation reactions

Addition of alcohols. Formation of hemiacetals andcetals.

Alcohols are oxygen nucleophiles. They can atthekcarbonyl carbon of aldehydes or ketomesulting in
addition to the C=0 bond. Because alcohols ar&wealeophiles, an acid catalyst is used. The r@act
product is a hemiacetal, which contains both arreahd an alcohol functional groups at the samigorar
atom. Aldehydes and ketones react with alcohotertm initially hemiacetals (addition of alcohol)drif
excess alcohol is present, acetals (1,1 — diethers)

. OH
/O i | mniacetal (l)H H' L
— + —OH = R—C— —C— — === R—C—
R C\H CHs R—C—H hydroxylic R—C—H + CHs—OH === R—C—H +H,0
OCH;z 9roup OCHs OCHs
Aldehyde Alcohol Hemiacetal Hemiacetal Acetal
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The hydroxyl group of the hemiacetal is replacedabyalkoxyl group. Acetals have two ether functlona
groups at the same carbon atom. Each step is ileleerslemiacetals are unstable, easily can be etbaw
carbonyl compound and alcohol. Relatively stabéearclic hemiacetal forms of saccharides (interiated of
formation of saccharide acetals — glycosides Ceapter 7.3.4.4.).

Aldol condensation

The simplest example of an aldol condensation és dbmbination of two acetaldehyde molecules, which
occurs when a solution of acetaldehyde is treaiddagueous base:

OH

O (0] - O
7 o 7 OH |, @ 7
CH3—C\ + HCHZ—C\ CH3—CH—CH2—C\
H H H
Ethanal Hihba 3-Hydybutanal
(acetaldehyde) (an aldol)

The product is called aaldol, 3—hydroxyaldehyde.The a hydrogen in carbonyl compounds is more acidic
than normal hydrogens bound to a carbon. After rahof a hydrogen as a proton, enolate anion is formed.
The a carbon acts as a nucleophile, the product alldays has just one carbon atom between the aldehyde
and alcohol carbons.

Aldol condensation is extremely useful carbon-carbond-forming reaction, it takes place in metasraliof
glucose (glycolysis).

Addition of nitrogen nucleophiles

Amines have an unshared electron pair on the mtragtom and act as nitrogen nucleophiles toward the
carbonyl carbon atom. The addition product thebisned first is similar to a hemiacetal, but itshen NH
group in place of one of the oxygens. These addpi@ducts are normally not stable. They eliminateder

to form a product with a carbon — nitrogen doutd@dh With primary amines, the products are callathés,

or Schiff bases Aldehydes give aldimines and ketones give ketsinin this type of
reaction.

@) O

yZ -H>O Z -H,0O
R-C{  + HN—CH3—> R-CH=N—CH;  R—C{ + HN—CH3— > R-C=N—CH
H R R
Aldehyde Aldimine Ketone Ketimine

Schiff bases are important intermediates in sonozh@mical reaction, particularly in binding cargbn
compounds to the free amino groups present in rengymes. Reaction take place, for example, at non-
enzymatic protein glycation (see Chapter 7.3.4.5.).

6.6.5. Carboxylic acids

Carboxylic acids are the most important organid®cr heir functional group is ttearboxylic group:

O @] O O O
Y V V Y Z
—c< R—C< rR—c” H—c” CHi—C”
OH OH N N N
Carboxyl group Carboxylic acid An acyl group Formyl Acetyl

Acyl groups are single bond groups derived by reampwvOH from carboxylic group of acid. Acyl groupse
named from the corresponding acid by changing tfigng —ic to —yl. Acyl group derived from formicidds
formyl and from acetic acid is acetyl..

Carboxylic acids are polar. Carboxylic acids arédiac since ionize by losing Hfrom carboxyl group.
Carboxylic acids dissociate in water, yieldingaaboxylate anionand a hydronium ion:

< + H,0 —> R—COO + HO*

Carboxylate ion  Hgdium ion
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Carboxylic acids are usually weak acids with valiogization constants kabout 1.16.

According number of their carboxyl groups —COOM known: mono-, di- a tricarboxylic acids.Carboxylic
acids may beaturated or unsaturated (Tab. 6.2. and Tab. 6.3.).

In the nomenclature of carboxylic acids, the carbbthe carboxyl group is numbered 1. In their naolature
we can designate carbons with letters of the Gadpkhabet. For example, the carbon neighboring with
carboxyl group is labeled alpha)((and following aref, y, &...€). A common nomenclature is also used in
connection with carboxylic acids such as lacticaci

Formic acid, HCOOH, the simplest carboxylic acid is the stmstgmonocarboxylic acid, it exerts bactericide
effect. It is partially responsible for the irri@t of ant bites and bee stings.

Acetic acid, CH;COOH, constitutes about 6 % of vinegar. It is awown intermediate of metabolism fats,
saccharides and proteins.

Oxalic acid, (COOH), the simplest and strongest dicarboxylic acid. rigstalline solid. Concentrated form of
oxalic acid and its salt calcium oxalate are paismn Oxalic acid occurs in many plants and vegetalsduch as
spinach and rhubarb. Though toxic, it decomposes iarrendered harmless during cooking. The acid act
directly on the mucose and by formation of insadutdicium oxalate it deprives the body of ionizatticim.

Benzoic acid (GHsCOOH), prevents the grow of fungi and microorgarssits sodium salt, sodium benzoate
is used as a food preservative. It is a toxic wutre for living organisms, and is detoxicatechi liver.

Tab. 6.2. Examples of saturated mono- and dicarbglkc acids

Monocarboxylic acids Dicarboxylic acids
formula - .Name formula — Name

substitution common substitution common
HCOOH Methanoic Formic
CH; COOH Ethanoic Acetic HOOC-COOH Ethanedioic | Oxalic
CH; CH, COOH Propanoic Propionic | HOOC- CH-COOH Propanedioic| Malonic
CH3(CH,), COOH | Butanoic Butyric HOOC-(CH),—COOH | Butanedioic Succinic
CH; (CH,); COOH | Pentanoic Valeric HOOC—(CH)3;—COOH | Pentanedioic| Glutaric
CH; (CH,), COOH | Hexanoic Caproic HOOC-(CH),—COOH | Hexanedioic | Adipic

6.6.5.1. Chemical reactions of carboxylic acids
a) neutralization

Carboxylic acids are neutralized by strong basegitte salts. Salts of carboxylic acids are ioreenpounds.
This reaction is extremely important at the molacuével of life, because the carboxylic acids et by
metabolism must be neutralized. Almost all carbizxgtids in cell and body fluids are presentasboxylate
anions (R—COQ ) at physiological pH values.

R— COOH + NaOH —>» R-COONa* + H50
acid base salt

CH;- COOH + NaOH—> CH;-COONa* + H,0
Acetic acid Sodium acetate

(COCH), + Ca(OH) — (COO)Ca + 2H,0
Oxalic acid Calcium oxalate

Sodium and potassium salts are well soluble in wétalcium oxalate is insoluble in water. It is@mponent of
urine stones which may clog the kidney tubules.
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Organic acids at pH of cell value 7.4 are dissociated into carboxylate aniofs— COO . Summary of
important mono-, di- and tricarboxylic acids aneéithoxygen-containing substitution derivatives presented
in Tab. 6.3. Most of these acids are convertedtiit @cid cycle.

Carboxylic acids can form a wide range of derixdi which are classified as:
1. functional —salts esters thioesters halogenidesamides anhydrides,
2. substitution —hydroxy acids, oxo acids amino acids halogen acids
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Tab. 6.3. Summary of important acids, their oxygenantaining substitution derivatives and their anions

OH

Name of acid Formula Name of salt
substitutional trivial R-COOH R-COO™
methanoic formic HCOOH formiate
ethanoic acetic C¥COOH acetate
ethanedioic oxalic HOOLC OOH oxalate
propanedioic malonic HOOCH,-COOH malonate
butanedioic succinic HOOCH,),-COOH succinate
penthanedioic glutaric HOG(CH,);-COOH glutarate
butenedioic fumaric (rans) | 5~ cH=cH-COOH fumarate

maleinic (cis) maleinate

) ) CH;—CH—-COOH
2-hydroxypropanoic lactic | lactate

3-hydroxybutanoic

3-hydroxybutyric
B-hydroxybutyric

CHy—CH—CH;—COOH

3-hydroxybutyrate
B-hydroxybutyrate

(2-oxosuccinic)

OH
. . HOOC-CH—CH,—COOH
2-hydroxybutanedioic malic Cl)H malate
. . . HOOC-CH—CH—COOH
2,3-dihydroxybutanedioic tartaric | | tartrate
OH OH
C|:H2—COOH
2-hydroxypropanoic-1,2,3- . L .
tricarboxylic citric HO—C—COOH citrate
CH,—COOH
) ) CH;—C—COOH
2-0xopropanoic pyruvic [ pyruvate
. ) CH;—C—CH,—COOH
3-oxobutanoic acetoacetic (II) acetoacetate
2-oxobutanedioic . HOOC-CH,—C—COOH
oxaloacetic [ oxaloacetate

2-oxopentanedioic

2-oxoglutaric
a-ketoglutaric

HOOC—CH;~CH—G—~COOH

2-oxoglutarate
a-ketoglutarate

3-oxopropane-1,2,3-
tricarboxylic

oxalosuccinic

O=C—COOH
HE—COOH
CH,—COOH

oxalosuccinate
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b) Decarboxylation
Decarboxylation occurs when carboxylic acids amtde: Acid loses carbon dioxide (gdrom carboxyl

group.
200° C
HOOC - COOH ——> HCOOH + GO

Oxalic acid Formic acid

In organism decarboxylation often proceeds as tabarxidative decarboxylation, in which usuallyoacid is
decarboxylated to aldehyde and this can be fudkiglized to carboxylic acid. Oxidative decarboxidatof
pyruvic acid runs as follows:

-C O  ox
CH;—C—COOH o, CHg—cf —— > CHy-COOH
S H
pyruvic acid acetaldehyde acetic acid

Decarboxylation is important reaction in metabolishamino acids where e.g. biogenic amines cambadd
(see chapte®.1.4.1)

¢) Nucleophilic substitutions

By replacing of —OH group from carboxyl group byctaophil, functional derivatives of carboxylic asid
(esters, amides, acid anhydrides, acyl halideshoaneed.

R—*Cf #NE > RCT
OH Nu

Most reactions of carboxylic acids involve nucleitiphattack on a carbonyl carbon atom:

Biochemists refer to the overall reaction as a@msfer. The acyl group is transferred to nuclelephithe
product.

Example of such a reaction ésterification. Esterification is the reaction of carboxylic acid with alcohol.
When a carboxylic acid and alcohol are heatedénptiesence of an acid catalyst (usually HCI ), guildrium

is established with the ester and water: —OH grafugparboxyl group is replaced by —OR group (engthoxy
group —OCH).

When the alcohol is in an excess, Le Chatelierisciple operates and the equilibrium shifts so mtalihe
right that this is a good method for making anrestince esterification is reversible, it is pb$sito hydrolyze
an ester to the corresponding acid and alcoholdiyguan acid catalyst and a large excess of wRirerse of
acid esterification is ester hydrolysis.

O
z -
+ OH

H+ H+

CH;—COOH+HO-CH;==CH3—CO-OCH; +H,0 CHz—COOH+ HS—CH;== CH;—CO-SCH; +H,0
Acetic acid Methanol Methy! catet Acetic acid  Matlethiol Thioester

When carboxylic acids react with thiols (sulfur e of alcohols)thioesters are formed.Thioesters

represent activated forms of carboxylic acids (gcyh living cells. Acyl transfer plays an importamle in

many biochemical processes. The most importank tihiactivate acyl groups in the celldeenzyme Awhich is

a complex thiol (see Chapter 12.2.2.). It is usualbbreviated by the symb&lS—CoA. Coenzyme A forms
thioesters which are the active acyl-transfer age@f the thioesters that coenzyme A forms, thd aster,

calledacetyl-coenzyme Aabbreviated a€H;—CO ~ SCoA is the most important.

R—COOH + HS — CoA- R—-CO~SCoA+ H,0O CH;—COOH + HS — CoA— CHs-CO~SCoA+ H,0O
acyl~SCoA acetyl~SCoA
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AcetylCoA reacts with many nucleophils and taked pereactions of acetyl transfer (acetylationghich are
catalyzed with enzymes and run in the organism ptiynunder normal body temperatures. It is alsalzstrate
of Krebs (citrate) cycle and common intermediatenefabolism of lipids, saccharides and proteins

6.6.6. Functional derivatives of carboxylic acids

Functional derivatives of carboxylic acidsare compounds in which the hydroxyl part (—OH)thed carboxyl
group (—COOH) is replaced by other groups.

o o o o R
Y Y AN
R-c R r-c” R—c” o
OR]_ SR]_ X NH2 R—C
AN
O
ester thioester acyl halide acid amide acid ankgdri
X=ClL

Esters

Estersare derived from acids by replacing the —OH grauifh —OR group. Esters are named in a manner
analogous to salts (e.g. methyl acetate, ethybhteeethyl benzoate). Esters are prepared by fsdtion from
carboxylic acids or better from their functionatigatives, because they are more reactive tharsacid

Many esters are rather pleasant-smelling substawitbsflavor and fragrance of many fruits and flowe
Mixtures of esters are used as perfumes and @tiflavors. Esters of higher carboxylic acids tffatcids) are
fats, cerides and complex lipids. Esters and anmidesr widely in nature, and acyl halides are 8yrigroducts
of the laboratory. (The most important amidespatgeins, which contain amide bond —CO-NH-).

Acid anhydrides

Acid anhydrides are derived from acid by removingter from two carboxyl groups and connecting the
fragments. For example acetic acid anhydride:

o o o O
o o - H,O | [
CHyC\ + CHyC\ —— > CH3C—0—-C-CHj
OH OH
Acetic acid Acetic acid Acetic anhydride

Amides

Amides of carboxylic acids are formed by replacif@H group with —NH group. The most important amides
are proteins, which contain amide bond —CO-NH-special amide, the diamide of carbonic acigGBs,
inorganic acid) isirea.

Urea is produced by the reaction of ammonia wittbea dioxide, mainly for use as a fertilizer, arglraw
material in the manufacture of certain drugs ardtats:

0
200 °C I

CO, + 2NH;, 22~ » —C—

O, Hs oressure H,N—C—NH, +H,0

In mammalsurea is the end product of protein metabolism. It imnfed in liver in a metabolic pathway known
as the urea cycle, an anabolic process.. The thaibiatoms that make up a urea molecule come fiemmoa
dioxide, water, aspartate and ammonia. In humarea is dissolved in blood (in a concentration d 2.
7.5 mmol/liter) and excreted by the kidney as a poment of urine. In addition, a small amount ofauis
excreted (along with sodium chloride and waterdweat. An average adult excretes approximately 8Dugea
in the urine daily. If case of damaged kidneys etian of urea is depressed and uremia occurs.

Reverse reaction, hydrolysis of urea, is in bodglgaed by urease and produces free ammonia.
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Guanidine is derivative of urea and biochemicabyihtives of guanidine are creatine and creatin@reatine

phosphate plays important role in muscle work amgtinine (anhydride of creatine) is formed froreatine
by elimination of water.

HO—C—OH Ho,N—C—NH, H,N—C—NH,
Il Il IHIH
carbonic acid urea iminourea (guanidine)
CH;s CHs lll—CHz
I I /N
HoN —C”:— N—CH,—COOH @NH—%— N—CH,—COOH HoN —C\N/C=O
NH NH
creatine creatine phosphate creatinine

6.6.6.1. Chemical reactions of functional derivatives of carboxylic acids

The functional derivatives of carboxylic acids amere reactive compared to the individual carboxglaids.
Acid halides are most reactive, less reactive ahgdrides, esters and the least reactive are amide

Functional derivatives aractivated forms of carboxylic acids Electrophilicity of the carboxyl carbon is
increased by substituent with electron acceptopgnties thereby facilitating nucleophilic attacktla¢ carboxy
carbon in reactions of functional carboxylic acetidatives. Examples include acylation which meaog (R-
CO-) transfer to the nucleophile:

W0 0
R—-C +Nu: — » R-C7 + X: where X =—OR,-SR,-Cl or -NH,
\ \Nu
X
0
7
@) 0 o] 0 CH;—C
V V V AN
cr—cZ cHs—cl CH3—C< cH—cZ o
OCH; SCH; Cl NH, CHy—C
AN
@]
methyl acetate thioster acetylchlorideacetamid acetanhydride

of acetic acid

The nature of leaving group can affect the reactaie. The more electronegative L is, the moretpasthe
carbonyl carbon becomes, and, therefore, the mmeegptible is to nucleophilic attack.

Reactions of carboxylic acid derivatives with someleophiles are summarized in Tab. 6.4. The fgpeg of
acid derivatives are listed at the left of the ¢all order of decreasing reactivity toward nuclelgsh Three
common nucleophiles are listed across the top.e M@t the main reaction product in each colunthéssame,
regardless of which type of acid derivative we tsteith, whether we start with acyl halide, acid wdtide or
acid amide.Hydrolysis (+ water) of all acid derivatives gives the correspondingamic acid,alcoholysis
(+ R—OH) gives an ester, aathmonolysis(+ ammonia) gives an acid amide.
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Tab. 6.4. Reactions of acid derivatives with someunleophiles

+ nucleophile

Acid derivative

HOH (hydrolysis) R;—OH (alcoholysis) NH3 (ammonolysis)
Recio-el R—COOH + HCl R—CO-OR + HCl R-CO-NH, + NH,CI
Acyl halide
R-CO-O-COR |, 1 cooH R-CO—OR, + R-COOH | R-CO-NH, + R-COOH
Acid anhydride
R EOOR R-COOH + R,-OH R-CO-OR, + R—OH | R-CO-NH, + R~OH
XG0y R—COOH + NH, R-CO-OR; + NH, -
Amide
Reaction product | acid ester amide

a) Hydrolysis of esters
Hydrolysis of esters is the reverse of direct efstamation, in which carboxylic acid and an alcohod formed:

R-COOR, + HLO - R-COOH + ROH CH;—CO-O-CH;3; + H,O - CH,-COOH + CHOH
Ester Acid Alcohol Methyl acetate Acetiodaci  Methanol

Since esterification is reversible reaction, itpisssible to hydrolyze an ester to the correspondiid and
alcohol by using an acid catalyst and a large exoésater.

However, esters are more commonly hydrolyzed witlase. It is the nucleophile attack by hydroxide éo the
carbonyl carbon of the ester. Reaction is irreldesi Products oflkaline hydrolysis of esters aresalts of
carboxylic acids.Alkaline hydrolysis of esters is calledaponification, because this type of reaction is used to
make soaps from fats:

R-CO-OR; + NaOH - R-COONa' + R,—OH Ci7H35-COO R+ NaOH - C;7H3s—COO Na" + R,—OH
Adalt Sodium stearate

Soaps are sodium or potassium salts of long-ateinoxylic acids.

b) Claisen condensation

The Claisen condensation is very similar to thelatthndensation and it is a way of makigeto esters by
reaction of two esters or ester with carbonyl coumb For example, treatment of ethyl acetate watthism
ethoxide in ethanol produces teketo ester ethyl acetoacetate:

[l a [l C,HsONa I [
CH;—C—OC,Hs + H—CH,—C—OC,Hs ————>» CHz—C—CH,—C—OC;Hs + C,HsOH

Ethyl acetate Ethyl acetoacetate

This reaction is useful for making new carbon-carbonds in the laboratory, and it also plays anoirtgmt role
in fat metabolism.

In living cells, the reaction, in which thioesteesact (instead of oxygen esters), plays an impbrade in
metabolism of fats during biosynthesis of fattydsci

HSCoA

[ a Il [
CH;—C~SCoA + H—CH,C~SCoA CH;—C——CH,-C~SCoA + HSCo#
Acetyl-CoA Acetoacetyl-CoA
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6.6.7. Substitution derivatives of carboxylic acids

Substitution derivatives of carboxylic acids arenpmunds in which hydrogen atom of the side charbaa of
an acid is replaced by another atom or a groupy Binehydroxy acids, oxo acids, amino acids and halogen
acids.Some important hydroxy and oxo acids are shownrain. 6.3..

6.6.7.1. Hydroxy acids and their chemical reactions

Hydroxy acids are formed from carboxylic acids lp&titution of hydrogen atom of the side chain by —OH
group. Many hydroxy acids occur in nature and aoéobically important. The acid, which has its caxig- and
hydroxy- groups attached to the same carbon atero-drydroxy acids (e.gx — hydroxy propionic acid, lactic
acid). Ofp3-hydroxy acidsp-hydroxy butanoic (acetoacetic) is important intediate in fat metabolism.

To biochemically important hydroxyacids belong gliyc acid, lactic acid, malic acid, citric acid,h§droxy-
butyric acid. The most important aromatic hydroxglais 2-hydroxybenzoic acid — salicylic acid. Thaimuse
of salicylic acid is to prepare aspirin acetylsalicylic acid. Aspirin is widely used as an analgesiasd
antipyretics. It is a product of esterificationgaflicylic acid —OH group by acetic acid:

COCH COOH
- HO
+ CH;COOH
OH O—CO- CH
2-Hydroxybenzoic acid  Acetic acid Acetylsalicylic acid

(salicylic acid)

Lactic acid — is an important intermediate in carbohydrateafelism and it is normal constituent of blood and
urine. Lactic acid is formed during muscle activity/ith increased muscle activity, oxygen deficien(ds.
myocardial infarction, pneumonia, anemia) or diabetve find its blood concentration increased. Aticap
isomer, L(+)-lactic acid is a normal intermediafeanaerobic metabolism of carbohydrates. D, L-tita@cid is
formed by the action of lactic fermentation of stisga

Chemical reactions of hydroxy acids:

a) formation of esters(behavior of hydroxy acids on heating)
Hydroxy acidscontain both —COOH and —OH groups. These two fanat groups react to form esters.
Reaction depends on their relative positions, endiktance between both groups:

a—hydroxy acidsreactintermolecularly to givecyclic diesters calledlactides

a a -
Chy—CH , CHeCH 2H0  ChmCH=C=0
OH OH ’ O O

M O=C|3—C|:H—Cl-b

B —hydroxy acidsdehydrate on heating to givasaturated acids:

B -H,0
CHy=CH—CH,~COOH —i» CHg—CH=CH-COOH
OH
3—Hydroxybutyric acid 2- Butenoic acid

y- andd- hydroxy acids, acids in which both —COOH and —OH groups are sepdrby three or four carbon
atoms, reactntramolecularly to form cyclic esters called lactones. They are important in saccharide
chemistry, e.g. ascorbic acid is synthesized byydefyenation ofy-lactone of L-gulonic acid, which is
catalyzed withL-gulonolactone dehydrogenase. During evolution the gene for this enzyme was degate in
human, what is the reason human can not producelas acid.
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b) oxidation — dehydrogenation(formation of oxo acids)

CH3—(|3H—CH2—COOH
OH
3-hydroxybutyric acid 3-oxobutyric acid (acetodcet

CHz—C—CH,—COOH
+2H I

CH3—C|IH—COOH
OH
lactic acid pyruvic acid

CH;—C—COOH
+2H Il

¢) oxidative decarboxylation
- the reaction during which decarboxylation isaxsated with oxidation (dehydrogenation). The eplenof
oxidative decarboxylation is conversion of pyruvimtecetyl-CoA as well as two reactions in Krebsley

6.6.7.2. Oxo acids (or keto acids) and their chemical reactions

Keto acids, especially those with the ketone greitiper a— or 3— position related to the carboxyl group, are
important intermediates in biological oxidationglaeductions. They are important intermediates efafmolism
of saccharides, fats and proteins. Biochemicallydrtant oxo acids are ejgyruvic acid andacetoacetic acid

Chemical reactions of oxo acids

a) oxidation-reduction: hydrogenation, oxidative decarboxylation (2-ox@ak— activation to thioesters

b) acid forming or ketone forming cleavage (3-oxo acids)

¢) Claisen condensation (thioesters of 3-oxo acids) as well as reveraetien - biodegradation, so called
[-oxidation of fatty acids

The best knowm— keto acidis pyruvic acid, which plays an important role in carbohydrateabetism. It is

a source of acetyl group for acetyl-coenzyme Ambrscle tissue, pyruvic acid is reduced enzymatidallactic

acid. Pyruvic acid is also a key intermediate & fiermentation of glucose to ethanol. It is core@to ethanol
through enzymatic decarboxylation and reductioresehbiochemical functions p¥ruvic acid are summarized
in the following scheme:

(0]
ename. HSCOA o € ~sCoA
oxidative
decarboxylation AcetylCoA
+ NADH + H+
CH;-C—COOH—+——— » CH3CH—COOH
% hydrogenation é)
H
Pyruvic acid Lactic acid
enzyme, -C (@)
oAme O e’ 2P cHy CH, OH
“H
Acetaldehyde Ethanol

B— keto acidsare important intermediates of fat metaboligtoetoacetic acidis unstable, it is decarboxylated
to acetone or hydrogenatedfehydroxybutyricacid. Biochemical functions of acetoacetic acidsammarized
in following scheme:

132



+ NADH + H+
———» CH3—-CH—-CH,—COOH
hydrogenation

H
B-hydroxybutyric acid

-COo,

CHz—C—CHy—COOH —f—=———» CH3—C—-CHj
ketone forming
cleavage

Acetoacetic acid Acetone
(OH)
L » 2 CH3-COOH

acid forming . .
Cleavage ACeth aCld

Acetoacetic acid (acetoacetatep—hydroxybutyric acid (f—hydroxybutyrate) and acetoneare called the
ketone bodies Acetone arises from acetoacetate by the decaldtaxy (loss of carboxyl group)p-
hydroxybutyric acid (f-hydroxybutyrate) is produced when the keto group of acetoacetatedaced by
NADH (hydrogenation).

Ketone bodies are normal constituents of blood ianabsence of other sources of energy acetoacatates—
hydroxybutyrate can be used in skeletal musclearthmuscle and also in brain for energy. When taey
produced at arate higher than the blood buffer ltamdle or tissues can utilize, ketoacidosis isettgped.
Normally, the levels of acetoacetate and 3—hydrakylate in the blood are less than 0.4 mmol/l. Write
conditions of prolong starvation or nontreated diab, these values can increase as nascBO times. The
condition of excessive levels of ketone bodiedhallood is callettetonemia. As acetone is volatile, most of it
leaves the body via the lungs and may cause acbteath, the noticeable odor of acetone in breath.

When there is a combination of ketonemia, ketonamid acetone breath, the overall state is cki¢aoisis.

Amino acids— they represent a special group of substitutienivdtives of carboxylic acids. For this reasorythe
are described as basic building units of protairthé individual Chapter 9.

6.6.8. Amines and amides

Amines and amidesare two families of nitrogen containing organic gmunds that play major roles in
biological systems. Amino acids, the building bleckf proteins, are both amines and carboxylic acids
(substitutional derivatives of carboxylic acidg)e tproteins themselves are amides. Nucleic acid&itpamine
and amide group. Some lipids in biological membsamentain amine groups. Some saccharides and
polysaccharides contain amide groups. A wide raxfggmines and amides are physiologically activenofg
them there are hormones adrenaline and melatomtibjatics (e.g. penicillin, tetracycline, and asvaumber of
substances, such as caffeine, nicotine, narcatiessthetics, various medications, alkaloids (e@ates, such as
morphine, codeine, heroin).

Amines and amidesare organic derivatives of ammonia in which onenore hydrogen atoms are replaced by
organic groups.

Relationship between ammonia, amines and amidesridites next scheme, where R = alkyl or aryl:

O
H—I‘\I—H R— l‘\l—H R— l‘\l—R R— l‘\l—R R— l‘\l—C—R
H H H R H
Ammonia Primary amine Secondary amine Tertiary amine Acid amide
CH -CH, - NH, CHz; — NH- CH; (CBs N &Hs — NH,
Ethylamine Dimethyl amine Trimethyl arai Phenylamine — aniline
(primary amine) (secondanyireah (tertiary amine) (an aromatic amine)
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Amines

Amines are the most important type of organic bésd occurs in nature. Amino group basicity plays
important role in biochemical processes.

Amines are classified according to the number dbaas directly bound to the nitrogen. Primary, selzry and
tertiary amines have one, two and three carborsttijrbound to the nitrogen.

Amines are also classified afiphatic or aromatic (aryl) andheterocyclic amines. Analiphatic amine is an
amine in which aliphatic group is bound to nitrogedm aromatic (aryl) amine is an amine in which at least one
benzene or another aromatic group is directly baenditrogen. Example of aromatic amine is toxiiline
(aminobenzene), which oxidizes hemoglobin into rmetbglobin.Heterocyclic amines are cyclic compounds
containing one or more nitrogen atoms in the ringt @ttached to the ring). Nitrogen atoms are presethe
heterocyclic rings of many natural products, whiglve important physiological effects on humanslay p key
role in some biological processes. E.g. alkaloigsamnines produced by plants. They are usuallyrbeyelic
amines, taste bitter, with significant physiologietfects.

Amines may be prepared by reaction of ammonia alkil halide:

2 NH3 + CHgBr —> CH3NH2 + NH4BI’
Ammonia Methyl bromide Methylamine ~ Ammniam bromide

Tertiary amines react with primary or secondaryhklfalides to giveguaternary ammonium salts for

example:
CHz

— +
CH3 3N + CH3C| — H3C_|TI_CH3 CIl

CHs

Quaternary ammonium compounds are important iratebtiological processes. One of the most common

natural quaternary ammonium iorcisoline, which is present in phospholipids. Choline is owly involved in

various metabolic processes, but it is also theyssar ofacetylcholing which plays a role in the transmission
of nerve impulses.

Acetylcholine arises by esterification of cholinghwacetic acid:

CHs CHs
+ -H,0 [+
H3C—ITI—CH2—CH2—OH + CH;,COOH ——> H3C—ITI—CH2—CH2—O—$|:—CH3
CHs CHs O
Choline Acetic acid Acetylcholine

Each class of amines reacts differently wiltnous acid. From toxicological viewpoint there is important
reaction of secondary amines with nitrous acittgeation) which producesratrosamine;

R R
AN N\
NH + HO—N—O ——> N—N=—O +HyxC
v s
R R
Secondary Nitrous Nitrosamine
amine acic

Nitrosamines are known to be dangerous carcinogéitsamines can be formed also in our environngnt
the reaction of amines with oxides of nitrogen oithwsodium nitrite that has been added to meat as
a preservative. They have been found also in digasenoke.
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Control questions

1
2
3.
4

5

6.

. Write the reaction of formation of any 3-hydroxyimit acid ester.
. Write the formula of hemiacetal formed in the réatof acetaldehyde and 2-propanol.
Write the reaction of imine formation from formaldele and ethylamine.

. Write the reactions of Krebs cycle:

formation of citrate from acetyl CoA and oxaloateta
dehydration of citrate

formation of isocitrate

dehydrogenation of isocitrate

decarboxylation of oxalosuccinate

oxidative decarboxylation of 2-oxoglutarate
dehydrogenation of succinate

hydration of fumarate

dehydrogenation of malate

TSe@ e oeo0oTp

. Explain the principle of methanol toxicity.

lllustrate structurally step by step reduction oéozyme Q from quinone to hydroquinone form.
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/ . SACCHARIDES

Saccharides represent a large group of compoundsich hydrogen and oxygen are combined with carbon
Although these compounds are not hydrates of carbwir summary composition can be expressed with
formula: C,(H,0), (another name is carbohydrates).

From chemical viewpoint saccharides can be defiaegolyhydroxyaldehydes or polyhydroxyketones or
substances that form these when hydrolyzed. Sadelsaare the most occurring organic compounds farea
They are produced by green plants and bacterieoitegs called photosynthesis:

h.v
nCoO, + nH,O OOOO00O> CHx0, + NGO,
chlorophyll

Yearly about 5.18 kcal of energy stream to Earth from Sun. 1/3 & #nergy reflects in dust and clouds back
to universe.. Less than 0.05 % of solar energy kwihittains Earth is used for photosynthesis in plarte
organism can obtain energywhich was formed in plantthrough the oxidation metabolic reactions

CGH,O, +nG O000O0>nCO, + nHO

7.1. Functions of saccharides in the living organis

Saccharides are persistent components of all gellsving organisms. They represent theain source of
energy — 50 - 60 % of total need (predominantly glucos®jarch and glycogen argtorage energetic
molecules At the same time saccharides represeserve compoundswhich can be metabolized into other
necessary molecules. Cellulose and chitin belorthaduilding componentsof the cells and tissues of plants.
Heteropolysaccharides gsroteoglycan componentsare basic part of connective tissues, apaat of
glycoproteins (see Chapter 7.5.2.) they represent functionailyartant part of molecules with variety of effects
(enzymes, blood groups glycoproteins, membranepter® transport proteins and others). Besidestioresd
some saccharides haspecific effectge.g. heparin has anticoagulation effect).

7.2. Classification of saccharides

According to the number of monomeric units sacchades can be divided into three basic groups —
monosaccharideswith one unit,oligosaccharideswith 2-10 monomeric units (disaccharides, trisacictes,
...decasaccharides) ammblysaccharideswith many units (homoglycans, heteroglycamacording to the
number of carbon atomsmonosaccharides are divided to trioses, tetrgegpses, hexoses, heptoses, octoses
and nonoses.

7.3. Structure and properties of monosaccharides

Carbohydrates which cannot be hydrolyzed are cattetosaccharides and they are polyhydroxycarbonylic
compounds and according to the functional groupuooty in their molecule two groups can be recogdiz
aldosesand ketoses The main monosaccharide that is important fourgagand living organisms iglucose
Glucose is the most occurring organic monomer itunea It is the building unit of cellulose, polysharide,
which creates approximately 10 % of all the tremvés of the world, about 50 % of woody parts ohfdaand
nearly 100 % of cotton. In addition it is a mononeérstarch — polysaccharide present in many foeds, in
cereals and tubers. In the human organism glu@mesents basic physiological monosaccharide. 8logstal
blood glucose concentration (glycemia) is 3.3 — 5.6 mimd medical praxis the pure glucose solution is
administered to patients in infusions or duringedeination of glycemic curve (oral glucose toleratest) .
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7.3.1. D- and L- isomers of monosaccharides (enaminhers)

The basic and the simplest monosaccharide, framatsire of which other monosaccharides are derigechlled
glyceraldehyde It can exist in D- or L- isoform (generally twerges of monosaccharides are recognized) and it
contains one asymmetric carbon. D- and L- formsttef same monosaccharide are cal@thntiomers
Physiologically monosaccharides are predantiving system in D-isomeric form Series of D-aldoses are
shown in Fig. 7.3.

D- and L- isomers are as a subject and a pictuteeirmirror. They have all secondary —OH groupspposite
side. The designation of a monosaccharide isometh@sD form or of its mirror image as the L form is
determined according to the position of —OH gronphe last optically active carbon, by its spatéationship

to the parent compound of the carbohydrates — gij@ehyde. The orientation of the —H and —OH gsoup
around the carbon atom adjacent to the terminahgny alcohol carbon (carbon 5 in glucose) determine
whether the saccharide belongs to the D or L seiéhen the —OH group on this carbon (the lastcafyi
active carbon) is on the right, the saccharide-isdbner; when it is on the left, it is the L-isomer

H O] H 0
N7 N4
¢ g
H—C—OH HO—?LH
H /O H\ /O H(%C‘ZfH H*C‘ZTOH
< c H—C—OH HO—C—H
H—COH|  |HO—C™H H—C—OH HO—CH
[ [ 6 6
CH>—OH CH>—OH CH,—OH CH,~OH
D — glyceraldehyde L- glyceraldehyde D-glucose L-glucose

. . . C
The number of stereoisomers of monosaccharidesthétisame number of carbons can be calculate¢Z's(c
= number of asymmetric carbons).

7.3.2. Epimers

Epimers are isomers of monosaccharides which diffgposition/configuration of only one secondaryH-O
group. For glucose the most important epimers arermse (C2 epimer) and galactose (C4 epimer):

H\C//O H\C//O H\C//O
H-C_OH H%ZOH gremess |y &
HO C H HO—C-H HO—C—H
Ho Cin| e |y ¢f ol H-—COH
H—é—OH H—é—OH H—é—OH
éHTOH éHTOH éHTOH
D - galactose D - glucose D - mannose

7.3.3. Cyclic structure of monosaccharides - formain of anomers

Monosaccharides (higher than tetroses) predomiamitur incyclic structures because of the tendency of
carbonyl and hydroxyl groups to react togetheminaimolecular reaction thus formiwgclic hemiacetals Fig.
7.1.a) shows the arrangement of D-glucose chaimvhich —OH group on the carbon C-5 is approachig
carbonyl carbon C-1 in reaction distance. The egtion of fructose is illustrated at Fig. 7.1. b).
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During cyclization of monosaccharide into hemiatetructure, double bond on carbon of oxo-group is
eliminated and this carbon becomes an asymmehig,means a new chiral center is formed émomeric
carbon). According to the configuration of the new chirenter, two possible hemiacetal structures are
recognized. Two monosaccharides differing only amf@guration on anomeric carbon are caltbmersand
they are dependent on —OH group position. This gru called hemiacetal —-OH group. Anomersare
designated aa- (the same position of hemiacetal —OH group thanifestal ring in Tollens formula) arfs

(the position of hemiacetal group is on the opgositle than hemiacetal ring).

a- and - anomers are differing in physico-chemical properties, eglue of optical rotation. The change of
optical rotation of monosaccharide solutions aftiéssolving of monosaccharides is calletutarotation
(Fig. 7.1.).

The mutarotation is typical for all monosaccharid&ssting ina- andp- anomeric forms. It is the change in the
optical rotation because of the change in the dxwim between two anomers- or B- form. Equilibrium
mixture of water solution of glucose contains 350%@ - anomer, 64 % of - anomer and only 0.003 % of
acyclic form. In human organism the majority of@ise is in cyclic form.

a) ®CH,0H
OH
—0
OH 1
3 2
OH
anomeric carbon
a-D-glucost D-glucose B-D-glucost
la| =+112° (acyclic, lal =+19°
(cyclic, aldehyde form) (cyclic,
hemiacetal forr hemiacetal form)
b) 6 1 6 1 6 .
HOCH CH,OH HOCH
2 o 2 2 OH CH,OH HOCH, { OH
5 OH \O
4 3
OH
anomeric carbon
a-D-fructose D-fructose B-D-fructose
(cyclic, (acyclic, (cyclic,
hemiacetal form) keto form) hemiacetal forn

Fig. 7.1. Mutarotation of glucose (a) and fructoséb)

The structure of saccharides can be expressedvaradetypes of formulas — Fischer (acyclic). Toeand
Haworth (cyclic); glucose structures are shownim £.2.
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D-glucose
(Fischer formula)

N /OH
Cr
H (‘ZZ—OH
HO (\:?H C
—(‘34—OH
—C5
CH,OH
a-D-glucopyranose a-D-glucopyranose
(Tollens formula) (Haworth projection)

Fig. 7.2. Acyclic and cyclic structures of glucose
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trioses

tetroses

pentoses

hexoses

c
H—Clt—OH
CH,OH
H. 0 H
IC D-glyceraldehyde |
H—C—OH HO—C—H
H—C—OH \ H—C—OH
CH,OH C|IH20H
D-erythrose D-threose
H\CIZ// / \ H\IC// H\IC// / \ H\CI://O
H—C—OH HO—C—H H—C—OH HO—C—H
H—Cll—OH H—Cli—OH HO—Cli— H HO—Cli— H
H—C—OH H—C—OH H—C—OH H—C—OH
CH,OH CH,OH CH,OH CH,OH
D-ribose D-arabinose D-xylose D-lyxose
N AN LN AN AN ALY
H—C—OH HO—C—H H—C—OH Ho—clz— H H—clz—OH Ho—clz— H H—clz—OH HO—C—H
H—C—OH H—C—OH HO—C—H HO—C—H H—C—OH H—C—OH HO—C—H HO—C—H
H—C—OH H—C—OH H—C—OH H—C—OH HO—C—H Ho—cl:— H HO—C—H HO—C—H
H—C—OH H—C—OH H—C—OH H—C—OH H—C—OH H—C—OH H—C—OH H—C—OH
C|IH20H C|IH20H C|IH20H C|IH20H C|IH20H C|IH20H C|IH20H CltHZOH
D-allose D-altrose D-glucose D-mannose D-gulose D-idose D-galactose D-talose

Fig. 7.3. Series of D-aldoses having from three &ix carbon atoms (the most common ones in natureeabold typed)
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7.3.4. Physical and chemical properties of sacchdes

Monosaccharides and oligosaccharides are whiteatliye substances of sweet taste (Tab 7.1.), #ieywater
soluble in contrast to most of polysaccharides.yTdre insoluble in nonpolar solvents.

Tab. 7.1. Comparison of different saccharides sweetss

saccharide sweetness saccharide sweetness
sucrose 100 (reference xylose 40
fructose 173 maltose 32

invert sugar 130 galactose 32
glucose 74 raffinose 23

sorbitol 48 lactose 16

Chemical properties of saccharides result from tional groups present in saccharide molecule (hgdro
aldehyde, oxo groups). Many of characteristic lieast are provided only by acyclic forms of sacctiesi
because of reactivity of free carbonyl functionabups. These are not important for organism under t
physiological conditions due to insignificant ambwf acyclic form of monosaccharides. In case oféased
acyclic form concentration (e.g. blood glucose dgrdiabetes mellitus) the reactivity of carbonybup of
glucose assumes the pathophysiological importase® Cahpter 7.3.4.5).

7.3.4.1. Oxidation of monosaccharides

Aldehyde group of aldoses acyclic form can be gasfidized to carboxylic group resulting in formati of
aldonic acids Stronger oxidation reagents (HNxidize aldehyde and primary —OH groups to faiaaric
(dicarboxylic)acids. If aldehyde group (hemiacetal —OH group) is priddefore the oxidation, only primary
—OH group on the last carbon is oxidized amdnic acids are formed. The scheme of reactions of glucose
oxidation (to simplify in acyclic form) are in thgg. 7.4.

1cooH
OH
HO
OH
OH
CH,OH
OX. OX.
/ gluconic \
acid
HI(,//O 1COOH
OH OH
HO HO
OH OH
OH ¢ OH
®CH,0H COOH
D- glucose &-*A H\Cyo }' gli%?élc
OH
HO
OH
OH
cCOOH
glucuronic
acid

Fig. 7.4. Reaction scheme of glucose oxidation
(* - oxidation on the last carbon is proceeding anthe special conditions - the most reactive aydiehgroup has to be
chemically “protected”)
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The example of important uronic acidgkicuronic acid. Glucuronic acid (in ionized form with CO®@ signed
as glucuronate) is bound in polysaccharides (s/gluhonic acid, chondroitine sulphate) and it isracursor of
ascorbic acid biosynthesis in vertebrates. It haetexication function because it binds toxic exogenand
endogenous compounds (xenobiotics, drugs with aioroharacter, steroid hormones, bilirubin) in fbem of
glycosides, which are excreted by urine.

Glucuronic acid is formed in the organism by thédakon of uridine diphosphate glucose (UDP-glugase
UDP-glucuronic acid (Fig. 7.5.) . Uridine diphosphaglucuronate (anion of UDP-glucuronic acid) isaative
form of glucuronate, which conjugates with compotmdbe detoxicated (substrate containing —OH, zNBH
or COOH groups in its molecule) thus formifieglucoside uronates. Detoxication reaction is preidantly
proceeding in liver and it is catalyzed bYDP-glucoside uronate transferase (UDP-glucuronasghsferase)
Fig. 7.6. shows reaction of phenol detoxication.

COoO

®)
o

z
]
z
5
T
g

Fig. 7.5. The structure of UDP-glucuronic acid

OH Glcu —O

UDPGIcU /DP

UDP- glucuronate-
-glucuronosyltransferase

phenol O-glucosideuronate

Fig. 7.6. Reaction of phenol detoxication throughhte formation of O-glycoside with UDP-glucuronic aa

7.3.4.2. Reduction of monosaccharides

Reduction of oxo groups of aldoses and ketosesigeepolyhydroxyhydrocarbons as products. Aldoses are

reduced only to one product and ketoses providenilkure of two ones because of the formation of senter

of asymmetry (marked with * in Fig. 7.7.). Thus g¢hse is reduced tglucitol and fructose is reduced to

glucitol and manitol. D-glucitol (sorbitol) is used as an artificial e@tener, which does not affect glycemia
(blood glucose concentration) - this is widely usediet of diabetic patients.
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CH,OH CH,OH

B

HO red.
OH +2H OH
OH OH
CH,OH CH,OH
D-glucose D-glucitol D-fructose D-mannitol

Fig. 7.7. Reactions of glucose and fructose redimm

7.3.4.3. Esterification of monosaccharides

Hydroxyl groups of saccharides can react with iaoig as well as with carboxylic acids forming thstees.
Biologically important products of reactions of charides esterification are the ones with
trinydrogenphosphoric acid ¢AO,). They are present in all living cells as intedia¢es of saccharides
metabolism as well as the components of DNA and RittActures. The trihnydrogenphosphoric acid residue
usually signed a in the molecules.

To the biologically important phosphate esters ohosaccharides also following molecules belong:

CHon GCH27OA®
O_ OH
OH
@ o
H

a-D-glucose-1-phosphate B-D-glucose-6-phosphate
(Cori ester — alsp-anomer ) (Robison ester)

°CH,—O °CH,-O

l?j%w WHZO@

B -D—fructose-6-phosphate B -D—fructose-1,6-bisphosphate
(Neuberg ester) (Harden-Young ester)

7.3.4.4. Formation of glycosides

Glycosides are the compounds formed through comrdiensof hydroxyl group of a monosaccharide (or a
monosaccharide residue) anomeric carbon and hydgmoyip of another compound, which is (or not) also
monosaccharide (Fig. 7.8.).
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+ Ry-OH
(R,= saccharide

+ R,—OH

i (R,= non-saccharide)
saccharide

with hemiacetal
OH group
R,—O—R; R,—O—R;
hologlycoside + _O - heteroglycos?de
(oligosaccharides) Ro—NH, (binding of saccharide
to tyrosine residue of protein
in glycoconjugates)
Ro—NH-R;

N - heteroglycoside
(binding of nitrogen base and saccharide in nualessand nucleotides)

Fig. 7.8. Types of glycosides

If the nonsaccharide molecule creates with sacdbagiycosidic bond this molecule is calledlycon and
heteroglycosideis product of the reaction. As aglycon there carely. methanol, glycerol, sphingosine, sterol,
phenol or nitrogen base as adenine. Hologlycosdine glycoside formed of two molecules of sacdemi
Hologlycosidic bond is formed e.g. during the fotima of oligosaccharides or polysaccharides betwiben
monosaccharide units (Fig. 7.9.).

CH,OH CH,OH CH,OH CH,OH
O (0]
OH OH
OH H
OH \ H
a(1-4)glycosidic bond
a-D-glucopyranose a-D-glucopyranose maltose (disacicte, hologlycoside)

Fig. 7.9. Formation of glycosidic bond between twmolecules of a-D-glucopyranose

There are known many glycosides of medicinal imgooece. Some of them can be the parts of drugs (e.g.
antibioticum streptomycine), also so called he&rtasides are important, which contain as aglycstesoids
(e.g. ouabaine — inhibitor of NiK*-ATPase of cell membranes)

7.3.4.5. Reaction with primary amines

The carbonyl groups present in the molecules otlacynonosaccharides can react with free primarynam
groups of proteins (Fig. 7.10.) This reaction hakey role in patients with diabetes mellitus, dsea
characterized with persistent hyperglycemia (inseglaconcentration of blood glucose). The entirecgss is
called nonenzymatic glycation and there is included only the reaction of glucose (or of other rEdg
monosaccharides) with free amino groups of protbinsalso consecutive oxidative and dehydratiomtieas.
In 1984 the new term “advanced glycation endprasfu@GESs) was introduced for the group of brown amd
some cases fluorescent molecules, which are foim#tbse advanced reactions of glycation. AGEsraathly
their overaccumulation take part in the processbs;h are closely related to the formation and peegion of
diabetic complications as well as to the e.g. ageimcess.

This follows the assumption that the change ofginostructure (proteins with Amadori products bouresbults
in the change of biological functions. Modificati@moncerns many important enzymes, structural pistei
lipoproteins, etc. The protein studied in detailndtion of which is markedly changed during glyeatiis
hemoglobin. Determination of level of glycated hepobin and glycated plasma proteins is widely used
diabetological praxis as a marker of treatmentigfficy.
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In addition to nonenzymatic glycation, which is isally the manifestation of glucose “toxicity”, fgglucose at
the increased concentration due to its reducinggnies shows the ability to generate superoxidenaradical

and consequently hydrogen peroxide, which prodbgdsoxyl radical. This “autooxidation “ reactionpresents
the glucose contribution to the total oxidativeestr accompanying diabetes mellitus.

O
Q—CH—C{ + HyN—protein —» Q—CH—CH:N_protein
bn H oH
glucose Schiff base

/
Q—C—CHZ—NH—protein
b

Amadori produkt
(fructosamine)

Fig. 7.10. Reaction of glucose molecule with primgramino group of protein
residue of glucose molecule

7.4. Disaccharides

Disaccharides are molecules consisting of two macasaride subunits and they are formed by formation
glycosidic bond between the hemiacetal hydroxylgrof one monosaccharide and some of hydroxyl gradp
the second monosaccharide (the second one camootcae hemiacetal hydroxyl group). Disaccharide loa
hydrolyzed back to the initial monosaccharides.

Nutritionally important disaccharides are maltdaetose and sucrose (Fig. 7.11.).

Maltose is formed fromwo glucose units Maltose (or “malted sugar”) as such is not wideag in nature even

it is present in germinating grain. It occurs inrcanolasses, which is made from corn starch anaiédrduring
hydrolysis of starch witli-amylase.

Lactose (“milk sugar”) consists ofjalactose and glucosenolecules. It is the main saccharide of mammalia
milk (4 — 6 % in cow's milk, 5 — 8 % in mother slkji Galactosemia is the disease characterized abdence

of enzyme, which catalyzes isomerization of galsetimto glucose and the elimination of milk fronodois the
prevention of disease symptoms (caused by accuiowlat galactose).

Sucroseconsists ofjlucose and fructosamolecules and it is usually obtained from sugaseocar white beet.

Disaccharides, in which one monosaccharide urdinstits free hemiacetal hydroxy group, can operrithg of
this monosaccharide and cyclize it again. It mehasaldehyde group can be oxidized through thelacform
and by this way another molecule can be reducech 8isaccharide is called reducing disaccharide.

Fig. 7.10. shows the structures of disaccharidestiored above and from their structures it is knaivat
maltose and lactose are reducing disaccharideswdse is nonreducing disaccharide.
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0]
4K OH
OH
H
al—>4
a-D-glucopyranose a-D-glucopyranose
MALTOSE
CH,OH CH,0OH

OH (e} (0]
OH 10 4 OH
B OH
OH B1—>4 H

[3-D-galactopyranose a-D-glucopyranose
LACTOSE

CH,OH

o CHLOH
OH 1 % OHﬁ
L)
CH,OH
OH

2
OH
al—>p2
a-D-glucopyranose B-D-fructofuranose
SUCROSE
Fig. 7.11. The structure of selected important disaharides

7.5. Polysaccharides (glycans)

7.5.1. Homopolysaccharides (homoglycans)

Homoglycans are saccharide polymers consistingavérthan 10 monosaccharide units of the same fypese
units are bound to each other withor (3- glycosidic bonds.

Starch is a storage plant polysaccharide, which is Hilitn glucose monomers (i.e. it gducan). Through the
different intermediates it can be cleaved intoghecose units. Starch has two componeaisylose (15-20%),
andamylopectin (80 - 85%). Amylose is linear and coiled into kedind glucose units are bound witfil - 4)
glycosidic bonds. Amylopectin has branched strictbecause in addition ta(l1-4) glycosidic bonds it
contains alsa(1- 6) glycosidic bonds in the branching poirisAmylase of animal origin can hydrolytically
cleave the starch step by step to branched andancied dextrins. The final product of hydrolysis is
disaccharide maltose.

Glycogen(animal starch) is a storage polysaccharide ahahcells and is built also from glucose monomgrs.
occurs in liver and muscle cells. Glycogen is gsually similar to the amylopectin, but branchirsy rhore
abundant (from 8 to 10 -14 glycosidic bonds per one-16 bond) (Fig. 7.12.). Organism can cleave the
glycogen enzymatically thus obtaining glucose argler conditions of hypoglycemia (decreased comnagonh

of blood glucose).

Cellulose is the most occuring saccharide in the naturés & glucan, in which glucose units are bound with
B(1-4) glycosidic bonds. Human organism is not ableclEave 3(1-4) glycosidic bonds using digesting
enzymes@-amylase).

Inulin is a fructan (with D-fructofuranose as monomeontaininga(2 - 1) glycosidic bonds and it occurs e.g.
in chicory. Inulin is used for determination of kil function because it is excreted from organisiy by
glomerular filtration in kidney.
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Agar andpectinsare examples of homoglycans consisting of galadsse monomer (they agalactang. Agar
is isolated from sea-grass and used as cultivatiedium in form of gel. Pectins (polygalactourongda) are
components of fleshy part of fruit and vegetable.

a)
CH,OH CH,OH CH,0H CH,OH
O O (0] O
OH 1 4K oH 1 OH 1 4 oH
— a a a
O—
OH OH OH OH
CHon CHZOH CH,OH
Q
OH 1
a
CH,OH CH,OH

Enasty.

Fig. 7.12. Structure of starch: a) amylose b) amgpectin

Mannans represent homopolysaccharides composed of manmise which occur in the yeast, proteoglycans,
glycoproteins, some hormones of glycoprotein charagyreotropic — TSH) and in the different enzymeith
glycoprotein character.

Important homopolysaccharide dhitin with glucose derivative — N- acetylglucosamine -aasmonomer. It is
structural (building) polysaccharide of fungi, inseor shellfishes. Liner structure is provided Pl - 4)
glycosidic bonds between subunits.

7.5.2. Heteropolysaccharides (heteroglycans)

Heteropolysaccharidesare polysaccharides, which are formed minimalbnfrtwo types of monosaccharides
(often from their derivatives — mainly aminosacathes and uronic acids) (Fig. 7.13.). Many of
heteropolysaccharides have the disaccharide compafsaminosaccharide and uronic acid as a buildinig
and they contain higher amount of sulphur in a fafmSQO;H groups linked by ester bound to the saccharide
unit. An example ideparin with anticoagulation propertieshondroitine sulphate andkeratane sulphatein
cartilage.

Heteropolysaccharidie often bound to the nonsaccharide componentftasing glycoconjugates According

to the character and extent of nonsaccharide coemipthere are recognizgmoteoglycans, glycoproteins,
glycopeptides and glycolipids.

CH,OH CH,OH
H-OH CH-OH
CH,OH CH,OH \H CH-OH CHs  £hoH
O OH O OH
OH OH
O O
NH, NH
0—C_Chy
B-D-glucosamine N-acetylglucosamine  neuraminic acid N-acetylneuramiacid

Fig. 7.13. Examples of glucose amino derivatives@aging in the structure of heteropolysaccharides
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Tab. 7.2. Some important polysaccharides occuringniliving organisms

Polysaccharide Monosaccharide 1 Monosaccharide 2 Linkage Branching Occurence Function
Bacteria
Murein D-GlcNAc D-MurNAcY B 14 — Cell wall sc
Dextran D-Glc — al1-6 al-3 Slime WB
Plants
Agarose D-Gal L-aGaP B 1-4 B 1-3 Red algae (agar) WB
Carrageenan D-Gal — B 1-3 al—4 Red algae WB
Cellulose D-Glc — B1-4 — Cell wall SC
Xyloglucan D-Glc D-Xyl (D-Gal, B 1-4 B 1-6 Cell wall SC
L-Fuc) (B 1-2) (Hemicellulose) SC
Arabinan L-Ara — al-5 al-3 Cell wall (pectin)
Amylose D-Glc — al—-4 — Amyloplasts RC
Amylopectin D-Glc — al—-4 al—-6 Amyloplasts RC
Inulin D-Fru — B2—-1 — Storage cells RC
Animals
Chitin D-GIcNAc — B1-4 — Insects, crabs SC
Glycogen D-Glc — al—4 al—-6 Liver, muscle RC
Hyaluronic D-GIcUA D-GIcNAc B 1-4 — Connective tissue SC,wB
acid B 1-3

SC = structural carbohydrate; RC = reserve carbatgdWB = water binding carbohydrate

D N-acetylmuramic acid? 3,6-anhydrogalactose
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7.5.2.1. Proteoglycans

Proteoglycans are molecules or molecule aggre (Fig. 7.14.) which are formed from largesaccharideand
less protein parts. Saccharide moiety represup to95 % of glycoprotein molecules. The axis of protgogn
is created byore protein, upon which different types (heteropolysaccharide(glycosaminoglycan- GAG)
chainsare bound (through serine or threonine wi-glycosidic bond)These glycosaminoglycan (GAG) cha
are long, linear carbohydrate polymers that areatiegly charged under physiological conditions, doehe
occurrence bsulphate and uronic acid grou

Iy
ES f

..

Hyvaluronate
(up to 50,000
repeating

disaccharides)

proteins

Aggrecan

core protein

Fig. 7.14. Proteoglycan aggregate
of the extracellular matrix.

Proteoglycans are a major component of the anixtaaeellular
matrix, the "filler' substance existing betweersci#l an organisn
Here they form large complexes, both to other mglgeans, tc
hyaluronan and to fitous matrix proteins (such as collagen). T
are also involved in binding cations (such as swodipotassiun
and calcium) and water, and also regulating the em@nt of
molecules through the matrix. Evidence also shdwy tan affec
the activity and staility of proteins and signalling molecul
within the matrix. Individual functions of protegglns can b
attributed to either the protein core or the attac&AG chair

An inability to break down proteoglycans is chaesistic of a
group of inherited metabolic diseaseslled mucopolysaccha-
ridoses The inactivity of specific lysozomal enzymes t
normally degrade glycosaminoglycans leads to tleuraclation
of proteoglycans within cells. This leads to a efriof diseas
symptoms, depending uponethype of proteoglycan that is r
degraded.

Tab.7.3 Heteropolysaccharidesd their localization in the organisn

GAG Localization Note
big polymersdecreasing of interne
Hyaluronate synovial fluid friction in jointsand protection o

cartilage against dame

Chondroitin sulfate

artilage, bones, heart vah

the most occurringsAG

Heparine

liver, skin, component of intracellular granules
mast cells liningpulmonary arteries

more sulfated thahepara sulfates

Heparan sulfate

lsal membranes, component of cell surf

higher content of acetylated glucosamr
than heparin

Keratan sulfate chondroitn sulfate:

cornea, bones, cartila — aggregates with

Dermatan sulfate

skimlood vessels, heart val
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Tab. 7.4 Structure of selected heteropolysaccharides

Heteropolysaccharide
(names of monomers)

Disaccharide unit of heteropolysaccharide

COOH CH,OH

Dermatan sulfate

L-iduronic acida(1 - 3)
N-acetyl-D-galactosamine-4-sulfate

. . ° | 1 °
Hyaluronic acid o WO\
L - OH
D-glucuronic acid3(1 - 3) N-acetyl-D-glucosamine Sh NHCOCH,
o)
HO\ S//
COOH CH,OH
Chondroitin sulfate o o \? ’ o
o]
D-glucurnic acid3(1- 3) OH AN
N-acetyl-D-galactosamine-4-sulfate
OH NHCOCH,
CH,OH CH,OSOH
HO o] o]
Keratan sulfate M{\o OH 0\
D-galactosé3(1 - 4) N-acetyl-D-glucosamine-6-sulfate S NHCOCH,
Ho_ ,°
S\ CH,OH

(]
\ /‘70 °
AN
NHCOCH;

Heparin, heparan sulfate

L-iduronate-2-sulfate(1 - 4)
N-sulfo-D-glucosamine-6-sulfate

AN
C%
o)
COOH
OH
OH
CH,0SQH
o) o)
COOH
on Q OH
o—
OSOH NHOSOH

7.5.2.2. Glycoproteins

Glycoproteins are heteroproteins that contain oligosaccharidansh(glycans) covalently attached to their
polypeptide backbones. The basis of glycoproteitemde isprotein (protein portion prevails — in different %),
upon to which saccharide part is bound (oligosagdba with N- or O-glycosidic bond. On the cell tage
glycoproteins,O-glycosidic links are found between the carbohydrate part asdrme or threonine residue,
instead oN-glycosidic links to asparagine residues. This tgpknk is less common than tiglycosidicone.

There are two types of oligosaccharide structurdéh Wi-glycosidic links, which arise through two diffeten
biosynthetic pathwaysmannose-richand complex types At the external end of the structure, glycopnusenf
the complex type often contaMracetylneuraminic acid residues, which give thgadaccharide components

negative charges (Fig. 7.15.).
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O-linked N-linked e
| | NeuAc
Man Man Man Gal Gal |
| | | | | Gal
Man Man Man GleMAc  GlcNAc |
| AN | | s
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T ~
NeuA: \%Min 1 \\Man/
| |
Gal GleNac GI:I'|M|:
GalNAc —— Neauac GICTAE GlcMAc —  Fuc
1
0 it NH
TN atiiin, AT proted
,«‘/ Ser ™\ / Asn /7 Asn *\Plote|n

%

f Y
Mannose-rich type

MeuAc

\"’ \
Complex type

Fig. 7.15 The types of glycoproteins according to the typefdinkage between the protein and oligosaccharideral
according to the typs of monosaccharide compositio

Into this group of glycoconjugategycoproteins of blood plasm. andmucine type glycoproteins belong. To
the blood plasma glycoproteinproteins with different functior pertain e.g. ceruloplasmin, plasminoge
prothrombin or immunoglobulins. Some of them aretpaf membrane receptors or they can have horr
functions (Tab.7.5.)Glycoproteins of mucine type occur e.g. in mul fluid of the epithelial cells and the
saccharide part is represented by sialic &= neuraminic and N-acetyl neuraminic acids.

Tab. 7.5 Some functions served by glycoproteil

Function Glycoproteins
Structural Collagen
Lubricant and protective Mucins

Transport Transferrin, ceruloplasm

Immunologic Immunoglolulins, histocompatibility antigens

Hormonal Chorionic gonadotropin, thyroid-stimulating hormone (TSH)
Enzymatic Various e.g. alkaline phosphatase

Cell attachment-recognition

Various proteins involved in c-cell (e.g. spernmocyte), viru-cell,
bacteriun-cell, and hormone cell interactions

Antifreezing

Certain plasma proteins of ¢ water fish

Interaction with specific
carbohydrates

Lectins, selectins (cell adhesion lectins), antibg

Receptor

Various proteins involved in hormone and drug a

Affection of folding of certain
proteins

Calnexin, calreticuli

Regulation of development

Notch and its arlogs, key proteins in development

Hemostasis (and thrombosis)

Specific glycoproteins on the surface membrangdaiélet:

Oligosaccharide chain has different functions in gicoprotein:
- Increasing of protein polarity

- Influence on solubility andlectrical charg

- Recognizing function feceptor

- Stabilization of structure

- Defense against proteolysis

- Influence on biological halife of proteir
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Control questions

1. lllustrate mutarotation of ribose, mark resultimpmers.
2. Write the reaction of mannose with:

a) Fehling’s reagent

b) CH3;OH (H")

3. Write Haworth formula of :
a) methylu-D-glucopyranose
b) y-lactone of gluconic acid

4. lllustrate the equilibrium between andp- forms of:
a) lactose
b) maltose

5. Write the equation of lactose hydrolysis.

6. Write the reaction of glucose with:
a) Tollens’s reagent
b) H3PO,
c) ArNH, (Ar = aryl)

7. Write the reaction of acid catalyzed hydrolysis of
a) maltose
b) sucrose

8. Explain what hyperglycemia and hypoglycemia meahwihich state or diseases can lead to them.
9. Write the Tollens formula of D-glucose and L-glueos
10. write the Haworth formula of glucuronic acid ancpkzin its biological importance.
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8. Lipi DS, STEROIDS, EICOSANOIDS AND TERPENES

The food we eat is divided into three primary grmiugarbohydrates, proteins akigids. Of the three types of
foodstuffs, two are classified by functional group€arbohydrates are polyhydroxyaldehydes or
polyhydroxyketones. Proteins are polyamides. Ligidsnot poly-anythings. Many are esters or amidesthat

is not what makes a lipid a lipid. A lipid is dedith by itssolubility. Water is the major solvent in living systems,
and most reactions of physiological importance tplece in aqueous solutions. Thus, water-insoliybis

a noteworthy property in biologically important reoules. Lipids (from the Greek woldpos — fat) are
structurally very diverse groups of natural substsnof plant, animal and microbial origin. Lipidsea
biomolecules that are more soluble in relativelp+polar organic solvents than they are in water.

Lipids vary greatly in function:
- Important source of energy (mainly triacylglycerelfats) (38 kJ/g fat).
- Energy reserve stored in the fatty tissue of arsraald plant oleaginous fruits.
- Source of essential fatty acids.

- Solvent of the lipid-soluble vitamins (A, D, E, Kequired for various physiological functions, sidr
hormones and other water-insoluble compounds (detgs.

- Glycerophospholipids, sphingolipids, and choledtéomether with proteins) are the primary struatur
components of the membranes that surround all aetisorganelles.

- Part of intracellular regulatory mechanisms.

- Lipoproteins are an important structural part & tiell enabling the transport of practically gidis in
the organism.

- Wrap around organs to protect them against mecalkad@nage.

- Lipids of subcutaneous adipose tissue provide thkeimsulation in animals.

- Steroid hormones, including sex hormones, and dtbenone-like lipids (eicosanoids) act as chemical
messengers, initiating or altering activity in gfiedarget cells.

- Bile salts are needed for the digestion of lipitghie intestinal tract.

Lipids can be classified from different points ofw. According to hydrolytic cleavage ability theye
classified as hydrolyzable or non-hydrolyzable.

- Non-hydrolyzablelipids do not undergo hydrolytic cleavage into considexaphaller compounds
(higher carbohydrates, higher carboxylic acidshbaigalcohols, steroids, eicosanoids, terpenes, fat-
soluble vitamins).

- Hydrolyzablelipids undergo hydrolytic cleavage into two or more cdasibly smaller compounds in
the presence of an acid, base or digestive enzgmesylglycerols, waxes, sterids, phospholipids,
glycolipids).

Another way of lipid classification isaccording to their chemical structure:

1. Simple (non-polar)lipids — this group includes free higher alcohols, fratyfacids (FA) and compounds in
which they are linked by an ester bomtiey are divided to:
- Higher carboxylic acids (fatty acids)
- Higher alcohols
- Triacylglycerols
- Waxes
- Sterids (esters of sterols)

2. Complex lipids belong to hydrolysable lipids. In addition to giob(glycerol and sphingosine) and fatty
acids they contain another, often very polar, pactording to which they can be further divideaint
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- Phospholipids contain alcohol, FAphosphoric acid and some amino alcohols or carbohydrate alcohol
inositol. This includes glycerophospholipids, plasogens (ethers), inositolphosphatides and
sphingophospholipids

- Glycoalipids contain alcohol, FA ancarbohydrate component in the molecule (e.g. cerebrosides and
gangliosides), sometimes contain a residue of salfcid (sulfolipids)

3. Derived lipids— in this group all other compounds of lipid clwes are included with the common
physicochemical properties, which can not be inetlich the foregoing groups and the basic buildilogh
is isoprene (e.g. terpenes, steroids and carotenoid

8.1. Simplelipids
8.1.1. Higher carboxylic acids (fatty acids)

All hydrolyzable lipids contain one or more higtoarboxylic acids. If they are lipid components ytlaee called
fatty acids (FA).

Fatty acids are long-chain aliphatic monocarboxgticds, almost all containing an even number di@aratoms
from 4 to 36, but the 16- and 18-carbon acids la@emiost abundant. A few of them contain hydroxglugr (for
example ricinoleic acid [18:1 (9), 12-OH], 2-hydyekgnoceric acid [24:00-OH], 2-hydroxy-nervonic acid
[24:1 (15),0-OH]. According to their carbon chain length theg generally divided into:

- Lower carboxylic acids - containing 4-10 carbon atoms per molecule (chain4-6 carbons are referred
to as a short and with 8-10 carbons as a mediugihgnThese FA are less presented in the lipids.

- Higher carboxylic acids - having 12 or more carbon atoms.

Fatty acids may be eitheaturated (Tab. 8.1.) ounsaturated (Tab. 8.2.) according to the number of double
bonds. Unsaturated fatty acids contain one or i€ double bonds inis configuration. Palmitic (16:0) and
stearic acids (18:0) are the most abundant saturfstty acids. Oleic acid (18:1) is the most abunida
unsaturated fatty acids. Two unsaturated fattysadidoleic (18:2) and linolenic (18:3), aessential fatty acids
(vitamin F), and are synthesized only by plants but are requiyednimals and must be included in the diets.
All other fatty acids are nonessential fatty adiat animals synthesize either from other fattydsar from
other precursors. Arachidonic acid can be formedhftinoleic acid by chain elongation (extensionyl dny two
desaturation reactions (dehydrogenation).

Higher saturated carboxylic acids are found mainhanimal fats such as butter or lard. Unsaturdt@dare
found primarily in vegetable oils, e.g. olive, slanfer, soya, but also in fish oil. Other sourceslude some
crops, mainly almonds, walnuts, sunflower seedscapaleaginous fruits and germs of cereals.

The presence of the double bond in the FA allovediahisomerism, therefore such FA can exist in tsameric
forms, cis- and trans-. Fatty acid [18:1(9)] is in theis configuration, known as oleic acid and itrans
configuration as elaidic acid (Fig. 8.1.). The spatial arrangentd thecis form leads to the bending of the
carbon chain based on the number of double bondshvdifects the physical and chemical propertieshef
lipid. Increasing unsaturation of FA in lipids ieases their fluidity and decreases the freezingtpoi
triacylglycerols. The double bonds of polyunsatedafatty acids are almost never conjugated (araraggd by
at least one methylene grou@H,—) and almost all are in theés configuration.

Fatty acids withtrans configuration of double bonds have physical prapsemuch more like those of saturated
fatty acids than likeis unsaturated fatty acids.

System names of FA are derived from the name ofdadearbon with the same number of carbon atoms. On
recurring FA trivial names are commonly used. Stammtl designation of FA structure comprises a nurnber
carbon atoms, with the number of double bonds liklie colon. Position of double bonds is expressed
according to the rules of organic nomenclature &goan numerical code, from which the double bordtst
(Tab. 8.2.).
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oleic acid

18 cis

1

COOH

H
9 1
18 M:WCOOH elaidic acid
trans

H

Fig. 8.1. Structureof oleic and elaidic acids

The position of the double bond closest to the meajhoup in unsaturated fatty acids is often intikcaby an
omega number or n- number (o-, or n-). Thew-1 carbon is the methyl carbon in the fatty acidiohthat is,
the carbon atom farthest from the carboxyl groupe ®mega number of the fatty acid says nothing tatheu
number of double bonds in a molecule but it isrthenber of the first double bond carbon, countirgrftheo-
/n- carbon number (Tab. 8.2.). In the literature ce@ find the term omega) fatty acid (orn-fatty acid),
particularly omega-3 and omega-6 (n-3 or n-6) fattids. Number 3 in the-3 refers to the position of the first
double bond from the FA omega end. Arachidonic §Cic0: 4 (5, 8, 11, 14)] is therefore an omegar®)
fatty acid: it has the first double bond on thelfsizarbon atom from omega end. Importance of reteson of
-3 or -6 fatty acids in the diet for the prevention opesially cardiovascular diseases is not clear yet.

On one hand polyunsaturated fatty acids are seitsiltbstrates for lipoperoxidation processes (Chapand on
the other hand literature provides information thégh level of the omega-3 fatty acids in oils pd®ms
protection from cardiovascular diseases and atblmasis. It has been accepted that treatment wefatty
acids is not harmful in case of sufficient anticadids level.

Tab. 8.1. Selected saturated carboxylic acids

Acids dzgrntzt?gr?l) Structure Rational formula
Butyric 4:0 CHg-(CH,),-COOH CsH;,COOH
Capric 10:0 CHg-(CH,)g-COOH CgH1sCOOH
Lauric 12:0 CHs;-(CH,),-COOH C1;H23COOH
Myristic 14:0 CHs;-(CH,),,-COOH C13H,7,COOH
Palmitic 16:0 CHs;-(CH,)14-COOH C15H3;,COOH
Stearic 18:0 CH;-(CH,),6-COOH C17H3sCOOH
Arachidic 20:0 CHs-(CH,),5-COOH Ci10H3COOH
Behenic 22:0 CHs-(CH,),-COOH C,1H4:COOH
Lignoceric 24:0 CHs-(CH,),,-COOH C,3H,,COOH
Cerotic 26:0 CHs-(CH,),-COOH C,sHs;COOH

) See explanation in Tab. 8.2.
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Tab. 8.2. Selected mono- and polyunsaturated carboxylic acids

Acids Shorthand designation® Sructure et
and o- number formula
Palmitoleic 16:1 (9),0-7 CHs~(CHy)s-CH=CH-(CHy),-COOH Cy15H2dCOOH
Oleic 18:1 (9),0-9 CHs~(CHy),-CH=CH-(CHy),-COOH Cy7H3COOH
Linoleic 18:2 (9,12) 0—6 CHy-(CH,)3-(CH,-CH=CH),-(CHy);-COOH CyH3,COOH
Linolenic 18:3 (9,12,15)p-3 CHy-CHy-(CH=CH-CH)3-(CH,)s-COOH CyH,COOH
Arachidonic 20:4 (5,8,11,14)p-6 CHy-(CH,)3-(CH,-CH=CH),-(CHy)5-COOH CyH3,COOH
Eicosapentaenoic | 205 (5,8,11,14,17)p-3 CHy-CHy-(CH=CH-CH)5-(CHy),-COOH CyoHoCOOH
Docosahexaeonic | 22:6 (4,7,10,13,16,19%-3 CH;-CHy-(CH=CH-CH,)s-CH,-COOH C,;H3;,COOH
Nervonic 24:1 (15),0-9 CHs~(CHy),-CH=CH-(CH);5-COOH C,HasCOOH

9 In the shorthand designation, the first mentionechber is the number of carbon atoms and the @mnsenumber is a number of double

bonds. In brackets there are carbon numbers umigdpuble bonds. Behind the brackets there isatdd the type ab-fatty acids.

Tab. 8.3. Trivial and systematic names of selected carboxylic acids

Trivial name of

Systematic name of

Trivial name of

Systematic name of unsaturated FA

arachidic acid
behenic acid

lignoceric acid

eicosanoic acid
docosanoic acid

tetracosanoic acid

EPA
DHA

nervonic

saturated FA saturated FA unsaturated FA

butyric acid butanoic acid palmitoleic acid 9-hexadecenoic acid

caproic acid hexanoic acid oleic acid 9-octadecenoic acid

lauric dodecanoic acid linoleic acid 9, 12-octadecadienoic acid
myristic tetradecanoic acid a-linolenic acid 9, 12, 15-octadecatrienoic acid
palmitic acid hexadecanoic acid y-linolenic acid 6, 9, 12-octadecatrienoic acid
stearic acid octadecanoic acid arachidonic acid 5, 8, 11, 14-eicosatetraenoic acid

5, 8, 11, 14, 17-eicosapentaenoic acid
4,7, 10, 13, 16, 19-docosahexaenoic acid

15-tetracosenoic acid

Properties of fatty acids:
- prevails non-polar character
- non-soluble in water and polar solvents — ethanol
- soluble in non-polar solvents (ether, chloroform)
- without colour, taste or smell
- lighter than water
- high surface tension

- melting point of higher carboxylic acids (and lipidthich contain them) is elevated with increasing
number of carbon atoms and is reduced with theeasing number of double bonds

- presence of double bonds increase their reactniity free radicals

8.1.2. Higher alcohols

To this group mono- or dihydric alcohols with lonobains belong, e.g. saturated cetyl alcohol (C-&®aryl
alcohol (C-18), ceryl alcohol (C-26) or melissyt@thol (C-30).
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8.1.3. Triacylglycerols

Triacylglycerols (TAG), neutral fats (older naméglycerides) are esters of trihydric alcohol glyae¢1,2,3-
propanetriol) and fatty acids. Triacylglycerols raakp about 90 % of our dietary lipid intake. Allimal fats
such as beef, butter, pork, and poultry fats ahglaht oils (liquid fats are called oils) such as corn, olive,
peanut, and soybean oils are triacylglycerols. Tdreyesters (in fact — triesters) of glycerol.

By the number of esterified OH groups of glycevad can identify thenono-, di- andtriacylglycerols.

If the fatty acids are all the same, the fat snaple triacylglycerol. Most naturally occurring fats contain
different fatty acid units in the same moleculee3é fats are calledixed triacylglycerals:

?HT ' CO- GH3ss ?HT(}CG CGi7H3ss

?HiOH + HO-CO- C:17H33 —> 3 HZO + C‘:H*O*CGCJJH&?,
CHy-OH + HO-CO- GigHag CHy-0-CO- CigHay

Glycerol Fatty acids 1-stear oyl-2-oleoyl-3-palmitoylglycerol

Fats and oils are rather mixtures in which the d&gdtion of the molecule varies in chain lengtll @legree of
unsaturation. Animal fats generally contain bottusgted and unsaturated fatty acid units. At roemgerature,
animal fats are usually solids. At the body tempeeaof warm-blooded animals, though, these fatsaqmt to
exist in the liquid state. Plants, on the otherchare not warm-blooded. They keep their fats anlitjuid state
by incorporating a higher proportion of unsaturaged units. Human fat looks like tallow. It is j@k-colored
and contains mainly palmitic, stearic, oleic aami @ small amount of linoleic, linolenic and araldhiic acids.
The yellow coloring indicates the presence of @res. Properties and melting point of human fatchesged
depending on their habitat in the body, as welasition. Tab. 8.4. compares the fatty acid contdrselected
fats and oils.

Tab. 8.4. Fatty acidsdistribution (as per centages) in several fatsand oils

Fat or ail <Cy Myrigtic Palmitic Stearic Oleic  Linoleic Linolenic Others
Animal fats

Beef tallow 0.2 2-5 24 - 34 15-30 35-45 1-3 1 1
Butter 14 8-13 25-32 8-13 22-29 3 - 6 - 15
Lard - 1-2 25-30 12 -16 41 - 54 3-8 - 4 -8
Human 3 24 8 4 10 - 3
Whale - 5-10 10-20 2-5 33-40 - - 50
Sardine - 5-6 14 - 16 2-3 9 9 - > 32
Plant oils

Olive - 0-1 5-15 1-4 67 — 84 8-12 - -
Peanut - - 7-12 2-6 30-60 20-38 - -
Corn - 1-2 7-11 3-4 25-35 50-60 - -
Soybean - 1-2 6 -10 2-4 20-30 50 - 58 5-10 -
Cottonseed - 1-2 17 -23 1-3 23-31 34 -55 - -10
Linseed - - 4-7 24 14 - 30 14 - 25 45 - 60 -

Chemical properties of triacylglycerols are detewmi by the properties of bound FA, especially umsétd
(lipid peroxidation, hydrogenation and fat rangiilitor by general characteristics of esters (hydiocleavage).
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Lipid peroxidation

Lipid peroxidation is the oxidative damagefatty acids in lipids, mainly membrane structurigids and
lipids present in lipoproteins. Most susceptibleotadative damage are polyunsaturated FA. The poée
usually initiated by the hydroxyl radical (see Ctemd.3).

Hydrogenation

The hydrogenation (addition of hydrogen to alkeaelde bonds in the presence of metal catalyst aad\li, Pt)
of vegetables oils gives solid margarine and otfreducts. We say that the double bonds becsaneated.
When hydrogen is made to add to some of the ddulhels in vegetable oils, the oils become like ahifisiz,
both physically and structurally. The oils changef being liquids to solids at room temperature.

Rancidity

Butter, salad and cooking oils, fatty meats canobexrancid, developing unpleasant odors and flavors.
Rancidity is due to a combination of two reactions:

1. bacterial hydrolysis of ester groups

2. air oxidation of alkene double bonds. Ithe tiuto-oxidative process in which peroxides oftunsited FA
and various aldehydes are forniEde rancidity reactions are slowed by refrigeratibats and oils stored
at room temperature, such as salad oil, shouldgbyly capped to impede the entry of moisture, éaat
and air — all of which are required for the hydsity and oxidation reactions. Some manufactures of
vegetable oils and other products add antioxidenitshibit the oxidation reactions (see Chapter. 13)

Hydrolysis

Triacylglycerols undergo hydrolysis at the estesugs to produce glycerol and fatty acids. Hydrayisi the
laboratory requires an acid or base: acidic hydislyields the fatty acids (mixture) and basic loyyghis
(saponification) yields a mixture of the salts atty acids (sodium or potassium). These salts@apss

In the process of digestion in GIT (exogeneousyvben mobilized from fat tissue (endogeneous), TAG
hydrolyzed by special enzymeslipases. This in vivo hydrolysis is more complicated than hydrolysisttie
laboratory.

During digestion of TAG by lipases with the helplile salts mixture of products is formed, mostaiich are
monoacylglycerols and free fatty acids and someyttigycerols and glycerol. The enterocytes absaiis fn
that form and then rebuild TAG and package thenh wibteins, into lipoprotein particles calleldylomicrons,
which are transported through the lymphatic systerthe bloodstream. The blood carries the chyloonisrto
various tissues where the TAG is separated fronpthtein and hydrolyzed to FA and glycerol, whick ¢hen
metabolized to generate ener@yaxidation). Fatty acids which are not needed flomiediate energy generation
are reconverted into TAG and stored as fat drojedslipocytes. Such cells make up most of the animal fats.

During fasting or exercisavhen we need the chemical energy of the store@,TtAey are again hydrolysed by
lipase in process of lipolysis.

8.1.4. Waxes

Biological waxes are esters of long-chain (C-14t86) saturated and unsaturated fatty acids witlg-chain
(C-16 to C-30) alcohols having one —OH group. Thlsaand alcohols usually contain an even number of
carbons. The most commonly present alcohols ang eétohol, ceryl alcohol and melissyl alcohol. Wax

alcohols have more than 22 carbon atoms in theachai
Waxes have a variety of protective functions imfdaand animals. Many fruit, vegetable, and plaavés are
coated with waxes that protect against parasitdsnagchanical damage and prevent excessive waterThe

skin glands of many vertebrates secrete waxeptb#tct hair, furs, feathers, and skin, keepingrntthabricated,
pliable, and waterproof. Bees secrete wax to coasthe honeycomb in which eggs are laid and ne@s be
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develop. In some marine organisms notably the ptemkvaxes are used instead of triacylglycerolseioergy
storage.

Biological waxes find a variety of application ihet pharmaceutical, cosmetic, and other industBeg wax
CHs;-(CH,)1,-CO-0-(CH),5-CHs, carnauba wax CHCH,),4,-CO-0-(CH),g-CHs, from Brazilian palm tree, wax
extracted from spermaceti oil GKICH,),-CO-O-(CH,).5-CH; (whale oil), lanolin (from lambs wool), are
widely used in the manufacture of lotions, creaams polishes.

8.1.5. Sterids (esters of sterols)

Sterids are esters of fatty acids with sterols r¢éte alcohols). They usually contain animal zoaster
(cholesterol) and plant phytosterols (sitosterdfe most common FAs are linoleic and palmitic acBterids
usually occur together with wax and free sterols.

8.2. Complex lipids

Complex lipids are esters, ethers or amides of fatids and alcohols. In addition to these esderttimponents
they also contain other compounds. There are twadgroups of complex lipids: those based on gbicéne
glycerolipids, and based on sphingosine, #phingolipids. Complex lipids can be classified according to the
character of non-lipid part occurring in their nmlées intophospholipids, which contain phosphoric acid and
glycolipids, which contain saccharide. They are predomingpiddi of cell membranes because of their
amphipathic character (one part of the molecule is hydrophabit another part is hydrophilic). All of them are
hydrolyzable lipidsMost phospholipids and glycolipids are called byiait names.

8.2.1. Phosphoalipids

Phospholipids are esters of glycerol or amidegbfrgjosine with higher carboxylic acids. In the ewlle there
is bound phosphoric acid residue. According to Basic alcohol in their structure they are clasdifte

glycerophospholipids andsphingophospholipids.

8.2.1.1. Glycerophospholipids

Phosphatidic acid is a compound formed if two hydroxyl groups ofagyol (the first and second carbons) are
esterified with carboxylic acids (C-1 usually sated, C-2 usually unsaturated), and one hydroxyligrwith
phosphoric acid.

CH,-O-CO-R,

CH—O—%O—RZ
I

C H2—O—|P—O H
OH

Phosphatidic acid

At physiological pH, phosphatidic acid exists inianized phosphatidate form. Phosphatidic acidseaterified
with a small alcohol molecule to form esters cafddsphatides (phosphodiester). The phosphatideaindhe
alcohol choline, ethanolamine, or inositol or tmirgo acid serine (Fig. 8.2.). Glycerophospholipge named
as derivates of the parent compound phosphatidit, according to the polar alcohol in the head grou
phosphatidylcholine (lecithin), phosphatidylethanolamine (cephalin), phosphatidylserine, phosphatidyl-
inositol. In cardiolipin, two phosphatidic acids share a single glycerol.
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N
HO-CHy CHy N(CHz)3  HO-CHy CHy NH,  HO-CH,-CH-COOH OH

Choline Ethanolamine Serine Inositol

Fig. 8.2. Alcohols bound to phosphatidic acid

Phosphatidylcholines, trivial namelecithins, include choline in the molecule. They differ by Bound to
glycerol. There are predominantly saturated FAtenfirst carbon atom and predominantly unsatur&t&dn
the second carbon. Lecithins are present in alalbptant and animal cells as the most common phalguds.
Phosphatidylethanolamines (cephalins) bind ethanolamine instead of choline and occuettogr with lecithin.
In phosphatidylserines, present mainly in the brain tissue, amino acithseis bound to the phosphatidic acid.
Inositol is present iphosphatidylinositols. Phosphatidylinositol takes part in lipid anchdich is responsible
for binding some proteins in extracellular sidensémbranesCardiolipins (polyglycerol phospholipids) are
compounds without a molecule of the second alcadlnotardiolipins two phosphatidic acid moieties neat
with a glycerol backbone in the center to form metic structure. They occur in the heart musclejqaarly in
mitochondrial membranes.

CH,-O-CO-R; sz—O—CO—Rl
CH-O-CO-R, CH-O-CO-R,

@) CH @)

1] + 713 1]
C H2—O—,3—O -CH,—CH,— N\—C Hy C H2—O—|P—O—C H,—C HZ—JN Hs

O_ CH3 Yy

Phosphatidylcholine (L ecithin) Phosphatidylethanolamine (Cephalin)

CH,-O-CO-R, (IZHZ—O—CO—Rl
CH—O—%O—R2 CH—O—%O—Rz

Il + ] H H
CHZ—O—lP—O—CHZ—IC H-NH5 CHZ—O—|P—

o COOH OH

OH
OH
Phosphatidylserine Phosphatidylinositol

Lysolecithins are compounds formed from the lecithinspghpspholipase A. FA is bound to one carbon (C-1 or
C-2) of glycerol by ester bond, while the hydrogybup at another position is free (the effect odggholipase

is to cleave off FA). According to this we can diguish 1-lysolecithin resulting from the effect of
phospholipase A; (cleaving off the FA on the first glycerol carbom)d 2-lysolecithins that are generated by
phospholipase A, (cleaving off the FA on the second glycerol cajbduysolecithins are generated in the lipid
metabolism in very low concentrations, but if treag formed in higher amount, cause lysis of erytyies.

Lysolecithin may also be formed Hgcithin:cholesterol acyltransferase (LCAT). This enzyme catalyzes the
transfer of FA residue from position 2 of lecithincholesterol to form cholesterol ester and lysithén. LCAT

is responsible for the formation of cholesterokesin plasma lipoproteins, which allows the regarolesterol
transport from extrahepatic tissues to the livee(€hapter. 8.3.).
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Most cells continually degrade and replace theirmim@ne lipids. For each hydrolyzable bond in the
glycerophospholipid, there is a specific hydrolgitzyme in the lysosome. They are classified adogtd ester
bond in the molecule, which is cleaved (Fig. 8.3.):

- Phospholipase A; - hydrolyzes the ester bonds of intact glycerophobpids at C-1 of glycerol,
producing 1-lysolecithins and acyl residue of fattyd,

- Phospholipase A, - hydrolyzes the ester bonds of intact glyceropho$ipids at C-2 of glycerol,
producing 2-lysolecithins and acyl residue of fatigid. When one fatty acid is removed by
phospholipase A, the second fatty acid is cleaved offlggophospholipase (phospholipase B),

- Phospholipase C - splits diacylglycerol residue,
- Phospholipase D - splits phosphatidate residue.

Some phospholipases act on only one glycerophospholipid, such as phasgylinositol 4,5-bisphosphate or
phosphatidylcholine; others are less specific (Big.).

Phospholipase A

Phospholipase Ay

Phosphol |p§7§> H (}@

0=P-0

H
G
/i oP)
Phospholipase D H

Fig. 8.3. Specificities of phospholipases

Somephospholipases have a regulatory rol&hospholipase A, catalyzes the release of arachidonic acid which is
a precursor of tissue hormones, eicosanoids (see83g). They also have an important role in sijhaling,
affect the composition of cell membranes and ceditd.Phospholipase C hydrolyses the bond between glycerol
and phosphate in glycerolphospholipids, such asmpatidylinositol 4,5-bisphosphate to release tobd4i,4,5-
triphosphate (IP 3) and diacylglycerol - secondseagers in cell signaling.

Phospholipase A; is present also in the venom of Indian cobra atlesnake diamond. After the snake bite
levels of the enzyme in blood increases and cafosastion of 2-lysolecithin, leading to extensivenmolysis,
which can endanger human life.

The plasmalogens make up another family of glycerophospholipids. yrieecur widely in the vertebrate heart
tissue, membranes of both the nerve and muscle. ddiey differ from the phosphatides by the presesfcan
unsaturatedtther group instead of an acyl group at one end of the glyicend, bound bwinyl etheric bond.
The resulting structure is referred to as plasmanid. Choline, ethanolamine or serine create iedb@nd with
phosphoric acid in the molecule and plasmenylickolpiasmenylethanolamine or plasmenylserine amddr
Plasmalogen molecules, like phosphatides, also adectrically charged atoms as well as long hydrbon
chains. To this group also the lipid platelet aatitvg factor (PAF) can be included, which is dedivieom
cholinergic plasmalogen. PAF is a potent mediatbrinflammation, allergic response, shock and blood
coagulation.

CIZHZ—O—CH:CH—Rl sz—O—CH:CH—Rl
CH-O-CO-R, CH-O-CO-R,
? 4+ CHs [
CHZ—O—F—O— CHZ—CHZ—N\—CHs CH2—O—F—O—CH2—CH2—N Ha
o CHs o
Plasmenylcholine Plasmenylethanolamine
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Properties of gycerophospholipids

Phospholipids isolated from th®ological material do not constitute a homogenfrastion witt a completely
identical structure. Each type of phospholipidadsually a mixture of very similar substances diffg in fatty
acids composition.

Physicochemical properties of phosphols are determined by the preserafetwo different parts of th
molecule (Fig. 8.5.)Phospholipids have amphiphilic amphipathic properties. One part of each molecuof
phosphatidylcholine, phosphatidylethanolamine ahdsphatidylserine is very polar because it carfidbs
electrical charges (thgolar sites are ceed hydrophilic groups). Thesecharges are partly responsible for
phosphatides being somewhat more soluble in wét@n triacylglycerols. The remainder ¢ phosphatide
molecule is nonpolar and hydrocark-like. The nonpolar, hydrocarbon sections are callhydrophobic
groups. This fact is the reasomhy phospholipids form a lamellar or micellar structiie water: they arrange
into lipid bilayers in such a waat the polar parts are on the outer and intesida of the ilayer and the non-
polar parts(hydrophobic chains of fatty acids) within the l#a. Bilayer formatior from phospholipid
molecules is essential for the formation of biotadimembranesThe presence of hydrophilic and hydrophc
parts in the e.g. lecithin moleculis, the basis for its important property the cell emulsifier and surfacta
(liquid produced byung cells, Fig. 8..).

HyC_ Q |
+
H3C—N—CH2—CH2—O—]?_O_CH2
H:C O
- e —
~ v
hydrophilic part hydrophobic part

Fig. 8.4. Structure of lecithin

8.2.1.2. Sphingophospholipids

Sphingophospholipids are the second large clasmeshbrane lipids. They contair long-chain unsaturated
aminoalcohol calledphingosine (1,3-dihydroxy-2-amino-4-octadecene).

CHz—(CHy)1~ CH=CH- f}F ‘CI-FCHZ—OH CHgz— (CHy)1~ CH=CH- ?*F ‘(:H—CHZ—OH
OH NH, OH NH-CO-R
Sphingosine Ceramide

Carbons C-1, C-2 and Ce3 the sphingosine molecule are structurally analsgo the three carbons of glyce
in glycerophospholipids. Conversion of the am—NH, of sphingosine (C-2) into aamide with a fatty acid
yields aceramide. Ceramide is the structu parent of all sphingolipids. Esterification of tpeimary alcoho
group (C-1) of aeramide with phosphoric acid and choline (or edhemine) results in sphingophospholipid

(sphingomyelin):

i
'
CHz—(CHp)15- CH=CH-CH- CH- CH— O~ I‘D-(}CHTCHT N(CHs)3

| \ .
OH NH-CO-R O

Sphingophosphalipid (sphingomyelin)
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Sphingomyelins are compounds found in the plasmabnene of animal cells and are especially promiient
myelin sheath surrounding nerve fibers and inssltte axons of some neurons. Sphingomyelins hatyeaieid
residues that are 20 — 26 carbon atoms long. Tleegechains intertwine and wrap around each othdortm
a very stable coating for the sensitive nerve fibér individuals with some genetic diseases, #wban chains
are shorter and defects result in the myelin shesithcing and damaged nerve fibers do not fuliglit function.

8.2.2. Glycolipids

Glycolipids are amphiphilic lipids. Carbohydrateqnmosaccharide, disaccharide or oligosaccharideichnis
the hydrophilic part of the molecule, is boundtte hydrophobic lipid component by a glycosidic bond

8.2.2.1. Glyceroglycolipids

Glycolipids have bound lipid as well as sacchaddenponents in their moleculeGlycer oglycolipids have a
relatively simple structure. The basic structuri,B-diacylglycerol, which has a monosacchariddisaccharide
bound at G position. They occur mainly in germs.

8.2.2.2. Sphingoglycolipids

Sphingoglycolipids are similar to sphingophosphidsp— they contain sphingosine and a fatty aciddtes
bound as an amide in a ceramide. However, sphiggolipids contain no phosphate. They contain alsmide
unit at G, joined through a glycosidic linkage to the prignatcohol oxygen atom of the ceramide.terms of
organic chemistry glycolipids can be included te #tetals. We can subdivide the sphingoglycolipitis the
following groups:

- cerebrosides

- sulfolipids

- globosides

- gangliosides

Cerebrosides have asingle sugar linked to ceramide; those vgHiactose (galactocerebrosides) are
characteristically found in the plasma membranes cefl in neural tissue, and those with glucose
(glucocerebrosides) in the plasma membranes oficetionneural tissues. As FA usually bind steadid.a
cerebronic acid, nervonic acid, and others.

CHsz—(CHy)15- CH=CH- ‘Cl—k ‘Cl—k CH—O—saccharide group (galactose or glucose)
OH NH-CO-R

Cerebrosides

Globosides are neutral (uncharged) glycosphingolipids witto tar more saccharides, usually D-glucose, D-
galactose, or N-acetyl-D-galactoamine. Cerebrosathelsglobosites are sometimes caltedtral glycolipids, as
they have no charge at pH 7.

The sulfolipids (sulfo-glycosphingolipids, cerebroside sulfatese acid glycolipids. In sulfolipids the
monosaccharides (mainly galactose) are esterifiddsulfuric acid at the carbon atom C-6 (sometii@e3). By
ionization sulphuric acid obtaines a negative clhafdis is a diffence from neutral glycolipids.

Gangliosides, the most complex sphingolipids, have oligosaddear (consisting of glucose, galactose,
galactoamine) and one or more residues of N-aaatydiminic acid as their polar head groups, alsedaialic
acid, at the termini. Sialic acid gives gangliosidee negative charge at pH 7 that distinguishemtfrom
globosides.

Cerebrosides and gangliosides are found in theimgkkath. Cerebrosides are in the white mattéheotentral
nervous system, whereas gangliosides occur inrdaergatter of the brain. Although glycolipids aceifid in all
tissues, we consider them as typical lipids of tieeve tissue. Glycolipids also play an importarie rim
immunological processes at the cell surface.
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The saccharide moieties for certain sphingolipidéng the human blood groups and therefore deterrin
type of blood that individuals can safely receinebiood transfusions. The kinds and amounts of lizsides in
the plasma membrane change dramatically with enmicydevelopment, and tumor formation induces the
synthesis of a new complement of gangliosides.

8.3. Lipoproteins

Lipids are virtually insoluble in water and theyearansported in blood as particles called lipeproteins.
Lipoproteins are a large group of macromoleculestiich proteins bind lipids by hon-covalent bontlsere are
several kinds of lipoproteins, each with its owndtion, and they are classified according to tdeinsities (Tab.
8.5.) tochylomicrons, very low density lipoproteins (VLDL), low density lipoproteins (LDL) and high
density lipoproteins (HDL).

Tab. 8.5. Characteristics and composition of plasma lipoproteins

Characteristics Chylomicrons VLDL LDL HDL
Density (g.cri?) <0.95 0.95 - 1.006 1.006 — 1.063 1.063-1.21
Molecular weight 10° - 10° 8-35.16 2-4.16 2-4.16
Mean of particles (nm) 75 - 1200 30-80 18-25 5-12
Triacylglycerols (%) 80-95 60 10 5
Cholesterol (%) 5 12 50 20
Phospholipids (%) 3 18 15 25
Proteins (%) 1-2 10 25 25
Half-life 10 — 15 min several hours 3 days 4 days

The lipoproteins with the lowest density are calidylomicrons. They are the largest lipoprotein particles.
Their main lipid components are triacylglycerolglahe biological function is the transport of exonges lipids
from the gut to the peripheral tissues (mainly nrisnd adipose tissue), and cholesterol to the.liVeey
include 2 % proteins or less. After their assemijin the cells of the intestinal membrane, chyionns are
delivered to the lymph, which carries them to theotbstream. When they enter the capillaries emixabdide
muscle and adipose tissue, chylomicrons encoumdiny sites and are held up. An enzyiigoprotein lipase,
now catalyzes the hydrolysis of the chylomicromidylglycerols to fatty acids and monoacylglyceroihich
are promptly absorbed by the nearby tissue.

The liver is a site where breakdown products fraocharides are used to make fatty acids and, flemt
triacylglycerol. Lipids made in the liver are calendogenous lipids. Two similar lipoproteins are used to
transport endogenous lipids in the bloodstreaeny-low-density lipoproteins, and low-density lipoproteins.
These lipoproteins also carry cholesterol. LDLs farened as a product of VLDL metabolism (the degtamh
of VLDL directly in the blood). LDLs are respongbfor cholesterol transport from the liver to thels of
extrahepatic tissues. Other lipoproteihggh density lipoproteins, carry the cholesterol released from tissues
back to the liver. They are the smallest lipoproferticles. They are formed in the liver and srmaéstine, and
have a dual role: they can prevent the entry of luilitb the cells, on the other hand they are abteatasport the
excess and unused cholesterol from cells to ther hvhere it is metabolized to bile acids. HDL lipojgin
particles in the body transport esterified cholestdt is less polar than free cholesterol, angrdifiore occurs in
the core of HDL particles, which also allows toeie another free cholesterol and esterify it. Tihisalled the
reverse cholesterol transport and is responsiblthéoanti-atherosclerotic effect of HDL lipopratsi

Size of lipoprotein particles decreases from chytooms towards HDL.

The most abundant proteins which are part of liptgins are apoprotein A, apoprotein B, apoprotejn C
apoprotein E etc.

164



8.4. Steroids

Steroids are tetracyclic organic compounds thataiorthesteroid ring structure, consisting of four fused
rings: three six-membered rings (A, B, C) and ane-mmembered ring (D). Each ring is numbered btaadard
system. They occur in the plant and animal kingdom.

Fig. 8.5. Steroid nucleus (sterane) Fig. 8.6. Numbering of carbon atomsin steroids

Steroids contain a variety of functional groupshsas hydroxyl, carbonyl, carboxylic, and carbonbcar double
bonds. The combination of the cycles of the stebaidkbone extends the possibility of the stereo&sniThere
are asymmetric (chiral) carbon atoms in the alkbaoe nodes. The steroids are also different igtteand the
structure of the side chain at carbon atom C-1#% filmbering of the carbon atoms of the naturabgtsris in
Fig. 8.6.

Nomenclature of particular steroid groups resulbsnfthe names of basic saturated hydrocarbonsedefiom
cyclopentanoperhydrophenanthrene (sterane). The swturated hydrocarbons from which the steroids ar
derived, are:estrane (C-18), androstane (C-19), pregnane (C-21), cholane (C-24), cholestane (C-27),
ergostane (C-28) andstigmastane (C-29).

Classification of steroids accordingftinctional significance:
1. sterols (steroid alcohols),

bile acids,

sex hormones and adrenal cortex hormones,

cardiotonic steroids,

steroid saponins,

steroid alkaloids,

provitamins D (vitamins D have B ring split).

No gakr~on

Classification of steroids accordingttee number of carbon atoms:
C-18 steroids (female sex hormones estrogens)
C-19 steroids (male sex hormones androgens)
C-21 steroids (hormones of corpus luteum — gestademale sex hormones and adrenal cortex hormenes
corticoids)
C-23 steroids (aglycons of cardiotonic steroids)
C-24 steroids (bile acids)
C-27 steroids (animal sterols, steroid sapogenins)
C-28 and C-29 steroids (sterols, mainly of plaigia)
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8.4.1. Sterols

Cholesterol (5-cholesten-ol) is a well-known animal
steroid with 27 carbons and eight-carbon brancHkd &
bound to the C-17. It occurs in amounts up to 25n%ell
membranes of animals, 10 % in the brain, in humasnpa
(free or esterified). In the blood stream it isnsported as

cholesteryl esters in the lipoprotein particlese Tdody gets 2

cholesteryl esters via diet, but up to 800 mg pay dan 3

normally be synthesized in the liver. Cholestesotiitical to 5

many physiological functions. It is a substratedgnthesis of 6

all steroid hormones, including the sex hormoned ¢ Cholesterol (5-cholesten-3B-ol)

corticoids, bile acids (salts) vitamin D and others

Although it is a substance essential for life @h@lso act contradictory. If cholesterol leveblood is increased,
it tends to be deposited in the arterial walls iegdo their damage and thus reducing their diametel their
throughput, causing a condition known as atherossie. High cholesterol increases the risk for naydal

infarction, arterial thrombosis, and insufficiedbdd supply in the limbs. In addition, cholestei®la major
component of certain types of gallstones.

Phytoster ols are plant sterol€rgosterol (C-28) is an ergocalciferol (vitamin,Pprovitamin.

8.4.2. Bileacids

Bile acids are derivatives cholane (C-24). The basic bile acid is cholic acid whi@dngigates with glycine or
taurine to form glycocholic or taurocholic acidsrh which bile acid salts are formed (sodium glyuaate and
sodium taurocholate). Bile acids are synthesizerdhfcholesterol in liver and stored in gall bladdera solution
called bile, which is a mixture of bile salts, obsterol, and pigments from the breakdown of readbloells.

They play a crucial role in lipid digestion, in tladdsorption of fats in the intestine, where thegcfion as

extracellular emulsifiers. Synthesis of bile adglalso a major route of cholesterol secretiomftbe body.

Bile is secreted into the small intestine afteatiyfmeal and participates in the digestion of bjydrable lipids.
Dietary lipid arrives in the intestine in the fohinsoluble lipid globules. Hydrolysis by lipasean take place
only at the surfaces of the globules. The largerdlobules, the smaller the total surface aredaf hvailable
for digestion and the slower the rate of digestignthe lipases. Bile salts contain a large hydriyhgart
(steroid ring system) and a small hydrophilic p@drboxylate). Bile salts break up large lipid git#s into
much smaller ones, greatly increasing the surfaea available to lipases, and this increases the of
digestion.

Bile salts are also needed for the efficient intestabsorption of the fat soluble vitamins (A, B,and K).

OH
A B OH |‘4
ﬁ*OH C— N-CH,~COOH
0 o
H H OH H H OH
C OH |‘4
%— N-(CH,),—SOH
(@]
H H OH
A. Cholic acid; B. Glycochalic acid; C. Taurochalic acid
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8.4.3. Steroid hormones

The steroid hormones are just one group of hormosigisstances synthesized in the endocrine glamas fr
which they are excreted and then transported iblin@dstream to target tissues, where they regalaariety of
cell functions. Hormones are often called cheminaksengers because they relay messages betwesmerdiff
parts of the body. They are effective at very laameentration. The major groups of steroid hormaaresthe
hormones produced by the adrenal cortex and maldesmale sex hormones.

Steroids produced in the adrenal cortex are calteticosteroids (C-21). The corticosteroids are of the two
types:glucocorticoids and mineralocorticoids.

Glucocorticoids are involved, along with insulin, in controllingettglucose balance in the body, they affect
metabolism of lipids and proteins. Glucocorticofleh ascortisol promote gluconeogenesis and the formation
of glycogen, whereas insulin facilitates the usglatose by cell. These two substances must balanbe for
the body’s sugar to be properly metabolized. Colriis the best known of the corticosteroids becafses use

in medicine. Since the blood-glucose is neededbifain function, cortisol stimulates other celldd&crease their
use of glucose and, instead, metabolize fats aatkips for energy. Cortisol also blocks the immuggstem,
because a stress situation is not the time to $edd or have an allergic reaction. It is an effeetianti-
inflammatory and anti-allergic agent.

Mineralocorticoids affect the electrolyte balance of body fluids arehde the water balancAldosterone,

secreted by the adrenal cortex, is the most activime mineralocorticoids. This hormone causeskidaey
tubules to reabsorb NaCl', and HCQ'. The water balance of the body is essentially utige control of this
hormone.

C‘3H20H H C‘:HZOH
cC=0 O.l. c=0
HsC ~
HO 3 ..-OH HO C
H3C HsC
O/ O/
Cortisol Aldosterone

Sex hor mones

The testes of males and the ovaries of femalesupeodteroidal sex hormones that control the groaviti
development of reproductive organs, the developnoérgecondary sex characteristics, and the reptivduc
cycle.

Male sex hormones arandr ogens (C-19), which are produce mainly in the testes imnsimaller amount in the
adrenal cortexTestosterone, the most important androgen, stimulates prodoctibsperms by the testes and
promotes the growth of the male sex organs. Testst also is responsible for muscle developmente Mex
steroids are responsible also for secondary senacteaistics in males such as deep voices and ficfandbolic
steroids are synthetic substances related to testostetwateare used by some athletes to promote muscle
development. Their use is banned by most athleticns.

There are two kinds ofemale sex hormones: thestrogens (C-18) andgestagens (progestins) (C-21). The
mainly ovaries produce estrogens, suclesradiol andestrone. Gestagens are the hormons of corpus luteum,
for exampleprogesterone. Progesterone together with estradiol regulatesntienstrual cycle. The estrogens
cause the growth of tissues in female sexual orgaltisough estrogens are secreted in childhood réte of
their secretion increases by 20-fold after pubérhe fallopian tubes, uterus, and vagina all ineega size. The
estrogens also initiate growth of the breast ardtieasts’ milk-producing ductile system.
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OH OH CcC=0
H3C H3C H3C
HsC HsC
O HO O/
Testosterone Estradiol Progesterone

8.4.4. VitaminsD

Vitamin D exists in a number of form¥itamin D,, also calledergocalciferol, andvitamin Ds, also called
cholecalciferol, are most often naturally occurring vitamin D fornv§tamins D are formed by the action of
ultraviolet radiation on the 5, 7-unsaturated d&(provitamins, which belong to steroids), resigtin cleavage
of the B ring, thereby losing steroid charactertaxfiin D, is formed from ergosterol (C-28) of yeast and fung
and vitamin 3 is formed in the skin from 7-dehydrocholesterol2@ in a photochemical reaction driven by the
UV component of sunlight. These two are equallyfulse humans, and either can be changed in the bmthe
slightly oxidized forms acting as hormones stimualgabsorption and use of calcium and phosphatesiomack

of vitamin D leads to deficiency disease knowniakets a bone disorder. Eggs, butter, fatty fisig &sh oils
such as cod liver oil are good natural sourcestamin D precursors (see Chapter 11).

X
\l o \l
HO

Ergocalciferol (vitamin D) Cholecalciferol (vitamin D3)

8.5. Eicosanoids

During oxidation of arachidonic acid, biologicalyghly effective compounds with an exceptionallydeirange
of actions are formed in many tissues. This groficampounds —eicosanoids (prostanoids) — includes
prostaglandins, prostacyclins, thromboxanes, leukotrienes, andepoxides. The scheme of eicosanoid formation is
shown in Fig. 8.7.

Arachidonic acid ]

cyclooxygenase Paso
lipoxygenase
PGGZ PGl‘b epoxides
prostaglandins prostacyclins thromboxanes leukotriens

Fig. 8.7. Scheme of eicosanoids formation

By action of the enzymeyclooxygenase endoperoxides (PG&nd PGH) are formed as precursors, from which
prostaglandins (PG), thromboxanes (TX) and proslaty (PGI) are produced during further enzymatic
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reactions. Leukotriene biosynthesis also starts faoachidonic acid. They are, however, formed leyattion of
the enzymdipoxygenase. Enzymes synthesizing the above compounds have detented in the microsomal
fraction of cells.

Tab. 8.6. Main biological effects of eicosanoids

Eicosanoid Effect

Prostaglandins (PGDPGE,, PGF) vasodilatation, pain, inflammation, uterine conti@ts
Thromboxanes (TX4 vasoconstriction, thrombus formation

Prostacyclins (PG) vasodilatation, thrombolysis

Leukotriens (LTB) control functions of polymorphonuclear leukocytesriflammation
Leukotriens (LTG, LTD,, LTEy) slow reactant of anaphylaxis

Arachidonic acid cascade is stimulated, also bygexyderived free radicals and by the myeloperoxidystem
(which is known to play an important role in phagosis). By their action, cells release severalyares,
including phospholipase A, cleaving off the free arachidonic acid from phusljpids of cell membranes. Main
biological effects of eicosanoids are listed in Ttado. 8.6.

8.5.1. Prostaglandins

Prostaglandins were the first eicosanoids that have been recedniZ’hey are biological derivates of
arachidonic acid and are formed via the 20-canarstanoic acid, which contains a 5-member cyclopentane
ring:

1
COOH

G EH,

Prostanoic acid

Prostaglandins are classified according to the rmurahd arrangement of double bonds and hydroxyketahe
groups. Individual series are denoted PGA, PGB, PBGD, PGE, PGF. The numerical index in the
abbreviation gives the number of double bonds,RGfz has 3 double bonds:

O o HO O HO
\ _Ry \\ Ry \ Ry _Ry \ Ry Ry
“Rg “Rg “Rg /" Re “Rg “Rg
o HO HO
PGA PGB PGC PGD PGE PGF
0] HO
\
— COOH — COOH
= CH3 = CHS
HO OH HO OH
Prostaglandin E, (PGE),) Prostaglandin F,, (PGF,,)
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The prostaglandins, which were originally isolafezin the prostate gland, occur in many body tissares are
physiologically active at very low concentratiofihe prostaglandins are like hormones in many waysept
that they do not act globally, that is, over thérerbody. Prostaglandins are generated directthéncells of the
tissues based on nerve, chemical and mechanicallstiThey do their work within the cells where yhare
made or in nearby cells, so they are sometimesdhital hormones. This is perhaps why the prostaglandins
have such varied functions; they occur and expitesis roles in such varied tissues. They work thgetwith
hormones to modify the chemical messages that heembring to cells. In some cells, the prostaglamdihibit
enzymes and in others they activate them. In sagens, the prostaglandins help to regulate the @éWwlood
within them. In others, they affect the transmiasid nerve impulses.

Some prostaglandins enhance inflammation in adisand it is interesting that the acetylsalicylbadaaspirin),
an inflammation reducer, does exactly the oppodités effect is caused by aspirin’s ability to ibiithe
activity of an enzyme needed in the synthesis @fstaglandins dyclooxygenase). Cyclooxygenase is also
inhibited by another anti-inflammatory drugdomethacin. Acetylsalicylic acid, however, is not an inhibitof
lipoxygenase, and therefore it does not block formation of letnienes.

The molecular basis of prostaglandin activity i sbt well understood. However, there is consatge clinical
interest in these compounds. Regulation of menstryacontrol of fertility, contraception, contralf blood
pressure, and blood clot prevention are all pakntes of prostaglandins. For this reason, maogtaglandins
have be synthesized in the laboratory for pharnoapcdl use gynthetic prostaglandins). Natural prostaglandins
cannot be taken orally because they are rapidlyadiegl and do not survive long enough for effectiegon.
Thus, one research goal is to develop modifiedtpgtesndins that can be administered orally.

In experiments that use prostaglandins as pharrtiaaks, they have been found to have an astoniskanigty of

effects. One prostaglandin induces labor at theafradpregnancy. Another stops the flow of gagtrice while

the body heals an ulcer. Other possible uses aredb high blood pressure, rheumatoid arthritishma, nasal
congestion, and certain viral diseases.

8.5.2. Prostacyclins

Prostacyclins contain in their molecule, in addition to the oméntane ring, another five-membered ring,
formed by an epoxide bond betweer &nd G. The effects of prostacyclins are opposite to tbht
thromboxanes. They have vasodilatation effectsstingulate thrombolysis.

COOH

CHs
OH OH

Prostacyclinel, (PGl,)

8.5.3. Thromboxanes

Thromboxanes are synthesized in thrombocytes. ddsté the cyclopentane ring they contain a six-nmened
oxane ring. Thromboxanes induce thrombocyte ag@jergaand vasoconstriction, resulting in inductioh o
thrombus formation.

The two major thromboxanes are thromboxanamdl thromboxane BThromboxane TXAis unstable, as it
has another ring formed by an oxygen bridge, tloeesit is promptly reduced to the more stable TXB
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OH

— COOH
CH
HO  ~o~ A :
OH
Thromboxane B, (TXB,)

8.5.4. Leukotriens

Leukotrienes are formedvia a biochemical pathway different from the one nmmdd above. The term
“leukotrienes” is derived from their chemical sttwre — they contain a conjugated triene group &hteuble
bonds in conjugation). They are produced from thtermediate 5-HPETE (Bydroperoxy-eicosaetraenoic
acid). First LTA is synthesized, and next it is eeried into LTB, LTC, LTD, LTE, LTF. Leukotrienes &nd B
differ only in hydroxyl groups in their basic chai®ther leukotrienes contain, in addition, glutatié or
cysteine units (LTRis an example).

NHz O

S—CHy-CH-C-NH-CH,-COOH

LeukotrieneD, (LTD,)

Biological effects of leukotrienes are diverse. ketnene LTB, mainly regulates functions of
polymorphonuclear leukocytes and eosinophils duphggocytosis, and inflammation. Leukotrienes | B@d
LTD, are mediator compounds of anaphylaxis. In conaéotr thousand times smaller than histamine they
induce contraction of bronchial musculature andneef bronchial mucosa. They constrict airways emahge
permeability of blood vessels. They are releasethdwasthma attacks and other allergic reactions.

8.6. Terpenes

Terpenes are substances mainly of vegetable origiey are essential components of plant esseniligl o
(volatile fragrances of flowers, fruits, leaves ather parts of plants) and plant resins (oxidapooducts of
essential oils produced in areas with damaged bbBdonifers). Terpenes include also balms, whiah semi-
liquid mixture of resins and essential oils, ashaslturpentine oil.

Terpenes are compounds which consist @prene units (2-methyl-1,3-butadiene). These substances a
therefore also called isoprenoids.

CHZ:C‘:—CH:CHZ {CHZ-C;CHCHz}»
CHy CHs "
I soprene | soprene units

For animals, some of them are important as basictstal components of cells, as vitamins and hawso or
their significant precursors. Isoprenoids are fairbg polymerization. They are secondary metaboties are
formed during degradation of certain substancethénbody. Terpenes have a lipophilic characterey #re
insoluble in water but soluble in fat.
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The biosynthesis of isoprenoids starts from acatid, more particularly, from its active form - adecoenzyme
A, which generates active isoprene (isopentenybplyosphate) via several by-stages leading to ttmedidon of
all isoprenoids.

The isoprene units are joined together and gereraiula is (GHg),. According to the number of isoprene
units, terpenes can be classified to:

monoterpenes n=2) 1816
sesquiterpenes (n=13) 186824
diterpenes (n=4) Haz2
triterpenes (n=6) dHug
tetraterpenes (n=8) 4664
polyterpenes (EFg)n

Terpenes may have different degrees of unsaturatioth a variety of functional groups may be pregént
example —OH, >C=0, —CHO).

Terpenes, which are abundant in the oils of plamid$ flowers, have distinctive odors and flavorsey fare
responsible for the odors of pine trees and forcthler of paprika (capsicum), carrots, and tomatdsmins
A, E, and K are terpenes.

8.6.1. Monoter penes

The monoterpenes (C 10) are found in nature iridira of alcohols and aldehydes. They are the sistple
terpene class, containing two isoprene units. Tdeeyr mainly in plants, but they can be found @sgerms
and animals. We recognize aliphatic, monocyclic biegiclic monoterpenes.

Examples of monoterpenes ageraniol (geranium, eucalypt, rose oilgjiral (orange oil), menthanegenthol
(used in medicine as moderate antiseptic and aiwadtb tooth-pastes and mouthwasliyonene (citrus oil),
carvone (oil of caraway)porneol (lavender, rosemary oil)amphor (mainly in essentials oils of camphor tree).
Because of its antiseptic properties, camphor ésl iis medicine (Camphora) as a part of severahants (in
rheumatic diseases) (Fig. 8.8.).
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X
CH=0
HsC CHs
the basic structure Geraniol Citral
CH3 CH3 CH3
(e}
=
OH
N
HeC™ > CHs HoC™ “CHy HaC™ SCHy
M enthol Limonene Carvone
CHs CHs
OH —0
Borneol Camphor

Fig. 8.8. Structure of some monoter penes

8.6.2. Sesquiter penes

Sesquiterpenes (€} consist of three isoprene units. They can be diipfend monocyclic. Several of these
compouds have —OH group, for examfamesol:

Farnesol is naturally widespread, it is an impdriaetabolite for the synthesis of other terpergigarnesyl,
which is a part of vitamin K(Chap. 11) is derived from two molecules of fanies

8.6.3. Diterpenes

Diterpenes (&) are composed of four isoprene uni@hytol is biochemically important aliphatic diterpene,
which is primary alcohol with one double bond. Ryt an ester bound to chlorophyll. Diterpenesrfdhe
basis of biologically important compounds suchedsol (vitamin A) or retinal (Chap. 11).
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After the breakage of —OH group the rest of phytwllecule is also a part of vitamin; Kphyloquinone) and
vitamin E (Chap. 11).

OH

8.6.4.Triterpenes

Triterpenes (g) consist of six isoprene units. The linear trilarpsgqual ene, the major constituent of shark liver
oil, is derived from the reductive coupling of twmlecules of farnesyl pyrophosphate. Squalenestauatural
precursor of cholesterol from which all steroids aynthesized.

The vitamin K (farnoquinone) (Chap. 11), an important moleculebiood clotting and sapogenin (cyclic
triterpene), which forms a nonsaccharide part téitoglycosides (saponins), are built from 6 isoprenits.

8.6.5. Tetraterpenes

Tetraterpenes (carotenoidsygCcontain eight isoprene units. Carotenoids cancbesidered derivates of
lycopene, found in fruits and flowers. Its long straighta@h is highly unsaturated and composed of two idaht
units joined by a double bond between carbon 15l&dBiologically important carotenoids may be eay
(Ilycopene) or cyclic (mono- or bi-, alicyclic ory#r with or without oxygen atom in their molecul&he
monocyclic tetraterpene jscarotene, and the bicyclic ones arearotene an@-carotene. All three isomers in
their molecules comprisefaionone ring.

L ycopene

The color of fruits and flowers, for example tonmegaand carrots comes from carotenoids. These campou
absorb light because they contain extended netabsingle and double bonds and are important pigsngn
photosynthesis. They are yellow, red and violetrgts of plant and animal organisms. Colour of tesmids
is conditioned by polyene structure of their molecu

Among the represented moleculps;arotene is probably the most important as a precursoritafnin A which
is formed fromp-carotene by central cleavage into aldehyde retadabhol retinol (vitamin A and retinoic
acid (Chap. 11):
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\\\\OHHO\\\\

p-Carotene — 2 Moleculesof retinol (vitamin Ay)

8.6.6. Polyter penes

Polyterpenes are macromolecules consisting of tdragns of isoprene units. The most important comgsun
this group are rubber and gutta-percha. Natuwbber latex is extracted from the rubber tree. It consists of
polyisoprene in which the double bonds areisconfiguration and is characterized by elasticitgn® plants
produce a polyisoprene withans double bonds, known agitta-percha. It is not elastic.

8.7. Biological membranes

Biological membranes separate cells (as well awithahl organelles in the cytoplasm) from theirrsumding.
Cell or organelle membranes are not inert barritrsy are barriers with very selective permeahiligich
regulate the molecular and ionic composition ingfdecell and organelles:

- Membranes control the entry of substrates neededhf® synthesis of biomolecules as well as other
molecules that are going to be modified or brokewrdin the cell organelles.

- Membranes control the release of products fromreetias so they can be used anywhere in the call, an
the release from cells so they can be used anywhetiee organism, as well as the release of waste
products from cellular processes.

- Membranes play a central role in cell recognition.

- They are involved in cellular communication. Theaptor molecule of the membrane obtains information
from other cells via e.g. hormones, and transfdtrimo molecular changes within the cell

- Membranes keep different distribution of ions omthe&i side of the membrane. These concentration
gradients are used in the formation of chemicaklectrical signals in nerve impulse transmissiod an
muscle contraction and in the transport of ion@sethe cell membrane (secondary active transport).

Cell membranes are about 7.5 nm thick and are ceeatponainly of lipids (phospholipids, glycolipidsica
cholesterol) and proteins. The relative distribataf lipids is changed according to the type of thembrane.
Most membranes of the same tissues (e.g. plasmaticbrane of human erythrocytes), contain the sanweiat
of lipids and proteins. A typical membrane contéins10% of carbohydrates.

The membrane lipids asmphiphilic (amphipathic) lipids, characterized by:

- long hydrophobic (nonpolar) part, or tail - hydrocarbon chains bfcgrophospholipids, sphingolipids or
cholesterol esters.

- short hydrophilic (polar) part, or head - phosphodiester group ofcejophospholipids and
sphingophospholipids, carbohydrate component ahglglycolipids, or hydroxyl group of cholesterol.
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Cell membrane structure is uniform. Currently tH&ui'l mosaic model" is accepted (SJ Singer and GL
Nicholson, 1972). In this model (Fig. 8.9.) the niwame is formed by membrane lipids, organized ih&dipid
bilayer andperipheral proteins, proteins bound through the lipid anchor and theintegral proteins (see Chapter
9.3.). The basic membrane component is a phospthdiipayer with embedded derivatives of sterols and
polyisoprene derivates. Bilayer has two layers, aadh has a hydrophilic and hydrophobic side, wizicd
arranged in such a way that the hydrophobic sidasht and the hydrophilic sides face the the inteamal
external aqueous environment of the membrane. Tivingl force for the formation of the lipid bilayes
composed of secondary attractive and repulsiveeforiolecules of phospholipids within the membrkyer
are oriented with their hydrophobic acyl chains dodg the center and the polar groups towards tifacguof
the bilayer.

Properties of the membrane are determined by the A and a type of polar groups in phospholipids.
Components and organization of the membrane differdoth sides, on the outer and inner surfaces. Fo
example, phosphatidylcholine and sphingomyelin aswally found on the outside surface, while the
phosphatidylserine and phosphatidylethanolaminenarmally on the inner surface. Cholesterol molesuielp

to keep a membrane from being too fluid.

(‘/Carhohydrate n
Exterior |— Glycocalyx
N '8 - i G[y'caproté\'n\ PO ‘I
"/Q\“ - Chblestero| "'Q/Gwco\ibid ‘ \ I \ Hridgri%ihmc
N ) / {5 3 g ”"
”I\EQ{J / &> . >/ ‘ I *Hydr_ophobic
l ) ”l I, 4 " region
- / S
Il { ‘ é ||| ;/ I - Hydrophilic
f\J “ J“ region
|"u L “ ‘ I\“ ( \ ‘\_j-'\ Integral protein
Peripheral I ||
protein
Interior “Phospholipid

Fig. 8.9. Fluid mosaic model of the cell membrane

Membrane saccharides are on the extracellular ipyilio surface. They are covalently bonded to meanbr
lipids and proteins such as glycoproteins or glyids. Carbohydrate part of glycolipids and glyauipins acts
as a receptor site for the cell recognition proegssd cellular communications.

Lipid bilayer mosaic is formed of various lipidsdaproteins. The membranes are structurally andtifuumeally
asymmetric. The outer and inner surfaces have rdiffecomponents and functions, and each surface is
asymmetric with various components and functiongarious locations. Because the lipid bilayer isdlthe
individual lipid and protein molecules have latemadbility: they can move sideways in the plane attelayer.
This mobility is possible because of attractivecé&s (not covalent) between lipids and proteins.

The precisefluidity needed for a membrane depends on its function. rélagive amounts of cholesterol,
saturated chains, and unsaturated chains vary aspewies of organisms, among cell and organellebresmas
in the same organism, and even in the same typesofbrane over time with changes in temperaturedatdry
lipid composition.

Processes that induce degradation of the membtamgtuse may play a role in the pathogenesis ofouar
diseases. In addition to phospholipid hydrolysisthg phospholipases, lipid peroxidation, initiated by free
oxygen radicals, is considered to be, the maineafismpairment of membrane structures and theictions
(Chap. 13).

M embranerafts

Cell membrane lipids, in addition to the structuralction, take part in signal transmission frora tutside to
the inside of the cell. It seems that many fundia@f cell membranes are closely associated witiowar
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specialized microdomains, callathfts. These small sections of membranes differ in tlsfucture and
properties. They are rich in sterols and sphinggdind contain specific signaling proteins.

Control questions:

Provide basic classification of lipids.

Describe the lipid components and the bonds, bghvtiiey may be bound in lipids.
Write at least three alcohol formula, which ocaulipids.

Which fatty acids are referred to as the vitamin¥fe their structure.

Explain what omega fatty acids are.

Write the reaction and conditions of triacylglydengdrolytic cleavage.

Write the formula of ceramide and the name of boetdveen an alcohol and a fatty acid.

Explain the effect of snake venom in hemolysisrgfleocytes.

© ® N o gk~ wDdP

Indicate what lipoproteins are, their classificatand function in lipid transport.
10.Explain the term "reverse cholesterol transport".

11.Divide the steroids to the main groups of hydrooasbaccording to the number of carbon atoms in the
molecule and write examples of compounds whichrizgto them.

12.Write reaction catalyzed hgyclooxygenase and product names.
13.Indicate, which group of substances are calledéisormones and why.
14.Write the groups of terpenes and examples of comg®which belong to them.

15.Which of isoprenoid compound is a precursor of eltarol synthesis in the body? In which group of
terpenes is it included?
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9. AmINO AcIDS, PEPTIDES AND PROTEINS

9.1. Amino acids

Amino acids (AA) are organic compounds and fromnetoal viewpoint they areubstitutive derivatives of
carboxylic acids. They have oneNH, group bound toa-carbon (C-2) in proteinogenic AA and exceptionally
on B-carbon (in some peptides — carnosine, ansering)oae—COOH group. Besides these basic functional
groups they could have another —-Ngtoup in the molecule (or other group of basicrabter) and the second
carboxylic group. AA has optically active carbomxdept glycine) and can occur in two optical isormdarms,

L- and D-. Proteinogenic AA are present in humarb4iisomeric form. Amino acids in nature are colesd
crystalline compounds, well soluble in water, mafthem (L-AA) are sweet and some of them are kasse

9.1.1. The functions of amino acids in living orgaism

In organism most amino acids are occurim@eptides and proteins as their building units In natural sources
there were found about 250 amino acids dmily 21 of them occur in proteingfoteinogenic amino acids.
Some portion of amino acids can exist in the cafid tissues in their free, chemically unbound foftrese ones
are initial compounds in the biosynthesis of noot@n nitrogen containing compounds (3ealanine as a part
of coenzyme A) or they are products of their melisbo

9.1.2. Classification of amino acids

Proteinogenic amino acids are classified accortirgeveral aspects:
a)according to the character and number of functionalgroupsinto
- monoaminomonocarboxylic (glycine, alanine, valileeicine, isoleucine)
- monoaminodicarboxylic (aspartic acid, glutami@ac
- diaminomonocarboxylic (lysine, arginine)
- cyclic - aromatic (phenylalanine, tyrosine)
- heterocyclic (tryptophan, histidine)
- proline, hydroxyproline
- hydroxy amino acids (serine, threonine)
- sulphur containing amino acids (cysteine, metinie)
b) according to the character of side chairinto
nonpolar, polar, acidic, basic and aromatic;
c¢) according to their physiological significancento
essential (Val, Leu, ILe, Thr, Met, Lys, Phe, TralaHis, Arg in children)
and nonessential (others)

9.1.3. The structure of amino acids

From general formula of amino acids (carbon atondbifour different substituents) results thatcathmino
acids except glycine have a chiral character. &rltbman organism there are exclusively L-amino sadia
solution amino acids exist only in the formavfitterions (amphoteric ion). It is a particle with zero net charge,
even though it contains two almost completely iedigroups in these conditions.

H3N+—(|:H—coo'
R

Final charge of the molecule is affected with pH ofolution what is resulting from ionic character of free
amino acids. pH value, at which amino acid exisssniy in its neutral form, is callegl — isoelectric point At
pH lower than pl dissociation of carboxylic group depressed (it is protonated) and amino acid mbtai
character of cation, at pH higher than pl quateremino group is deprotonated and amino acid existsrm

of anion (Fig. 9.1.). pl of neutral amino acidsitiated according to their structure in the raofgpH 5.0 — 6.3;
for basic AA the interval for pl is 7.6 — 10.8 afied acidic AA this interval is pl 2.7 — 3.2.
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H -H

H3N+—(|:H—COOH H3N+—(|:H—COO_ —_— H2N—(|:H—COO_
+ +H

R H R R

pH < pl pl pH > pl

Fig. 9.1.The equation of the amino acid ionization dependingp pH
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Tab. 9.1. The structures of proteinogenic amino acids

R—CH—COO
NH3"
Name of Name of
R— amino acid R— amino acid
(abbreviation) (abbreviation)
H— Glycine (Gly) HO—CH,— | Serine (Ser)
CHy— | Alanine (Ala) _
HO—Cl:H— Threonine (Thr)
CH;s
HaC_
CH i
~ Valine (Val) ON
HsC >C—CH— | Asparagine (Asn)
H,N
H3C\ . O
H3C/CH_CHZ— Leucine (Leu) HzNﬁc_CHZ*CHZ— Glutamine (Gln)
HsC Os o
S Isoleucine (lle) HO/C—CFE~ Aspartic acid (Asp)
HsC—CH;~
HS—CH,— | Cysteine (Cys) (0]
CHa SC—CH—CH,—

H 3C_ S—C H2_C Hz—

o { o

[ W | CH—
NH

Methionine (Met)

Phenylalanine

(Phe

Tyrosine (Tyr)

Tryptophan (Trp)

HO

I

NH

H2N —C HZ_C HZ_C HZ_C H2_

H,N —C||:—NH—CH2—CH2—CH2—
NH
CH,

e

cHy  Chy

NH——CH—COOH

Glutamic acid (Glu)

Histidine (His)

Lysine (Lys)

Arginine (Arg)

Proline (Pro)
(whole structure)

9.1.4. Reactions of amino acids
The types of reactions that amino acids providelrdsom the functional groups occurring in theiolecules.

Many of these reactions are important from biocliaiiviewpoint, because they take part in metabolic

processes in human organism. In addition, manyheftare the basis of analytical procedures usetiriico-
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biochemical diagnostics. The most often occurrieactions of amino acids adecarboxylation, deamination
andtransamination.

9.1.4.1. Decarboxylation of amino acids
Product of decarboxylation of amino acids is thenpry amine while C@is eliminated:
'COZ
R—?H—COOH —> R—CH,-NH,
NH,
Reaction is catalyzed witbecarboxylase, coenzyme of which ipyridoxal phosphate (it contains carbonyl

functional group). The basis of reaction mechanisrhormation of Schiff base between amino grouwino
acid and carbonyl group of the coenzyme (see syiben6.6.3.1.).

The process of decarboxylation is very importamt;ause it produces very effective compoundsiogenic
amines Many of them have considerable pharmacologidekced, they can act as hormones or their precursors
others are components of coenzymes and other lgalbgimportant substances (Tab.9.2).

Tab. 9.2. Products of decarboxylation of selected a@no acids

Amino acid Primary amine Biological importance

serine ethanolamine component of phosphatides
threonine isopropanolamine cobalamin part

cysteine cysteamine coenzyme A part

aspartic acid B - alanine coenzyme A part

glutamic acid y - amino butyric acid brain metabolism

histidine histamine regulation of blood pressure
tyrosine tyramine catecholamines biosynthesis
5-hydroxythryptophan serotonin neurotransmitter

From general reactions there are importaaictions of the carboxylic group which can change amino acids
into derivatives of acids — mainly esters and asiide

In complete methylation of amino grobptainsare formed. They are quaternary ammonium basasring in
plants as well as in organism in liver and kidnBgcarboxylation and subsequent methylation of ser@sults
in formation ofcholine (present in phospholipids molecules):

+3-CHg +/CH3
HO—CH,-CH—COOH ﬁ HO—-CH,-CH,-NH, — > HO—CH,~CH,-N—CHjz
| \CH
NH- CO, 3
serine ethanolamine choline

9.1.4.2. Deamination of amino acids

a) Direct deamination (elimination of ammonia) afiao acid resulting in formation of unsaturated enacid
is the simplest way of nitrogen eliminatiafe6aturation deaminatior):

NH; + R—CH=CH-COOH

R—CHZ—(,ZH—COOH
NH,

The reaction is moderately exergonic and in organis proceeds only in case of some amino acids, e.g
histidine:
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N CH,—CH—COOH N CH=CH—COOH
SR
N

N H3 N

|

\ H
histidine urocanic acid

b) When the elimination of ammonia from the molecof amino acid realizes through the oxidative psses,
this is calledoxidative deamination. In the first step of reaction imino acid is formetiich is in the second
step hydrolytically decomposed to oxo acid and aniao

FMN  FMNH,

H,0
—CH—CH- N R—CH,—C—COOH R—CH-C—COOCH
R—CH, 'CH COOH /\ H M T’ I
NH, NH NH O
FMN FMNH, 3
mino acid imino acid oxo acid

9.1.4.3. Transamination of amino acids

Transamination is reaction in which amino acidr@gen donor) reacting with oxo acid (nitrogen at¢egpis
changed into equivalent oxo acid. At the same tixe acid receiving amino group is changed to théwedent
amino acid. This type of reaction is catalyzed wéhzymetransaminase (aminotransferasgge which has
pyridoxal phosphate as coenzyme. It means thatrémsamination mechanism is also proceeding thrahgh
formation of Schiff baseslransaminasesire enzymes specific only for one paircemino acid andax-oxo
acid.

transaminase
R—CH-COOH + R—C—COOH —————» R—C—COOH + Ry—CH-COOH
6 [\

amino acid-1 oxo acid-2 oxo acid-1 amino acid-2

The main function in the transamination reactioagehglutamic and 2-oxoglutaric acids that are mastrring
in transamination reactions as donor or acceptaitafgen, respectively.

From the large number of transaminases in clinicaiemical praxis there are two very important eneg:L-
alanine-2-oxoglutarate aminotransferagdLT) (Fig.9.2.) andL-aspartate-2-oxoglutarate aminotransferase
(AST). Increased concentration of ALT in blood dzafound in case of hepatocytes (liver cells) daemagd
concentration of AST in blood is increased if mywiial cells are damaged (e.g. infarct of myocardium

CH3—CH-COOH o CHz—C—COOH

| alanine aminotransfer
NH, T
alanine pyruvic acid
+ /\ +

HOOC- CH-CH,-C—COOH HOOC- CH-CH,-CH-COOH
NH,
2-oxo-glutaric acid glutamic acid

Fig. 9.2. Transamination reaction catalyzed with ALT

9.1.4.4. Acylation reactions

In acylation reactions hydrogen in amino group e @mino acid is substituted with unit (acyl) obtrer acid
(e.g. amino acid) thus forming peptide bond or atdivatives. Two molecules of glycine thus creagptide
bond in dipeptide:
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O

- HO
HzN—CH,-CQOH * HtN—CH;-COOH —> HN-CHC”

H NH—CH,-COOH

The acylation reaction is also the basis of sontexitzation mechanisms in organism, e.g. formatibhippuric
acid (benzoylglycine) that is excreted into urisepaoduct of detoxication of aromatic carboxyliédacmainly
of plant origin.

o
4
COOH o .
+ H;N—CHy-COOH ——> ©/ NH—CH;COOH

benzoic acid glycine hippuric acid

This reaction is used in the test of liver functiBenzoate is administered to patient and amouhipgiuric acid
excreted in urine is measured.

9.1.4.5. Formation of carbamine acids

The important reaction is formation of carbaminglacAmino acids have ability to bind reversibly &0 NH,
group to form carbamine acids. In organism thetreads taking part in transport of GG@rom the tissues to
lungs bound to hemoglobin and its release in lungs.

R— CH-COOH + CO, R— CH— COOH
NH, NH— COOH
carbamine
acid

R = rest of hemoglobin
peptidic chain

9.1.5. Nitrogen flow in amino acids catabolism

The animals excrete nitrogen from amino acids ahérasources in a form of one of three productsmarnia
(NHsz), uric acid (urate) or urea. Many terrestrial arigans (human including) are ureotelic. It meansythe
excrete urea - in water very well soluble and rmiet compound. Fig. 9.3 shows the flow of nitrogeramino
acids catabolism. Amino acids transfer nitrogeroxo acids (mainly to 2-oxoglutaric acid) in transaation
reactions. Since one of the main acceptor of nénoigp the transamination is 2-oxoglutarate, amiitgen is
concentrated particularly in glutamate, and glutenis then oxidatively deaminated. This is impottéecause
the L-glutamate is the only amino acid that in maatiam tissues undergoes oxidative deamination fficent
speed. Ammonia released by oxidative deaminatioglaamate is directed from extrahepatic tissuesh&o
liver, to be incorporated into a molecule of unedhe urea cycle. The most important transport fofmmonia
in the blood is glutamine which is formed in thestie by binding ammonia to the glutamate. In ther i
glutamine is hydrolyzed bglutaminaseénto ammonia and glutamate. Subsequently ammareatty enters the
first reaction of urea biosynthesis together with,C

The urea formed in this biochemical pathway is etet by urine from organism.
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a-amino acid 2-oxo acid

transamination

2-oxoglutarate L-glutamate

oxidative deamination

NH3 Co,

ureacycle

UREA

Fig. 9.3. Overall flow of nitrogen in amino acid cgabolism

9.2. Peptides

From chemical viewpoint peptides are composed efréists of amino acids connected by peptide bond
Peptide bond is formed in reaction of amino grofiwrme amino acid and carboxylic group of anotheinam
acid. Thus in each peptide there is remaining on@@acid residue with free —-COOH group (C-termiziaino
acid) and one amino acid residue with free »gkbup (N-terminal amino acid). Peptide bond camctemically
or enzymatically cleaved.

peptide bond

@)
H2N—CH——H—NH— CH—-COOH

H,N-CH—CJOH + H] N-CH-COOH

1 H Ry 1 2
dipeptide

Atoms —CO-NH- are located in the same plane intrdwes configuration, while the electrons of the double
bond between C and O are delocalized. Delocalizatfeelectrons causes the character of a partiaiblédoond
between C and N in the peptide bond:

In organism there are several types of peptidds wiportant biological effects — hormonal, anti@ptoxic and
other.

9.2.1. Peptide hormones

Hormones are physiologically effective compoundsased by specific tissues into the blood streahichv
transports them to the target tissue where thefopertheir biological function. One group of hornesnhas
chemical character of peptides.

Hypothalamus produces two cyclmnapeptides(composed of 9 amino acids)vasopressinand oxytocin.
The structure of both hormones is similar but thgsiological function is different. While vasoprassicreases
blood pressure by increasing tonus of peripherakels and water reabsorption in kidney, oxytocinsea
contraction of smooth muscles (uterus, mammarydjlan
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Insulin (51 amino acids) is produced fhcells of the islets of Langerhans in pancreasarites from the
precursor moleculgroinsulin by enzyme-catalyzed hydrolytic cleavage of anrimde sequence called C-
peptide. The insulin molecule is composed of the pelypeptide chains A and B (A has 21 and B 30nami
acids), which are connected by two disulphide he&dgAt low concentration in the blood it occurs as
monomer, whereas the higher concentrations fordisnar, of which in the presence of Zmexamers may be
formed. The insulin secreted at higher concentnatmf glucose stimulates intake of glucose by ks ¢émuscle
and fat tissue), and its utilization in tissuesuégise metabolism and the synthesis of glycogeanilimtherefore
has a hypoglycemic effecteducing the blood glucose concentration. In tmhlito the role in glucose
metabolism insulin interferes also with other metabprocesses as lipolysis and lipogenesis (swithef
higher carboxylic acids).

Glucagon (29 amino acids) is produced @cells of the islets of Langerhans in pancreas iarsfimulates
cleavage of glycogen and proteins and slows doweoglen synthesis. By this way the glucose conceéoitrin
blood is increased (antagonist of insulin), therefgilucagon has hyperglycemic effect

p-endorphins consist of 31 amino acids and they gweecursors of enkephalins Enkephalins are
pentapeptides occuring in 2 forms - Met-enkephalingTyr-Gly-Gly-Phe-Met) and Leu-enkephalins (Tyr-
Gly-Gly-Phe-Leu), they were found in brain and bind to the sanceptors of central nerve system as morphine
opiates thus playing the role in endogenic paircgeation. Enkephalins have higher analgesic effiye(18-30
times higher at the molecular level) than morpthias. In addition they take part in sleep regulatfoad intake,
sex as well as in regulation of behavior, studyn@mory. Their practical application is impossibkchuse of
incapability to permeate the structures of hemateghalic barrier to the brain.

Adenohypophysis produces many other peptide hormoes.corticotropin, tyreotropin, melanotropins,
lipotropins.

9.2.2. Peptide antibiotics

Hundreds of peptide antibiotics have been descrimedhe past half-century. These inhibit growth and
reproduction of microorganims, mainly of bacterfaey fall into two classes, non-ribosomally synthed
peptides, such as the gramicidins, valinomycininaatycin polymyxins, bacitracins, glycopeptides;.etind
ribosomally synthesized (natural) peptides. Thenfarare often drastically modified and are largelgduced
by bacteria, whereas the latter are produced bygpaties of life (including bacteria) as a majomponent of
the natural host defense molecules of these spéeEies natural peptides represent a new opportdaitythe
medicinal chemistry with emphasis on the role itura host defenses (as nature's antibiotics) hactlkinical
potential of peptides derived from these naturgitides. Penicilines may be considered as derigatiof
peptides.

9.2.3. Toxic peptides

Peptide poisons (toxins) are produced by diffesminals and plants and have a great efficieRtgnt toxins
are e.g.phallotoxins (bicyclic heptapeptide phalloidin and another st occurring inAmanita phalloides
fungus) which are rapidly-acting and interrupt @acgiolymerization or impair cell membrane functiar,
amatoxins (cyclic oktapeptide a-amanithin), which are about 10-times more toxic than phekots and
interfere with RNA polymerase Il and prevent tmanscription of DNA.Animal peptide toxins are e.g.
cobratoxin (shake venom), which is a mixture of toxins anffedent enzymes used for other purposes like
increasing the prey's uptake of toxins ddulinum toxin with neurotoxic effects produced by the bacterium
Clostridium botulinum

9.2.4. Glutathione and other biochemically importaih peptides

Glutathione is one of the most widely distributed peptidesdture. It can be found practically in all cellsitfw
the exception of some bacteria). It is tripeptigeglutamyl-cysteinyl-glycine) belonging to the typlclow
molecular intracellular antioxidants.

Glutathione:
a) Iis cofactor of some enzymes, which take part imaittative mechanisms (glutathione peroxidase,
glutathione transferase, dehydroascorbate redugtase
b) takes partin transport of amino acids across ¢fleneembrane
c) is direct scavenger of OH radical ai@,detoxicates kD, and lipoperoxides by GPx
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d) can reduce tocopherol radical
e) protects -SH groups in protein molecules from ott@ta(redox buffer)
f) takes part in detoxification of xenobiotics (in peoation withS-glutathione transferake

The ratio of physiological concentrations GSH:GSBG10-100:1. GSSG can be reduced diytathione
reductasdo regenerate GSH in reaction:

glutathione
reductase
GSSG + NADPH +HODOO - 2GSH + NADP

Glutathione as redox system is structurally illasgd in the figure 9.4:

2 HN-—CH- (CHp),-CO- NH-CH-CO- NH- CH, COO
COO CH,SH

-2H

HoN—CH-(CH);~CO-NH-CH-CO- NH- CH,-COO

Coo CH,
i
S
HZN—(‘ZHf (CHp),~ CO-NH—CH-CO- NH- CH,-COO
CoO
2 GSH GSSG+2H +26é

Fig. 9.4. Gluthione as redox system
(GSH - reduced glutathione, GSSG — oxidized glita#)

Oxidized glutathione at higher (non-physiologicancentration can oxidatively damage many enzymes
(adenylate cyclase, phosphofructokinaderobably it reacts with thiol groups of proteiasd creates mixed
disulfides GSSR.

Carnosine is another important peptide p-alanylhistidine. It occurs in human skeletal mascIN-methyl-
carnosine— anserine — is not present in humans and it occurs in skeletascles characterized by rapid
contractile activity (rabbit limb, bird pectoral sule). Carnosine and anserine activate myé3iRaseactivity.
Both dipeptides can also chelate copper and enhapgeer uptake.

9.3. Proteins

Proteins occur in each cell and form almost hakthefbody weight. They give strength and elastitityhe skin

and blood vessels. Other proteins have defenceidunsc (antibodies) or they serve as transportersoofie
molecules (lipids, oxygen, ...) for long distancedmAst all enzymes, some hormones and cell membrane
receptors are proteins that control reparationstantion, communication and energy transformaiiorthe
organism. No other class of compounds has suchdgeteeous functions inevitable for life.

9.3.1. Protein structure

Proteins are macromolecules consisting at least fsoe peptide chain that is formed by polymerizatd 100
and more amino acid units connected with peptidelbo
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From chemical composition viewpoint proteins comtai average about 55 % carbon, 21 % oxygen, 17%
nitrogen, 7% hydrogen and small amounts of sulpdmd phosphorus. Human organism has no ability to
synthesize proteins from basic substrates (inocgamirogen compounds, GO H,O) unlike some
microorganisms and plants. That is why it is ingvié for human to receive proteins from externairses —

vegetal and animal proteins. They undergo the poé digestion, during which they are cleaved mtaino
acids that are used for biosynthesis of specifin ovganism proteins.

Primary structure

Primary structure of protein is defined as a seqeeri amino acid units in the polypeptide chaine Bequence
of amino acids determines physical and chemicgbgmées of proteins and is crucial in formationatifhigher
types of structures. The change in amino acid sespuée.g. substitution of only one amino acid) canse the
change or complete damage of biological functioprotein molecule (see subchapter 9.3.2.3).

Secondary structure

Secondary structure of protein is characterizeth w#ometric arrangement of polypeptide chain. Adicwy to
the mutual position of peptide bond planes thereeé®gnizedstructure of a-helix_and g-structure (pleated

sheet structure) (Fig. 9.5.). These structurestatalized with hydrogen bonds between —C=0 and -gkttips
of peptide bonds.

Tertiary structure

Tertiary structure is spatial arrangement of popgjpee chain of protein molecule and mutual spatial
arrangement of all chains in molecule. Tertiaryture is stabilized by different types of bond$ween the
functional groups of side chains of amino acidsulfide bonds, hydrogen bonds, ionic interactionsand

hydrophobic interactions (Fig. 9.6.). The final spatial shape of polypeptidieain is very important for
biological activity of protein.

A
(R)-CH
\

N
,H
c S i \
® & g
/N Cio‘\r‘\l_c Q
®-cH : ®

Fig. 9.5. Secondary structure of proteins
(left — a-helix, right — BZstructurg, R — side chains of AA
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disulfide bonds hydrogen bonds

3 s s
HC—CH,-S—S— CH—CH HC—CH,-C=0----HO—CH,—CH
s % s L A

Cys Cys Asp Ser
ionic interactions
s

I}C—CHfCHTCOO "HaN—CH,—CHy,—CH,—CH,—CH
Glu Lys

hydrophobic interactions

&
HaC
3 chy s C‘:H—CHZ-C_E HE(}C O .
HC—CH, CH-CH; CHs s L] CH.—CH
s 7

Leu Leu Phe Phe

Fig. 9.6. The types of bonds stabilizing tertiary sticture of proteins

According to the tertiary structure proteins cardhéded into two basic classes:

a) globular, which have peptide chain coiled into globular h@mwidal) shape suggestive of clew (e.qg.
enzymes); members of this class have regulatorintereance and catalytic roles in living organisifisey
include hormones, antibodies and enzymes. Thegeipscare generally more sensitive to temperatoce a
pH change than their fibrous counterparts.

b) fibrous, which are aligned along an axis, have repeatiegnents, and are extensively linked to each other
through hydrogen bonds (e.g. collagen, keratirstielp As the name implies, these substances hbxe f
like structures, and serve as the chief structunaterial in various tissues. Corresponding to s$tvisctural
function, they are relatively insoluble in watedamaffected by moderate changes in temperaturg@ldnd

Subgroups within this category include:
- collagens and elastins - the proteins of conmedissues, tendons and ligaments.
- keratins - proteins that are major componentkof, hair, feathers and horns.
- fibrin - a protein formed when blood clots.

Quaternary structure

Quaternary structure represents the mutual arra@agewof several subunits of proteins with alreadgated
tertiary structure. From composition of the peptidein and character of higher structures viewpdimat
subunits can be the same or not. They are boueddbo other with electrostatic or hydrophobic intéoas. The
example of multiunit protein is hemoglobin (it ieated by 21- and 23-subunits, i.e. tetramer) (Fig. 9.7.).
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representation of tertiary
structure of simple
polypeptide chain

representation of quaternary
structure (of oligomeric protein)

Fig. 9.7. Tertiary and quaternary structures of proteins

9.3.1.1. Denaturation

The natural or native structures of proteins maylbered, and their biological activity changeddestroyed by
treatment that does not disrupt the primary stmectlihis denaturation is often done deliberatelthecourse of
separating and purifying proteins. For example, ynsoluble globular proteins precipitate if the pifi tbe

solution is set at the pl of the protein. Alsaldition of trichloroacetic acid or the urea is conmonly used to

induce protein precipitation. Following denaturati@ome proteins will return to their native stuues under
proper conditions; but extreme conditions, suchtamg heating, usually cause irreversible change.

Some treatments known to denature proteins aeslliatTab. 9.3.

Tab. 9.3. The ways of denaturation of proteins

Denaturing Action Mechanism of Operation

hydrogen bonds are broken by increased translatamhvibrational energy

Heat (coagulation of egg white albumin on frying)

Ultraviolet Radiation similar to heat (sunburn)

salt formation; disruption of hydrogen bonds

Strong Acids or Bases (skin blisters and burns, protein precipitation)

Urea Solution competition for hydrogen bonds (precipitation oliuble proteins)

Some Organic Solvents change in dielectric constant and hydration ofdagroup.
(e.g. ethanol & acetone) (disinfectant action and precipitation of protein)

Agitation shearing of hydrogen bonds (beating egg whiteraibunto a meringue)

9.3.1.2. I soelectric point of proteins

Molecules of proteins in solution are electricatlyarged particles. Carriers of charges are funatigroups of
side chains of amino acid residues — particulaB0O9 and —NH" groups. The charge of these groups is
dependent on the degree of their ionization ewely protein (like amino acidshas own pH value at which it

is externally electroneutral This pH value is calledsoelectric point’ (pl). At this pH proteins do not move in
electric field. The value of pl for neutral aminoids is given as pl = (pi+ pKy) / 2, where K and K are
ionization constants of -COOH and —Ngtoups. In the dependence on pH a protein obgmsigive (when pH

< pl) or negative (when pH > pl) charge.

The charge of a protein is very important for itthaty. It influences hydration of a protein, sbllity, viscosity,
stability of protein solution, etc.
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9.3.2. Classification of proteins

Proteins can be formed only from polypeptide chaiims this case they are signexd holoproteins In
heteroproteinsa non-protein part is linked with a polypeptideaich

Proteins are macromolecules with wide scale of @rigs, structures and functions and that is thesae why
they are classified according to different criteria

a) according to the structure intidorous, globular andmembrane
b) according to solubility int@lbumins, globulins, glutelins, gliadines (prolamins) histons andprotamines

¢) according to a nonprotein part irdianple (holoproteins) (without a nonprotein component) acamplex
(heteroproteins)  (nucleoproteins, glycoproteins, phosphoproteins,romioproteins, lipoproteins,
metaloproteins)

d) according to status inteatural (native) (they have full biological activity)denaturated (with changed or
completely destructed former activity) amibdified (they have chemically bound usually low molecular
weight compounds)

e) according to the biological function insructural, catalytic (enzymes)transport, motional, defense
(antibodies)storage, nutritional, senzoric andregulation.

Currently, the most often used classification aftpins is according to predominant outer shapééadfibrous
(fibrous), globular and membrane. The interfacsoisietimes not completely sharp, e.g. some glolputzsteins
form fibrous aggregates and some fibrous protedmshave quite extensive globular domain.

9.3.2.1. Globular proteins

Globular proteins are a very large group of prateiith various biological functions. They are u$uabluble

in water (unlike fibrous proteins) and in solutierist as free, independent molecules. They havwiadror a
spherical shape. The main polypeptide chain andnidgerity of nonpolar side chains are located i ¢bmpact
core while on the surface of the molecule, in contaith water are present mainly polar chains. The
conformation of globular proteins or their domaim® generally created by the relatively low numbér
building elements. Protein domains are proteinaegiwith a characteristic primary, secondary amtaty
structure, which determine the specific functiortted protein segment. The interaction between dasnai the
protein molecule is the basis of its biologicaldtion.

According to domains which prevail, proteins carclassified into structural classes:

- a-proteins— a-helixes dominate in them. Their portion in overadinformation is very different and not
necessarily high. E.g. in myoglobin and hemogldtsres of all amino acid residues participate inédfght
a-helixes, in lysozyme 30 % and in cytochrome evely @0 %.

- B-proteins have a significant portion of associagestructures. To this group belongs for example the
carbonic anhydrase. Associatedhains are also found in the domains of immunagjiob or in acidic and
serineproteasepresent in digestive systeepsin, trypsirandchymotrypsii

- o/p-proteins— in their conformation are significantly presene titructures, which are formed by the
association the-helixes and3-chains. There are many enzymes belonging to tiispyCcarboxypeptidase
kinase, aldolase

- (a+p)-proteins contain in their moleculeshelixes as well ag-chain segments, but they do not interact with
each other. These are for examptsozyme ribonucleasesinsulin or catalytic domain of th&IAD'-
dependent dehydrogenases

9.3.2.2. Fibrous proteins

Fibrous proteins are a group of proteins that farieroscopic fibers (fibrils). They form the basistlee internal
structure of the cells and cytoskeleton, they endomnective tissue with cohesion, tensile streogtexibility.
They give the resistance to the body surface amd¢@mponents of contractile elements. They arellyswater
insoluble, some of them are extremely chemicalbjstant. Structure of fibrous proteins is very hegeneous,
in somea-helical structure is predominant (keratin, tropasin, myosin), for collagen triple helix is typical
(composed of chains with the secondary structure-ledélix) and in another proteirfsstructure predominates
(fibroin).
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A typical representative of the-helical fibrous protein isu-keratin, which is the prirary ingredient of
mammals cornified surface layer of the skin and slérivatives (hair, body hair, nails, horns andves) o-
keratins are weaklpasic or neutral and form a richanded helix structur@.he basic of thir structure areu-
helix dimers, which coil in twatrand helixe: A pairsof helixes form a fibrous formatior— protofibrils — and
several protofibrils produce microfibrila-keratin chains are rich in cysteine residugkich are connected
adjacent polypeptide chains tisulfide konds.

Collagen is the most abundant extracellular w-insoluble protein that is the basic building matkof the
supporting tissues (loose binder, tendons, cadilagd bon as it has a high tensile strer). In Mammal it
makes up 280% of all proteins. In the form dfibers, collagenis the most important component of !
extracellularmatrix. At present we know of at least 27 differgies of collagen, referr as | - XXVII. High
proportion of proline and glycinresidues prodies characteristic secondary structure of helixjcwhs
stabilized by hydrogen bridgbstween the three chains to form tropocollagersuEach subunit contains 10!
amino acids, and when tlobain is coiledthe helix is about 300 nm long. Tropocolln units (triple-stranded
left-handed helix) are bound form the microfibrils. In microfibrilsadjacent tropocollageunits are shifted by a
quarter of their length (64 nmjn(the electron microscopy we can see the crosgifa The microfibrils are
further stabilized by intramolecular cr-covalent bonds, which are formed modly reaction of lyine side
chain residues (Fig. 9.8).

Fig. 9.8 The structure of collagen
(a-c) three subunits of collagen coi into triplex (triple helix); (de) adjacent collagen moleculoverlap at fibrils ends
(overlapby 67 nm), resulting in a visible bands.

Elastin is a fibrousprotein that in some types of supportive tissuerqite collagen (elasticonnection, arteries,
lungs, skin). Elastin is not soluble in astandard solvent, heat does not causedetsaturzion and it exhibits
rubber-like elasticityPolypeptide chains of a soluble tropoelastin fomlidal regions rich in glycine. Amor
them there are numerous shsegmentwith the alanine and lysine residudse flexibility of elastinis given
by crosslinking of tropoelaist chain: through the lysine side chains, which are bobydtrong covalent bonds
within a molecule awell as intermolecularl

Fibroin is keratin-like protein ofilk fiber. In itsprimary structure amino acid residues of glycidanae anc
serine prevail, for theecondary structure a-parallelp-chains are characteristic. Thestmicture are stabilized
by the hydrophobic interactions betwethe side chains. Fibroin fibers are firm and wikdkible, but they haw
little elasticity.
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9.3.2.3. Membrane proteins

The proteins are inseparable part of biological imemes, basis of which is lipid bilayer. Some ofrmbeane
proteins only stabilize the membrane structure, év@r many of them perform various biological fuaos -
facilitated transport of substances across the mameb the catalytic function, specific binding agral
molecules and transmission of signals through teenbrane, or they are the carriers of antigenicrdeteants,
etc. On the outside of the plasma membrane thesteips are often glycosylated (e.g., glycoproteins)
Glycoproteins, together with glycolipids, form theotective glycocalyx on the cell surface.

Membrane proteins are divided into three classesrding to their interaction with the lipids in thgid bilayer:
1. Integral (transmembrane) - the protein chairss p&ross the membrane
2. Bound via the lipid anchor
3. Peripheral

Integral proteins are more or less immersed in the hydrophobicimterf the lipid bilayer, possibly penetrate it
(transmembrane, penetrating proteins) and conkisiree parts - domains. Cytosolic and extracealldiamains
have a hydrophilic character and their amino acichmosition and structure are similar to other watduble
proteins. The third domain that penetrates the 3tiok membrane contains many hydrophobic amindsaci
which interact with the hydrocarbon core of theadr. This domain has usuabiyhelical secondary structure
with severalo-helixes. Hydrophobic interactions are responsibtequite tight binding of integral proteins and
membrane. Isolation of integral proteins from meamilaris difficult and it usually causes loss of thedlogical
functions. Integral proteins are usually glycopide They contain oligosaccharides that are ablogestirface of
the membrane and often they are a part of receftiorarious hormones, drugs or bioregulatory coumuts as
well as receptors by which the cells can recogaaeh other and mutually interact. Integral proteiressantigen-
specific, and therefore significantly affect celtface recognition by the immune system of the .host

The examples of integral transmembrane proteinscaraplexes obxidoreductasepresent in respiratory chain
located in the inner mitochondrial membrane, conept$ of monooxygenasesransporting electrons in
membranes of endoplasmic reticulum with the paréiton of cytochrome P450la’/K*-ATPasesreceptors for

neurotransmitters or hormones present in cytoplasmeimbranes.

Proteins bound via the lipid anchors

These proteins bind covalently to one or more lipiolecules. The hydrophobic carbon chain of ligidightly
bound in a single membrane layer and anchors theiprto membrane, while the polypeptide chain duss
enter the lipid bilayer.

Lipid anchor types:

- simple higher carboxylic acids(myristic and palmitic acids). They are bound wgtiotein via a terminal
—NH, group of glycine forming amide bond. In this managosolic protein Src is bound.

- unsaturated isoprenoids(farnesyl and geranyl). They are bound with protdga two cysteine residues
closed to the C-end (e.g. cytosolic proteins RaksRab).

- glycosylphosphatidylinositol (GPI). This anchor comprises two chains of fattjds, which bind to the
lipid bilayer. Through—-OH group of the inositol there is bound oligosacite which bind the protein.
This type of anchor is typical for binding the miois to extracellular side of membrane (e.g. eogite
acetylcholinesterasealkaline phosphatasé the gut and placenta, or clathrin, appliedndacytosis).

Peripheral membrane proteinsare bound to membrane bgther weak, mostly electrostatic interactions with
polar groups of the membrane surface (integral nmangb proteins or the polar part of the phosphdlipia
contrast to the integral proteins they can be sgedin vitro easilyby changing pH or ionic strength. Peripheral
membrane proteins are often close to the globutaejms. In some membranes they build up the straaf the
membrane, e.g. spectrin in the erythrocyte membranether peripheral membrane protein is the cytocte c,
one of electron carriers in the mitochondrial resoiry chain. One of important biological functiohperipheral
membrane proteins is participation in intracellidamnal transduction.

9.3.3. Heteroproteins

Proteins containing also a non-protein componeiaididition to the polypeptide chain, are called togieoteins

or conjugated proteins. If this non-protein compuris indispensable for the function of the protaimd it is
tightly bound we call it prosthetic group. Bindirg prosthetic groups per molecule of protein is egaity
covalent and can be removed only by protein deatitur. A number of proteins contain more than one
prosthetic group. According to the chemical natofenon-protein part we can classified heteroprataito
several groups that have important biological fioms:
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a) nucleoproteins — complexes of proteins with nucleic acids playiportant role in the storage and
transmission of genetic information, but also intposynthesis

b) glycoproteins— contain covalently bound carbohydrate ((subchiahte2.2.). To this group includes e.g.
immunoglobulins, which are an important part of itmenune system of the organism, but also peripheral
and integral proteins of the cell membrane, tosawreceptors, transport molecules, and antigen.

¢) phosphoproteins — contain phosphoric acid, which is bound to —OHugris of the side chains of amino
acids such as serine, threonine and tyrosine gy bsind (e.g. casein, a phosphoprotein presenilin m
and cheese provides enough phosphorus for the lgrofvta young organism). Phosphorylation /
dephosphorylation of proteins is an important ratprly mechanism.

d) metalloproteins — proteins containing at least one metal ions.aVieins are usually coordinated by four
sites consisting of the protein’s nitrogen, sulpdmat/or oxygen atom. They are used either for theage
of metal ions (Fe-ferritin), or have a catalytioétion (ceruloplasmin, Cu, Zn-superoxide dismut&se,
cytochrome oxidase, Cu-ascorbate oxidase, Zn-alodéloydrogenase, Mo-xanthine oxidase, etc.). To
metalloproteins belongs also hemoprotéeg. hemoglobin, myoglobin), whose prostheticugre heme,
is color and contains iron ion bound by complex @ormhey have a great importance and multiple
biological functions, so they are often consideasc separate group.

e) lipoproteins — particles consisting of lipids and proteins amglve for transport of lipids in blood
(subchapter 8.3.)

f) flavoproteins — proteins containing flavin as prosthetic grodpdflavin). These include e.g. enzymes
from the group of oxidoreductases (subchapter 12.3.

From viewpoint of ability to absorb visible lighte specific type of conjugated proteins are knowrey are
called chromoproteins and they contain in their structure chromophoresoebing in the visible light area,
which means they are "colored". Their prosthetaug often contains a metal element (Fe, Cu, Mgndado a
chelating chromogen (these chromoproteins belongetalloproteins), or they have only color chromoge.g.
flavoproteins).

9.3.3.1. Immunoglobulins (1g)

Immunoglobulins are glycoprotein molecules that mieduced by plasma cells iasponse to an immunogen
and which function as antibodies. The immunoglomililerive their name from the finding that they raig
with globular proteins when antibody-containinguseris placed in an electrical field.

All immunoglobulins have a four chain structurethsir basic unit. They are composed of two idemhtiicgnt
chains (23kD) and two identicdieavy chains(50 - 70kD). The heavy and light chains and the thwavy chains
are held together binter-chain disulfide bonds and by non-covalent interactions. The number tdrichain
disulfide bonds varies among different immunoglabuholecules. Within each of the polypeptide chahrere
are alsantra-chain disulfide bonds (Fig. 9.9.).

The region at which the arms of the antibody mdiedarms a Y is called thhinge region because there is
some flexibility in the molecule at this point.

The immunoglobulin molecule structure is not stnaigout it is folded into globular regions each vatfiich
contains an intra-chain disulfide bond. These mgiare calledomains:

- Light Chain Domains V_ and G
- Heavy Chain DomainsVy, Cy; - Gys (or Gya)

Carbohydrates are attached to thg @omain in most immunoglobulins. However, in sorases carbohydrates
may also be attached at other locations.
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Fig. 9.9 Structure of immunoglobulin molecule

The immunoglobulins can be divided infive different classes based on differences in the amino acid
sequences in the constant region of the heavy ghattording to number of basic units (*Y”), acdogdto
antigen and other biological functions. All immutalgulins within a given class will have very sinilaecavy
chain constant regions. These differences can teetee by sequence studies or more commonly bycggcal
means (i.eby the use of antibodies directed to these diffeesh

1.1gG

- is most versatile immunoglobulin because it is tépaf carrying out all of the functions of
immunoglobulin molecules.

- is the major Ig in serum (12 500 mg/l), where itnfig 70 - 75% of serum Ig.

- its basic function is to bind to cells - macroptagaonocytes, PMN's and some lymphocytes which have
receptors for IgG and it allows strong adhesionveen phagocyte and phagocytized object.

- is the only class of Ig that crosses the placemtibsats up the immunity of the fetus at the timenin
immune mechanisms are not sufficiently developed.

- it easily penetrates into extravascular space, avheutralizes bacterial toxins.
- is a good opsonin (the terapsoninis used to describe substances that enhance plagist.
- fixes complement.

- is the 2nd most abundant serum Ig (2500 mg/l).

- exist in two forms — as serum IgA and secretory, lghich is dimer of serum form (symbol SIigA).

- is the major class of Ig in secretions - teargyaatolostrum, mucus. Since it is found in seon&ti
secretory IgA is important in local (mucosal) imntyn

- normally does not fix complement, unless aggregated

- can bind to some cells - PMN's and some lymphocytes

- is the third most abundant serum Ig (1100 mg/l).

- as aconsequence of its pentameric structure, $gigood complement fixing lg, so IgM antibodies
are very efficient in the lysis of microorganisms.

- isthe first Ig to be made by the fetus and th&t fig to be made by a virgin B cells when it isratiated
by antigen.
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4.1gD
- itsrole in serum is not yet clear completely
- is a main immunoglobulin with function of antigeeceptor located in the membrane of
immunocompetent lymphocytes (special type of lymgyes, which after contact with respective
antigen start immune response)
- isfound in low levels in serum (50 mg/l)
- does not bind complement

is Ig with the lowest level in serum (0,15 mg/l).

- is bound very tightly to Fc receptors on basopduild mast cells even before interacting with antigen
- also plays a role in parasitic helminth diseases.

- isinvolved in allergic reactions.

- does not bind complement.

9.3.3.2. Cu/Zn-Superoxide dismutase

Cu/zn Superoxide dismutase categorized as an oxidoreductase class of emzmad specifically catalyzes
dismutation of the superoxide radical to non-raldicalecules Qand HO, (subchapter 14.2.1.). In active site of
this enzyme the zinc ion is bound to three hisédiesidues and one aspartate residue. The cogmerisabound
to four histidine residues. The two metal ions @anected via a histidine bridge (Fig. 9.10.). Zatom does
not take part in reaction mechanism, its functeatabilization of enzyme structure and activitphhrange 5 to
9.5. Copper atom is directly taking part in disntiota reaction.

His118 's

Hlmﬂ

Fig. 9.10. Structure ofCu/Zn superoxide dismutase (active site — left; dimeric structure of enzymeght)

9.3.3.3. Hemoproteins

Hemoproteins belong to chromoproteins. In this grthere are included many complex proteins, butntost
important of them are hemoglobin and myoglobin, alhparticipate in transport of molecular oxygenalh
vertebrates and in man. Myoglobin is very importaspecially for the life of aquatic animals. It riads
transport of oxygen in the muscles (heart and ski¢land also serves as a reservoir of oxygenénctise of
temporary deficiency.

Nearly all the oxygen carried by whole blood inraals is bound and transported by hemoglobin inheoglytes
(red blood cells). Hemoglobirtr 64.500; abbreviated Hb) is roughly spherical hvat diameter of nearly 5.5
nm. It is a tetrameric protein consisting of foubsnits of very similar but not completely identitgpesao and
B chains ¢2p2): a-chain consists of 141 amino acid residuesfaobain of 146 amino acid residues (Fig. 9.11).

Each subunit binds one heme molecule containing wih oxidative number +2 (ferro forms), and wih
coordination number 6. Iron is bound to four nigagatoms of the pyrrole rings (porphine). The fifth
coordination bond is linked to the protein compdngiobin) through N atom of the histidine side ich&Sixth
coordinate bond remains free for reversible bindifigxygen or other molecules such agOHCO,-CN, etc.
Oxygen free hemoglobin is denoted as hemoglobideoryhemoglobin (HHb), oxygen carrying hemoglobin
(oxygenated) is denoted asxyhemoglobin (OHb. If Hb binds CO, carbonylhemoglobin (or carboxy-
hemoglobin, COHb) is formed, and if£CN is boundgcyanohemoglobin is formed. Oxidation number of iron in
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the hemoglobin is +2 but can be als+3, whenthe prosthetic group generally denohemin and afterits
binding to globinferrihemoglobin is formec (often nhamed by older namenethemoglobin). Oxygen molecules
can be reversibly bound only lsrrc forms (with F&).

Chapeptide €00~ 00
B chain___ tH,Q dn,
- H F[ He
Hscx{c\/ \C/C\ _-CH;
ags

N X’
hai / /C \ﬁ/ C\
o chain’
CHy HCH,
Heme
Hemoglobin (Fe-protoporphyrin 1X)

Fig. 9.11. Structure of hemoglobin and heme

The quaternary structure of hemoglobin featuresngtrinteractions between unlike subunits. In additio
carrying nearly all the oxygen required by cells rom the lungs to the tissueshemoglobircarries two end
products of cellular respiratiot]” and CO,, from the tissues to the lungs and the kidne, where they are
excreted. The C§ produced by oxidation of organic fuels in mitontda, is hydrated tform bicarbonate
(subchapter 5.5.2.) Hemoglobin transports abou¥46f the total I and 15- 20% of the C(, formed in the
tissues to the lungs and the kidneys. The remaiofitire " is absorbed by the plasma bicarbonate buffer
remainder of the CQs transported as dissolved H5~ and CQ. The binding of Fland CG, is inversely related
to the binding of oxygen.

In principle, myoglobin and hemoglobin have the sagssential function (trafer of O,), based on their very
similar structure.However, the basic difference is ththe myoglobin molecule conss only of a single
polypeptide chain, and contains only one heme, enlle hemoglobin molecule cons of four chains
comprising a total four hems. Myoglobin is a monoifMW = 17 kD) aid hemoglobin tetramer (Mr = 68 kLC

Myoglobin constitutes the primary, secondary amndia®y structure, while the hemoglobin also quaseyn

indicating that the hemoglobin is allosteric proteCreating a tetramer hemoglokgains completely new
biological properties, which aret observd in myoglobin. The bnds between chains have -covalent nature.

The binding of oxygen to hemoglohis affected byallosteric effectors, ions or molecules such ¥, CO, and
organic phosphates like 2t8sphosphoglcerate (BPG). The binding of oxygen to hemoglolepeahds on th
pH, while the binding capacity of hemoglobin fo, is affected by C@andorganic phosphates regulehe
affinity of hemoglobin for oxygenDissociation curve of hemoglobin is sigmoidalcontrast to the course
myoglobin (Fig. 9.12), what igypical for allosteric interactiondt can be said that, although tO,, H", CO,
and BFG bind to spatially different locations of hemoglobithey communicate with each other due
conformational changes which aproceeding within the protein moleculgnlike the myoglobin molecul
hemoglobin onean change the structure resping to their surroundings.
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Fig. 9.12 Saturation curve of myoglobin and hemoghin

Hb may be influenced by various other externaldiect oxidative factors, blood poisons and certhings
(sulfonamides, antipyrine, nitrites, nitrobenzeste,)

During the development of human three types of hgalmn are physiologically formed and they are fiiifig
in amino acid composition of their chains:
- embryonal hemoglobin (Hb E): Gower | {s,), Gower Il @g,), Portland {,(,) — it is formed before the
birth
- fetal hemoglobin (Hb F) @y,) — it is a dominant type of hemoglobin in the fetiody and is characterized
by higher affinity for oxygen, which makes the himgloxygen from mother’s body easier.
- adult hemoglobin (Hb A) — it is formed after birth and is the maegilespread human hemoglobin. HR A
(0B2) represents 97.5 % and HB @,5,) 2.5 % of body hemoglobin.

There are also abnormal hemoglobins, for exampl&litbsickle cell anemia (Chap. 9.3.3.4).

9.3.3.4. Sickle cell anemia and changed hemoglobin

The basis of the disease is a change in primanctsire, thereby in all other structural charactessof
hemoglobin. Sickle-cell disease occurs more comynonpeople (or their descendants) from parts efwiorld
such as sub-Saharan Africa, where malaria is orcaasmon, but it also occurs in people of other ieftias.

This disease is on the molecular level caused pgirst mutation in the B-globin chain of hemoglobin
replacing the amino acid glutamic acid with theslpslar amino acid valine at the sixth positiorttafp chain.
This means that theCOO™ group of the side chain, which is electrically icfead and hydrophilic, is replaced by
isopropyl side chain, which is neutral and hydrdgbdsee Chapter 10.6.3.).

Normal hemoglobin (Hb A) and sickle cell hemogloliith S) therefore have a different type of eleatharges.
Both have almost the same solubility in a well axyagted blood, but deoxygenated Hb S accumulatéswitie
red cells and precipitates. This accumulation defothe cells to the typical sickle shape, which esathe
movement of erythrocytes through the capillarigfiadilt, worsens the blood circulation and burdéhe heart
with increased strain (Fig. 9.13).

Sickle cell anemia provides certain resistance &amma, which explains, why this inherited featstavives
mostly where malaria is most common. The parabiédé tauses malaria, guests in erythrocytes. Howitver
cannot survive for a very long time inside of thewed cell, since it has a high need for potassaums, but the
membrane of curved cell allows to excessive amofii’ to leak from the cell. Thus the people with siokdd!
disease may survive for a long time and can gixth Ibd children, to which inherited feature is séarred again.
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Fig. 9.13. Normal erythrocytes (left) and sickle (ght) (pictures from electron microscope))

9.3.4. Blood plasma proteins

Proteins represent quantitatively the most impartmmponent of blood. In the whole blood hemogloisimat
the highest concentration, 2-22.5 mmol/l. Total concentration of plasma proteissnot determined in the
whole blood but always only in blood plasma or seriThere are many different proteins in blood plasas
well as in serum (7.8 7.5 % of total weight) while the other dry matt@mponents form only 1.5 %.

The main protein components of plasmaalbeimins andglobulins.

Albumins represent 55 60 % of plasma proteins with different functions:
- maintaining of osmotic pressure (oncotic part @il osmotic pressure)
- transport of compounds
- buffer functions (together with other proteins)
- reserve proteins (e.g. during starving)
- antioxidative ability

Globulins are highly heterogeneous group of proteins, theyehmainly character of glycoproteins and some
fractions have specific functions:
- hemocoagulation
immunological function (antibodies)
part of complement (defense mechanisms of organism)
binding and transport of some compounds like metedggen, lipids and steroids
they have properties of enzymes or inhibitors ayemes

Tab 9.4. summarizes some proteins of globulin ahiarand their functions.

Tab. 9.4. Selected plasma proteins of globulin chacter

Protein Biological function

transferrin binds and transport plasma iron

ceruloplasmin binds most of plasma copper

fibrinogen, prothrombin coagulation factors

haptoglobins bind hemoglobin up to concentratiornly liter of blood
immunoglobulins antibodies, participation in defemsechanisms of organism
lipoproteins transport of lipids (insoluble in wgten blood

In blood there are occasionally (e.g. in case ohesdoone marrow tumors) occurring anomalous proteins
(paraproteins), which are not found in healthy horaa all. Albumins concentrations are decreasesgoime
diseases. This “hypoalbuminemia” is very noticealsome kidney and liver diseases.
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Control questions

1. Which of biogenic amino acids can create connedigtmween carbohydrate and protein component of
glycoproteins via an O-glycosidic bond?

Write the equation of cysteine ionization in anaditke medium.

Write the equation of lysine ionization in an acidiedium.

Write general reaction of carbamine acid formatMhat is the biological importance of the reaction?

gk w DN

Write the equation of oxidative deamination andssgjuent decarboxylation of alanine. Name the
products.

6. Write the equation of transamination reaction @faaic acid and 2-oxoglutaric acid and name the
products.

Write the reaction of dipeptide carnosine formatan indicate its biological function.
Describe the composition and biological role of thest important tripeptide.

Which amino acid is involved in the stabilizatioftlee tertiary structure via disulfide bond? Expres
structurally formation of such bond.

10. Explain the concept of allosteric protein, give rexgde.
11. Provide structural and functional differences betmvenyoglobin and hemoglobin.
12. Name the most famous fibrous proteins, their stmgcand biological importance.

13. Which coenzyme comprises in its structure a bioganiine, which is produced by decarboxylation of
aspartic acid.
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10.NucLEoTIDES AND NUCLEIC ACIDS

One of the most remarkable properties of livingscel their ability of self reproduction. This abjl continues
almost with absolute perfection for hundreds amdisands of generations. Some organisms are so epntipat
it is difficult to imagine the fact of preservatiaf genetic information in so small objects as rusl of germ
cells (sperm and ova). For reproduction biopolyeemmpounds -hucleic acidsare responsibleNucleic acids
were discovered in 1869 by Johann Friedrich Mies¢h844-1895), who called the material “nucleinfics it
was found in the nucleus of animal cells. It wascdvered later than prokaryotic cells, which alsatain
nucleic acids even though they do not have a nacleu

Nucleic acids are natural macromolecular compouwvittsa specific biological function. Nucleic acidore and
regulate the transmission of genetic informatiolney determine genetic properties of living organiaffect its
organization and reproduction, carry informatiosessary for all life processes.

In the organism, nucleic acids are primarily foundhe form of complexes with proteins ascleoproteins
They can be found not only in the nucleus, but @isthe cytoplasm and other subcellular structusesh as
ribosomes, mitochondria and chloroplasts.

Each biological species differs from the othersaose of structural differences in their proteins.

Chromosomes located in the nuclei of cells, contain the héeeg information that directs the synthesis of
approximately 100.000 proteins unique to a humangbélhe sum of all human proteins is called lthenan
proteome. All human cells except germ cells are diploid,atvimeans that they contain two copies of each
chromosome. Germ cells are haploid cells with amlg copy of each chromosome.

Every chromosome contains a large numbeagesfes the fundamentalnits of heredity. Genes are responsible
for both the traits common to a species and fowuttigue traits of individual members of that speckeach gene
carries the information for synthesizing one or enpolypeptides, which are responsible for thoseditary
features.

At the molecular level, the growth and reproductarorganisms are directed and carried out by types of
nucleic acids —ibonucleic acids (RNAs)anddeoxyribonucleic acids (DNAs) Chromosomes contain DNA
molecules. Each gene is just a part of a DNA mdéeddNA contains the hereditary information andedts its
own reproduction and the synthesis of RNA. RNA muaoles leave the cell nucleus and regulate the egigiof
proteins in ribosomes, which are organelles indytesol. The cytosol is the region of the cell aigsof all the
organells in the cell.

Nucleic acids are polymeric molecules of whichItlasic unit is a nucleotide.

10.1. Structural units of nucleotides

Nucleotides can be hydrolysed into three compongigs 10.1.):
a) a heterocyclic nitrogen base (adenine, guaninesioy, thymine, and uracil, resp.),
b) a pentose saccharide (D-ribose or 2-deoxy-D-rihose)
¢) phosphoric acid (§POy).

They are presentataratioof 1:1: 1.

Heterocyclic
base
. . Nucleic
Pentose —  Nucleoside |—| Nucleotide |—» acid
Phosphoric /
acid

Fig. 10.1. Relation of components of nucleotides tacleic acid
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10.1.1. Nitrogen heterocyclic bases

Nitrogen heterocyclic bases are classified into types: purine and pyrimidine bases. Theine basesbelong
to the double-ringed class of heterocyclic moles|fgyrimidine + imidazole) involvingdenine andguanine
while pyrimidines contain six-membered ring€ytosine andthymine belong to this group. A fifth pyrimidine
base, namedracil (present in RNA), usually replaces thymine (pré$erDNA) and differs from thymine by
the lack of a methyl group at the 5 position inritgy (Tab. 10.2.). Uracil is not usually foundDiNA, it occurrs
only as a product of cytosine deamination. In astir following synthesis of certain RNA molecules,
significant number of the uracils are convertedhgmines by the enzymatic addition of the missingthmyl
group. This occurs rather in structural and enzierRNASs than in transfer RNAs and ribosomal RNAs.

The symbol of each of the five bases is the fiestel of its name — A, G, C, T and U for adeningargne,
cytosine, thymine, and uracil, respectively.

The molecules of nucleic acids contain a certainoam of the minority bases which are chemical
modifications of the basic nitrogen bases menticmealve. Their molecules usually contain a methyingghyl
cytosine, 1-methyladenine, 7-methylguanine...) orrbysl (5-hydroxylmethylcytosine) group. More tha@ 3
various minority bases have been isolated so fae domplete view of purine and pyrimidine basesjrth
structure and names are presented in the Tab.dd1Tab. 10.2.

Tab. 10.1. Nitrogen bases and nucleosides deriveain purine

Base Formula Nucleoside Symbol
Purine X /6%'\‘7
|
AN 8
VN
Adenine NH, Adenosine A
(6-aminopurine) N N
L
Basic H

Guanine bases o) Guanosine G

(2-amino-6-oxopurine) HNJTN
A A

Hypoxanthine o Inosine I
(6-oxopurine) HN ‘ N
g
Minority H
Xanthine bases o Xanthosine X
(2, 6-dioxopurine) HN
|
O)\N N)
H
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Tab. 10.2. Nitrogen bases and nucleosides derivad pyrimidines

Base Formula Nucleoside Symbol
Pyrimidine g
N ‘5
1
Cytosine NH; Cytidine C
(2-0x0-4-aminopyrimidine) NZ
|
/
Basic o N
Uracil bases 0 Uridine U
(2, A-dioxopyrimidine) HN)ﬁ
|
O)\N
H
Thymine o Thymidine T
(2,4-dioxo-5-methyl HNJj/CHs
pyrimidine) \
O)\N
H
5-methylcytosine NH; 5- McC
(2-0x0-4-amino-5-methyl Minority NZ CHs methycytidine mC
pyrimidine) bases |
O)\N
5-hydroxymethylcytosine NH2 5-hydroxy- hMcC
(hmC) NZ N CHOH methylcytidine hmC
o/k |

According to the newest nomenclature, the usetteetletter abbreviations for nitrogen bases ismenended
(similarly to amino acids):

Purines Pyrimidines
Ade- Adenine Thy - Thymine
Gua - Guanine Cyt- Cytosine
Xan - Xanthine Ura - Uracil
Hyp - Hypoxanthine Oro - Orotate

Free purine and pyrimidine bases have very simitaperties. Only few of them are soluble in wated anost

of them have the ability to form tautomeric formdaetam (oxo-form) and lactim (enol-form). Only aitee
which does not contain oxygen has not this featbus,it exhibits amino-imino tautomerism (Fig. 10.2h
neutral environment lactam form predominates (Tldbl. and 10.2.). This organization is very impottéor
hydrogen bonds formation between so called compiéang bases resulting in formation of the secondary
structure (Fig. 10.12.).

o) OH NH, NH
yQw SwEG e
PN PN -

HoN N H HoN H H N H
lactam lactim amine imin

Fig. 10.2. Tautomeric forms of guanine and adenine

Atoms of nitrogen, which are incorporated in theistiure of heterocycles, have weak basic charaSteucture
of them is nearly planar and causes absorptionvofight with absorption maximum at 260 nm. This peacty is
used for spectrophotometric determination of nucéeids.
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10.1.2. Saccharide component of nucleotides

After complete hydrolysis of nucleic acids, preseot D-ribose and 2-deoxy-D-ribose (Fig. 10.3.) wasven.
According to saccharide unit we distinguish twoeypf nucleotides:

a) deoxyribonucleotides— contain 2-deoxy-D-ribose,

b) ribonucleotides— contain D-ribose.

The saccharide (pentose) unit occurs in nucleoiidéise cyclic form g-ribofuranose op-deoxyribofuranose),
capable to fornfi-N-glycosidic bond with pyrimidine and purine bases

Presence of saccharide units causes increasedlisplobnucleosides in comparison with free badesacidic
environment they hydrolyse relatively fast (pyriinigl nucleotides are more resistant).

HO-CH, HO-TCH,
o OH o OH
4 4
3 2 3 2
OH OH OH H
D-ribose 2-deoxy-D-ribose

Fig. 10.3. Monosaccharides present in nucleic acid

10.1.3. Phosphoric acid

Phosphoric acid is bound with pentose by ester bBwthydration between phosphoric acid and deoxgebo
takes place at C-5 or C-3 of pentose ring, in cdisdose reaction through C-2 is possible.

10.2. Nucleosides

Nucleosides are heteroglycosides. They are fornyedelydration reaction between a saccharide uibibge,
deoxyribose) and a heterocyclic base while BiN-glycosidic bond is formed (Fig.10.4. and Fig. 10.5.).
Exception is the bond in pseudouridine, nucleositl@racile, which is bound with ribose by —C—-C— 8on
During reaction —OH group of the hemiacetal carlforil) of the pentose reacts with >NH hydrogen & th
heterocyclic base with concomitant release of onéeaule of water. In pyrimidine bases, it is thelfogen at
position N-1, in purine bases at position N-9.

To avoid confusion in atoms numbering of the nusilées, the atoms of the saccharide are markednwitibers
followed with an apostrophe. The nitrogen basdwsags attached to the 1'carbon atom of the saabband
there is a primary hydroxyl group located at thea®#on atom. Ribonucleosides have secondary hybroxy
groups at the 2°- and 3"-carbon atoms, while debgyucleosides have the secondary hydroxyl group an
the 3"-carbon atom.

The name of nucleoside is formed from the typeasfebpresent in it. Purine nucleosides are namedgdgcing
the ending-ine of the base byesine Thus adenine + saccharideadenosineand guanine + saccharide =
guanosine The pyrimidine bases — cytosine, thymine, anctilira combined with the saccharide are named
cytidine, thymidine, and uridine, respectively. It means they have the endiidjne. When saccharide is
deoxyribose, the prefideoxy- is used (e.g. deoxyadenosine, deoxyguanosingytlganidine, deoxycytidine).

For ribonucleosides three-letter abbreviations araused:

Ado- Adenosine Thd- Ribosyl thymidine

Guo- Guanosine Cyd- Cytidine

Ino - Inosine Urd - Uridin

Xao- Xanthosine ¥rd - Pseudouridine

Puo- Purine nucleoside Pyd- Pyrimidine nucleoside
generally generally

Nucleosides with deoxyribose have lowercase™before abbreviation, e.g.:

dAdo - deoxyadenosine dCyd -deoxycytidine
dGuo —deoxyguanosine dThd -deoxythymidine
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Free nitrogen bases and nucleosides are presegninatle ,minute” concentrations in the cells. Nems$ides are
produced as the second step in nucleic acid deipadavhereby nucleotidases break down nucleotfdesh as
the thymine nucleotide) into nucleosides (such lasnine) and phosphate. The nucleosides, in ture, ar
subsequently broken down in the lumen of the digestystem by nucleosidases into nitrogenous basds
ribose (or deoxyribose), and inside the cell byleaside phosphorylases into nitrogenous basesribose-1-
phosphate (or deoxyribose-1-phosphate).

Nitrogenous heterocyclic bases are planar and rieated perpendiculary to the furanose ring of geitrose.
These bases are not free to rotate around the giledwond due to deoxyribose. For steric barrierinp and
pyrimidine nucleosides may exist only in two defirstable conformatiorsynandanti (Fig. 10.4), according to
which the base is turned over deoxyribose plaralegior on the opposite side. Pyrimidines are lgtiaund in

the anti conformation because of steric interference betwthe carbohydrate and the nitrogen on the C-2
pyrimidine. In natural double-stranded DNyti conformation of purines as well as pyrimidinepriedominant
(synconformation is present only in the Z-DNA).

NH, H,N
= N N A
Ly (A
N~ N N~
HO-CH, HO-CH,
OH OH OH OH
Syn Anti

Fig. 10.4. Adenosine in the syn and anti conformain

10.3. Nucleotides

Nucleotides are esters of nucleosides (acting asantol) with phosphoric acid. Phosphoric acidasind by
esteric bondto the hydroxyl groups of ribose (Fig.10.5.).

In contrast to nucleosides, free nucleotides aesegnt in the cells in relatively high concentrasiomhis is the
intracellular pool of free nucleotides. In most animal and bacterédlls the deoxyribonucleotide pool is only 1
% of the ribonucleotide pool. In the processesiofynthesis, 5'-nucleotides play the most importafg; in
degradation processes, 3'-nucleotides are oftesepte

The two protons of the monophosphate ester areadrat physiological pH, and the ester existssolation as

an ion with a charge -2.
NH,

NI* 5
a3
o) o] N

- B-N-glycosidic
0-P-OTCH, 0 | <" pord

esteric
bond OH OH

nucleoside

nucleotide

Fig. 10.5. Bonds in nucleotides
Nucleotide synthesis is a complex process, whigires a metabolic energy. Synthetic reactions lirevéwo

dehydrations among the three components: dehydrbgowveen phosphoric acid and the pentose sacehenidl
between the pentose saccharide and the heterobgdé This reaction proceeds as follows (Fig..10.6

204



NH,

N3/4 s Cytosine NH»
2 5'
dehydration
P
HO— P—QH HOL-CH
P01 HO| T
OH
Phosp_horic
acid OH H OH H

Deoxyribose Nucleotide

Fig. 10.6. Nucleotide synthesis

Nucleotides are named according to the nucleoside,bin conjunction with the number of bound phasgdh
e.g.:
- Adenine bound to ribose forms the nucleoside adeaos
- Adenosine bound to a phosphate forms adenosine phosphate (AMP).
- As phosphates are added, adenosine diphosphate) @i2Padenosine triphosphate (ATP) are formed, in
sequence.

macroergic
bonds NH2
/\ Nliﬁ N
O (0] O k N N)

OH OH
AMP
ADP
ATP

Fig. 10.7. Adenosine 5 -triphosphate

Nucleotide names are usually abbreviated. For elgntipe prefixdeoxy- is cut tod- and is followed by the
one-letter symbol for the base (A, G, C, T and djl MP for 5-monophosphate. Thus, the nucleotide
containing deoxyribose and cytosine, which struetig shown in Fig. 10.6., is named deoxycytidine 5
monophosphate or dACMP.

The number "-5'-" in the name indicates the positié that carbon in pentose from which the esterdbaith
phosphoric acid comes out. In case of binding efghosphoric acid to the fifth carbon of pentoke,label of
the position is not stated in abbreviation (e.g. AMCMP, dGMP, dTMP). On the contrary, if the ediend
with phosphoric acid occurs at different positidritee pentose, then the position of the ester hisrslated in
the abbreviation (e.g. A-3'-MP, C-3'-MP).

10.3.1. Names of nucleotides found in DNA and RNA

DNA

deoxyadenosine 5'-monophosphate (dAAMP)  deoxyades&@siphosphoric acid  5'-deoxyadenylic acid
deoxyguanosine 3'-monophosphate (dAGMP)  deoxyguaa@siphosphoric acid  3'-deoxyguanylic acid
deoxythymidine 5'-monophosphate (dTMP)  deoxythymedb'-phosphoric acid  5'-thymidylic acid

deoxycytidine 5-monophosphate (dCMP) deoxycytiebhphosphoric acid 5'-deoxycytidylic acid

RNA

guanosine 3'-monophosphate (GMP) guanosine-3'-looispacid 3'-guanylic acid
uridine 5'-monophosphate (UMP) uridine-5'-phospheadid 5'-uridylic acid
cytidine 5'-monophosphate (CMP) cytidine-5'-phosjhacid 5'-cytidylic acid
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It is possible to express the structure of a nudeschematically as follows:

heterocyclic base - saccharide - phosphate
<00 nucleoside OO -
~00000 nucleotide OOOOO -

10.3.2. The most important nucleotides from functioal point of view

In addition to being building units of nucleic asjchucleotides exhibit other important and spedifalogical

functions in the cells and tissuesth& organism. They act as coenzymes taking part irsprain of hydrogen
atoms (hydrogenation and dehydrogenation reactiandyansport of groups of atoms, e.g. phosphateigs

(phosphorylation reactions), in the transfer ofrolwal (free) energy and other biochemical processesells,

nucleotides play important roles in metabolism sigghalling.

From a functional point of view the most importantnucleotides include:

a) Nucleotides carrying free energy which are alsosaurce of macroergic phosphate. Nucleoside
polyphosphates are nucleosides having a higher eurab phosphoric acid units linked to each other by
phosphoanhydride bond to a 5'-carbon of sacchatidehed. Phosphoanhydride bond is formed in @actf
two molecules of kPG, releasing one molecule of water. It is energi+thond (Fig. 10.7) called macroergic
bond (sign ~) and during its hydrolytic cleavadarge amount of energy (30.5 kJ Mpis released. Nucleoside
diphosphates contain two residues @PB, (ADP, GDP, UDP, CDP) and nucleoside triphosphtis=se HPO,
(ATP, GTP, UTP, CTP). They belong to the groupmtalled macroergic compounds. They contain ortevor
macroergic bonds and have an important role ingatier metabolism. The most versatile from the groép
triphosphoric esters is adenosine triphosphate JATP which three phosphate groups are linked bg tw
phosphoanhydride macroergic bonds (see Chaptdrhig.predetermines it to be a good source and ririires

of energy in the cells. The main process of ATPtleysis is the oxidative phosphorylation coupledchvifie
respiratory chain. In addition, ATP during reactosf phosphorylation/dephosphorylation transfees rést of
phosphoric acid EPO,. In the metabolism also other nucleotide triphageé are of the great importance as
macroergic compounds such as:

- GTP is involved in the citrate cycle and in thetbgsis of proteins,

- UTP is essential for the glycoside bond synthesisarbohydrates. UTP is used by the organism for th
activation of monosaccharides (UDP-glucose, UDRgjase, etc. are formed).

- CTP is important in complex lipids synthesis: iriattion of non-lipid components e.g. CDP-choline,
CDP-ethanolamine are formed, whereas during aaivaof lipid components CDP-diacylglycerol
arises.

To this group of nucleotides adenosine 5-triphasph(ATP) (Fig. 10.7.), uridine 5 -triphosphate @)T
cytidine 5’-triphosphate (CTP), guanosine 5 -trightmate (GTP) belong. Structure of them is simdaATP.

b) Nucleotides, which have a function of coenzymefsda or complex structures (see Chapter 13):

1. Nicotine nucleotides nicotineamide adenine dinucleotide (NA@Fig. 12.8.), and nicotineamide adenine
dinucleotide phosphate (NADP(Fig. 12.9.). They are derivatives of nicotinicida (vitamin B3). They
constitute a part of the enzymes dehydrogenases.

The nucleotides take two hydrogen atoms of thetsaties One hydrogen atom is bound to the pyridore ¢
in the form of a hydride ion (H= H + e) and thus cancels its aromatic charactdrthe positive charge of
the molecule as well. The second hydrogen is rettago the environment in the form of:H

NAD* + E>substrate NADH + H' + substrate

2. Flavine nucleotides flavine mononucleotide (FMN) (Fig. 12.11.) andvine adenine dinucleotide (FAD)
(Fig. 12.10.). They are both riboflavin (vitaminy)Bderivatives, hydrogen-transferring coenzymes. The
nucleotides take a hydrogen of the substrate amdlibto the nitrogen atoms of isoalloxazine ringNal and
N-10 positions.
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To summarize, substrate oxidation can be exprezséallows:

FAD + Z>substrate ~—= FADH, + substrate

FMN + ﬂ>substrate ~—— FMNH, + substrate

3. Coenzyme A (CoA)(Fig. 12.16.) is a nucleotide, whose part is agdemodiphosphate. It is a component
of the enzymes transacylases, i.e. it transferts wicarboxylic acids. It has an important roléhia transfer

of two-carbon residues, in the oxidative decarbatigh ofa-keto acids, as well as in the degradation of fatty
acids. It is called "active acetic acid" in therfoof acetyl-CoA.

Special relevance have cyclic nucleotides adeneifsé-monophosphate (cyclic AMP, cAMP) and guanesi

3’,5"-monophosphate (cyclic GMP, cGMP) (Fig.10.8yclic AMP is actually AMP, in which phosphoricidc

is bound by ester bonds to two carbon atoms (ting #imd fifth) of one molecule of ribose. Phosplestier bond

is formed within one nucleotide. cAMP, resp. cGME aynthesized in the organism from ATP, resp. GYyP
the action of the enzyme adenylate cyclase (gusnglglase) in the presence of Mipns or other compounds
(e.g. NO), while diphosphate (pyrophosphate) iawel off (Fig. 12.40).

It is supposed, that cyclic nucleotides (called #eszond messengers) take part in intracellular laégy
mechanisms. They mediate the transport of the nmdition brought to the surface of the target celhbgmones.
They can regulate secretion of compounds, celledifitiation and replication, mobilisation and st@raof
saccharides and lipids, induction of protein sysithecell membrane permeability, transport of iangmbrane
potential, neurochumoral transfer, etc. In somesa#dP and cGMP have antagonistic effects.

1) 1"
’ I\N N/J N N/J\NHZ
0-CtH, o 0-tH, o
3, N
O=p—0 OH O=P—0 OH
0 0
cAMP cGMP

Fig. 10.8.Cyclic nucleotides

S-adenosylmethionineis an alkylating agent present in cells. It transfmethyl group, which is the most
reduced form of carbon. Although methyl group cartfansmitted also by tetrahydrofolate, the po#tit this
cofactor is not sufficient for most of biosynthet&actions. S-adenosylmethionine is the preferaddator for
the transport of the methyl group in biologicalteyss. It is synthesized from ATP and methionina ireaction
catalyzed bynethionin adenosyltransferase.

3'-phosphoadenosine-5'-phosphosulfates a derivative of adenosine monophosphate whigshosphorylated
at 3' position and has the sulfate group bound ¥ phosphate. In the organism it actssafotransferases
coenzyme, which catalyzes the transfer of the syléaup on -OH or -NE group of the acceptor molecule. A
similar anion is adenosine 5'-phosphosulfate wiiatot phosphorylated at 3' position.

10.3.3. Synthetic nucleotide analogues — used in digne

Synthetic analogues of purines, pyrimidines, nusildes, and nucleotides altered in either the heyetic ring
or the sugar moiety have numerous applicationdimical medicine. Their toxic effects involve eithi@hibition
of enzymes essential for nucleic acid synthesiheir incorporation into nucleic acids with resogtidisruption
of base-pairing. Oncologists employ 5-fluoro- orioBeuracil, 3-deoxyuridine, 6-thioguanine and 6-
mercaptopurine, 5- or 6-azauridine, 5-or 6-azaayidand 8-azaguanine (Fig. 10.9.), which are ipomated
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into DNA prior to cell division. The purine analag@llopurinol, used in treatment of hyperuricermia gout,
inhibits purine biosynthesis andnthine oxidasectivity (Fig. 12.28.). Cytarabine is used in clogherapy of
cancer. Finaly, azathioprine, which is catabolited®-mercaptopurine, is used during organ transatem to
suppress immunologic rejection.

(0] (0]

|
HNJj/ HNJH
HO-CH; o HO'CHz o N
A
N

OH H OH OH H
5-lodo-2"-deoxyuridine 5-Fluorouracil 6-Azauridine 8-Azaguanine
OH
% N/
) .-
) A NP
N N
H
6-Mercaptopurine 6-Thioguanine Allopurinol

Fig. 10.9. Selected synthetic pyrimidine and purinanalogues

10.4. Nucleic acids

Chemical structure of nucleic acids is very complExeir molecular weight varies in the range of &®10d°.
The molecule of nucleic acid is an unbranched padigotide chain, composed of the basic structuniku
nucleotides.

According to the nature of the saccharide unit @igchcid are classified to deoxyribonucleic acitN@&) and
ribonucleic acid (RNA).

10.4.1. Nucleic acid formation from nucleotides

As already mentioned, nucleic acids are polynuidest RNA is formed from ribonucleotides, and DN i
formed from deoxyribonucleotides. Nucleotides botm@ughphosphodiesterbonds with the participation of
enzymes golymerasesform the primary structure of both RNA and DNA lexules. Similarly to nucleotides,
the synthesis of nucleic acid is a complex procBssducts of nucleic acid synthesis are those whatld be
produced by a simple dehydration reaction betwben-OH of the phosphate group at C-5"of one nudeot
molecule and the —OH at C-3"of another nucleotidéenule and diphosphate is released. The groupefrim
this reaction is called phosphodiester group joins one residue to another one. For exampé&dthucleotide
UMP-CMP is produced by the reaction of UMP with CKiPough dehydration between the —OH group at C-3”
of UMP and the phosphate group at C-5" of CMP (E®10.). Note that each phosphodiester has omkcaci
hydrogen atom, however, at physiological pH nuctaicls are ionized.
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UMP f‘\NH
OH )\

: N~ o
- 5
0O—P—O-CH,
I © NH,
0 .
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_ OH OH { K
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?H N~ S0
(%W—GSCHZ o
0 5
CMP
OH OH

Fig. 10.10. Formation of phosphodiester bond betwaghe nucleotides

By convention, nucleotide sequences are nameciBth - 3’direction. A nucleic acid has one 5™-end and one
3’-end. Theés"-end has a phosphate group at C-5" that is attachedlyoone pentose group. All other phosphate
groups are attached to two different pentose rifige.3"-end has a pentose ring with an unreacted —OH group
at C-3". The nucleotide residues in a nucleic ar& named by proceeding from the 5™-end to thend and
commonly one-letter abbreviations are used. For RiNAconvention is:

A-C-G-..-U
5000000 -3
RNA

The same process is used for DNA, but a lowerch$e placed at the left of the first base to indicéte
deoxyribose in the backbone.

dT—-C-G-...-A
5000000 -3
DNA

All of these representations emphasize the kewfeadf nucleic acids- the nucleotide sequence, which is
critical to its function.

10.4.2. Deoxyribonucleic acid

Deoxyribonucleic acid or DNA, is a nucleic acid molecule that contains the genmstructions used in the
development and functioning of all known living argsms. The main role of DNA is the long-term sger®f
information and it is often compared to a set afepkints, since DNA contains the instructions neette
construct other components of cells, such as pretahd RNA molecules. The DNA segments that cdrigy t
genetic information are callegenes but other DNA sequences have structural purpasesyre involved in
regulating the use of this genetic information. kteolecules of nucleic acid are characterized lgi helative
molecular weight (M = about 18). Polynucleotide chain can include about 200 0Qfidmg blocks.
Polynucleotide chain of 23 pairs of human diploédlschromosomes contain a total of 6 X pirs of nitrogen
bases. DNA is a huge molecule and its sequenceoWasd and published in 2002.

Primary structure of DNA

Primary structure of nucleic acid is given by treggence of nucleotides in the polynucleotide chi&ig.
10.11.). The primary structure of a nucleic aciet sequence of bases along the saccharide-phoguiateer
chain, determines its higher-level conformationalicture (secondary, tertiary, quaternary). Theagibn is
analogous to proteins except of existence of origmadifferent types of three-dimensional structuf@r nucleic
acids, corresponding to their limited range of tiows. The nucleotide sequence in DNA determinBsthé
sequence ofi-amino acid residues in a polypeptide, what deteesiithe conformation of protein and its
biological function, and (Il) the structure of athn-coding RNA.

The content of nitrogen bases in DNA is not acdidleBy using quantitative analysis of DNA appedtst
molecular ratio of adenine and thymine is 1:1 amdhie same molecular ratio occur guanine and Qyosi
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According to discoverer this principle is named f@adf's rules. So presence of nitrogen bases fallow

Chargaff’s rules:

- DNA isolated from different animal species contajusgilitatively the same bases (A, G, C, T).

- The amounts of adenine and thymine are equal (A, ag are those of guanine and cytosine (G = @Jlin
DNAs, itistruethat A+ G =T + C.

- The quantitative abundance of individual basesGAC, T) is species dependent.

- The base abundance in DNA of individual speciesndependent of age, diet, or changes in the
environment.

Later it was found that the DNA has only one vagadlement, the ratio (A + T) / (G + C). Repres&ntaof
nitrogen bases along the chain is not regular,idwstrictly specific and constant for one specieshigher
animals, the ratio is equal to 1.3 to 1.5, while¢hia lower forms (viruses, bacteria) it is inverse.

NH, NH,

5’end 5 end
— o ILO'CHZ o 0-THy o

OOH

TN MIA C N kIA
H
o‘chy“'sz o O‘ILC%ECHZ o
" IA B

o OH
O“I‘L(}CHZ o o"l‘L(}CHz o
o] . o] 5
? H ? OH
O‘ﬁ 3’end O‘ﬁ 3’end
deoxyribonucleic acid ribonucleic acid

Fig. 10.11. Scheme of the primary structure of onstrand of DNA and RNA

Spatial, three-dimensional structure of DNA
Biological properties of nucleic acids depend agirtparticular spatial arrangement (conformation).

According to roentgen-structural analysis of Maerwilkins and Rosalind Franklin and based on thedbal
analysis (Erwin Chargaff), American geneticist JanWatson and british physicist Francis Crick in 395
proposed a three - dimensional model of the rigieleddouble helix of DNA, for which they received the
Nobel Prize. Discovery of DNA structure belongghe most |mportant discoveries of2Gentury. In the DNA,

A is always paired with T and G with C. The lengftboth pairs is identical (1.085 nm). Between ghand T
two hydrogen bonds are formed, whereas betweeGthad C three hydrogen bonds occur (Fig. 10.1h¢ T
philosophy of Watson - Crick model is based on ssuenption, that two nitrogen bases connect togdiiier
hydrogen bonds. The match of bases through hydrbgeds is calledomplementary base pairing By this
way two polynucleotide chains are connected codéxhg common axis forming the double strand (helix)
which is considered the secondary structure of DNAwyrimidine is paired with a purine all the timend the
long dimensions of both pairs are identical (1.08%). For each C in one strand of DNA there is a
complementary base G in the second strand of DNAecnte, as well as for each A there is a compleargnt
base T:

Adenine — Thymine (connection by two hydrogen bynds
Guanine — Cytosine (connection by three hydrogeisp
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Fig. 10.12. Hydrogen bond pairing

The studies, which have measured the distance bettvee nucleotides and tlw-helix turn were crucial fo
understanding the secondary structure of DNA. Tleasurements have shown that one turn ofa-helix
contains 10 nucleotidesn(B type of DNA - see below)the DNA chain is 2.2 to 2.6 nm wide, and ¢
nucleotide unit is 0.34 nm long.

Subsequent measurents revealed 10.5 base pairs, or 3.6 nm pel

Every DNA strand is composed of alternating phosichacid and deoxyribose uniiDeoxyribose orientatio
indicates the direction of chaimhich is calledpolarity. DNA chains have different polarity, vsay they are
antiparallel to each other. Hend2NA molecules are composed of two antiparallel pableotide chains: th
one strand is arranged in the-3' and the other in the - 5' direction.Out from the strand, bases bot
through the 1' carbon of deyribose project to the side. The nitrogenous $ase localised in the inner space
double helix and they are perpendicularly oriertee@xis of double helix. Hydrogen bonds occur betwthe
base pairs, but these bonds are no longer regasl¢deprimary source of the stability of the double he
structure. Hydrogen bonds determine which basepa#nbut hydrophobic interactis stabiliseDNA duplex.

The rings of the basesemselves are planar and unsaturated, like bemirggse and relativiy nonpolar despite
the N atoms in the ringn an agueous medium there is a natural tendof these rings to stack closely toget
because they cannot offer much hydrogen bondiregredtives to water molecu. They form a hydrophobic
interior of the double heliXWaterrepels them, so they stack together, wikatxactly what th DNA duplex
structure portrays.

This structure is stabilized dyydrogen bonds between complementary nitrogen b#fsese and the second
chain, but these bonds are not considered to bérayr source of thDNA structurestability. DNA duplex is
stabilized also bywan der Waals hydrophobic interactioof 111 aromatic rings ofbases of one chain
(interaction ofrrelectron systems) abovee other, which are calletthe stacking or surface forces. In additi
the stability of the DNA moleculis also affected by certain metal ions ®)gas well as its interaction wi
histone molecules in deoxyribori@oprotdns.

A brief demostration thaaummariss the stechiometric relationships between bases:
500000000 - 3

dT-...-G-C-A

A-...-C-G-dT
J3-.000oooono s

The two strands of DNA are not functionally equergdl Thetemplate strand, the (3
strand ornoncoding strand, is the one that is read during the synthesis of RN#
sequence is complementary to gymthesise RNA. Thesense strandthe (+) strand o
coding strand, has the same sequence as the I except that T is replaced by W.is 1 [&
agreed thagiene sequenceare expressed by reading the sequence of theessinand in |

the 5"— 3’ direction.

The double helix is a rightanded spiral. As the DNA strands wind around eztbler, Er_[:
they leave gaps between each set of phosphate drzeklrevealing the sides of the be ©
inside. There are two of these grooves twistingiadathe surface of the dou helix: one
groove, themajor groove, is 2.2 nm wide and the other, tminor groove, is 1.2 nir vino)
wide (Flg 1013) groove

3.4nm

Fig. 10.13. DNA double helix
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The narrowness of the minor groove means thatdhgesof the bases are more acces in the major groove.
As a result, dissociated phosphate groups by thegative charges can bind with basic amino acidthé
proteins like transcription factors that can bindspecific sequences in dou-stranded DNA usually mal
contacts to the s&b of the bases exposed in the major gr« In major groovethere is a disclosure of the ec
bases, whaallows binding of the protein to a specific doubteanded DNA sequence and can be importa
regulation of the expression of genetic informa

On the surface of a DNA molecule thearea lot of negatively charged oxygen atoms that &e & forn
hydrogen bonds with water molecules, to react wittalent ions (M?"), polyamines (spermines, spermidin
or proteins- histones, which also help to stabilize the tertstructure

Alternative double-helical structures

There are found mansignificant deviations from the Wats-Crick DNA structurein cellular DNA, of which
some or all may bemportant in DNA metabolism. These structural véoias generally do not affect the k
properties of DNA defined by Watson and Crick: sttacomplemetarity, antiparallel strands, and t
requirement for A — T and G& base pair

The Watsorgrick structure is also referred tc the B form of DNA, or BDNA. The B form is the most stab
structure for a randorsequence of DNA molecule under physiol@l conditions and is therefore the stanc
point of reference in any study of the DNA propestiTwo structural variants that have been weltadtarizec
in crystal structures are thfe and Z forms. These three DNA conformations are shown in Figl4. TheA
form is favoured in many solutions that are reksltvdevoid of waterA form of DNA arises fronB form, when
water content is decreased by about 75 %. Thisgeh@reversible. The DNA is still arranged inghi-handed
double helix, but the higl is wider and the number of base pairs per hetiga is 11, rather than 10.5 as i
DNA. Some properties of these forms of Disummarize Table 10.3.

/

@ Backbone ¥
1.A-DNA O Bases 2.B-DNA

3

3.7-DNA.

Fig. 1014. Comparison of A, B, and Z forms of DNA

Tab. 10.3. Properties of three DNAorms

A form B form Z form
Shape broadest intermediate narrowest
Helical sense right handed right handed left handed
Diameter 2.6 nm 2.0 nm 1.8 nm
Base pairs per helical turn 11 10.5 12
Helix rise per base pair 0.26 nm 0.34 nm 0.37 nm
Base tilt normal to the helix axis 20° 6° 7°

The plane of the base pairsAARDNA is tilted about 20° with respect to the helkisalt probably does not occi
in the cell. In thez-form of DNA, which can occur within GC-rich regions BfDNA, the organization ¢
nucleotides is completely different. In this cashe helix is left-handed, and the backbone adopts
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characteristizig-zagconformation (henceZ-DNA"). There are 12 base pairs per helical tumg ¢he structure
appears more slender and elongafethrm of DNA has only one groove.

The place of transition of a right-handed segmeid i left-handed one has to be uncoiled and thisfi
advantage for mounting of the copying enzymes duréplication. DNA segments in the Z conformati@vé
probably physiological significance in gene expi@ss in DNA-DNA, DNA-RNA and DNA-protein
interactions. The type of formed DNA conformatioapénds on the sequence of nucleotides in DNA, the
amount and direction of supercoiling, chemical rfiodtions of the bases and also on solution cowmsti such

as the concentration of metal ions and polyamines.

Supercoiling

DNA is not an inert molecule. From chemical, aslwslfrom structural points of view, it is one bétmost
variable molecules. It is a polymorphous moleculeich is able to exist in several structural forms.

DNA, generally, can bénear or circular. The DNA molecules in
human chromosomes are linear and can be twisted in aepsoc
called DNA supercoiling. With DNA in its "relaxedtate, a strand

Negative DNA superhelix

ADP usually circles the axis of the double helix oneerg 10.4 base
DNA gyrase pairs, but if the DNA is twisted the strands becammre tightly or
ATP more loosely wound. If the DNA is twisted in theedition of the

helix, this is apositive supercoiling and the bases are held more
tightly together. If they are twisted in the oppediirection, this is
a negative supercoiling and the bases come apart more easily.
There is one turn of the superhelix per 15 turntheforiginal helix.
This superhelix form is more often found in ciraulNA than in
linear DNA. Circular form is typical for mitochoridi and
chloroplast DNA as well as for bacterial plasmiasl anammalian
viruses. These DNAs can exist in the form of noroiedular helix
as well as in the form of right-handed and left-dhech superhelixes.
The isomers are denoted as topological isomers (Figl5.). In
nature, most DNA has slight negative supercoilifmttis
introduced by enzymes callédpoisomerasefor concurrent ATP
Positive DNA superhelix consumption. The best characterizegoisomerasés the bacterial
DNA gyrase
Fig.10.15.Topological isomers of circular helix

These enzymes are also needed to relieve the ngistresses introduced into DNA strands during gsses
such as transcription and DNA replication. Supdirgiis biologically important for two reasongrirst, a
supercoiled DNA molecule has a more compact shiage its relaxed counterpart does. Second, sup&goil
may hinder or favor the capacity of the doublexh&di unwind and thus affect the interaction betwB®&A and
other molecules.

Arrangement of DNA in the cell

DNA molecule is extremely large, and thus it hadbéoarranged in the cell in a very rational wayfolms a
nucleoprotein complex €hromatin, which consists of very long double-strand@dA moleculesand small
basic proteins termelistonesas well as somaonhistone proteins(most of which are acidic and larger than
histones) and a small quantity BNA. The double-stranded DNA helix in each chromosdras a length
thousands times the diameter of the cell nucleuse Purpose of the complex comprising chromatinois t
condense the DNA. Importance of binding the DNA eacole in
Histone nucleosomes is based on rational spatial condens@tdx).
, octamer Electron microscopic studies of chromatin have destrated dense
‘ spherical particles calleducleosomeswhich are approximately 10 nm in
diameter and connected by DNA filaments. Nucleosoare composed of
DNA wound around a collection of histone moleculghijch are in form of
octamer (H2A, H2B, H3, H4)Fig. 10.16.).

DNA

Fig. 10.16. Nucleosome
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Histones are wrapped by the double helix (165-1d&eaotide pairs). The connection between nucleosome
provided by histones H1, by non-histone proteirg layna 20-base-pair segment of DNA double helixe Qane
has to be composed of sevamatleosomes.

The nonhistone proteins include enzymes involveDNA replication, such aBNA topoisomerased here are
included also proteins involved in transcriptiongls as thé&RNA polymeraseomplex.

Physical properties of DNA

The double-stranded structure of DNA can be sepdiiato two component strands in solution by insieg the
temperature or decreasing the salt concentratibe. Sirands of a given molecule of DNA separate @ver
temperature range. A temporary damage of DNA semynstructure is calleducleic acid denaturation The
midpoint is called thenelting temperature, or T,,. The T, is influenced by the base composition of the DNA,
their possible modifications and by the salt comegion of the solution. DNA rich in G—C pairs, whi have
three hydrogen bonds, melts at a higher temperdtare the one rich in A-T pairs, which have two toggkn
bonds.

Concomitant with this denaturation of the DNA malkecis an increase in the optical absorbance (Did# &
characteristic absorption spectrum with a maximun2@0 nm) of the purine and pyrimidine bases — a
phenomenon referred to Bgperchromic effect of denaturation and it is an indicator of the dgent hydrogen
bonds between base pairs.

The rate ofreassociationdepends upon the concentration of the complemestasinds Reassociationof the
two complementary DNA strands of a chromosome aB®IA replication is a physiologic example of
renaturation. At a given temperature and salt catnaton, a particular nucleic acid strand will agste tightly
only with a complementary strand.

10.4.3. Ribonucleic acids

Ribonucleic acid or RNA is a nucleic acid polymer consisting of nucleotimenomers that plays several
important roles in the processes that translateetgerinformation from deoxyribonucleic acid (DNAhto
protein products.

RNA can perform following biological roles:
- RNA may constitute the genetic material (viral RNA)
- mediates the transfer of information from DNA to RKmessenger RNA),

- in the proteosynthesis mediates the transfer adraimo acid to the ribosome (transfer RNA), it ipat of
the ribosomes (rRNA).

RNA is very similar to DNA, but differs in a few portant structural details: RNA nucleotides contalhose
saccharides while DNA contains deoxyribose, phosphackbone and four different bases: adenine,igean
cytosine, and uracil. The first three are the samehose found in DNA, but in RNA thymine is re@dcby
uracil as the base complementary to adenine. Um@hergetically less expensive to produce thgmihe,
which may account for its use in RNA. In DNA, howeyvuracil is readily produced by chemical degrifadf
cytosine. Thus, uracil is appropriate for RNA, wheuantity is important but lifespan is not, wherdaymine is
appropriate for DNA where maintaining sequence With fidelity is more critical.

However, there are also numerous modified basesartharides found in RNA that serve many differetgs.
Chargaff rules do not hold for RNA molecules. Psauiline (), in which the linkage between uracil and
ribose is changed from a C—N bond to a C—C bondl rénosylthymidine (T), are found in various plage®ost
notably in the WC loop of tRNA). Another notable modified base ypbxanthine (a deaminated guanine base
which nucleoside is called inosine). There are IgeHd0 other naturally occurring modified nucle@sd The
specific roles of many of these modifications in/&Rare not fully understood.

Single stranded RNA exhibits a right-handed stagkiattern that is stabilized by base stacking.

The most important structural feature of RNA, indléke only consistent difference between the twoleic
acids, that distinguishes it from DNA is the premenf a hydroxyl group at the 2'-position of thieose sugar.
The presence of this functional group causes the teeadopt theA-form geometry rather than tigeform most
commonly observed in DNA. This results in a verggland narrow major groove and a shallow and with®m
groove. A second consequence of the presence o2'thgdroxyl group is that in conformationally fiele
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regions of an RNA molecule (that is, not involvedformation of a double helix), it can chemicallyagk the
adjacent phosphodiester bond to cleave the backbone

Basic classes of RNA
- messenger (mediator, information) — mRNA
- ribosomal — rRNA
- transfer — tRNA
- nuclear — nRNA
- viral RNA

Individual RNAs differ in their molecular weightiracture, localization in the cell, and biologid¢ahction. The

properties of the most important forms of RNA anensarized in the Tab. 10.4. Fig. 10.17. gives &aidf the
secondary structure of these molecules.

Tab. 10.4. Properties of basic classes of RNA

Type mRNA rRNA tRNA SNRNA
Species per cel > 1 00( 4 > 5( ~ 1
Length (bp) 400-6 00( 120-5 00( 74-95 100-30C
Proportion 5% 80 % 10-20 % <1Y%
Lifespan Shor Long Long Long
Function Translatiol Translatiol Translatiol Splicing
3 3
RNA
snRNA
mRNA 5
0 5‘
5 3

1 [RNA 58-1RNA 3

Fig. 10.17. Structures of RNAs
snRNA= small nuclear RNA, bp — base pairs (pairsatétocyclyc nitrogen bases)

Messenger RNA

Messenger RNA (mRNA) is formed by one unwinded puobleotide chain. It arises by transcription of som
part of DNA molecule (gene) to molecule mRNA. Masger RNA transfers genetic information from thel cel
nucleus to the cytoplasm. The instructions or dioes for protein synthesis it carries in a codecodon
composed of three nitrogen bases. The moleculaghtveif MRNA depends on the length of the proteirictvh
synthesis it must direct. There must be three mtides for each amino acid in the protein to benfed. From
the theory of the transcription of genetic inforinatfollows that the mRNA must have at least 3 8nmeore
nucleotides than the number of amino acids in gige chain is. mMRNA synthesis is carried outrdfistone
dissociation directly on the DNA molecule in theclaus, by complementary transcription of the nuitieo
sequence.

5000000000000000 - 3
dA-T-A-G-C-C-G-A-T-A nielate DNA strand
U-A-U-C-G-G-C-U-A-U MR strand

J-00000o0oO0Ooooooon 5

215



Each messenger RNA is complementary to one gere.pfimary transcript is dysfunctional. It is deribtes
heterogenous nuclear RNA (hnRNA) This molecule is much larger than proper mRNA drad to be
subjected to splicing or process called RNA matonmata part of nucleotides, callethtrons”, has to be cut out.
Special enzymes catalyse this reactions and smigpether just the units corresponding to éxens(hnRNA
segments that carry genetic information) of thaddid gene. Introns are not transcribed into thetigepghey
probably have a regulatory function. Exons are dagether after splicing and create the mRNA. f@sailt is
a much shorter mRNA molecule. In this molecule es@isequence of bases complementary just to thresef
genes, thus RNA now carries the unsplit geneticsages. Next, both ends of mMRNA have to be modiftédhe
3' end of RNA polyadenylated chain consisting of2B0 adenosines (poly(A)-end, polyadenylate tasl) i
synthesized. 7-metylguanosine is added to the &'bgn5',5'-triphosphodiester bond. This post-trapsional
modification of the 5' end is called the cap. Thas,both ends there are differently modified noding
sequences which are not encoded by the DNA andaptplare involved in the stabilization of the malkc
structure (they protect mRNA against enzymaticrdiesibn) and the regulation of its function. Aftelocation
from the nucleus into the cytoplasm, mMRNA connéztsbosomes, where the protein synthesis is pewol.

Since mMRNA has to be read codon by codon in thesdlne, they must not form a stable tertiary stmactiihis
is ensured in part by the attachment of RNA-bingingteins, which prevent base pairing. Lifespam@&NA is
usually short, as they are quickly broken downrdftnslation.

Each group of three adjacent bases on a moleculeRMA constitutes a unit of genetic informationledla
codon. Thus it is a sequence of codons on the miRAlzkbone more that a sequence of individual bdsss t
now carries the genetic information.

Ribosomal RNA

Ribosomal RNA combines with about fifty differentopeins to form a complex of nucleoprotein struesur
called ribosomes which molecular weight is aboue¢hmillion. Ribosomes are the site of protein kgais.
Eukaryotic ribosomes contain four different rRNA lewules: 18S, 5.8S, 28S, and 5S rRNA. rRNA size is
characterized by the ability of ribosomes to seditrie a gravitational field with the sedimentatioonstantS
(Svedberg constant). Three of the rRNA moleculespoduced from DNA by transcription in the nuclegl
and one is synthesized elsewhere. rRNA moleculeszairemely abundant and make up at least 80%eof th
RNA molecules found in a typical eukaryotic cetlid synthesized as precursor molecules (pre-rRMAjch

are further processed. Except in a few viruses,ARsingle-stranded, but its molecules often hhaépin
loops in which base pairing occurs.

The mammalian ribosome has a sedimentation rate IB@8ntains two major nucleoprotein subunitslamger
one (60S) and a smaller subunit (40S). The 60Srsubantains a 5S rRNA, a 5.8S rRNA, and a 28S rRNA
there are also probably more than 50 specific mpyides. The 40S subunit is smaller and contasiagle 18S
rRNA and approximately 30 distinct polypeptide cisaiAll of the ribosomal RNA molecules except thg 5
rRNA are processed from a single 45S precursor RhAecule in the nucleolus. 5S rRNA is independently
transcribed. The highly methylated ribosomal RNAleoales are packaged in the nucleolus with theiipec
ribosomal proteins. In the cytoplasm, the ribosoneesain quite stable and capable of many transiatjeles.
The functions of the ribosomal RNA molecules in thmsomal particle are not fully understood, theyt are
necessary for ribosomal assembly and seem to @syrédes in the binding of mRNA to ribosomes argl it
translation.

Transfer RNA

Transfer RNA (tRNA) is a small RNA chain of about 7 95 nucleotides that delivers individual actedt
amino acids from the amino acid pool to the sit@mitein synthesis. More than 60 tRNAs, all of wh@an be
found in the cytoplasm, are known. A specific tR&ries just one type of amino acid. However, at b
shown later several different tRNA molecules camsport the same amino acid. tRNA is also syntkdsis a
large precursor, which has to be spliced to abOututleotides.

Each tRNA has an amino acid attachment site ardhaltte recognition site. Each 3’end has a —-C—C-A
sequence that is the amino acid attachment sieaftino acid binds to adenylic acid. The amino &clibund
to the 3 carbon of the ribose of the last nucleoside, asieedy ester bond between the hydroxyl group of
ribose and the carboxyl group of amino acid.
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The first entire nucleotide sequence of tRNA wateneined for =]
alanine in 1965 by Holley. He suggested that theglei strand !

molecule could form intra chain hydrogen bonds leetv some v u]a
complementary base pairs. By constructing the maxirmumber Acc‘v’lg’;‘;: .
of hydrogen bonds, he postulated a “cloverleaf” elddr tRNA of .
alanine (Fig. 10.18.). The base pairings have beenfirmed i
experimentally, but the actual shape of the thiesedsional Region of yfoge s
molecule is not a planar cloverleaf. base pai .
All tRNA molecules contain four main arms or loofpse acceptor

arm terminates at'3end the nucleotides —C—C—-A. The 5' end of the v
tRNA usually contains G. One of the loopanticodon loop
involved in protein synthesis has an important ghmacleotide Dihydrogen uridine
sequence called an anticodon. An anticodon is cemghtary to a P
codon located in mRNA, what ensures the order dhamcids in
the peptide chain written in the genetic informatiof DNA Y
(sequence of codons in DNA encoding a particulanaracid). Anticodon loop

Fig. 10.18. Cloverleaf model for structure

of tRNAaa — amino acid)

Extra loop

u -Alkyl atec purine

For each amino acid there are at least two tRNAdH, able to transfer them from the cytoplasm he t
ribosomes. Other loops adéhydrogenuridine loop, containing a larger number of 5,6-dihydrogenudand
pseudouridine loop containing the triplet PC in each tRNA. There are present ribosylthymirethe only
exception of thymine presence in RNA and a nudieotiith pseudouridine. It is a type of non-coding/AR

Nuclear RNA

Nuclear RNAs are found in the nucleus, partly gsecursor of mMRNA, rRNA, and tRNA, partly as a sepa
nuclear RNA (nRNA). Nuclear RNAs includemall nuclear RNA (snRNA) species that are not directly
involved in protein synthesis but play pivotal mlem RNA processing, editing and have regulatonycfion.
These relatively small molecules vary in size fréénto about 300 nucleotide€hromosomal RNAs(cRNA)
are found in chromatin in a complex with non-higtqgmoteins, and are gene activators or repressors.

Viral RNA

The genetic material in some animal and plant esus RNA rather than DNA. Although some RNA virsise
never have their information transcribed into a DNwlecule, many animal RNA viruses, specificallge t
retroviruses, are transcribed by an RNA-dependeéwd [polymerase, the so-callegverse transcriptase,to
produce a double- stranded DNA copy of their RNA@®ge. In many cases, the resulting double-straidéA
transcript is integrated into the host genome angsequently serves as a template for gene expnefsim
which new viral RNA genomes can be transcribed.

Non-coding RNA

RNA genes (sometimes referred to as non-coding RNAmall RNA) are genes that encode RNA that is not
translated into a protein. The most prominent exampf RNA genes are transfer RNA (tRNA) and ribroab
RNA (rRNA), both of which are involved in the pr@seof translation. However, since the late 199@symew
RNA genes have been found, and thus RNA genes riegygpmuch more significant role than previously
thought.

Catalytic RNA

Some RNA molecules have intrinsic catalytic acyiviThe activity of theseibozymes often involves the
cleavage of a nucleic acid, as well as cutting lagating other RNA molecules and also the catalg$ipeptide
bond formation in the ribosome. An example is tbke rof RNA in catalyzing the processing of the s
transcript of a gene into mature messenger RNA. Mot the RNA synthesized from DNA templates in
eukaryotic cells, including mammalian cells, is etpd within the nucleus, and it never serves t®ra
structural or an informational entity within thelatar cytoplasm.
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10.5. DNA, RNA and genetic information flow

10.5.1. The Central Dogma

DNA and RNA are long linear polymers that transmformation in a form that can pass from generation
generation. Genetic information is stored in thqusmce of nitrogen bases in the polynucleotiderchahe
nitrogen bases have special ability to form speg#firs between each other which are stabilizetiymyogen
bonds. The pairing of bases results in the formatié double helix, and at the same time it provides
mechanism to copy the genetic information of arsting nucleic acid chain to form a new chain. Aligb in
the evolution probably RNA played a role of the g material, genes of all current cells and mainyses
have their genetic information stored in the formDNA. Prior to cell division, DNA in the cell nuels
replicates by the effect ddNA polymerasesThese strictly specific enzymes replicate theusege of the
template DNA with a great precision (incorrect usibn of nucleotide occurs in less than one cas&06f
million). Genes define the exact type of proteindurced by cells, but DNA is not the direct templfateprotein
synthesis. The template for the protein moleculRMA, the messenger RNA. Other types of RNAs, sagh
transfer RNA and ribosomal RNA, actively participat subsequent steps of proteosynthesis. All tghENA
are synthesized biRNA polymerasesvhich get instructions from DNA templates. Thémation for protein
synthesis is transmitted from DNA to RNA (mRNA)amprocess named transcription. This process isvield
by translation, protein synthesis according to thstructions given by mRNA templates. In translatio
information is therefore translated from the nutid® sequence to corresponding amino acid sequéndbs
protein chain. The flow of genetic information @ang expression taking place in normal cells caddpicted as
follows:

transcription translation
DNA 0OO0O0O0 - RNAOOOOO - protein

The flow of information depends on the genetic codgich defines the relationship between the secpiefithe
DNA bases (or their mRNA transcript), and the segeeof amino acids in the protein. The record ofegie
information is expressed in an alphabetical ordefoor bases letters A, T (or U), G and C. The pelgtide
chain can be written by 21-letters alphabet, (2tginogenic amino acids).

To translate from a 4-letter language to a 214ldttieguage the 4 bases letters are required tsee im groups

of a minimum 3 letters. From 4 nucleotides, 64létp can be constructed, which are sufficient tooede 21
amino acids. The mRNA codons are read sequentigll{RNA molecules which are used in the transpért o
amino acids. Protein synthesis takes place on oibes, which are composed of rRNA and more than 50
proteins. Biosynthesis of proteins is one of thesmoomplicated synthesis process.

The theory of the transmission of genetic informatand protein synthesis is called the central dogrih
molecular biology. The principle, according to whitis assign is carried out, is denoted agytheetic code

The central dogma is a theory of the transmissidmeceditary information and protein synthesis. Phieiples

of this dogma are:

1. DNA stores and transmits all hereditary information

2. DNA is replicated in the cell nucleus before celilgsion. Replication is a copying process by which DNA
is supplied to the new cells formed by cell divisio

3. Information for protein synthesis is passed fromAd a form of RNA called messenger RNA (MRNA).
The transmission of information is callednscription (Fig. 10.19.)

4. mRNA directs the synthesis of proteins by a proasdked translationTranslation is a conversion of
information from the sequence of nucleotides inttequence of amino acids in a protein chamino
acids are brought to ribosomal RNA, the site ot@irosynthesis, by transfer RNA (Fig. 10.19.).
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Fig. 10.19. Scheme of transcription and translation afenetic information

10.6. Mutations

Mutation is a change in the nucleotide sequence of thergendts principles are nucleotide substitutions,
deletions or insertions.

Living organism is exposed to various chemical, g8l and biological factors of the environment edm
mutagens Some of them are of natural origin, the otherpeaped by deterioration of the environment by
human activities. Even though the frequency of spmeous mutation is very low (estimated to b& 2@0* in

the cell during its existence), the mutations dre most important processes of evolution. They leathe
expansion of the genomic spectrum and take plaa# living organisms without exception.

10.6.1. Physical mutagens

lonizing radiation (roentgen X-rays, protons, and electrons with heghrgy content) applies to the hydrogen
atoms. An electron from H acts directly on the DRtect effect) or cleaves the water to form theldoxyl
radical which is detrimental to the structure of ®Nindirect effect). Direct and indirect effects mfizing
radiation lead to the same changes in the strucfuBENA. Crosslinking, which are the covalent bordstween
the opposed nucleotides, and the breaks in on@tbrBNA strands are formed. About 65 % of the dasnizg
caused by the hydroxyl radical, and 35 % by thedlifonisation.

Ultraviolet radiation (UV radiation) is a type of non-ionizing radiation, which is atised by molecules and
not by atoms (in contrast with ionizing radiatioh).the cell, the most sensitive molecules to tfieceé of UV
radiation are nucleic acids due to the presenamojugated double bonds. Only molecules with dotoleds
are able to absorb UV rays. Each molecule like kigis its specific absorption spectrum with a maxmat
certain wavelengths. Nucleic acids have absorptiaximum at 260- 280 nm. Ultraviolet rays in this
wavelength range have direct effect on nucleic sacibsulting in dimerization of two adjacent pyriimiel
molecules (Fig. 10.20.). Thymine dimer is formediNA between two adjacent thymine molecules by kiren
down double bonds and creating a cyclobutane Bngers that are formed this way are chemically Istaénd
they are lethal when not removed, because thegsaneseplication and transcription. A dimer betweakymine
and cytosine can be created in a similar mannerraéiation can lead to mutations by so-called mctiway
through oxidation processes in the organism (segpCl3).

Radiation of this wavelength does not cause iomiratbut excitation of atoms, i.e. skipping of eteos to
energetically higher levels, resulting in formatiahunstable tautomeric forms. This is a probabéemanism of
the increase of spontaneous mutation frequency.
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Fig. 10.20. Formation of thymine dimer

10.6.2. Chemical mutagens (chemomutagens)

The effect of chemical mutagens is particularly ifemted by modification of heterocyclic bases. Hetgclic
bases determine the specific properties of nuéleids. They contain reactive groups, which can bdified by
effect of various chemical agents. The reactivitynmnomer units in the structure of the polynudiet
(biopolymer) are greatelly influenced by spatiattfas. Reactivity of heterocyclic bases is depehaenthe
nature and the reaction conditions and in caseobfnpcleotide, on its structure. Modification oftéecyclic
bases may cause change in base pairing and foliowiriation.

Among chemical mutagens following compounds cambleided:

Analogs of nitrogenous basesPurine and pyrimidine derivatives structurally damito nitrogen bases are
normal constituents of nucleic acids and may beriparated into nucleic acids instead of them. \Vfgctive
mutagen is for example 5-bromouracil. It is thelagaf thymine, which means that is incorporatetd iDNA
and replaces thymine. 5-bromouracil, however, paits guanine, and so in the process of replicaidnbase
pair is changed by GC base pair. Thus, mutatigmdigced by transition process. The transition $® @aused by
2-aminopurine, which is an analogue of adenine.

Acridines are basic dyes (e.g. proflavine), which are abléntorporate into DNA, thereby causing changes
leading to a shift in the reading of the genetidesoso-called frameshift mutations. Their structgreimilar to
purine — pyrimidine structure, and because of ts&ie they are able to be inserted precisely iht dap
between two adjacent bases (intercalation).

Nitrous acid (HNO,) is a potent mutagen. Heterocyclic bases of ncchkaids underlie the oxidative
deamination by HN resulting in conversion of cytosine to uracileathe to hypoxanthine or guanine to
xanthine. Deamination leads to a change in the paising through substitution transition.

Hyposulfites (HSO;") can be reversibly added to a double bond of aytosr uracil, resp. to form the 5,6-
dihydrogen derivates. The increased reactivityhefamino group of these derivatives causes its @adyange
by various nucleophilic agents. Replacement ofaiimino group with oxo group allows the specific cersion
of cytosine to uracil, which then pairs with adeniso it occurs GC> AT transition.

NH, N
SET @
)\ PH5-8
o N o~ N
R

Hz
H
| H +H;0
H
s
R O

HN ‘

-NHg-HSO5 2\
3 Qo l\‘l
R
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The hydroxylamine (NH,OH) reacts with cytosine, resulting in the replaeaemof amino group by
hydroxyamino group{NHOH) at the C-6. The modified cytosine pairs waitkenine, what leads to the GC€
AT transition. Hydroxylamine is more efficient tioet single-stranded DNA than to double-stranded.

Methoxyamine (H,N-O-CHs) reacts with cytosine and adenine. The reactidmased on the substitution of a
hydrogen of the amino group by methoxyamino gretyH-O-CHs. Substitution leads to the GG AT
transition.

Alkylating agents are divided into alkylsulphates that bind preféigly to nitrogen atom and nitroso
compounds which bind preferentially to oxygen. Ky&N-nitrosamines are mutagens which require matab
activation before impact. Such mutagens are napmethutagensesp.procancerogensMetabolic activation
can provide e.g. cytochrome P450 system. The namsbdis examples of promutagens and procancerogens ar
N-acetyl-2-aminofluorene, benzopyrene, aflatoxManethyl-N-nitro-N-nitrosoguanidine, dimethylnit@sine,
N-methylnitrosourea and nitrates. Well studiedhie teaction with dimethylsulphate (@k50,. Entry of the
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methyl group determinates the nature of the heyetimcbase and reaction conditions. E.g. guanirgkglated
under neutral conditions preferably at the carben @hile in basic conditions at the nitrogen N-1:

o (‘) 0 ch,
\
.
chjl\l\&'g (CHy),S0y Ijl\)i N\> (CH3),S0, I-J\l\)t'g
H>7,0 H- 7,0
S NN NPT TN SN N

H,N" N ‘ N ‘ ‘
R R R

In adenine three nitrogen atoms can be methyl#thedeaction rate decreases in the order=NNEL7 > N-3. The
product of cytosine methylation is a 3-methylcytasi

In DNA molecule, the N-3 atoms of adenine and Nt@naof guanine are methylated preferentially angl th
presence of the methylated forms limits to someekethe efficiency of binding between complementases.

Psovalens(furocoumarins with the tricyclic planar configtica) are able to intercalate into DNA between two
adjacent nucleotides, and then be photoreactiviayedltraviolet light, resulting in the formation @fdducts
through the 5,6-double bond of thymine.

Formaldehyde (CH,=0) reacts with the amino group of heterocyclicasasf nucleic acids, resulting in the
formation of hydroxymethylamino compounds. The tieecis reversible, after removal of the aldehydmf the
reaction mixture substrates are rapidly regenerdtetler basic conditions the intermediate Schiféebds
formed which can react with an amino group of aapthucleoside to form a stable compound methylése-b
nucleoside:

NH, NH~CH,OH N=CH, NH—CH,~NH
N7 CH~=0 N7 N7 + nucleosideN”” N7
O l‘\l O l‘\l O l‘\l O |‘\l O ITJ
R R R R R

10.6.3. Molecular basis of point mutations

Substitution of bases leads to amino acid altemdtidhe protein chain. The classical example afifpmutation

is asicle cell anemian which a modified nucleotide can cause profoohanges in the structure, and thus in the
capacity of protein chain of hemoglobin. Human hglobin is composed of twa- and two f-chains. In
position 6 of theB-chain of normal hemoglobin glutamic acid is preéserereas in hemoglobin S which causes
sickle cell anemiaaline can be found:

Hb A: val — his — leu — thr — progiu — glu — lys —
Hb S: val — his — leu — thr — proval — glu — lys —

Glutamic acid is encoded by the triplets GAA, GAdBd valine is encoded by the triplets GUU, GUC, GUA
GUG. The mutation can lead to exchange of one otide in a codon (e.g. A in normal hemoglobin iglaeed
with U) resulting in amino acid substitution durisgnthesis of a polypeptide chain. Molecular badishe
mutation can be expressed as follows:

Val GUA GUG
1 1
Glu GAA GAG

Point mutation is also a base of other groups sfaBes - thalassemia. Substitution of one nuckatid codon

in p-thalassemiayields in formation of so-called UAA or UAG "termation codon”. Following process of
translation will stop at this codon and abnormairdr polypeptide of hemoglobjirchain will be formed (144
amino acid residues instead of 146)althalassemiabnormally longen-chains of hemoglobin are synthesized
(173 amino acid residues instead of 141). The ndedoasis ofu-thalassemia is the mutation in the "stop
codon" while triplets CAA (encoding glutamine), AA@ncoding lysine), GAA (encoding glutamate) andAJC
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(encoding serine) are formed. Both changes in tledentide sequences of the DNA lead ultimately thange
in the structure of hemoglobin, thus to a changisgiroperties (see chap. 9).

10.6.4. Genetic risk of nucleic acids modification

Modification of heterocyclic bases represent a gemisk. Genetic risk of chemicals is associatabvieir late
effects consisting of the ability to induce changethe genetic material. A mutation is represeritgé change

in the DNA structure, or by conversion of the notige sequence. A mutation means a change of irfiiom
The genetic load of the population is manifested ifigreased frequency of metabolic disorders and by
susceptibility to certain diseases.

Compounds with mutagenic effects occur in livingl amorking environment due to the contamination with
industrial wastes. The most prevalent air polligantiude sulphur compounds that arise from conbuogif
coal and oil. In addition to SO H,SG;, H,SO, and HS also the organic sulphur compounds reach the
atmosphere.

The most harmful nitrogen oxides are NO and,N@O gets into the atmosphere as a product of gicéd and
combustion processes in industry and traffic. Thegtribute to the formation of photochemical smagd at
higher concentrations react with water to form HN@d HNQ. NO and NQ are found in large concentrations
in cigarette smoke. Excessive use of nitrogenlifsgts results in contamination of surface watdre Excess of
nitrates in drinking water and food threatens huimealth. The action of certain microorganisms i dgiut can
reduce nitrates to nitrites, or into nitrosamined aitroso amides. These substances damage thalfidesxhibit
mutagenic and carcinogenic effects.

A highly reactive compound under conventional ctiods in the gas phase fiermaldehyde. Its worldwide
production is approximately 7,000,000 tons per yd&ar formaldehyde (Ch#O) are exposed individuals in
living and working environments and in interior derice due to its evaporation from the building arsilating
materials, and various consumer goods (urea-fomhaide binder based on phenol formaldehyde resins).
Formaldehyde is a part of photochemical smog. Gdbrerposure to low concentrations of formaldehyde i
interiors affects the damage to the genetic matefisomatic cells.

Mutagenic effects were confirmed in numeraustallic compounds which contaminate the environment.
These are organic (methyl mercury) and inorganiccarg compounds, certain compounds of lead, nickel,
chromium (C%"), cadmium, and arsenic (see chap. 2).

Recently, attention has been focused on organobaothat contaminate food. These incldiins above all,
such as 2,3,6,7 - tetrachlorodibenzodioxin (seg@cBpa They are formed in small amounts as a sideyxt of
polyhalogenated compounds production (e.g. in tleelyction of PVC). The highest concentrations afsth
compounds in foods are found in fish and fish podsland in the dairy and meat products. Studidsimans
have shown carcinogenic, teratogenic and mutageffécts of dioxins. They are harmful even at veww |
concentrations (< 1 ppm).

In order to ensure the healthy development of paipn it is essential to protect the environmemnfr
contamination with industrial waste containing glem@ substances, i.e. substances resulting inaagsgh of
hereditary characteristics.
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Control questions:

1. Explain why nitrogen bases may not occur in theldio@cids in lactim form.

2. Indicate which bases are complementary:

9.

. Write the complementary DNA sequence in the dicgci— 3'.

A-U mA-T mG -C mA - R ml - mC A-G

Nucleic acids can be found:

a) only in the nucleus

b) in the nucleus, cytoplasm and mitochondria

¢) in chloroplasts and mitochondria

a) 5-=GATCAAZ3

b) 55 TCGAAC-3

c) 5~ACGCGT-3

d 5-TACCAT-3

Write the sequence of mMRNA that is synthesized fioenDNA template:
5AATCGTACCGTTA3

. The molar composition of one strand of the DNAXéi [A] = 0.3 and [G] = 0.24.

a. What can you say about [T] and [C] of the samerthai
b. What can you say about [A], [G], [T] and [C] of thbemplementary strand

The molar ratio of (G + C) / (A + T) after the iatibn of the DNA was equal to 1.4. Can you deteefiom

which cells the DNA was isolated? From the cellfigher organisms, bacteria or viruses?

tRNA has following anticodons:
3-GCA CCu AUG UGA
Write a nucleotide sequence of the DNA templaténédirection of 3-5 5'.

Write the reaction of adenine with HM@nd indicate the name of the product.

10.Write the reaction of complete hydrolysis of adéne$'-monophosphate (AMP).

11.5-fluorouracil-2-deoxyribonucleotide is a moleculih anti-cancer and antiviral activity. Write tfeemula.
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11. VITAMINS

History of medicine recognizes certain diseaseskvban be prevented by some foodstuffs. Why and same
food substances help to keep the health of thenag® In 1912 the Warsaw-born biochemist Casiminku
(1884-1967) at the Lister Institute in London, &ed a substance that prevented nerve inflammétieuritis)
in chickens raised on a diet deficient in that sahse. He named the substance "vitamin" (from |\ataines")
because he believed it was necessary to life amdsta chemical amine. The "e" at the end was tateoved
when it was recognized that vitamins need not tarbmes. The letters (A, B, C and so on) were assido the
vitamins in the order of their discovery. The oneeption was vitamin K which was assigned its "K8rfi
"Koagulation" by the Danish researcher Henrik Dam.

What are the vitamins?

Vitamins are organic compoundsthat cannot be produced by the body (there amwaeikceptions such as
vitamin H, B, folic acid synthesized by the gut microflora) andistn be obtained through the diet or
supplements. They are required by living organigmelatively small amounts to maintain normal tieal’ hey
are synthesized in plants and microorganisms. Alsimansume them in the final form or in the formsof
called provitamins which can be converted to their final form in theimal’'s body. Some vitamins can be
produced in the body but in amounts not sufficimtthe metabolism in situations such as pregnahoyast-
feeding, growth, infection diseases. Consequetitgy must be obtained from the diet.

Classification of vitamins
Vitamins can be classified into two groups:
1. Fat soluble vitamins- A, D, E, K, F

2. Water soluble vitamins -vitamin B complex group and ascorbic acid

Fat soluble vitamins can be stored in the orgarimmmonths. Neither water soluble vitamins needeataken
every day. Their supplies can last for a few days ia some cases for a few months or even yeatsdhable
vitamins require healthy liver, gall bladder, hkgltigestion and absorption of fat, while wateust vitamins
can be absorbed into the blood from the gut diyemtlby the help of some enzymes or transportagimtems.
The excess of water soluble vitamins the body campensate into some extent by excretion (excesgashins
B and C can be also harmful), fat soluble vitantas be stored in the organism and may become harard
developing signs of toxic hypervitaminosis.

Function of vitamins

Vitamins are necessary for normal metabolism immafs, but either are not synthesized in the bodwrer
synthesized in inadequate quantitiggater-soluble vitamins work together with enzymes as so calied
enzymes(substances that assist enzymes). Coenzymes cemiiima protein to form enzymes which promote
release and utilization of energy. Tfaé soluble vitamins act as regulators of specific metabotitivity. Each
vitamin has specific functions. If levels of a pewtar vitamin are inadequate, a deficiency dise@Esailts.
Vitamins areessentid for life. A substance that prevents a vitaminnfrexerting its typical metabolic effects is
calledantivitamin. Each vitamin has one or more antivitamins. Theylaglassified into following classes:

1. Enzymes decomposing vitamitisuninase, ascorbaje
2. Compounds producing non-effective complexes witdimins (avidin)
3. Compounds resembling vitamins with their streetPABA — para aminobenzoic acid)

Antivitamins are used in medical praxis especiallghemotherapy of various infection diseases.

Avitaminosis is any disease caused by chronic or long-termmiitadeficiency or caused by a defect in
metabolic conversion, such as tryptophan to niddirey are designated by the same letter as thenivita

Avitaminoses include:
- vitamin A deficiency causeserophthalmia or night blindness
- thiamine (vitamin By) deficiency causeseri-beri
- niacin (vitamin B;) deficiency causegellagra
- vitamin By, deficiency leads tpernicious anemia
- vitamin C deficiency leads tscurvy
- vitamin D deficiency causesckets
- vitamin K deficiency causelsleeding
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However, most common ksypovitaminosis caused by relative deficiency of one or more vitessras a result of
non-healthy diet. Conversehypervitaminosisis caused by over-retention of fat-soluble vitagrimthe body.
Standards and guides have been established foragistg the amount of vitamins which individuals shibget
per day. TheRecommended Dietary Allowances (RDA'sprovide the best scientific information on vitamin
requirements.

11.1. Fat soluble vitamins

11.1.1.Vitamin A — Retinol

Vitamin A is the collective name for a group of fat-solubitamins. The most useable form of the vitamin is
retinol (Fig. 11.1.). Retinol is the immediate presor to two important active metabolitestinal, which plays

a critical role in vision, andetinoic acid (Fig. 11.1.), which serves as an intracellular rargsr that affects
transcription of a number of genes. Retinol, rdtirgtinoic acid and related compounds are knowretsoids.

Vitamin A does not occur in plants, but many placdsitaincarotenoids such as beta-carotenthat can be
converted to vitamin A within the intestine andattissues. Beta-carotene (Fig. 11.1.) and othete@oids are
referred to aprovitamin A (vitamin A precursor). Animals are incapable phthesizing carotenoids, and must
obtain them through their diet. Carotenoids arenigpigments that are naturally occurring in pdaastd some
other photosynthetic organisms. There are overl@@ivn carotenoids. Carotenoids belong to the cayegb
tetraterpenoids (i.e. they contain 40 carbon ator@gucturally they are in the form of a polyenaich In
photosynthetic organisms, carotenoids play a vitde in the photosynthetic reaction centre. In non-
photosynthesizing organisms, carotenoids have heked to oxidation-preventing mechanisms. Caroigso
are efficient free-radical scavengeasfjoxidants), and they enhance the vertebrate immune system.

Retinol is ingested in a precursor form; animalrees (milk and eggs) contain retinyl esters, whengants
(carrots, spinach) contain pro-vitamin A carotesoiblydrolysis of retinyl esters results in retindhile pro-
vitamin A carotenoids can be cleaved to produce rgtal. Retinal, also known as retinaldehyde, can be
reversibly reduced to produce retinol or it canilyeversibly oxidized to produce retinoic acid. Thest
described active retinoid metabolites arecistretinal and the alirans and 9eis-isomers of retinoic acid. 11-
cisretinal isomer is the chromophore of rhodopsie,thrtebrate photoreceptor molecule.

Physiologic Effects of Vitamin A

Vitamin A and its metabolites retinal and retinaitid appear to serve a number of critical roleghgsiology,
as evidenced by the myriad of disorders that acemymeficiency or excess states. In many casesjspre
mechanisms are poorly understood. Some of thecheltacterized effects of vitamin A include:

- Vision: Retinal is a necessary structural componenthafdopsin or visual purple the light sensitive
pigment within rod and cone cells of the retinaindidequate quantities of vitamin A are preserdiowi is
impaired due to inability to synthesize adequatentties of rhodopsin. Moderate deficiency leaddétcits
in vision under conditions of low light ("night hliiness"), while severe deficiency can result inesev
dryness and opacity of the cornea (xerophthalmia).

- Vision cycle The molecule that takes part in the initial stapthe vision process, rhodopsin has two
components called 1dis retinal and opsin. Retinal is a light-sensitiveiive of vitamin A and opsin is a
protein molecule. Rhodopsin is found in the rodscef the eye. 1Lis retinal is a powerful absorber of light
because it is a polyene; its 6 alternating singld double bonds make up a long unsaturated electron
network. When no light is present, the digretinal molecule is found in a "bent configuratidfig.11.2.)
and as such it is attached to the opsin molecudesitable arrangement. When light strikes the agtifter the
retinal molecule absorbs a photon into one of thkomds found between the eleventh and twelfth @arb
atoms, thell<is retinal is transformed into the all-trans retinal (Fig.11.2.) in a straightened
configuration. The altransretinal configuration, subsequently, does notrfibithe binding site of the opsin
molecule; as a result, upon isomerization, thestisomer separates from the protein, which triggeG
protein signaling pathway including transducin tresults in the generation of an electrical impugeich is
transmitted through the optic nerve to the brampi@cessing. It takes a minimum of five photonsrigger
a nerve impulse. In the absence of light, enzymediate the isomerization of aflians back to the 1Lis
configuration, and rhodopsin is regenerated bywa feemation of a Schiff base linkage, which actgatiee
binding of thecisisomer to opsin. This is the basic mechanism ot/isien cycle (Fig. 11.3.).
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Fig. 11.1. Beta-Carotene. Molecule df-carotene splits to two molecules of retinol whiclyields the final retinal or is
irreversibly oxidized to retinoic acid.
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Fig. 11.3. Vision cycle

Many of the non-visual functions of vitamin A areediated byretinoic acid, which regulates gene expression
by activating intracellular retinoid acid receptofhe non-visual functions of vitamin A are essanin the
immunological function, reproduction and embryonic development of vertebrates as evidenced by the
impaired growth, susceptibility to infection andrthi defects observed in populations receiving stibra
vitamin A in their diet.

- Resistance to infectious diseasén almost every infectious disease studied, vitafideficiency has been
shown to increase the frequency and severity afadis. Many infections are associated with inflaronyat
reactions that lead to reduced synthesis of retinading protein and thus, reduced circulating lsvef
retinol.

- Epithelial cell "integrity": Lack of vitamin A leads to dysfunction of many thglia - the skin becomes
keratinized and scaly, and mucus secretion is ggspd.

- Bone remodeling:Normal functioning of osteoblasts and osteoclastiependent upon vitamin A.

- Reproduction: Normal levels of vitamin A are required for spepmoduction, reflecting a requirement for
vitamin A by spermatogenic epithelial (Sertoli) IselSimilarly, normal reproductive cycles in fernmle
require adequate availability of vitamin A.

Vitamin A deficiency usually results from malnutrition, but can also dge to abnormalities in intestinal
absorption of retinol or carotenoids. Because ther Istores rather large amounts of retinol, deficy states
typically take several months to develop.

Excess States

Both too much and too little vitamin A are well kmo causes of disease in man and animétamin A excess
states not as common as deficiency, also lead to disé4semin A and most retinoids ateghly toxic when
taken in large amounts, and the most common cdubésalisorder is excessive supplementation. Spmgtof
a vitamin A overdose include tiredness, discomfethargy, upset stomach, decreased appetite, Mgnglow
or decreased growth, joint soreness, irritabilitgadache, drying and cracking of the lips and diair, loss, and
yellowing of the skin. In contrast, excessive imak carotenoids are not reported to cause disdédsebody
cannot be intoxicated by carotenoids — organismpcaduce only so much of vitamin A from carotendiast is
necessary to meet its needs.

Both hypovitaminosis A and hypervitaminosis A ar®Wn to cause congenital defects in animals aralyiito
have deleterious effects in humans. Pregnant wareeadvised not to take excessive vitamin A supplem
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Sources

Vitamin A is present in mangnimal tissues and is readily absorbed from such dietary souirtelse terminal
small intestine. Liver is clearly the richest digtaource of vitamin A.

Plantsdo not contain vitamin A, but many dark-green orkegellow plants (including carrots) contain
carotenoids such as beta-carotene that serve agamnos because they are converted within thestirtal
mucosa to retinol during absorption.

Vitamin A is stored in the liver agtinyl estersand, when needed, exported into blood, whereciiged by
retinol binding protein for delivery to other tissues.

11.1.2. Vitamin D — Calciferol

Vitamin D refers to a group of fat-solubf@ohormones the two major forms of which are vitamin, Qor
ergocalciferol) and vitamin B (or cholecalcifero). Vitamin D, is derived fromergosterol (provitamin)

present in fungal and plant sources after expasutV light, and is not produced by the human bddiamin

Ds is derived from animal sources and is made irsktiie when7-dehydrocholesterol (provitamin)reacts with
UV light. In this reaction, the B ring of the stérolecule is opened (Fig. 11.4. —first reaction).

uv
_—
CH,
HO
H .
7-Dehydrocholesterol Choleca_lmferol
(Calciol)
in liver =25-hydroxylase
in kidney =1-hydroxylase l
25
OH
CH,
HO OH

1,25-dihydroxycholecalciferol (calcitriol)
= D-hormone

Fig. 11.4. Transformation of 7-dehydrocholesterol tats active form of 1,25-dihydroxycholecalciferol ¢alcitriol)

Vitamin D, as either Bor D,, does not have significant biological activity.tRex, it must be metabolized within

the body to the hormonally-active form known asbigthydroxycholecalciferol (calcitriol). This trafegmation

occurs in two steps, as depicted in the Fig. 11.4.:

1. within the liver, cholecalciferol is hydroxylated to 25-hydroxycbodliciferol by the enzyme?5-
hydroxylase

2. within the kidney, 25-hydroxycholecalciferol serves as a substrate falpha-hydroxylaseyielding 1,25-
dihydroxycholecalcifero{calcitriol ), the biologicallyactive form.

Vitamin D is thus not a true vitamin, because imliials with adequate exposure to sunlight do nqtire

dietary supplementation. Active vitamin D functicasa hormone because it sends a message todabgnias to
increase the absorption of calcium and phosphdiash of the vitamin D forms is hydrophobic, and is

228



transported in blood bound to carrier proteins. Tegor carrier is calleditamin D-binding protein. The
halflife of 25-hydroxycholecalciferol is several &kes, while that of 1,25-dihydroxycholecalciferolasly a few
hours. Vitamin D is stored in the human body asidall (25-hydroxycholecalciferol).

Adequate amounts of vitaming[@an be made in the skin only after 10 -15 minofesun exposure at least two
times per week to the face, arms, hands, or bdttlout sunscreen With longer exposure to UVB rays, an
equilibrium is achieved in the skin, and the vitarsimply degrades as fast as it is generated.

Physiologic Effects of Vitamin D
Vitamin D plays an important role in the maintenan€ several organ systems.

- Vitamin D regulatesthe calcium andphosphoruslevels in the blood by promoting their absorptfomm
food in the intestines, and by promoting re-absorpof calcium in the kidneys

- It promotesbone formation and mineralization and is essential in the development of an intadtsirong
skeleton

- It inhibits parathyroid hormone secretion from the parathyroid gland
- Vitamin D affects themmune systemby promoting immunosuppression and anti-tumowagti

Deficiency
Vitamin D deficiency is known to cause several bdiseasemcluding:
- Rickets a childhood disease characterized by impeded grawid deformity, of the long bones.

- Osteomalaciaa bone-thinning disorder that occurs exclusivelyadults and is characterized by proximal
muscle weakness and bone fragility.

- Osteoporosis a condition characterized by reduced bone mirdeasity and increased bone fragility

Vitamin D malnutrition may also be linked to anreased susceptibility to several chronic diseagel as high
blood pressure, tuberculosis, cancer, multiple resls, chronic pain, depression, schizophreniasaes
affective disorder and several autoimmune diseases.

Vitamin D Excess States

Vitamin D toxicity can cause nausea, vomiting, pappetite, constipation, weakness, and weight |oss.
much of vitamin D can make the intestines absodbmaoich of calcium. This may cause high levels d¢iaa

in the blood. High blood calcium can lead to caicideposits dalcinosi9 in soft tissues such as the heart and
lungs. This can reduce their ability to function.

Sun exposure is unlikely to result in vitamin Ditity. Diet is also unlikely to cause vitamin D ioity, unless
large amounts of cod liver oil are consumed. Vitamitoxicity is much more likely to occur from hightakes
of vitamin D in supplements.

Food Sources

Vitamin D is found in the following foods: dairy guucts (cheese, butter, cream), fatty fish (coérliwil,
salmon, mackerel, tuna, sardines) eggs, beef liver.

11.1.3.Vitamin E — tocopherol (antisterile vitamin)

Natural vitamin E exists in eight different formsisomers, four tocopherols (Fig. 11.5.) and fagotrienols.

All isomers have a chromanol ring, with a hydrogybup which can donate a hydrogen atom to redwe fr
radicals and a hydrophobic side chain which alléwspenetration into biological membranes. Therarisalpha,
beta, gamma and delta form of both the tocopheant$ tocotrienols, determined by the number of niethy
groups on the chromanol ring. Alpha-tocopherohis only form of vitamin E that is actively maintadhin the
human body.

Physiologic Effects of Vitamin E

The main function of alpha-tocopherol in humansespp to be that of aantioxidant. Free radicals are formed
primarily in the body during normal metabolism aaldo upon exposure to environmental factors such as
cigarette smoke or pollutants. Lipids, which are iategral part of all cell membranes, are vulnezatd
destruction through oxidation by free radicals. Takesoluble vitamin, alpha-tocopherol, is uniquslyited to
intercepting free radicals and preventing a chaiaction of lipid destruction. Aside frommaintaining the
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integrity of cell membranes throughout the body, alp-tocopherol alsgorotects the fats in low density
lipoproteins (LDLs) from oxidation. When a molecule of alphacopherol neutralizes a free radical, i
altered in such a way that its mntidant capacity is lost. However, other antioxitjasuch asvitamin C, is
capable of regeneratinghe antioxidant capaci of alpha-tocopherol(see chapter 13.2.2. Fig. 1%

Several other functions of alpli@copherol have been identified, which liy are not related to its antioxide
capacity:

- vitamin E is important in the formation of red btboells and helps the body to use vitam

- at lower levels, vitamin E may help protect thert

- it affects the expression and activity of immune inflammatory cells

- itinhibits platelet aggregation

- it enhances vasodilation

- it inhibits the activity ofprotein kinas C, an important cell signaling molecule

R, R,
a-tocopherol -CH; -CH
- tocopherol -CHj; -H
v- tocopherol -H -CH;4
6- tocopherol -H -H

Fig. 11.5. Tocopherol (Vitamin E)

Deficiency

Severe vitamin E deficiency results mainin neurological symptoms, including impaired bakanand
coordination (ataxia), injury to the sensory ner¢esripheral neuropathy), muscle weakness (myopatnd
damage to the retina of the eye (pigmented retitgp.

Food sources

Major sources of alphcopherol include vegetable oils (olive, sunfloyvewts, whole grains, and green le
vegetables.

11.1.4.Vitamin K — Quinones

Vitamin K is a fatsoluble vitamin. The "K" is derived from the Germaard "koagulation". Coagulation refe
to blood clotting, because vitamin K is essential for thachioning of several proteins involved in blo
clotting.

Plants synthesizphylloquinone, also known avitamin K ; (Fig. 11.6). Vitamin K was named phylloquinor

since it is an indirect product of photosynthegiplant leaves where it occurs in chloroplasts pendicipates ir

the overall photosynthetic process. The methyl tfegguinone ring has a phytyl side ch Bacteria synthesize
arange of vitamin K forms, using repeatin-carbon units in the side chain of the molecule.sehforms o

vitamin K are designateshenaquinone-n (MK-n) (Fig. 11.6), where n stands for the number -carbon units.
MK-n are collectively referred to vitamin K ».

Menadione is a polycyclicaromatic ketone, based on 1,4-naphthoquinone, withraethy substituent. It was
formerly sometimes called vitamins, although derivatives of naphthoquinone withow sidechain in the-
position cannot exert all the functions of the Kawmiins. Menadione is a vitamin precursor «, which utilizes
alkylation in the liver to yield menaquinones, vitamins), and hence, is better classified as aifmin.
Although the natural Kand K forms are nontoxic, the synthetic forn; (menadione) has shown toxic.
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Many bacteria, such dsscherichia colifound in the large intestine, can synthesize \vilaky (menaquinone),
but not vitamin K (phylloquinone).

Although vitamin K is a fat-soluble vitamin, the dpstores very little of it, and its stores areidiapdepleted
without regular dietary intake. Perhaps, becausisofmited ability to store vitamin K, the bodgaycles it
through a process called th@amin K cycle. The vitamin K cycle allows a small amount of wiia K to
function in the gamma-carboxylation of proteins snéimes, decreasing the dietary requirement.

0 g g
| CHy (8 R = CHyCH=C—CHy (CHyCHy CH-CHyp)3-H
| R (b) R =(CHyCH=C-CHy),~H
O (c) R=H

Fig. 11.6. Basic structure of vitamins K and sidehains of vitamin K; (a); K,-n=6,7 or 9 (b); menadione (c)

Function

The only known biological role of vitamin K is thaf the requiredcoenzymefor a vitamin K-dependent
carboxylasethat catalyzes the carboxylation of the amino agldtamic acid, resulting in its conversion to
gamma-carboxyglutamic acid (Gla). Gla-residues wswaally involved in binding calcium. At this time4 1
human Gla-proteins have been discovered, and they kgy roles in the regulation of three physiotagi
processes:

- blood coagulation(prothrombin (factor II), factors VII, IX, X, pretn C, protein S and protein Z)
- bone metabolism(osteocalcin, also called bone Gla-protein and isn&la protein)
- vascular biology- it helps against vascular thrombosis

Antagonists

Two vitamin K antagonists argicumarol and warfarin. Dicumarol is an anticoagulant and has been used t
prevent thrombosis in animals and man. Anothercaagiulant, warfarin, is a common rat poison whiak five

to ten times the anticoagulant activity of dicuntaiidne effects of warfarin can also be reversea@dmyinistration

of vitamin K. Warfarin prevents the recycling ofauinin K.

Deficiency

Vitamin K deficiency is uncommon ihealthy adults for a number of reason$) vitamin K is widespread in
foods, 2) the vitamin K cycle conserves vitamin K, a8yl bacteria that normally inhabit the large intestine
synthesize menaquinones (vitamin) Kthough it is unclear whether a significant antoisnabsorbed and
utilized. Adults at risk of vitamin K deficiency éfude those taking vitamin K antagonist anticoaguldrugs
and individuals with significant liver damage orselise.Symptoms of vitamin K deficiency include easy
bruising and bleeding that may be manifested agbieseds, bleeding gums, blood in the urine, blaothe
stool, or extremely heavy menstrual bleeding.

Newborn babiesthat are exclusively breast-fed are at increastdaf vitamin K deficiency for the following
reasons: 1) human milk is relatively low in vitandncompared to formula, 2) the newborn's intestngot yet
colonized with bacteria that synthesize menaquispaed 3) the vitamin K cycle may not be fully ftinnal in
newborns, especially premature infants. In infavitsmin K deficiency may result in life-threategibleeding
within the skull (intracranial hemorrhage).
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Sources of Vitamin K

Vitamin K is found in green leafy vegetables sushspinach and lettuce; Alfalfa leaves are amongbtst
sources of vitamin K; vegetables such as kale, agdbcauliflower, broccoli, and Brussels sproutseals,
some fruits, such as kiwifruit, meats, cow milk anber dairy products, eggs, soybeans, and otlygpremlucts.

11.2. Water-soluble vitamins

Water-soluble vitamins include ascorbic acid angheiwell-recognized members of the vitamin B comple
thiamine, riboflavin, niacin, pantothenic acid, laxine, biotin, vitamin B, and folic acid.

11.2.1. Thiamine (Aneurine) — Vitamin B

Thiamine (Fig.11.7.) is a water-soluble B-compleixamin, previously known as vitamin,Bor aneurine.
Thiamine occurs in the human body as free thiaminé its phosphorylated forms: thiamine monophosphat
(TMP), thiamine pyrophosphate (TPP), which is &deown as thiamine diphosphate and thiamine triphatp
(TTP). Thiamine consists of a pyrimidine ring and a thlezing connected by a one carbon link. The nitroge
in the thiazole ring has a charge of +1. This gi&m atom serves as an important electron sinkiamine

pyrophosphate mediated reactions.
OH
NH2 (%/
N N
H3C‘</ \ CH3
N=— cr

Fig. 11.7. Thiamine

Coenzyme function

Thiamine in the form ofthiamine pyrophosphate (Fig.12.15.)functions in all cells as theoenzyme of
oxidative decarboxylation of 2-oxoacidslt participates in the oxidative decarboxylationmfruvic acid to
acetate for entry into the tricarboxylic acid cyclEhiamine pyrophosphate is also a coenzyme of the
transketolase system by which direct oxidation of glucose ocduarshe cytoplasm via the pentose phosphate
pathway.

Non-coenzyme function

Thiamine triphosphate (TTP) is concentrated in @eeamd muscle cells. Research in animals indichigsTTP
activates membrane ion channels, possibly by ptwsgfting them. The flow of electrolytes like sodiuor
potassium in or out of nerve and muscle cells thhomembrane ion channels plays a role in nerve lisepu
conduction and voluntary muscle action. Impaireunfation of TTP may play a role in the neurologionpgoms
of severe thiamine deficiency.

Deficiency

Thiamine deficiency may result from inadequate riifee intake, an increased requirement for thiamine,
excessive loss of thiamine from the body, consummptif anti-thiamine factors in food, or a combipatiof
factors. Beri-beri is the disease resulting from severe thiaminecigfcy. Thiamine deficiency affects the
cardiovascular, nervous, muscular, and gastrointstystems.

Sources
Whole grain cereals, beans, lentils, nuts, leak,@ord yeast are rich sources of thiamine.

11.2.2. Riboflavin — Vitamin B,

Riboflavin (Fig.11.8.) is stable to dry heat butrigversibly decomposed on irradiation with ulidet rays or
visible light, breaking down to lumiflavin.
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Positive functions

Riboflavin functions in the tissues in the formfta#vin adenine dinucleotide (FAD) (Fig.12.10.) & flavin
mononucleotide (FMN). They function asenzymedor manyoxidasesandreductases.

Sources

Riboflavin is widely distributed in plants and imimal glandular tissues. Milk, liver, kidney, heayeast,
grains, peanuts, soybeans and eggs are rich solteeping feeds from sunlight or intense artifidight is
necessary to minimize loss of the vitamin by cosigar to lumiflavin.

OH
H3C N /K
N N O
H—Cll—OH
H—C:I—OH

H—C—OH
CH,OH

Fig. 11.8. Riboflavin — Vitamin B,

11.2.3. Niacin — Vitamin B

Niacin and its amideniacinamide (Fig. 11.9.) equivalently act as a vitamin. "Nidciis a generic term
describing both vitamins together.

- 3‘ COOH = ., CONH,
X1 1 ‘

N N

Niacin Niacinamide

Fig. 11.9. Niacin and niacinamide - vitamin B

Function

The major function of niacin in NADand NADP is hydrogen transport in intermediary metabolism. Niacin
forms the core of the nucleotide in the coenzywad ™ (Nicotinamide Adenine Dinucleotide) and its phasieh
coenzymeNADP™ (Fig. 12.8. and 12.9.). NAD(but not NADP) is essential for energy production, electron
transport through hydrogen acceptance (NADH) angation. NADPH provides the reducing equivalents for
reductive biosynthesis reactions.

Deficiency

Niacin can be synthesized from tryptophan, buttoghan is an essential amino acid that cannot bthagized

in the body. Riboflavin (Vitamin B and pyridoxine (Vitamin B are essential cofactors in synthesizing niacin
from tryptophan. The niacin-deficiency disegsslagra was first recognized in 1735 by a Spanish physicia
among people living on corn (maize), a vegetabéde i low in both niacin and tryptophan. The masults of
pellagra can easily be remembered as "the four Biafrhea, dermatitis, dementia, and death.

Most of these enzyme systems function by altergdtietween the oxidized and reduced state of thezyoees
NAD'- NADH and NADP- NADPH. Oxidation-reduction reactions may be anh&r when pyruvate acts as
the hydrogen acceptor (from NADH) and lactate rsrfed, or the reactions may be coupled to electamsport
systems with oxygen as the ultimate hydrogen aoceptich aerobic reactions occur in respiration DWAis
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involved in the synthesis of high energy phospheteds which furnish energy for certain steps inahnelic
reactions.

Sources

Niacin is found in most animal and plant tissuegchRsources are yeast, liver, kidney, heart, aneemyr
vegetables. Wheat contains more niacin than cadrtfavitamin is also found in milk and egg product

11.2.4. Vitamin B; — pantothenic acid

Pantothenic acid (Fig. 11.10.) is needed to forreneggme A (CoA) (Fig. 12.16.), and is critical ineth
metabolism and synthesis of saccharides, proteidsats. Chemically it is the amide between D-patgand
beta-alanine.

e 9
HO—CHy—C—CH-C—HN—CH;-CH, COOH
HsC OH

Fig. 11.10. Pantothenic acid — vitamin B

Function

Only the dextrorotatory (D) isomer of pantothentidapossesses biologic activity. The levorotatdry form
may antagonize the effects of the dextrorotatooynisr. Pantothenic acid is used in the synthestehzyme
A. Coenzyme A may act as aayl group carrier to form acetyl-CoA and other related compounds ih a
way to transport carbon atoms within the cell. Tiamsfer of carbon atoms by coenzyme A is importarihe
biosynthesis of many important compounds suchtasdaids, cholesterol, acetylcholine etc.

Sources

Its name is derived from the Grepkntothen(ravto0ev) meaning "from everywhere" and small quantities of
pantothenic acid are found in nearly every foodhwigh amounts in whole grain cereals, eggs, nfeatcent
study also suggests that gut bacteria in humange&a@rate pantothenic acid.

11.2.5. Pyridoxine — Vitamin B

Compounds which have vitamins Bctivity include: pyridoxine (pyridoxol), pyridokand pyridoxamine (Fig.
11.11.). Pyridoxine acts as a coenzyme in a nurobenzyme system$yridoxal phosphate(Fig. 12.17.) is
the coenzyme of decarboxylase$nvolved in the decarboxylation of amino acidsslalso the co-factor of the
22 different transaminases present in animal tissues. Pyridoxine is sensitivesunlight, cooking and
processing. Cortisone is known to impair the absomof pyridoxine. Exercising may aid the prodoctiof the
active form of vitamin B.

O\\ /H
CH,—OH C CHz-NH;
HO_ ‘ CH,OH Hofj/CHZOH Hofj/CHZOH
A
HeC™ N HeC™ SN HeC™ N
Pyridoxine (pyridoxol) Pyridoxal RAgloxamine

Fig. 11.11. Pyridoxine — Vitamin B
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Toxicity and symptoms of high intake

Supplementation should be controlled as extremagissuch as in excess of 2,000 mg per day, magecau
neurological damage. Pyridoxine should be takenrettey with the entire B group vitamins, and in
supplementation the quantity of; Bhould be nearly the same ag Bs the B is needed to activate the

Pyridoxine.

Deficiency of vitamin Bg

Irritability, nervousness and insomnia as well agagal weakness, skin changes such as dermatitiaame as
well asthma and allergies might develop when pwiite is in short supply. Symptoms may include nhibst

are ridged, an inflamed tongue as well as changgsur bones - which can include osteoporosis atidits.

Kidney stones may also appear.

Sources
Good sources of pyridoxine are whole cereals, yeasf yolk, liver and glandular tissues.

11.2.6. Biotin — Vitamin H or Vitamin B,

Biotin (Fig. 11.12.) is a monocarboxylic acid sliyhsoluble in water and alcohol and insoluble myanic
solvents.

Function
Biotin is acofactor responsible focarbon dioxide transfer in severalcarboxylaseenzymes. It is part of the

coenzyme of several carboxylating enzymes fixing.Botin is required in several specific carboxigatand
decarboxylation reactions, including the carboxglabf pyruvic acid to form oxaloacetic acid.

O

|
N NH

H H
CHy—(CHyp)z—COOH

H
Fig. 11.12. Biotin — vitamin H

Deficiency

Biotin deficiency is a rare metabolic genetic diker Biotin deficiency can have a very serious,nefatal,
outcome if it is allowed to progress without treatrh Biotin deficiency rarely occurs in healthy ividuals,
since the daily requirements of biotin are low, smdnods contain adequate amounts, intestinal bacter
synthesize small amounts, and the body effectiseivenges and recycles biotin from bodily wastewéier,
deficiency can be caused by excessive consumpfioaw egg-whites over a long period (months to ggar
Egg-whites contain high levels of avidin, a protéat binds biotin strongly. Once a biotin-avidionaplex
forms, the bond is essentially irreversible. Thetibiavidin complex is not broken down nor libedhduring
digestion, and the biotin-avidin complex is lostthe feces. Once cooked, the egg-white avidin besom
denatured and entirely non-toxic.

Initial symptoms of biotin deficiency include: dskin, dermatitis, fungal infections, rashes, fimel #rittle hair,
hair loss. If left untreated, neurological symptooasm develop, including: mild depression, changeméntal
status, generalized muscular pains.

Sources
Rich sources of biotin are liver, kidney, yeastkrproducts, and egg yolks.
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11.2.7. Cobalamin, Cyanocobalamin- Vitamin By,

Vitamin B, (cobalamin) (Fig. 11.13.) is an important watelubte vitamin. It contains cobalt in its active
centre. In contrast to other water-soluble vitaniiris not excreted quickly in the urine, but ratlaecumulates
and is stored in the liver, kidney and other bddgues. As a result, a vitamin Bleficiency may not manifest
itself until after 5 or 6 years of a diet supplyimadequate amounts. VitaminHBs composed of a complex
tetrapyrrol ring structure (corrin ring) and a chlan in the center.

Function

Methylcobalamin and 5-deoxyadenosylcobalamin ateeaforms of vitamin B,. Vitamin By, participates in the
synthesis of DNAandred blood cellsand is vitally important in maintaining the heatththe insulation sheath
(myelin sheath that surrounds nerve cells.

Deficiency

It is now clear though, that a vitaminRleficiency can have serious consequences. A dafigioften manifests
itself first in the development afeurological dysfunctionthat is almost indistinguishable from senile detigen
and Alzheimer's disease. A low level of vitamip, BRas also been associated with asthma, depreg§ios,
multiple sclerosis, tinnitus, diabetic neuropatimd dow sperm counts. Some symptoms of a deficienitly
include a sore tongue, weakness, fatigue, and wkigh, back pain and apathy. Severe deficiency masyit in
pernicious anemia.Pernicious anaemia is a serious disease charatddry large, immature red blood cells.

Older people may have a vitamin.Rleficiency because stomach acidity is low, redycthe body's ability to
remove vitamin B, from the protein in meat. Abnormal growth of baigtén the small intestine may reduce the
absorption of vitamin B. Disorders that impair the absorption of nutrieimsthe intestine can reduce the
absorption of vitamin B. Liver disorders may interfere with the storagevitddmin By,. Surgery that removes
the stomach (where intrinsic factor is produceddhaer part of the small intestine where vitamip B absorbed
can result in a deficiency. A strict vegetariantdigy also cause vitamin Bdeficiency because vitamin Bis
available only in animal products. Infants who breastfed by a mother who is a strict vegetarianaaurisk of
vitamin By, deficiency. Usually, vitamin B deficiency is due to inadequate absorption.

Absorption of vitamin B,

Unlike most nutrients, absorption of vitamin,Ectually begins in the mouth where small amouftsndbound
vitamin By, can be absorbed through the mucosa membrane. gfotein bound vitamin B is digested in the
stomach by proteolytic gastric enzymes which rexjain acid pH. Once the;Bis freed from the proteins in
food, an intrinsic factor (IF) (a protein synthesizby gastric parietal cells) is secreted in toensich and in the
duodenum binds to free vitaminBo form a B,-IF complex. If this step fails due to gastric p#ai cell atrophy
(the problem in pernicious anemia), sufficient, Bs not absorbed later on, unless administeredyoral
relatively massive doses (500 to 1000 pg/day). mvitaB;, must be attached to IF for it to be absorbed, as
receptors on the enterocytes in the terminal ilefrthe small bowel only recognize the.BF complex. In
addition, intrinsic factor protects the vitaminrnaatabolism by intestinal bacteria.

Once the ByIF complex is recognized by specialized ileal poes, it is transported into the portal circulatio
The vitamin is then transferred to transcobalanmi(T C-11/B15), which serves as the plasma transporter of the
vitamin. Genetic deficiencies of this protein anmwn, also leading to functionahBdeficiency.

For the vitamin to serve inside cells, the TC-{l/Bomplex must bind to a cell receptor, and be eytdsed.
The transcobalamin-Il is degraded within a lysospamel free vitamin B is finally released into the cytoplasm,
where it may be transformed into the proper coergzyy certain cellular enzymes.

Individuals who lack intrinsic factor have a dee ability to absorb vitamin B Vitamin By, is mainly
excreted in the bile, which is produced in theldiand stored in the gallbladder. However, moghefvitamin

B1, that is secreted in the bile is recycled via attepatic circulation. Due to the efficient entenudmic
circulation of vitamin B,, the liver can store several years’ worth of vitaB, .

Sources

The richest dietary sources of vitamim,Bre liver, especially lamb's liver, and kidneyggg, cheese and some
species of fish also supply small amounts, but tzddes and fruits are very poor sources.
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HO
Fig. 11.13. Cobalamin - Vitamin B,

11.2.8. Folic acid — Vitamin B (folinic acid, folacin, pteroylglutamic acid)

Function

- Active forms of folic acid act as coenzymes (eegr.ahydrofolic acid) in a number single-carbon-transfer
reactions They help convert vitamin ;B to one of its coenzyme forms and help synthediee DNA
required for all rapidly growing cells. Therefoffelate is necessary for the production and maimeaaf
new cellsThis is especially important during periods of thpell division and growth such as infancy and
pregnancy. Folate is needed to replicate DNA.

- Folic acid (Fig. 11.14.) is essential for the sysis ofdTMP (2'-deoxythymidine-5'-phosphate) from dUMP
(2'-deoxyuridine-5'-phosphate).

- It is also required for the proper metabolism & #ssential amino acid methionine that is fountharily in
animal proteins.

- Folic acid is very important for all women who mhgcome pregnant. Adequate folate intake during the
periconceptional period, the time just before arsl pfter a woman becomes pregnant, helps progaotst
a number of congenital malformations includingural tube defects Neural tube defects result in
malformations of the spine (spina bifida), skufidebrain (anencephaly). Spina bifida occurs whenfetus’
spinal column does not close to protect the sgioad; this closure should happen within the fiest/fveeks
of the pregnancy. Spina bifida causes neurologizablems and sometimes, varying levels of mental
retardation. The risk of neural tube defects isificantly reduced when supplemental folic acidémsumed
in addition to a healthy diet prior to and durihg first month following conception.

Deficiency

Folate deficiency hinders DNA synthesis and celigibn, affecting most clinically the bone marroavsite of
rapid cell turnover. Large red blood cells calledgaloblasts are produced, resultingriegaloblastic anemia
A folic acid deficiency has been clearly linkedao elevated level diomocysteine a sulfur-containing amino
acid. High homocysteine levels, in turn, have beged to cardiovascular disease.
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Fig. 11.14. Folic acid

Sources
Foods with folic acid in them include green leaggetables, fruits, dried beans, peas, sunflowetssdiger and
nuts

11.2.9. Ascorbic acid — Vitamin C

Vitamin C (Fig. 11.15.) is purely the L-enantiontdrascorbate; the opposite D-enantiomer has noiplogscal
significance. When L-ascorbate, which is a stradycing agent carries out its reducing functiois @¢onverted
to its oxidized form, L-dehydroascorbate. L-dehyeorbate can then be reduced back to the actasedrbate
form in the body by enzymes.

Hzc‘:—OH Hz(‘:—OH
HC—OH HC—OH
(@) /O -2H @) /O
- +2H
4 N\
HO OH (0] (0]

Fig. 11.15. L-Ascorbic acid (Vitamin C — left) and_-Dehydroascorbic acid (right)

Function

In humans, vitamin C is a highly effectiamtioxidant, as well as anzyme cofactorfor the biosynthesis of
many important biochemicals.

Vitamin C acts as an electron donor for eight défeé enzymes. Of the eight enzymes, three parteipa
collagen hydroxylation. Two other vitamin C depemdenzymes are necessary for synthesis of carnitine
Carnitine is essential for the transport of fattyda into mitochondria for ATP generation. The rérrg three
vitamin C dependent enzymes have the following fions: one participates in the biosynthesis of
norepinephrine from dopaminene adds amide groups to peptide hormones, grigattgasing their stability,
and one modulates tyrosine metabolism.

Biosynthesis

The vast majority of animals and plants are ablsyithesize their own vitamin C, through a sequerideur
enzyme-driven steps, which convert glucose to \itta@ Along with the rest of the ape family in which we
reside, humans have no capability to synthesizeniit C.

Deficiency

Scurvy is an avitaminosis resulting from lack of vitan@n as without this vitamin, the synthesizsallagenis
too unstable to meet its function. Scurvy leadsht formation of liver spots on the skin, spongyngu and
bleeding from all mucous membranes. The spots at abundant on the thighs and legs, and a pergbrihe
ailment looks pale, feels depressed, and is plgrtramobilized. In advanced scurvy there are oaippurating
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wounds and loss of teeth and, eventually, deatk. iitiman body cannot store vitamin C, and so thg bodn
depletes itself if fresh supplies are not consutheolugh the digestive system.

Sources

The richest natural sources are fruits and vegesabl

Control questions

1. How are vitamins classified according to theiubility?

2. Excessive bleeding is caused by the lack of vkiamin?

3. Which vitamin requires a specific glycoprotein;called intrinsic factor (IF factor) for its alvption?
4. Which vitamins are part of NADFAD, FMN, biocytin?

5. During the vision cycle vitamin A:
a) is phosphorylated — dephosphorylated
b) its side chain is cleaved off
¢) is changing its conformation froais to trans

6. Which vitamin increases the absorption of calfcin the gut?
7. What is the active form of vitaming[ln humans?

8. Which of the following vitamins are necessary T) the activity ofallcohol dehydrogenase?) collagen
synthesis and 3) transamination of alanine @kétoglutaric acid?
a) ascorbic acid
b) pyridoxine
C) niacin
d) riboflavin
e) vitamin B,

9. Write the formula of a compound, from which wiia C is synthesized in majority of vertebrates.

10. Name vitamins with antioxidant activity.
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12. BENzYMES AND COENZYMES

Enzymes areproteins that catalyze ife. accelerate) chemical reactions. The enzymes anellusglobular
proteins. Like all proteins, enzymes are made ag,lbnear chains of amino acids that fold to pr&la three-
dimensional product. Individual protein chains msymetimes group together to form a protein complex.
However, some RNA have also enzymatic functiono@imes), they can play a role e.g. in proteosyighés
with all catalysts, enzymes are not consumed byehetions they catalyze, nor do they alter thelibgium of
these reactions. Almost all processes in a bioldgiell need enzymes in order to occur at significates.

In enzymatic reactions, reactants (the moleculgbeabeginning of the process) are caketbstrates (S) and
the enzyme converts them into different molecutesproducts (P).

Enzymes catalyze the forward and backward reactonslly. Theydo not alter the equilibrium itself, but
only the speed at which it is reached. Usuallythie presence of an enzyme, the reaction runs irsdinge
direction as it would without the enzyme, just mqeckly.

Nevertheless, if the equilibrium is greatly disgddn one direction, that is, in a very exergor@aation, the
reaction is effectively irreversible. Under thesmditions the enzyme will, in fact, only catalyte treaction in
the thermodynamically allowed direction. Furthermoenzymes can couple two or more reactions, doatha
thermodynamically favorable reaction can be used'dave" a thermodynamically unfavorable one. For
example, the hydrolysis of ATP is often used to@ther chemical reactions.

Enzymes differ from chemical catalysts by followimgperties:
- Catalysts are inorganic compounds, enzymes areljaogganic in nature.
- Enzymes are more effective — rate of enzyme catdlyeaction is much higher.

- Enzymes are more specific than chemical catalyidisy have much higher specificity towards substrate
(reactants) and they form more specific productzyiatic reactions have rarely by-products.

- Different factors speed up enzymatic reactions ¢ekhperature, concentration of enzyme and substiate

- Enzymes require milder reaction conditions — termpges under 18C€, atmospheric pressure, neutral pH.
Chemical catalysts often require higher temperataral pressure and extreme values of pH.

Active site of enzymes

Enzymes are proteins. However, not the whole pmotedlecule is catalytically active, only a smallripan.
Place in which a substrate (S) is converted imooauct (P) is called thactive siteof the enzyme. In the active
site there are functional groups responsible fadinig a substrate (and also a cofactor), so calieding site
and functional groups participating directly in ttigemical conversion of S into a P (formation aleheage of
bonds), so calledatalytic site. Some enzymes have more active sites (2-4), ther@hey can bind several
S molecules.

1. Active site is a tridimensional cleft formed by fitional groups located in different parts of polppee
chain. Amino acid residues forming the active sée be located far apart from each other in thgrapzs
primary structure, but in the terciary structurettare located close together.

2. Active site represents only a small portion of wiele protein molecule. Most amino acid residuesraot
in contact with the S, but serve to form tridimemsil structure of the active site.

3. Substrates are bound to the enzymes by weak edeatiminteractions, hydrophobic or hydrogen bonds.

4. Bond of the Sto the active site of the enzyme @sy\wspecific. Only a minor change in the chemical
structure of the S can prevent binding of the Bi¢oactive site of the enzyme.

Most enzyme reaction rates are millions of timesefathan those of comparable uncatalyzed reactipregder
to do its work, an enzyme must unite with the reac{Fig. 12.1).
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- Active site bonds
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Free enzyme Transition state complex
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binding site Products
Enzyme—substrate complex Original enzyme

Fig. 12.1. lllustration of enzymatic reactionA.
The enzyme contains an act@talytic site, with a region or domain where the substrat&li The active site also m
contain cofactors, nonprotein components that assicatalysis.B. The substrate forms bonds with amino acid residn
the substrate binding site. Substrate binding imdua conformational change in the active sC. Functional groups of
amino acid residues and cofactors in the active gérticipate in forming the transition state complwhich is stabilize by
additional noncovalent bonds with the enzyD. As the products of the reaction dissociate, theymezretrns to its
original conformation.

Successful binding of enzyme and substrate requhras the two molecules be able to approach eachr
closely over a fairly broad surface. T, there isthe analogy that a substrate molecule binds ityreaike a
key in a lock.

12.1.The mechanism of enzymcatalysis

In typical enzyme-catgked reactionssubstrateand product concentrations are usually hundredisoaursands o
times greater than the enzyme concentration. Calesitly, each enzyme molecicatalyzes the conversion of
many substratemolecules to a produc

Let’s consider a general reaction:S (substrate) — P (product)

Spontaneous transition of substrate S into a pitdélis prevented by an energy barrier. Energy segptto the
system in order to overcome the barrier is ceactivation energy. Enzymes decrease the activation energ
reactions. Activation energy of the enzymatic riescts lower than activation energy of the direcheersion o
S into a P without caligtic action of enzymesEnzymes bind temporarily to one or more reac andlower the
amount of activation energyneeded and thispeed up the reactionHow does an enzyme lower the activat
energy? Often by holding substrate molecules insitipn where they react more read

All catalysts, including enzymes, function by formintransition state, with the reactants, of lower free ene
than would be found in the catalyzed reaction (Fig. 12.2he substrates usually need a large amoul
enegy to reach the transition state, which then dedatgsthe endproduct. The enzyme stabilizes thesttian
state, reducing the energy needed to form thisiep@nd thus reducing the energy required to fawdyocts

12.1.1. Activated or transition shtes

To initiate a conversion of substrate to produsins energy must be expended in most cases. Thaslthigon
of energy, such as heat, to a reaction increasepthportion of molecules of reactants in the at&d or
transition state, and theog€ the conversion of reactants to products praceeate quickly

An alternate way to increase the rate of the reads to reduce the energy barrier of activationsd doing, th
proportion of molecules that can pass the barsigreater
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Fig. 12.2. Energetic changes during uncatalyzed arwhtalyzed reaction

12.1.2. Enzyme-substrate complex

The decrease of the activation barrier in enzymeahzzed reactions is achieved by the formation cbmplex
between the enzyme (E) and substrates. In the ssthphse of single-substrate reactions, a revers#alction
may be represented: where ES* represemtarsition state. Enzymes can store energy from the binding of the
substrates and use it later to make catalysis efficient.

Between the binding of substrate to enzyme, andréappearance of free enzyme and product, a sefies
complex events must take place:

Simplified reactions:

E+S<> ES—> ES*<> EP—>E+P

- The enzyme (E) and substrate (S) form a reactitarrirediate (ES). This intermediate has lower atitiva
energy than the reaction between reactants withaattalyst The intermediate complex that forms, when
substrate(s) and enzyme combine, is calledetheyme substrate (ES) complexThe formation of an
enzyme-substrate complex is the first step in emgiyncatalysis.

- Enzyme substrate (ES) complex must pass ttrémsition state (ES*)

- The transition state complex must advance termyme product complex (EP)

- The enzyme product complex (EP) is finally competerdissociate tproduct (P) and free enzyme (E)

12.1.3. Quantitative analysis of single-substratengyme kinetics

The fundamental theory of enzyme catalysis is basedhe classic studies of Michaelis and Menten ahd
Haldane. The catalytic action of an enzyme on &rmisubstrate can be described by two parametgrgthe
Michaelis constant), which measures the affinitanfenzyme for its substrate, anghwwvhich is the maximum
velocity that can be obtained without increasingamount of enzyme.

Michaelis constant(Ky,) is the concentration of substrateat which the reaction rate alf-maximal (Vmax/2).
The smaller the value of\K the more avidly the enzyme can bind the subsfrata a dilute solution and the
smaller the concentration of substrate neededachrbalf-maximal velocity. A smally indicates high affinity,
meaning that the rate,y will approach more quickly. BotK,, and v, are constants of specific values for any
enzyme under the conditions of their measuremengyTare the appropriate parameters for comparigon o
enzyme behavior.

The key features of the hyperbolic plot in Fig.3l2are marked by points A, B and C. At lower sudistr
concentrations, such as at points A and B, the dawaction velocities indicate that at any momeniy a
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portion of the enzyme molecules are bound to thestsate. In fact, at the substrate concentratiorotdsl by
point B, exactly half the enzyme molecules arenrE& complex at any instant and the rate is exactyhalf of
Vmax At substrate concentrations near point A the rappears to be directly proportional to substrate
concentration. At high substrate concentrationg#ite of the reaction represented by point C isoatrequal to
Vmax and the difference in rate at nearby concentnataf substrate is almost negligible. If the Midia®enten
plot is extrapolated to infinitely high substratencentrations, the extrapolated rate is equal,tQ Whe very
small differences in reaction velocity at substi@acentrations around point C (neagy reflect the fact that at
these concentrations almost all of the enzyme mtdscare bound to substrate, all active sitesektizyme are
saturated by the substrate and the rate is vistiradlependent of substrate.

Saturation curve

max

K [S]
Fig. 12.3. Michaelis — Menten saturation curve. Redion velocity as a function of substrate concenttéon

The hyperbola described by a plot of reaction vigkxas a function of substrate concentrationdifficult to
use. If the reciprocals of the velocities are @dtias a function of reciprocal substrate conceatrat the
hyperbola is converted to a straight line. Sucledmdouble-reciprocal plots are far easier to canstand
interpret. A transformation of the typical curveosm in Fig. 12.3 is presented in Fig. 12.4. The ldeu
reciprocal plots are frequently calletheweaver-Burk plots.

If a few assumptions are made regarding the exgeriah situation, one can obtain a useful mathemlatic

equation that describes the enzyme kinetics. Asfantbe present that:

1. The system involves onlysangle substrate antreversible reactions.

2. Concentration of the substrate is much higher tbamcentration of the producfS] >> [P]) and[P] is
negligible under these conditions, there is normesliate or product inhibition.

3. Enzymes consist of single subunit, there is nostdlicity or cooperativity.

The relation between | substrate concentration [S], and reaction vakxifv) is established and written as
follows:

Michaelis-Menterequation: Lineweaver-Burlequation:
_[S].Ymax 1 Ky 1 1
[S]+KMm v Umax ' [S] Umax

One can see, that when the velocity is equal tbthalmaximum velocity (that is; = %2 Vinay), then [S] is equal
to Ky. Both Ky and [S] are expressed in the same units, molektger

In any experimental situation,,% depends on the amount of enzyme present. If anriexget could be
performed containing 1 mol of enzyme, the resultatvity would be termed theirnover number, which is
expressed as moles of substrate converted to preéueninute (or per second) per mole of enzymehtrse
cases where the enzyme contains more than onee a&it® per molecule, the turnover number is coeckct
accordingly. One would then use the turnover pelerod active site of the enzyme. Turnover numbees
value in comparing the same enzyme from differssues and in comparing different isozymes.
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Fig. 12.4. Lineweaver-Burk transformation of Michaels-Menten curve

Unit of enzyme activity is &atal, which isan enzyme activity which changese mol of substrate per second
at optimal pH and by enzyme saturated with sulestiatexperiments there are used also mkat kaf), pkat
(10°kat), nkat (10 kat) and so onSpecific activity of enzyme is number ddatals per 1 kgof proteins which
is equivalent to number gikat.mg" proteins.

In older literature the enzymatic activity was eegged as international utit It is an enzyme activity which
changed micromole of substrate per 1 minuteat standard conditions. Relation between the tmitsu

lkat=6.10U 1 U =16.67 nkat18.67 . 10 kat
The velocity of enzyme reaction is measured by ghdrconcentration of substrates or products pe tinit.
12.1.4. Calculation of enzyme activity

Calculate a) % of inhibition adrginaseactivity by L-lysine (inhibitor) and

b) arginase activity (without thehibitor) in katals per gram of tissue after 15 mmcubation if
absorbance of the standard urea solution with auraion 15 mmolt is 0.55, absorbance of the sample of 2%-
homogenate without L-lysine is 0.42 and with L-fysi0.12. The same volumes of the sample and thdesta
were pipetted.

Arginaseis an enzyme catalyzing following reaction:

H,N
>C—NH-C|7I—CH2—CH2-CH (NH,) COOH + HO—» CO(NB), + HN-CH,-CH,-CH,-CH(NH,)COOH
NH 7 Arginine Urea Ornithin

a) % of inhibition of arginase activity by L-lysine

A without lysine= 0.42....ccvenen. 100 % enzyme activity
A with lysine = 0.12.....cccceeeees X

x =0.12 x100/ 0.42 28.5 % activity
Lysine reduced enzyme activity to 28.5 %.

% of inhibition of enzyme activity: 1=100-82%=71.5%
Lysine inhibited enzyme activity by 71.5 %.
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b) Calculation of enzyme activity in katals/g of tssue

Activity of enzyme in katalski@tal = mol/s) we can calculate from concentration of a proquota) produced
by arginaseduring 1 second of reaction.

Astandard 0.55 covviiiiiiiiiiin, stndars= 15 mmol/l
Asample =042 i X

x =0.42 x 15/0.55 = 11.45 mmol/l,

or using the formula:

Asample

Csample -

A . Cstandard
standard

We found that during 15 min (900 s) reaction 11d®ol of urea per liter was produced. We need td 6nt
how many moles of urea will be produced per 1 sédbrcause kat = mg}/

-~ katal
x=11.45/900 = 0.0127 fn moﬁ;s /I'=10.0127 mkat/|

-

Our task is to calculate activity of enzyme in gaif tissue (not in kally. Therefore, we need to know how many
grams of tissue is present in 1 liter of 2% homadgen

2% homogenate ......... 2 g of tissue.......ceeeeeee.. 100 Ml
20 g of tissue................ 1000 ml = 1 liter
In 1 L of homogenate there are 20 g of tissue.

Activity calculated above - 0.0127 mkdtdf homogenate corresponds to how many migaif/tissue?
0.0127 mkat ................. 1 liter = 20 g tiss

X = 6.4x107 kat/g tissue = 0.64 pkat/gissue
Activity of arginaseis 0.64 pkat per 1 g of tissue.

12.1.5. Two or more substrate kinetics

Michaelis-Menten kinetics strictly applies onlytttose enzymes that employ a single substrate. Artarger
number of enzymes use more than one substrat¢éiraeaFor such multireactant enzymes, the coenzfgrege
NAD") is acosubstrate The kinetic analysis of multireactant enzyme eyst requires an extension of the
fundamental principles established by Michaelis afidnten. Since the enzyme and both substrates are
simultaneously required for catalysis to occurjsitappropriate to describe thiernary mechanism as a
formation of ternarycatalytic complex by a symbol (BS- NAD"). In forming this, two binary complexes are
possible, represented by (B) and (E NAD"). Following catalytic transformation, (BP - NADH) could
equally well produce (EP) and (E- NADH); these, in turn, could decompose to libefat® enzyme and the
second product.

Kinetic analysis sometimes permits an independestindtion between the two possible sequences ol su
reaction mechanism. In the case 3phosphoglyceraldehyde dehydrogenae mechanism is known as
ordered because the addition of NADeeds to precede the addition of the substrate {i.5). Other examples
are known in which the sequence of addition isatmdigatory, butrandom.
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3-phosphoglyceraldehyde dehydrogeneese catalyze the following reaction:

Glyceraldehyde-3-phosphate + NAB Pi &—2 1,3-bisphosphoglycerate + NADH + H

NAD? 3-P-Glyceraldchyde P

| l 3-PGA J';-pm
E > E SNAD ‘X [ sNAD' ,I, 5[ o P, l;r‘.

NADH+H" 1,3-BPGlycerate

Fig. 12.5. A simplified scheme of the ternary ordexd kinetic mechanism of3-phosphoglyceral dehyde dehydrogenase
E — enzyme, NAD - nicotinamide adenine dinucleotide, 3-P-glyceedidde or 3-PGA — 3-phospho-
glyceraldehyde, Pi— phosphate, 1,3-BPGlycerate3-bisphosphoglycerate

Another pattern for a multireactant enzyme systerkniown as thePing-Pong" mechanism In this case one
substrate must be bound and one product releageckltbe second substrate is bound or the secomdlipt
released (Fig. 12.6.). Typical examples of thisggratare found in thaminotransferases

Reaction catalyzed yspartate aminotransferas®y the ping-pong mechanism:

Aspartate + o-ketoglutarate &—» oxaloacetateglutamate

Aspartate o-Ketoglutarate

E LE-Asp ——> EeNH;" Ee+Glhu —l—)E

Oxaloacetate Glutamate

Fig. 12.6. “Ping-Pong” kinetic reaction ofaspartate aminotransferase
E — enzyme, Asp — aspartate, Glu — glutamate

12.2. Cofactors

Some enzymes such &gpsin, or pepsinconsist of polypeptide chains only. The proteinypebtide portion of
the enzyme is called ampoenzyme Other enzymes contain in addition to a proteint péso a nonprotein
portion calledcofactor, which is a different low-molecular weight nongist compound. Sucknzymesare
calledholoenzymes or complex enzyme§ig.12.7).

The cofactors may bimorganic cofactors (e.g. metal ions, such as Zror Mg™) or they may berganic
compounds Enzymes that require a metal in their compositiosm known asnetalloenzymesif they bind and
retain their metal atom(s) under all conditionshwiery high affinity. Those which have a lower aitfly for
metal ion, but still require the metal ion for &if, are known asnetal-activated enzymes

Based on how tightlyorganic cofactors are bound to an enzyme, they are cakethzymesor prosthetic
groups. Prosthetic groups are low-molecular nonproteirtipos of enzymes bound to an enzyme by covalent
bonds (e.g. heme, lipoic acid, biotin). Coenzyneg.(NAD") are connected to a particular enzyme by weak
intermolecular interactions only temporarily.
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Enzymes

/

Simple proteins
(apoenzymes)

\

Complex enzymes
(holoenzymes)

l

Cofactor +

SN

Organic compound Metal ion (Zn**, Mg?*...)

PN

Metalloenzymes Metal activated
enzymes

Apoenzyme

Prosthetic group

—

/

Coenzyme

Fig. 12.7. Composition of enzymes

In contrast to substrate for which a given enzysm&piecific, coenzymes are common to many differamymes.
For example, about 700 enzymes are known to useHNA®coenzyme. An important group of coenzymes are
the B vitamins, which are essential to the actibmany enzymes.

Table 12.1 Vitamins which are coenzyme precursors

Vitamin Coenzyme Catalyzed reaction Dlseqse caused by
vitamin lack
Thiamin (B 1) Thiamine diphosphate Oxidative decarboxylation Berik
Flavin mononucleotide (FMN) | Oxido-reduction reactions -
Riboflavin (B ) Flavine adenine dinucleotide | coenzymes carrying the hydroggh
(FAD) molecule
Nicotinamide adenine Oxido-reduction reactions -
Nicotinamide (B,) dinucleotide (NAD) coenzymes carrying the hydroggRellagra
icotl ' 3 Nicotinamide adenine anion >(/h dride ign)gH ydroge 9
dinucleotide phosphate (NADP Y
Pantothenic acid (B) | Coenzyme A Acyl group carrier *
Transamination reactions
L . Decarboxylation reactions of A4,
Pyridoxin (Bs) Pyridoxal phosphate B - elimination reactions (serine
dehydratase)
Folic acid (Bg) Tetrahydrofolate Transport of one carbon grougs  Aldgastic anemia
Biotin (H) Biocytin CG; fixation *

* Rare in human®\A — amino acids

The functional role of coenzymes is to act as arters of chemical groups from one reactant talaro The

chemical groups carried can be as simple as thédeyibn H (H" + 2&") carried by NAD or the mole of
hydrogen carried by FAD; or they can be even marmpex as the amine (—NH carried by pyridoxal
phosphate.
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Since coenzymes are chemically changed as a cosmseg|of enzyme action, it is often useful to coasid
coenzymes to be a special class of substrateseannd substrates, which are common to many differen
holoenzymes. In all cases, the coenzymes donateatted chemical groups to an acceptor molecutk aap
thus regenerated to their original form. This reggation of coenzyme and holoenzyme fulfills theinigbn of

an enzyme as a chemical catalyst, since (unlikeuthml substrates, which are used up during theseaf a
reaction) coenzymes are generally regenerated.

Coenzymes may be classified:

1. Coenzymes binding hydrogen(NAD*, NADP’, FMN, FAD, lipoic acid) or accepting electrones
(coenzyme Q, porfyrin derivatives)

2. Coenzymes transferring a group of atoms(adenosine phosphates, coenzyme A, thiamin digtatep
pyridoxal phosphates, biocytin, tetrahydrofola}e...

12.2.1. Coenzymes transferring hydrogen or electras

a) Nicotinamide adenine dinucleotide (Fig. 12.8.abbreviatedNAD", is a coenzyme found in all living cells.
The compound is a dinucleotide, since it consitisvo nucleotides joined through their phosphateugs.
One nucleotide contains an adenine base and tlee witptinamide itamin Bs). In metabolism, NAD is
involved inredox reactions. The coenzyme is, therefore, found im fovms in cells: NAD is an oxidizing
agent — it accepts a hydride anion \Hrom other molecules and becomes reduced. Thistiogaforms
NADH, which can then be used as a reducing agent.

CO-NH
= | 2 N N

i L

O—ll-l’ o'k O—CH, N
\ 5 o)
OH H
H OH

\

Rest of molecule

NADH

Fig. 12.8. Nicotinamide adenine dinucleotide NADand its reduced form NADH

In metabolism, redox reactions (summarized in fdarbelow) involve the removal of two hydrogen atoms
from the reactant (R, in the form of ahydride ion (H"), and a proton (H. The proton is released into
solution, while the reactant Rlis oxidized to R and NADreduced to NADH by transfer of the hydridd

to the nicotinamide ring (Fig. 12.8).

RH, + NAD" — NADH + H" + R

From the hydride electron pair {iHone electron is transferred to the positivelarged nitrogen of the
nicotinamide ring of NAD, and the hydrogen atom is transferred to thec&bon atom opposite this

248



nitrogen. The reaction is easily reversible, wheADN reduces another molecule and is reoxidized to

NAD". This means the coenzyme can continuously cydiedsn the NAD and NADH forms without being
consumed.

Some NAD are also converted into nicotinamide adenine déuiitle phosphates (NADP(Fig.12.9). The
chemistry of this related coenzyme is similar tatthf NAD", but it has different roles in metabolism.

NH,

H \N
/ C— NH,

CHZ—O— P O—P—O—CH2 o

OH O
OH OH

(%I‘LOH
OH

Obr.12.9. Nicotinamide adenine dinucleotide phosphate (NADP

b) Flavin nucleotides

Flavin adenine dinucleotide (FAD) is a redox cofactor involved in several importae&ctions in

metabolism. The molecule consists ail@flavin moiety {itamin B,) bound to the phosphate group of an
ADP molecule. The flavin group (isoalloxazine ring) is bound tito |, a sugar alcohol, by a carbon-
nitrogen bond, not a glycosidic bond. FAD (Fig. 3. can exist in two different redox states FAD and

FADH,. FAD can be reduced to FARHwhereby it accepts two hydrogen atoms (two ebestrand two
protons).

C
NH,
b
NN
OH OH OH o o [ | /)
L & & ] I N~ N
CHz—CH—CH—CH—CH,—0—P-0—P—0—CH,

HO  OH

IIII =

FAD oxidized form

.rest of molecule
| H
|
I
HsC N

FADH, reduced form
H3

Fig. 12.10. Flavin adenine dinucleotide in oxidize@FAD) and reduced (FADH,) form
(a=flavin - isoalloxazine ringp = ribitol; ¢ = ADP; a+b = riboflavin)
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FAD has an aromatic ring system, whereas FAD&k not. This means that FABI$ significantly higher in
energy, without the stabilization that aromatiausture provides. FADHis an energy-carrying molecule,
because, if it is oxidized, it will regain aromatlycand release all the energy represented bysthlsilization.

Flavin mononucleotide (FMN) (Fig. 12.11)functions as a prosthetic group of various oxidactases.
During catalytic cycle, the reversible interconvensof oxidized (FMN), and reduced (FMNHforms
occurs.

OH OH OH o)
CHZ_éH_&H—éH_CHZ_O— b_OH

HsC l\ll N O H(B
TIT T
NH
H3C N/j/\g
Fig. 12.11. Flavin mononucleotide (FMN)

FAD and FMN in oxidized forms are yellow, howevafter accepting two hydrogen atoms, a coloreless
leuko form is produced. These color changes are tsemonitor the course of reactions catalyzed by
flavoproteins.

¢) Lipoic acid (Fig. 12.12)is a cyclic disulfide, which is involved iredox processes (e.g. it is a coenzyme of
pyruvate dehydrogenasmmplex in the oxidative decarboxylation of pyrte)a In addition to hydrogen it
transfers also an acetyl group. It is an importantioxidant acting in hydrophilic and lipophilic
environmentsn vitro. Lipoic acid is agrowth factor for certain microorganisms.

O

OH

Lipoic acid

+2Hl T-ZH

OH

Dihydrolipoic acid
Fig. 12.12.Lipoic acid and dihydrolipoic acid

Owing to the presence of two thiol groups, dihygoic acid is achelating agent It chelates both
intracellular and extracellular mercury in the brand in the body.

d) Porphyrin derivatives are heterocyclic macrocycles composed of four nmedifpyrrole subunits
interconnected at their carbon atoms via methine bridges (=CH-). Porptsyare aromatic. Some iron(ll) -
containing porphyrins are called hemes (Fig. 12.H&me is a cofactor of the protein hemoglobin #ns
also a prosthetic group of cytochromes. Heme costan iron atom embedded in a porphyrin ring system
(Fig. 12.13). The Fe is bonded to 4 N atoms ofpbihyrin ring. Hemes in the three classes of dytmme
(a, b, c) differ slightly in substituents on therjployrin ring system. Cytochromes participate in titamsport
of electrones in the respiratory chain in mitochrand
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CH,

- CHs
CH,
HsC /
HaC CHs
o~ “OH o~ “OH

Fig. 12.13 Heme group of hemoglobin. An iron (Fe)tam in the middle is complexed to four interior nitogen atoms

e) Coenzyme Q CoQ)— ubiquinoneis a 1,4-benzoquinone. It is present in most eukarcells, primarily in
the mitochondria. It is a component of the electttansport chain and participates in aerobic callul
respiration, generating energy in the form of ATere are three redox states of coenzymg flly
oxidized (ubiquinone), semiquinone (ubisemiquingrd fully reduced (ubiquinol). The CoQ molecude i
continually going through an oxidation-reductioncley As it accepts electrons, it becomes reduced
(hydroquinone, ubiquinol). As it gives up electrpiisbecomes oxidized (quinone) (Fig. 12.14). Isa it
reduced form it acts as amtioxidant. It inhibits both the initiation and the propagatiof lipid and protein
oxidation. It also regenerates other antioxidaothsas vitamin E. CoQ prevents oxidation of LDL,ieth
may provide benefit in cardiovascular disea3é® various kinds of coenzyme Q can be distinguidhethe
number of isoprenoid subunits in their side-chaifiee most common coenzyme Q in human mitochondria i
CoQy. Q refers to the quinone head and 10 refers tadhaber of isoprene repeats in the tail.

O

HsC CHs (‘:Hg Ubiquinone (Co®@,)
HsC (CH,—CH=C—CH,);g—H (oxidized form

H3C CHg ?HS Semiquinone (CoQ )

H3C (CHy— CH= C—CHy)10—H (free radical)

HsC CHs CHy Ubiquinol (CoQH)

|
HsC (CHy—CH=C—CHy);g—H (reduced form)

OH
Fig. 12.14 Conversion of ubiquinone to ubiquinol
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12.2.2. Coenzymegansferring group of atoms

a) Adenosine phosphategFig. 10.7) are basic donomnd acceptors of phosphoric acid in all living arigans
We recognize folowingadenosine phosphates: adenosine monopho: (AMP), adenosine diphosphate
(ADP), adenosine triphosphaf&TP). Different parts of ATAnolecule can be transmiti and can activate
compounds for reactions.

b) Thiamine diphosphate (pyrophosphate(Fig. 12.15) is a coenzymthat participates in tl transfer of
acetaldehyde and glycolaldeleyd hiamine diphosphate is a derivative of thiam(ivieamin B,) (Fig. 12.9.).
Enzymes with thiamin cofactmatalyze decarboxylation ai-oxoacids (pyruvatey-oxc-glutarate).

O OH
NH. N
VAR
o g OH
N7 N U,

| s R
)\\ = O/ OH
HsC N~ HsC

Fig.12.15. Thiamine diphosphate

c) Coenzyme A(Fig. 12.16)Part of its structure vitamin B; - pantothenic acidv{tamin Bs), followed by
nucleotide adenosine-3'Bisphosphat(ADP) and 2-aminoethanethiol. Transmittaclyls bind by thioester
bond to a thiol group of aminoethanethic

ADP : pantothenate

NH, ?H } ?Hs OH
N7 N O OO0
I O 1 O NH-CH CHyC—O

N~ N 0. CHO—P=0 NH

OH (‘:H2 2-aminoethanethiol
oK Ly
OH O—P=0 SH

Fig. 12.16. Coenzyme A

d) Pyridoxal phosphate (Fig. 1217) is a coenzyme of enzymes catatg som: decarboxylation,
transamination and deaminatioeactions of amino acids. It is thetive form of vitami B.

0] 0]
‘\\( ’H OH ‘\\C’H
1
HO—CH, OH =p—0-CH, OH
- S © l? © < =
| OH |
P o
N CH, N CH,;
Pyridoxal Pyridoxal phosphate
(PLP)

Fig. 1217. Pyridoxal (vitamin Bg) and pyridoxal phosphatecoenzym
e) 5,6,7,8tetrahydrofolate is a coenzym obtained by two successive reductiafsfolic acic (Fig.12.15).

Tetrahydrofolate providesansmission of one carb residues that bind to the®dr N'°. It is an important
cofactor in the synthesis of pneiand thymine nucleotides.
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f) Biocytin is a coenzyme of enzymes catalyzing transfer dfaaylic groups. It is formed by the linkage of
biotin (vitamin H) (Fig. 11.12) to lysine residuekthe enzyme (carboxylase). In biocytin £nds to the
N* to form carboxybiocytin (Fig. 12.18), by which t8€, is transferred in carboxylation reactions. Biogyti
is important in the metabolism of lipids and sacies. It participates in maintaining steady blapgcose
levels.

O O

/‘\ OOC\

+CO,
Biocytin Carboxybiocytin

Fig. 12.18. Conversion of biocytin to carboxybiocyt
R — rest of valeric acid bound by amide bond tikysesidue of the enzyme (carboxylase)

12.3. Enzyme specificity

Many inorganic catalysts, for example, charcoafimely divided platinum, show little specificity weard the
substances on which they exert a catalytic effEbtis, a mere handful of selected catalysts is Gafft for
much synthetic organic chemistry work practicechtustry or the laboratory.

Enzymes are usually very specific as to which ieastthey catalyze and the substrates that ardviedtdn
these reactions. Complementary shape, charge atpghjlic’hydrophobic characteristics of enzymes an
substrates are responsible for this specificity.

Urease,an enzyme that hydrolyzes urea to carbon dioxitt® ammonia, has almost an absolute specificity
toward urea, and only one other compound that easptit byureaseis known. Similarly,catalaseis almost
completely specific toward hydrogen peroxide, whitlconverts into water and oxyge@hymotrypsin a
pancreatigroteinase shows a somewhat lesser specificity toward itssate. It prefers to cleave peptide bonds
in which one participant amino acid has an aromatig. It also preferentially attacks peptide bordshe
interior of a peptide chain, but even this requieetris relative. Other proteolytic enzymes showoues types of
specificity. Trypsin hydrolyzes only those peptide bonds to which argindr lysine contribute the carboxyl

group.

We recognize two types of enzyme specificity:
1. Specificity of effect

Cofactor is responsible for this type of specificiEach enzyme can catalyze only a certain typa dfiemical
reaction. According to the type of catalyzed reactve recognize 6 classes of enzymes:

Enzymes are classified into six classes:

1. Okxidoreductases catalyze a variety of oxidation-reduction reacti@msl frequently employ coenzymes
such as nicotinamide adenine dinucleotide (NADts phosphate derivative (NADR flavin adenine
dinucleotide (FAD), or lipoate. Common trivial nasniecludedehydrogenase, oxidase, peroxidaaed
reductase.

2. Transferases catalyze transfers of groups such as amino, catboaybonyl, methyl, acyl, glycosyl, or
phosphoryl. Kinases catalyze the transfer of phosptgroups from adenosine triphosphate (ATP) or
other nucleotide triphosphates. Common trivial namieclude aminotransferase (transamingse
carnitine acyl transferase, and transcarboxylase

3. Hydrolases catalyze cleavage of bonds between a carbon and stiner atoms by addition of water.
Common trivial names includesterase, peptidase, amylase, phosphatase, urpapsin, trypsinand
chymotrypsin.

4. Lyases catalyze breakage of carbon-carbon, carbon-sulimd certain carbon-nitrogen (excluding
peptide) bonds. Common trivial names includiecarboxylase, aldolase, synthase, citrate lyasel
dehydratase
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5. lIsomerases convert a molecule from one isomer to another. Eases can either facilits
intramolecular rearrangements in which bonds an&eir and formed or they can cdyze conformational
changes. Trivial names incluepimerase, racemasandmutase

6. Ligases catalyze the formation of bonds between carbonayden, sulfur, nitrogen, and other atol
The energy required for bond formation is deriveahf the hydrolysi of ATP; the termsynthetases
reserved for this group. Trivial names inclithiokinaseandcarboxylase

2. Substrate specificity

It is the ability of a certain enzyme catalyze theconversion of a particular substrate. We recogaizeymes
strictly specific, less specific and nonspecif Strictly specific enzymes are generally specific doparticulal
steric configuration (optical isomer) of a substraEnzymes that attack Caccharid will not attack the
corresponding L isomet.ess specific en:mes are e.g. lipasesthey convert several different compounds v
the same type of functional group. Nonspecific emey (phosphatases, esteracatalye breaking of the same
type of bond.

12.4 Models of enzyme actio
There are several models ofvhenzymes work: the lo-andkey model and the induced fit mod

a) Lock and key hypothesis

This is the simplest model to represent how an mezyorks (Fischer model). The substrate simplyifiits the
active site (like a key intolack) to form a rection intermediate (Fig. 12. 19).

enzyme
¥ enzyme-substrate

complex

Fig. 12.19. Lock and key model

b) Induced fit hypothesis

In 1958 Daniel Koshland suggested a modificationthte lock and key modeln this model the enzymrr
molecule changes shape as the substrate molecatsscipse. Tt change in shape is ‘induced' by
approaching substrate molecule. This more sophtstic model relies on the fact that molecules axidfle
because single covalent bonds are free to 1.

12.5. Types of enzymeatalysis

We recognize three types @fizymecatalysis:

1. Acid/base catalysisdepends on the dissociated residues of a acids (mainly His, Tyr, Glu, Asp, Ly:
which may provider accept protons from substr.

2. Covalent catalysisinvolves the substrate forming a transient covaleard with residues in the enzyr
active site.The active site of an enzyme contains a reactiweophilic/electrophilic group that attacks f
substrate through covalent forcThe covalent bond must, at a later stage in theticeg be broken t
regenerte the enzyme. This mechanism is found in enzymeh sis proteases like chymotrypsin
trypsin, where an acy@nzyme intermediate is formi
According to the type of a reactive group in theyene active site we recogni

a) electrophilic catalysis

b) nucleophilic catalysis
During electrophilic or nucleophilic enzymatic réaos, the ability of some atoms or groups of atdm
accept or give off electrons is used leading totthasfer of electrons in the molecule of a sulstend
resulting in theformation or breakdown of the covalent bond inridgction.
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3. Metal ion catalysisinvolves metal ions (Zi, Mn?*, Mg®* and so on) used in catalytic site of enzymes that
allow the formation of nucleophilles or electrofdsl and help the reaction occur in a faster pace.
We recognize two classes of enzymes (see chap@). 12
- metalloenzymes
- metal-activated enzymes
Metal ions participate in catalysis in three ways:
1) bind and properly orient the substrate for #ection
2) mediate the redox reaction
3) electrostatically stabilize negative chargeshensubstrate

In reality, most enzyme mechanisms involve a coatiim of several different types of catalysis.

12.6. Isozymes

As enzymes have a more or less broad range ofratdspecificity, it follows that a given substratay be
acted on by a number of different enzymes, eacWhith uses the same substrate(s) and producesthe s
product(s). These types of enzyme are in many spgeiicluding humans. The individual members oétacé
enzymes sharing such characteristics are knowis@ymes Isozymes (also known adsoenzyme} are
enzymes that differ in amino acid sequence but cdige the same chemical reactiomand exhibit differing
degrees of efficiency. They might be distinguishgdtheir optimal pH, kinetic properties or immungically.
Lactate dehydrogenassdmalate dehydrogenag®ve been thoroughly studied as examples of isegym
Lactate dehydrogenageD or LDH, EC 1.1.1.27) i®xidoreductaseatalyzing the reversible interconversion of
pyruvate and lactate:

NADH -
O C/O H* NAD* O\\C/O
| |
Cc=0 % HO—C—H
CHs lactate CHs

Pyruvate dehydrogenase | jctate

LDH has five isoenzymes numbered 1-5. Each isoerzigna tetramer consisting of two different subsjni
and H (Fig. 12.20). The two subunits, differingamino acid content and sequence, can be combiried in
tetramers in five ways. The possible combinatioss be separated by electrophoresis. If one sulbyit is
identified as "M" (the major form found in muscle liver) and the second as “H” (the major form fduim
heart), the tetramers could have the compositiops M4H, M,H,, MH3, or H,. These can be separated by
electrophoresis; those with an increasing conténhe H subunit have an increasingly larger negatikiarge,
whereas the Wisozyme has a slightly positive net charge.

In humans the content of several isozymes differhdart and liver, and this difference is used iagdostic
differentiation of diseases of the liver and myaddam. In both disease states LDH leaks out of tamabed
cells, and its concentration in blood serum incesas

a8 5o 88 a3 83 8

Fig. 12.20.Lactate dehydrogenase tetramer - 5 isozymes
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12. 7. Mechanisms of regulation of enzymatic actityi
Catalytic activity of enzymes may be regulated ngnways:

1) Without the change in the guantity of enzyme moledes - changing of enzyme activity by its increase
(activation) or decrease (inhibition). Reactioresainay be altered by various parameters:

A. Physico-chemical conditions
a) substrate concentration
b) pH
c) temperature
d) ionic strength
e) redox potential

B. Presence of activators / inhibitors- different compounds can cause increase (actijatindecrease
(inhibition) of enzyme activity. We recognize folling types of specific enzyme inhibition;
a) competitive
b) noncompetitive
C) uncompetitive

C. Allosteric regulation of enzyme activity
a) Cooperative model
b) Sequential model

D. Regulation by modification of enzyme molecule
a) Limited proteolysis
b) Covalent modification
c) by metal ions

E. Compartmentalization of enzymes

2) By the change of quantity of enzyme molecules

A. Induction and repressionof enzyme production
B. Regulated degradation of proteins

12.7.1. Regulation of enzyme activity without chargyin the quantity of enzyme molecules

12.7.1.1. Regulation of enzyme activity by physico-chemical conditions

a) Effect of substrate concentration on enzyme activity

The relation between the increased concentraticub$trate and the velocity of enzyme activityaésatibed in
chapter 12.1.3 (Fig. 12.3).

b) Effect of pH on enzyme activity

Enzymes are amphoteric molecules containing a langeber of acid and basic groups, mainly situatetheir
surface. The charges on these groups will varypraling to their acid dissociation constants, wike pH of
their environment. This will affect the total ndiazge of the enzymes and the distribution of chamyeheir
exterior surfaces, in addition to the reactivitytbe catalytically active groups. These effects especially
important in the neighbourhood of the active sifeaken together, the changes in charges with pecathe
activity, structural stability and solubility of éhenzymeEach enzyme has its specific ppH optimum) at
which the activity of the enzyme is highest. The gpiima (Fig. 12.22) vary widelypepsinwhich exists in the
acid environment of the stomach, has a pH optimuabaut 1.5, whereamginase an enzyme that cleaves the
amino acid arginine, has its optimum at 9.7. Hower®st enzymes have optima that fall between el 8
(Tab. 12.2).
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Sacharase
pH - optimum

2 4 6 8 10 12

pH

Fig. 12.22. Effect of pH on enzyme activity

Some enzymes show a wide tolerance for pH charmésothers work well only in a narrow range. If any
enzyme is exposed to extreme values of pH, it matieed. The sensitivity of enzymes to altered ptbrie
reason why regulation of body pH is so closely oalgd and why departures from normal may involggaus
conseguences.

There will be a pH, characteristic of each enzyateyhich the net charge on the molecule is zerds iBhcalled
theisoelectric point(pl), at which the enzyme generally has minimuhalsitity in aqueous solutions.

Tab. 12.2. Optimal pH values for activity of selecte enzymes

Enzyme pH
Amylasefrom saliva 6.8
Amylasefrom pancreatic liquid 6.8
Saccharasdrom digestive liquid 6.2
Saccharasdrom yeast 5.0
Lipasefrom stomach liquid 5-6
Lipasefrom pancreatic liquid 7-8
Pepsin 1.5-25
Cathepsin D 3.0-3.5
Urease 7.2-75
Catalase 7.0

c) Effet of temperature t on enzyme activity

As the temperature increases the kinetic enerdlyeofubstrate and enzyme molecules also increteekifetic
energy curve) (Figl2.23.) Therefore, there will be more collisions of théostrate with the enzyme active site
leading to the increase in the rate of reaction.ths temperature increases enzyme stability deese@he
enzyme stability curve) (Fig.2.23.) The kinetic energy of the enzyme atoms increaaesing vibrations in the
enzyme molecule that lead to the hydrogen bondisdaking and shape changes in the active site optimal
temperature is at the highest rate of the reactiois. a compromise between decreasing enzymelisyadnd
kinetic energy of the reactant®nce an optimum temperature is reached, any fuitfeeease in temperature
causes changes in enzyme conformation. The substray then not fit properly onto the changed enzyme
surface. Therefore the rate of reaction decreadgesome higher temperature above optimum, we reaphint
where the protein denatures, the conformationtesed irreversibly and the polypeptide chain caneédld. At
this point the enzyme is completely inactivat&iy.12.23 depicts that changes in activity abovédeabpw the
optimum temperature are not always symmetric.

d) Effect of ionic strength on enzyme activity

Concentration of salts influences enzyme activigcduse the salts affect the hydration of proteind a
consequently their solubility and shape of molesufolubility of proteins at low ionic strengthgiieases with

257



the concentration of salt (sm@llec salting in). Increasing salt concentratiancreases tt solubility.
At very high ionic strengthsharge of protein molecules are shaded, leadingh® existence ¢ very weak
electrostatic interactions betweproteir molecules, and thus solubility is reducé&this phenomenc is called
salting out.

) Effect of redox potential

Oxido-reductiorpotential (redox potential) is a measure of théitstif agents to bind or release electrons, t.
is a measure of the strength of oxidative or rayieigent. The more positive redox potential, tremer is the
substance afinity to electrons anglténdency to be reduc

Redox potential can affect:

- status of some oxidizable groups (espec-SH)

- the layout of the whole molecule of the enz

- binding of substrate (formation of crosslir-SS-).

enzyme stability curve ;
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Fig. 12.23. Effect of temperature on enzyme activity

12.7.1.2. Enzyme inhibition

Inhibitors slow down or completely stop the enzymatic reactibhey can react with either an import
component of protein molecules (e.g. copper or inothe prosthetic group of oxidases) or with reecgroups
of the enzyme protein (e.g. formaldehyde binds to &@éno groups changing spatial structure of apomely
Types of enzyme inhibition are shown in ffollowing diagram (DIPFP — diisopropfluorophosphate, I1AA-
iodoacetamide).

ENZYME INHIBITION

T

Irreversible Reversible

Nonspecific Specific l

¢ (DIPFP, 1AA..) Specific
Denaturation l

l Competitive

) Noncompetitive

Acids and bas Uncompetitive
Temperature

Alcohol
Heavy metals
Reducing agent
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Inhibitions can be:
1) Irreversible - enzyme activity cannot be recovered
2) Reversible- inhibitor can be removed (e.g. by dialysis) actlvity can be restored.

Recovery from reversible inhibition depends onriimoval of the inhibitor from the system, whereasovery
from irreversible inhibition requires the synthesidresh enzyme.

12.7.1.2.1. Irreversible inhibition

Irreversible inhibitors may bespecific, theyinhibit only one class of enzymes and do not inaté all proteins
as for example extreme values of pH and temperdhaecause denaturation of all proteins. (henspecific
inhibition ). Specific irreversible inhibitors can cause cewtlmodification of enzyme structure and thereby
inactivate the enzyme. They may bind at the acsite, or at a different site. The net result is Hagne -
irreversible loss of enzyme activity. Some irrellgles inhibitors are important drugs. Penicillin sicby
covalently modifying the enzymeanspeptidasethereby preventing the synthesis of bacterial wallls and
thus killing the bacteria. Aspirin acts by covalgntodifying the enzymecyclooxygenasereducing the
synthesis of inflammatory signals.

Irreversible inhibitors can be divided into thretegories: group-specific reagents, substrate gaalnd suicide
inhibitors.

Group-specific reagents react with specific groups of amino acigg examples of group-specific reagents are
diisopropyl fluorophosphate (DIPFP; Figure 12.24hding to the -OH group in the active site and
iodoacetamide (Figure 12.25) reacting with the -¢8blip in the active site of the enzyme.

Diisopropyl fluorophosphate (DIPFP) (Fig. 12.24) is the organophosphate comgdhat is used to prepare the
nerve gas sarin and other organophosphate toxinh, @s various insecticides. DIPFP reacts withhifdroxyl
group of serine in the active siteaxfetylcholine esteragaeventing the enzyme to degrade the neurotraremitt
acetylcholine. Inactivation of acetylcholine essergproduces violent spasms of the pulmonary systed
interferes with normal neuromuscular and cardiatction. Similar agents are employed as insecticides
agriculture and sometimes may be severely or fatalic to humans. DIPFP inhibits many other enzgme
which have a serine (-OH group) in the active cente

0 -H'-F 0
| CH3 I CH3
Enzyme -CH, -QH ; + ﬂF—;P—O—CH( —L Enzvm67CH2-O—P—O—CH<”
R e N | CH3 I ('H3
0] 0
I I
/CH\ P CH,_
CH; CH; CH; CH;
DIPFP

Fig. 12.24. Irreversible inhibition of enzyme actiity by diisopropyl fluorophosphate (DIPFP)

lodoacetamide (IAA) covalently binds to -SH group of cysteine, so ¢mezyme cannot form disulfide bonds
(Fig. 12.25.). lodoacetamide is very toxic. It amssa human carcinogen and can cause reproduetivage.

ol s
O\/S"/ +\\X/\NH2 \/\NH +1 +H

Enzyme lodoacetamide livated enzyme

Figure. 12.25. lodoacetamide binding to the enzym®H groups

Substrate analogsare molecules that are structurally similar to shistrate and covalently modify active site
residues. They are thus more specific for the erzgative site than are group-specific reagents.

Suicide inhibitors are modified substrates that provide the mostiipegeans to modify an enzyme active site.
The inhibitor binds to the enzyme as a substrateisuinitially processed by the normal catalyticamanism.
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The mechanism of catalysis then generates a chiyniemctive intermediate that inactivates the ene
through covalent modification.

Most of the human poisonings are essentially «d by inhibition of some enzymes. E.g. cyanide dassic
example of an irreversible inhibitor. It binds ctargly to the mitochondrial enzyncytochrome oxida: and
inhibits electron transfer on oxygen resulting in respinatarest anthe loss of enggly productiol. Irreversible
inhibitors are generally considered to be poisomsare not suitable for therapeutic purpc

Toxicity of heavy metal ionsis causd by strong binding of metal ions (such as mercury, leddmirium or
iron) to a functimal group of the enzyme. Heavy metals are relatimehspecific for the enzyme to inhibit.g.
mercury binds to sulfhydryl groups-SH) in the active center of enzymes. Lead maniféstgoxicity by
replacing normal metal in enzyrs&ucturt.

12.7.1.2.2. Reversible inhibition

Reversible inhibitors bind to the enzyme by nondemainteractions such as hydrogen bonds, hydropt
interactions and ionic bonds. Multiple weak bondsaen the inhibitor and the active site create@ng anc
specific bindng. Some reversible inhibitors bind to the enzyspetightly that they are essentially irreversil
Examples of such anhibitor is allopurinol or methotrexat

According to thekinetic characteristicanda place on the surface of enzyme molecto which inhibitor is
boundwe classify inhibitors to competiti, non-competitive and uncompetitive.

12.7.1.2.2.1. Competitive inhibition

Competitive nhibitor is structurally similar to the substraCompetitive inhibitorsbind reversibly with the
enzymein competition with the substra When the inhibitor[l], is bound to the enzyme, the normal subs!
cannot form thgES active complex, and thus less enzyme is availaiicatalysis. Asufficient concentratio
of the substrate will overwhelm thehibition, and the w., will be the same as with no inhibitor present.
concentrations in which substrate and inhibitor e comparable, ttKy, for the substratis lower than k'
for the inhibitor This can be seen in kinetic analysis, expressea Michaelis -Menten an Lineweaver-Burk
plots (Fig. 12.26.)in which the slopes chan (Figure B) but the intercep{d/vmnax 0N the 1/vaxis) remain the
same.

Competitive inhibitorslo not alter the s butthey increase K.

A) B)
1/v
; /1: IIE 1/Vmax = llvmaxl )
Ky Ky Is] /Ky -1/Ky, 18]

Fig. 12.26. Conpetitive inhibition depicted by Michaelis and Menten (A) and LineweaverBurk (B) plots in the
reaction without inhibitor (solid line) and with a competitive inhibitor (dashed line)
v is the reaction rate, {is the Michaelis conant, Ky is the Michaelis constant of inhibited reac!, v, is the maximal
reaction rate of inhibited reactioand [S] isthe substrate concentration
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An example of a competitive inhibition is the mitendrial enzymesuccinate dehydrogena$8DH) catalyzing
the following reaction:

O\\C/O O\\C/ o
| SDH \ ¢oo
CH = ¢—H CH,
CH, H-C coo
C C
Y
O/ \O. O// AN o
Succinate Fuatar Malonate
(Substrate) (Rrci) (Competitive inhibitor)

Malonate, structurally similar to succinate, iscampetitive inhibitor of SDH. It can bind to the gnze, but can
not be dehydrogenated. Its effect can be aboliblgesiifficiently high concentration of succinate.

Competitive inhibition is also used in the treatmeh cancer by chemotherapeutic agents, and asstadiid
during methanol poisoning (Fig. 12.27). Toxicity of methanol isusad by its metabolites rather then by
methanol itself (methanol causes CNS depressiorjhahol is oxidized in the liver icohol dehydrogenase
to formaldehyde and bgldehyde dehydrogenase formic acid (Fig. 12.27). Formaldehyde is ayvetrong
neurotoxin. It can precipitate proteins and nuctgiims . Formic acid can decrease pH resultingitiosis. The
early signs of methanol poisoning include drowssnasd drunkenness. After 8 to 36 hours also headach
dizziness, coma or convulsions can appear. The typistal symptom of poisoning is blurred visiontinal
damage and blindness.

Ethanol acts in humans as an antidote to methanol andeethglycol poisoning (Fig. 12.27.). Methanol and
ethylene glycol are metabolized at lower speed @et to ethanol. In addition, ethanol has much drigh

affinity for alcohol dehydrogenaghan methanol or ethylene glycol, so it is thefgned substrate. This allows

ethanol administered as an antidote in methanol @mdl ethylene glycol intoxications to slow down the
metabolism of methanol and ethylene glycol and #igsificantly reduce the biochemical and clinieéfects.

Ethylene glycolis in the industry also known as Fridex. It is &ohol with two -OH groups (diol), a chemical
compound widely used in antifreeze mixtures fooadbiles. Ethylene glycol is toxic after ingesti@ecause
of its sweet taste, sometimes children and aniingksst a large dose of this mixture. Poisoning éifested by
the following symptoms: vomiting, metabolic acidgscardiovascular disorders and eventually acutalre
failure. The cause of toxicity is not the ethylegtgcol itself but its metabolites. The most impottanetabolites
causing neurotoxicity and nephrotoxicity are glycaicid, glyoxalic and oxalic acids (Fig. 12.27 pieh reduce
pH leading to acidosis.
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CHyCH,rOH —> CHsC ~—>  CHyC
alcohol N N
H OH
dehydrogenase
ethanol acetaldehyde acetic acid
A o
alcohol \H ~
dehydrogenase OH
methanol formaldehyde formic acid
H O
CH,OH Nodl COOH
—_— | —_—>
CH,OH  alcohol COOH COOH
dehydrogenase
ethylene glycol glyoxalic acid oxalic acid

Fig. 12. 27. Ethanol as a competitive inhibitor inle toxicity of methanol and ethylene glycol

Allopurinol (Fig. 12.28) is used in medical praxis in the tm@nt of gout, the disease caused by the
accumulation of uric acid salt crystals in the §siand joint fluid, especially in the ankle and.t8#opurinol is

a structural analogue of the natural purine baggoXanthine. It is a competitive inhibitor manthine oxidase
the enzyme responsible for the conversion of hypthiae to xanthine and of xanthine to uric acic #nd
product of purine metabolism in man. Allopurinol isetabolized to the corresponding xanthine analogue
oxypurinol (alloxanthine), which also is an inhdoitof xanthine oxidaseAlloxanthine remains bound in the
active center of enzyme and prevents the secomtioaastep.

(A)
- _:‘“:' '\\I
){x § ! o)
H:O 3H_: 'y HO N H -
TH Xanthire +H : Uric acid
OH (B)
N LY yanthine oxidase N P _
oy T | —* Alloxanthine-enzyme
: N /L\x . AN complex 7\< >
:\- :\- v HD :\_ :\_ Ve
H H
Allopurinol Alloxanthine

(oxypurinol)

Fig. 12.28. Reactions of oxidation of hypoxanthinéo uric acid by the enzymexanthine oxidase (A). Allopurinol,
structurally similar to hypoxanthine, is oxidized by xanthine oxidase to alloxanthine, which remains bound in the
active center of the enzyme inhibiting its activity(B).
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12.7.1.2.2.2. Noncompetitive inhibition
Noncompetitive inhibitorsbind to the enzymr outside the active center, they are structuralltimtt from
substratesNoncompetitive inhibitorereduce . Without a change in the K, for the substrateFig. 12.29).
This type of inhibition is rare but can occur inltmeric enzyme:

A) B)

v 1/v

Kpn = Kp! [S]  -1/Ku=-1/K, 1/IS1

Figure. 1229. Noncompetitive inhibition depicted byMichaelis and Menten (A) andLineweaver-Burk (B) plots in the
reaction without inhibitor (solid line) and with a noncompetitive inhibitor (dashed line)

v is the reaction rate, |is the Michaelis constanKy, ' is the Michaelis constant of inhibited reactiom,,' is the maximal

reaction rate of inhibited reaction and [S] is thabstrate concentratic

12.7.1.2.2.3. Uncompetitive inhibition

Uncompetitive inhibitors cahind only to the complex enzyi-substate and not to the free enzyme resultin
the nonactive ternary cordgx enzym-substrate-inhibitor. In this cadmth v, and Ky are changed The
Lineweaver-Burk plot (Fig. 12.3Ghowvs parallel lines at the different inhibitor concettitbas

Ku' K [s] YKn' -2/Kn 1/[S]

Fig. 12.30 Uncompetitive inhibition depicted by Michaelis and Menten (A) and.ineweaver-Burk (B) plots
in the reaction without inhibitor (solid line) and with a noncompetitive inhibitor (dashed line)

v is the reaction rate, jis the Michaelis constanKy, ' is the Michaelis constant of inhibited reactiom,y' is the maximal
reaction rate of inhibited reaction and [S] is thabstrate concentratic
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Tab. 12.3. The single-substrate reactions, the thrégpes of inhibition are summarized

Type of inhibition Wi Kwm
Competitive Unchanged Increased
Noncompetitive Decreased Unchanged
Uncompetitive Decreased Decreased

Coenzyme analogues as drugs

Enzymes can also be inhibited by affecting assediabenzymes or prosthetic groups. This is of clamable
importance in designing chemotherapeutic agents.@ithe earliest antibiotic drugs was p-toluerfesiamide,
an analogue of p-aminobenzoic acid, structureshiémfollow:

O

[ 0
HsC S—NH, HoN o4

o) OH

p-Toluene sulfonamide p-Aminobenzoic acid

Certain microorganisms produce folic acid, whicmteéns a p-aminobenzoylacid residue in its strectur
Toluene sulfonamide interferes with microbial sysis of folic acid. Since folic acid is an essdrtizenzyme
involved in the biosynthesis of purines and thymisidfonamides inhibit growth of the pathogenicamigms.
On the basis of these observations a large sefisghstituted sulfonamides was produced, some afhware
still used in clinical practice.

O
7 O
C\NH NH c/
—NH3
= | “NH,
X
Isoniazid Nicotinamide

Similarly, biosynthesis of pyridine nucleotide cagmes requires incorporation of a nicotinamide rtyoién
analogue of nicotinamide is the drug known as &zidi shown above. It interferes with the biosysitieof
nicotinamide coenzymes and is particularly usefulslowing growth of the organisms that cause human
tuberculosis.

Unfortunately, many pathogenic organisms have becrgistant to one or more of these drugs, sodaeck
for new antibiotic agents continues.

12.7.1.3. Allosteric regulation of enzyme activity

In addition tosingle subunit enzymes (non-regulatory enzymes), there is a gmfupllosteric enzymes.
Allosteric enzymes (regulatory) are enzymes thatnge their conformational ensemble upon bindingrof
effector, which results in an apparent change idibig affinity at a different ligand binding sit@llosteric

enzymes need not be oligomers as previously thought

Some allosteric enzymes are composed of subunitieafical or closely related peptide chains. Thag bind
more than one molecule of substraddlosteric effectors are substances (inhibitors and activators), whigh
binding to allosteric sites of the enzyme, induseconformational change, and thus the activityhefenzyme.
One or more of the functional sites on these enzym&y becatalytic (C), whereas one or more other sites may
be regulatory (R) and not identical with the catalytic or actisiées. In some instances R and C sites are on
different subunits; in other instances the allost@nd catalytic sites are located on the same r§ubthe
transition between an active and inactive statd@fnzyme can be induced by binding allosterieatdirs to an
allosteric center: binding of an activator (as vealla substrate) turns allosteric conformation feaninactive to
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an active state of enzyme. Binding of an inhibitams allosteric conformaitn from an active to an inacti
state.

When the reaction velocity of an allosteric enzyimplotted as a function of substrate concentragosigmoic
rather than a hyperboloid curve is obtained, asvshim Fig. 12.31. Allosteric enzymes do not follovhe
kinetics of the Michaelisgdenten mode

Allosteric enzyme

[S]

Fig. 12.31.Dependence of enzyme reaction rate(v) on the concentration of substrate ([S]jor an allosteric (solid line)
and single subunit (dashed line) enzymes

With increasing concentration of substrathe substrate binds to the enzyme and causes arowtfonal
change in the enzyme active site so that othertisubsmolecule can bind more eas. There is a balance
between active and inactive conformas of the enzyme. The amount of active andtimaenzyme depends ¢
the relative concentrations of substs and inhibitorsThe sigmoidal curve represents the relation betviee
velocity of the enzyme and concentration of thestiatbe when the enzyme has either more sites falifg the
substrée or more subunits with only one site for substtahding

The shapes of the allosteric curves are changesidemably by altering the concentration of eithesitive or
negative effectors, as indicated by the plus andumimarks (Fi(12.32). Decreasg the amount of negati\
effector or increasing the amount of positive afferoduces a response equivalent to lowerincKy, of the
Substrate.

[s]

Fig. 1232. Reaction kinetic curve of the allosteric enzymeithout any allosteric effector present (Ine in the middle),
with allosteric activator (line with (+) mark) and with allosteric inhibitor (line with (-) mark).

Summary ofllosteric enzymespropertie

Allosteric enzymes:
1. ae enzymes that do not obey Micha-Menten kinetics
2. display sigmaial plots of the reaction velocitv) versus substrate concentration
3. the binding of substrate to one active site caacafthe properties of other active sites in thee enzyme
molecule
4. their activity may be altered by regulatory molesuttat are reversibly bound to specific sites othen:
the catalytic sites

Allosteric and active sites may not be on the saufnit. Several enzymes in addition to catalytiousits with
active sites contain also regulatory subunits lmgdbosely or ghtly to the catalytic subunits. Inhibitors
activators can bind to the regulatory subunits ic@usonformational change of the enzyme moleculavith
increasing concentration of the substrate the sbpiee curve of the reaction rate dependencthe substrate
concentration is not hyperbolic but sigmoidal (F12.31), we can assume that this is an allosteric eg:
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Allosteric enzymes are an important part of thecalted regulation of the multienzyme systems inabetic
pathways. Types of enzyme regulation in metabddithyways includdeed-forward activation and feedback
inhibition. In feed-forward activation, an early metaboliteg(eB) activates an enzyme further down the
metabolic pathway (e.3).

El 2E E3
A—>» B—» CT> D

In feed-back inhibition, an excess of product iftSilthe regulatory enzyme at an earlier step. i.guccessive
reactions (Fig. 12.33) transforming a substrate® A& fproduct P, the product becomes a regulatoctofity of
one of the first enzymes in the pathway.elBzyme (Fig. 12.33) has often allosteric propertied the product P
acts as an allosteric inhibitor. In this way thedurct P regulates its own production. The mechargénhis
regulation is referred to asfeed-back control This type of inhibition occurs in biological sgsts very often.
This mechanism effectively regulates the synthedisntermediates according to the need of the aali
maintains a stable internal environment of livinganisms.

y T 4
E, E 5 5 Es | (A)
A—» B—>» €&€—» D—>» E—» P
CTTTTTTTTTTTTTr A
v sE
E4/v E— P (B)
A —» B—» GC——>» D
Ey B E E *>Q— S
A E oy

Fig. 12.33. Feed-back regulation
(A) Reactant Ais converted to a product P through sdvimtermediate products (B, C, D, E). Productioh these
intermediates is catalyzed by enzymesHz, Es, E,; Es. Final product P can inhibit one of the first enms (E) of the
metabolic pathway (feed back regulation).
(B) Chain metabolic pathway. Products of each branchSP¢an regulate activity of branching enzymegs [E; by a feed-
back control.

Regulatory enzymes control different metabolic patys; they are located at the beginning of the bdia
pathways, at the junctions of different metabolithpvays or in the slowest reactions. Allostericngmvalent)
regulation may permit fine-tuning of metabolic pa#tys. Several types of regulation may occur inralsi
regulatory enzyme.

| socitrate dehydrogenase (ICDH) is an example of an allosteric enzyme. It is aatagr and all four of its peptide
chains are required for its activity. ICDH catalgzbe following reaction:

COO COO
H—C‘Z—OH (ﬁC‘)
'00C-C-H + NAD' (‘:H2 + CO; + NADH + H'
CH, CH,
C‘:OU (‘ZOO
Isocitrate a-Ketoglutarate
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NAD" andADP arepositive allosteric effectors, whereas NADH and ATP areatieg allosteric effectors.

NAD" is a required coenzyme, ADP increases the affioitthe enzyme for NAQ andvice versaCitrate is
also a positive effector. The corresponding butosjtp effects are noted with tmegative allosteric agents
ATP andNADH.

Thus this is an example of an enzyme that is ctettdy at least three distinct allosteric effestayne of which
is related closely to isocitrate in the Krebs cy@ded one of which happens to be a required coemzym
schematic representation of these effectors andwhgs in which they alter the activity asocitrate
dehydrogenasis shown in Fig. 12.34.

Isocitrate

(+) NAD* —> | «—NADH (-)

(+) ADP —> | €— ATP (-)

v

a-Ketoglutarate

(+) Citrate —>

Fig. 12.34. Allosteric effectors of isocitrate detgrogenase

There are two theories explaining activation obstitric enzymes:
1) Cooperative (symmetric) model
2) Sequential model

Cooperative (symmetric) model was proposed by Jddonod, Jeffries Wyman and Jean-Pierre Changeux
(MWC model) and the sequential model by Koshlandmidthy and Filmer. Both models predict that enzyme
subunits exist in one of two conformations: inaetivtensed T or active - relaxed R, and that relasubunits
bind substrate more readily than subunits in thective state. The two conceptions are differenttha
mechanism of conversion of one form to the other.

12.7.1.3.1. Cooperative symmetric model

In 1965 Monod has assumed that the mechanism oigainga conformation from inactive T (tensed) to eetR
(relaxed) form underlies the principle “all or notly’ (Fig.12.35). It means that conformation chamjeone
subunite induces changes of all other subunitdvaion of this mechanism is triggered by the relsveffector.
When the effector is the own substrate which hashilgher affinity to the R-form, the relation betmethe
velocity and the concentration of substrate isespnted by the sigmoidal curve (Fig. 12.32.). Dyiimeraction

of the substrate with the enzyme and with attackféettor in the allosteric site of R-form, the mowent of
equation state from the T to R form is stimulatmual] the change from sigmoidal to hyperbolic cusvpdssible.
Different situation occurs during interaction ofiegative effector bound in the allosteric sitetaf monomers in
the T-form by which the equation moves to the Tfprwhich has low affinity to the substrate. As a
consenguence, the maximum velocity of enzymaticti@a can be reached with the higher concentratifaine

substrate.
si, [ /G) %8 &@E)
T TS o8

Fig. 12.35. Cooperative (symmetric) model of allteric regulation
Square represents the T conformation (inactivethef enzyme subunit, circle represents the enzyrenguin the R
conformation (active) after binding to the substréb1 to S4). After binding the first substrateanole to one subunit of the
enzyme, all other subunits undergo conformatiohahges so that the next substrate molecule canugindeasily.
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12.7.1.3.2. Sequential model

Cooperative model was modified by Koshland in 1868 was named sequential model(Fig.12.36). The
sequential model suggests that the subunits akedimn such a way that the conformational changena
subunit causes gradual changes in other subutitss, Bll subunits are not in the same conformaamding of
substrate to one subunit changes conformation lgftbhe neighboring subunit and thus facilitates bireding of
another substrate molecule.

The positive effectors accelerate the change flwemdw affinity to high affinity subunits, on themwtrary, the
negative effectors this process retard.

S, .U S “ Ss S, T-conformation
= — = dl
— I—D E . R- conformation

Fig. 12.36. Sequential model square represents the T conformation (inactivejhefenzyme subunits, the circle
the enzyme subunit in the R conformation (actiftey dinding to the substrate (S1 to S4).

Allosteric (regulatory) enzymes represent the maogbortant autoregulatory mechanism of the cellsy An
metabolic pathway in the cell allows regulatioraafertain key enzyme, which is allosteric and nyaiotalized
at the beginning of the whole cascade reactions.értd product of the metabolic pathway is usualiggative
effector of the key enzyme of that metabolic pathwa

The major features of allosteric control are sunirearbelow.

Allosteric enzymes:
- are usually composed of more than one polypeptidénc
- may contain two separate functional centers, onehich is catalytic and the other regulatory
- may be subject teither positive or negative control by one or miactors

12.7.1.4. Regulation of enzyme activity by modification of enzyme molecule
Regulation of enzyme activity by modification oktbnzyme molecules can occur in several ways:

1) limited proteolysis
2) covalent modifications
3) exposure to metal ions

12.7.1.4.1. Limited proteolysis

Limited proteolysis is a proteolytic cleavage o thactive form of the enzyme called proenzypmgrotein)

or zymogen to the active form, by cleaving off a small portiof proenzyme molecule that acts as an inhibitory
segment. This will enable the substrate to appréiaelenzyme’s active site. Enzymes performing dichit
proteolysis ar@roteinasegproteaseysor peptidaseshat can selectively cleave peptide bonds. Prgtieol
enzymes are active in a number of biochemical i@a&t Proteolysis is an irreversible process.

Significant portions of some enzymes can be remavititbut loss of activity. An inactive protein che
converted to an active enzyme by cutting off aiparbf the peptide chain. Typical examples aredigestive
proteinasegyepsin, trypsinandchymotrypsineach of which is produced and stored as an w&gtbenzyme,
or azymogenWhen the zymogen pepsinogen is released into steigguice, it loses a peptide fragment (44
amino acids “AA") in the acid gastric environmentlds converted to actiygepsin Proteosynthesis of inactive
proenzyme molecules is very important because emang cellular proteins could be degraded by the
production of active forms of enzymes.

E.g. digestive enzymagsepsin, trypsinand chymotrypsin(Fig. 12.37) are produced and stored as pepsinogen
trypsinogen and chymotrypsinogen in an inactivenfofhey are transported to the digestive tract,revlieey

are activated. This process prevents the enzymdgést the pancreas or other tissues before theyogthe
point of operation. Digestiv@roteinasezymogen - chymotrypsinogen is activated toypsin (Fig. 12.37).
Trypsinogen in turn is activated leyterokinasen trypsin, which is regulated by hormones.
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pepsin
pepsinogen > pepsin + peptide (44 Amino agid
H+

enterokinase
trypsinogen > trypsin + 6 Amino acids

trypsin
chymotrypsinogepA——>  chymotrypsin + dipeptide

Fig. 12.37. Activation of proenzymes by cutting ofé portion of the peptide chain

Activation of zymogens by a scission of a peptidgient is not limited only to proteolytic enzymédso the
conversion of the prohormone proinsulin to insulises the same mechanism of activation. Sometimes a
sequential activation of enzymes occurs; one enzgraetivated, which activates the second one, therhird

one resulting in a cascade of activations suchhas found in blood clotting (for example conversiofi
prothrombin to thrombin).

Proteases are involved in digesting long protegirchinto short fragments, splitting the peptidadsothat link
amino acid residues. Some of them can detach thena amino acids from the protein chagxdpeptidases,

such asaminopeptidases, carboxypeptidasg; Ahe others attack internal peptide bonds of atgim
(endopeptidases, such agrypsin, chymotrypsin, pepsin, papain, elasjase

Proteasesre divided into six major groups according to ¢haracter of their catalytic active site and ctods
of action:

a) serine proteases are examples of enzymes with serine residue inatiive center. The serin@oteases
contain hydroxyl group of serine as a catalytic ugro They include the digestive enzymggpsin,
chymotrypsin, elastasand thrombin. They differ in their specificity. E.gchymotrypsincleaves peptide
bonds formed with an aromatic amino acid residuesse carbonyl carbon is part of a peptide bdmgpsin
cleaves peptide bonds formed with positively chdriysine and arginineElastaseis not as specific as the
previous two digestive enzymes, it cleaves theigepgionds formed of the small, neutral residuesin8e
proteasesare sensitive to inhibition by organic fluorophbates such as diisopropyl fluorophosphate (Fig.
12.24).

b) aspartate proteases have pH optimum in the acidic range, and theialgéit functions involve two aspartic
acid residues. These proteases exhibit diversetifuns; e.g. digestionpgépsin and chymosii), protein
degradation in lysosomesathepsin DandE), the regulation of blood pressumeiin - aspartate protease
that is necessary for the production of angioteraihormone stimulating smooth muscle contractims
reducing excretion of salts and fluids). Asparfateteases cleave peptide bonds between two hydbapho
amino acid residues.

c) metalloproteases are any protease enzymes whose catalytic mechamsmwlves a metal. Most
metalloproteasesequire zinc, but some use cobalt. The metal ondordinated to the protein via three
ligands. The fourth coordination position is takaem by a labile water molecule. Thaetalloproteases
includecarboxypeptidase A,\ariety ofmatrix metalloproteinasesndlysosomal proteases

d) cysteine proteases use as catalytic group thiol -SH group of cystei@sidue. They include plant enzymes
papain, bromelain, microbes (streptococcalproteas¢ and animal enzymes cdthepsin B

e) threonine proteases are a family of proteolytic enzymes harbourindpgonine residue within the active site.
The prototype members of this class of enzymeshareatalytic subunits of the proteasome.

f) glutamate protease contain a glutamic acid residue within the actiite.s

Alternatively,proteasesnay be classified by the optimal pH in which theg active:

- Acid proteases - exhibit maximum activity and stability in acid catidns (pH 2.0-5.0) and are inactivated at
pH values above 6.0. Acid proteases have a lowest& point and are low in basic amino acids

- Neutral proteases
- Basic proteases (or alkaline proteases)
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12.7.1.4.2. Regulation of enzyme activity by covalent modifiations

An important means of enzyme regulation involvesatent modification not related to proteolysis. Mos
frequently the modification involves phosphorylatior dephosphorylation, glycosylation or nucleotixeding
(adenylation, uridylation). Reversible covalent ificetion is a major mechanism for rapid regulatioh
enzyme activity, as opposed to enzyme inductiorichivis a slow mechanism regulating the concentnagiod
enzyme activity (in term of hours, days or weeks).

Activation of enzymes by their phosphorylation/depbsphorylation

This typeof activation is a very important regulatory medsamof metabolic processes. It is estimated that on
third of the proteins in the human proteome aressates for phosphorylation at some point. Phospation or
dephosphorylation are mediated by enzymes knowprasein kinasesindprotein phosphatasesespectively.
Protein kinasesttachphosphate groups to serine, threonine, and tyrasisidues of the substrate molecules.
Protein phosphatasesan detach phosphate groups from substrates 1Ei§8). Substrates fdinaseactivity
are diverse and include lipids, sacharides, nuclest and proteinsThe cycle of phosphorylation and
dephosphorylation can be very rapid, making theviggof the protein exquisitely sensitive to regtibn in this
way.

ACTIVE

Pyruvate OH
kinase ‘\

kinase phosphatase

Pyruvate
kinase

INACTIVE

Fig. 12.38. Regulation opyruvate kinase by phosphorylation
The phosphorylated enzyme is inactive and dephoglphed is active.

There are several ways in which phosphorylationiged change can happen:

- The phosphate group may prevent binding of a satestir ligand. Being strongly negatively chargdw t
phosphate may disrupt electrostatic interactiortavéen an enzyme and its substrate. Alternativelypay
block substrate-binding by steric hindrance.

- Phosphorylation may cause a dramatic change inghfarmation of the enzyme

Phosphorylation / dephosphorylation is stimulateainty by hormones after their bindig to the celteptors.

The information brought to the cell by the hormomay be mediated by e.g. the cyclic adenosirE-3

monophosphate (cAMP). This nucleotide is a secoadsenger activating phosphorylation / dephosphiiopa
of some specific proteins mainly enzymes. It ispieteresting that phosphorylation of enzymes cdwdde an

opposite effect; some enzymes are activated dftar phosphorylation (for examptgycogen phosphorylase)
but some enzymes lose their activity (for examgligcogen synthaser complexpyruvate dehydrogengse

Another group of enzymes is activated when theydapghosphorylated.

E.g. in response to hormon glucagon, phosphorylatioseveral enzymes occurs, includglgcogen synthase
(synthesizing glycogenaind glycogen phosphorylasgleaves glycogen), which help regulate blood ghec
levels (Fig. 12.39)Glycogen phosphorylass active when phosphorylated, the phosphorylatibglycogen

synthasdeads to inactivation.

Secretion of glucagon (from-cells of pancreas) is stimulated hypoglycemia (reduced glucose levels in
blood). If blood glucose levels fall down (fastirexercise), glucagon is secreted and stimulatesogbnolysis
(breakdown of glycogen to glucose-1-phosphateglygogen phosphorylas@nd gluconeogenesis. Glucagon
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binds to its membrane receptors in the liver, atéisadenylate cyclasewhich cleaves ATP to cAMP (Fig.
12.40). Increased levels of cCAMP lead to activatidiprotein kinase APKA), which phosphorylates various
proteins. The result is activation (phosphorylatioh cascade of phosphorylating enzymes includjlygogen
phosphorylasewhich breaks down glycogen into glucose, thusgasing blood glucose levels.

Enzyme synthesizing glycogemlycogen synthajeis inactive when phosphorylated due to the sedret
glucagon.

During hyperglycemia (increased glucose levels in blood) insulin ieasked from pancreatfcells. Insulin
produced in response to high blood glucose triggaather signaling cascade leading to dephosphimyjaand
thus activation oflycogen synthaseesulting in the synthesis of glycogen from gkeo

Activation of protein phosphataseadsto dephosphorylation of enzymes, thereby inactvatezymes that were
activated by phosphorylatiorglycogen phosphorylaseand activate the enzymes that were inactive after
phosphorylationdlycogen syntha$eHyperglycemia will result in glycogen syntheBisthe liver. Thus insulin
antagonizes the effects of glucagon-induced cascade

Thus, in glucose metabolism, phosphorylation rexply activates glycogen breakdown and inhibitecghen
synthesis, so that the control mechanism of covatemdification acts to regulate energy flux throuigyo
otherwise competing systems.

Hypoglycemia —» Glucagon

\ Hyperglycemia
- Insulin
O Adenylate cyclase ——
cAMP
l Phosphatase
PKA
l Glycogen
Phosphorylase
kinase —s Glycogen Glycogen
phosphoryfase synthase
Phosphurasc Glucose

Fig. 12.39. Antagonistic effects of glucagon andsulin in maintaining glycemia

N N
Adenylate K | J + PP
cyclase \N N
ATP
O. O-CH,
N\ (@)
- /P/
o \
(0] OH
3',5'- cAMP

Fig. 12.40. Conversion of ATP to cAMP bydenylate cyclase

A similar reaction exists whereby guanosine trigitege (GTP) is converted to cyclic guanosine
monophosphate (cGMP).
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12.7.1.4.3. Activation of enzymes by effect of metal ions

Metal ions are very important for catalytic functiof some enzymes. Metalloenzymes can be dividedtivo

groups:

1. Metalloenzymes, where themetal ions are strongly bound to their moleculesa metal ion is a
component of their molecule. Participation of thetah ions in the catalytic activity has been prabve
When the ions are inhibited, enzyme activity isrdased or completely lost. bxidoreductasethere are
iron, copper, manganese, some other enzymes caitairor iron-porfyrine complex. There are enzymes
containing a trace element, for examgletathione peroxidaseontains selenium which is very important
for some types of enzymatic reactions.

2. Enzymes activated with metal ionswhere themetal ions are not integrated strongly in the enzym
molecule, but their presence is necessary foryatalctivity of enzymes. In addition to the firgtoup of
metal ions there are also bivalent ions such asural] magnesium as well as monovalent ions such as
natrium, kalium but also cobalt and some trace efém

There has been much knowledge about participatiothedo metal ions in the mechanism of enzyme agtivit
Metal ions can exert their activity by many wayst#l ions:

- directly participate in the catalysis. Iron ion alitly participates in the transport of electronsdmyne
oxidoreductases

- are bound to substrates and provide the bond taadhige site of enzyme. This type occurs in many
phosphohydrolasesvhere the M§ is bound to the phosphate ester before it bindghéoactive site of
enzyme

- are bound to some ionized groups of enzyme progeidscan change their conformation. This activity o
metal ions can increase or decrease the velocéynofmatic reaction.

12.7.2. Regulation of enzyme activity by change the quantity of enzyme molecules

12.7.2.1. Enzyme induction and repression

Enzymesynthesis(transcription and translation of enzyme gener)lmincreasedor decreasedn response to
the changing environment of a cell. This methoderie regulation is callédduction andrepression

Induction involvesie novosynthesis of enzyme molecules. These changesiarditative (increase or decrease
in the number of generated enzyme molecules). 8giglof enzymes in contrast to covalent modificaisoa
relatively slow mechanism to regulate the concéiotneand activity (in term of hours, days or weeks)

Cellular enzymes are either constitutive or indleciGonstitutive enzymesare present at virtually a constant
concentration during the life of a cell. They aomtinuously synthesized because their role in raaiimg cell
processes or structure is indispensalgucible enzymesare produced ("turned on") in cells in responsa to
particular substrate; they are produced only whesded. In the process of induction, the substoata,
compound structurally similar to the substrate kesoformation of the enzyme and is calledratucer.
Conversely, if the concentration of the substrateaflonger period is reduced, there is a reduaiocomplete
suppression of gene expression. These enzymeshmagte to respond quickly to changing conditions.

The processes of gene regulation have been weikstuparticularly in microorganisms, where a seaé
inductive enzymes were discovered. EEgcoligrowing in the absence of the disaccharide lactses not
contain any enzymes for utilization of this saca@rHowever, within a few minutes in a medium wahtose,
the bacterium begins to synthesize the enzymessagefor its processing

Advances in molecular biology have contributed tetter understanding of the repression of varens/mes
by exogenous substances. Cosiderable attentiondeasdevoted to inhibitory effects of many antilc®bn
gene expression as well as on post-transcriptimmtalesses synthesizing proteins including enzymeshe
transcription inhibitors belong actinomycin andnfpicin (inhibitor of synthesis @NA-dependent RNA
polymerasgand the translation inhibitors include other kmoawntibiotics (chloramphenicol, streptomycin,
tetracycline, etc.).
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12.7.2.2. Regulation of enzyme activity by regulated degradation

Enzyme levels are determined by the rate of theithesis and degradation. Degradation is regulayed
intracellularproteaseswhich hydrolyze peptide bonds and release peptitk are subsequently cleaved by
peptidasesEndopeptidases cleave internal bonds and produce shorter pepfitiepeptidases cleave off free
amino acids from amino-terminus (N-terminus) andoay-terminus (C-terminus) of peptides and pratein

There are two major pathways mediating the degi@uaf proteins in eukaryotic cells:

ATP independent metabolic pathway -Iysosomes- in which extracellular proteins associated witl
membrane and intracellular proteins with a lond-lifel are degraded.

ATP - and ubiquitin-dependent metabolic pathway plioteasomes— for degradation of proteins with a
short half-life.

. Lysosomesare cell organelles containing various hydrolyiozymes that degrade proteins and other

substances taken by endocytosis. Lysosomes arspemific. They can be described as the stomacheof t
cell. They are also used for the digestion of manmiecules from phagocytosis (ingestion of othemdyi
cells or larger extracellular material, like foreignvading microbes), etc.

. Proteasomeis present in many copies in each cell. It is dulz organelle which main function is

degradation of unneeded or damaged proteins byglysis using theroteasesProteasomes are a major
mechanism by which cells regulate the concentratioendogenous proteins. Proteins mainly degraded b
proteasomes are transcription factors, cyclinsy(thast be degraded in order to prepare the celhi®mext
step of the cell cycle), proteins encoded by visuse other intracellular pathogens, proteins that a
incorrectly folded.Proteins destined for degradation are marked bsnall gpolypeptide (76 amino acids)
calledubiquitin . Once the protein is labeled by ubiquitin, it isignal forligaseto attach another ubiquitin.
This will lead to a formation of a polyubiquitinatehain (with at least 4 units of ubiquitin) whibmds to
the protein destined for degradation.

Proteasomes are very large protein complexes mritteaseactivity. Apart from lysosomes, they are the
major proteolytic apparatus of cells. It is estieghthat 80% of proteins destined for proteolysésagegraded
in proteasomes. Proteasomes are found in the raueled cytoplasm of eukaryotic and prokaryotic cells
Proteasome is composed of two functional protemplexes. The first part — thare particle (the body of
the proteasome) (Fig. 12.41) with the sedimentatmmstant of 20S, has the catalytic activity arelgshape
of the barrel. It contains several differgmmbteaseswith their active sites facing inside the barfigie body

of the barrel is sealed on both sides by caps wdrieiformed from protein complexes with the seditaigon
constant of 19S, also known eegulatory particles. The regulatory particles are involved in detettaf
polyubiquitinylated protein and its pulling intoetltavity of the proteasome (Fig. 12.41). In thetgmeomes
the protein is unfolded and the ubiquitin units adeaved off. Protein is broken down into short
oligopeptides, peptides with 7-8 amino acid ressdwehich can be further degraded into amino acius a
used in the synthesis of new proteins.

It has been shown that the ubiquitin-proteasoméesyshas also other functions: it participates ia th
recognition of antigen structures, it plays an im@at role in regulating the cell cycle, promotedl c
proliferation and plays an important role in apajgo The disturbances in the ubiquitin-proteasoystesn
occur in neurological disorders associated with #weumulation of protein complexes (Alzheimer's,
Huntington's, Parkinson's diseases and others).
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Fig. 12.41. Proteasome and its suhits — protein from the regulatorgarticle plays an important role in recognition thie
substrate destined for degradation in the proteasdolyubiquitinylated chain binds to the recefftmrubiquitin located n
the regulatory particle.

12.8. Enzyme nomenclature

Initially, there were no rules for naming enzymr Enzymes were called by theitvial names, usually ending
with suffix -in. Some of them we use even todpepsin, trypsih Later, the name of the substrate or the tyg
catalyzed reactions plus the suffase was selected for the enzyme names:

Substrate +ase (lipase, protease)
Type of a catalyzed reaction-ase (oxidase, hydrobse, transamimse)

In order to establish reasonable rules for the ngnaf a rapidly growing number enzymes, International
Union of Biochemistry and Molecular Biology (IlUBMBadoptedrules for the systematic functional
classification and nomenclature of enzymes. Enzymes are class#@etrding to the nature of chemi
reactions they catalyze.

There ae six main classes of reactions that enzymes aatalpat are further divided into subclasses
subsubclasse&ach enzyme is designated by two ne (recommended and systematic n) and four numbers
(Enzyme Commision number)ts recommende name isconvenient for routine use anc is rather trivial
nomenclature. Its systematic name is used for geadentification of the enzyr. It consists of th name of the
substrateplus the type of reaction according to the majassification groujwith the suffix -ase The Enzyme
Commission number (EC number) is a numerical diaasion scheme for enzymes, based on the chel
reactions they catalyze. EC numbers do not spemifzymes, but enzyr-catalyzed reactions. If differe
enzymes (for instance fno different organisms) catalyze the same reactioan they receive the same |
number. In e systematic name figurindicate the class of the enzyifvee distinguish six classes of enzyme
subclass, subsubclass and $bquence number in tisubsubclass.

E.g.recommended name: carboxypeptidase A
systematic name: peptidyl-L-aminoacid hydrolase
classification number EC: EC3.4.17.1

Number 3 indicates the main class of enzyrhydrolase}, the second number 4 indicates the <ass (peptide
bonds), the third number 17 is a numberanother subgroup (metalocarboxypepsids,carboxypeptidase A
binds Zrf*, necessary for its catalytic activity) and therfaitnumber is thisequenceumber of the enzyme
the subgroup 17.

Similarly,
recommendedname: alcohol dehydrogena
systematicname: alcohol: NAD' - oxidoreductase

classification number EC EC1.1.1.1.
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Tab. 12.4. The trivial and international classificaton of some enzymes

Number Trivial names International classification

EC1.1.2.3 Lactate dehydrogenase S-lactate:ferricytochrome 2Zuodtidoreductase
EC 1.1.3.22 Xanthine oxidase Xanthine;@xidoreductase

EC1.11.1.6 Catalase HO,:H,0,-oxidoreductase

EC1.151.1 Superoxide dismutase Superoxide:superoxide redeictas
EC.26.1.1 Aspartate transaminase L-aspartate: oxoglutaraterantnansferase
EC3.1.3.1 Alkaline phosphatase Orthophosphate monoester plodgarolase
EC46.1.1 Adenylyl cyclase ATP-diphospate lyase

EC5.1.3.11 Celobiosa epimerase Celobiose-2-epimerase

EC6.1.1.7 Alanyl-t-RNA-ligase L-alanin:tRN&-ligase

12.9. Enzymes in medicine

Enzymes with their huge specific effects represeeal agents for therapy. Their protein naturerigst their
wider therapeutic use in the body and is a bagbheif antigen character, low stability in the baxhd also the
difficulty to obtain them in sufficient quantity dmpurity. Therefore, enzymes have been used ascaradnts
only locally for a long time. Enzyme analysis isiategral part of modern clinical and biochemigalastigation
methods. Determination of an enzyme activitiesseduas an indicator of the condition of the humadyb
Concentrations, and thus the activities of manyyemes in plasma increase during tissue damage. Many
enzymes and isoenzymes are specific for a partitiskue, elevated enzyme activities may indicatewtissue

is damaged. Reduced enzyme activities in turn mdigate congenital metabolic defects.

Enzymes are used as a therapeutic agent in humanveterinary medicine. In addition to free enzyme
preparations there are introduced also immobilieezymes (e.g. in the form of pills). E.g. digestarzymes
are administered to patients with their deficieadrethe form of pillsfrypsinis used to clean wounds from pus.
Immobilized enzymes may also be part of a deviamsmas an artificial kidney, which is used in patgewith
impaired renal function to eliminate urea and othaste products from the human body.

Table 12.5 lists some of the enzymes that havadyrbeen employed on a clinical basis, togethdr thi¢ types
of disease states for which the assays are used.

In addition to measurement of the total enzymevigtithe isozyme pattern of certain enzymes is alsed. The
detection and quantitation of isozymes are of gnogwinportance in differential diagnosis.

A number of enzymes are assayed (measured) dungardial infarction in order to diagnose the siyenf

the heart-attack. Dead heart muscle cells spill #r@zyme contents into the serum. Thus, the lefakpartate
aminotransferase(AST) in the serum rises rapidly after a heartackt Together with AST lactate
dehydrogenas@é_DH) andcreatine phosphokinag€K) levels are monitored. In infectious hepatitieealanine
aminotransferas€ALT) level in the serum can rise to ten timesmat. There is also a concurrent increase in
AST activity in the serum.

In some cases, the administration of an enzymepertaof therapy. After duodenal or stomach ulgegrations,
patients are advised to take pills containing digesenzymes that are in short supply in the stdmafter
surgery.
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Tab. 12.5. A brief list of enzyme assays known or psumably useful in diagnosis or treatment of a disse

Enzyme Organ or disease of interest
Commonly assayed

Acid phosphatase Prostatic carcinoma

Alkaline phosphatase Liver, bone disease

Amylase Pancreatic disease

Aspartate aminotransferase Liver, heart disease

Alanine aminotransferase Liver, heart disease

Lactate dehydrogenase Liver, heart, red blood cells
Creatine kinase Heart, muscle, brain

Less commonly assayed

Ceruloplasmin liver, brain, Wilson’s disease
Aldolase Muscle, heart

Trypsin Pancreas, intestine

Glucose 6-phosphate dehydrogenase Red blood cells (genetic defect)
yGlutamyl transpeptidase Liver disease

Ornithine transcarbamylase Liver disease
Pseudocholinesterase Liver (poisonings, organophosphates)
Pepsin Stomach

Hexose 1-phosphate-uridyl transferase Galactosemia (genetic defect)
Lipoprotein lipase Hyperlipoproteinemia
Elastase Pancreas

Plasmin Blood-clotting disease

12.9.1. Origin and role of enzymes
Enzymes located in the plasma can be divided imtogroups:
1) Secretory enzymesire released into the environment and can beedtiviigto:

- Functional plasma enzymes - their role is to catalyze reactions in the blstogam. They include e.g.enzyme
complexes involved in blood clotting. Some of theseaymes are produced in the liver, therefore their
activities in the plasma decrease during liver dgana

- Functional gastrointestinal enzymes - catalyze reactions within the gastrointestinatt, allowing digestion
and absorption of food components. This includgsmancreatic enzymeartylase, lipase, trypsinThe
obstacles in the way by which these enzymes gettliet digestive tract or the damage of the cellstiich
they are formed, are the causes of the changedti@stiof these enzymes in serum.

2) Cellular enzymesrepresent a large group of enzymes that playeaindhe metabolism of cells and into the
bloodstream they get after disintegration or danadhese cells. Their activities significantly irase
during damage of organs of their origin. This imga for exampléransaminases, creatine kinase, glutamate
dehydrogenaseA small portion of these enzymes are releasedtive bloodstream under physiological
conditions.
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Control questions

1.

Which of the substrates,SS,, S; or S, is the most specific to an enzyme, wheyy kK 100 pmol/l, Ky, = 2
mmol/l, Kys = 70 umol/l and kg, = 320 umol/I?

2. How much product is produced after 10 min reactiatalyzed by an enzyme with activity of 100 pkat?

3. Succinate dehydrogenase (SDH) catalyzes a conmegsisuccinate to fumarate. SDH hag K 5 pumol/l

8.
9.

and \hax = 50 umol/min/mg protein for succinate. At whichbstrate concentration the reaction velocity
reaches v = 25 pmol/min/mg protein?

. How are tagged (labeled) proteins destined for at#agion in the proteasome? Describe the proteasome

structure and function.

. Calculatexanthine oxidasectivity in katal/g of tissue. After 20 min incuin absorbance of the standard

solution of uric acid is 0.6 and absorbance of ghmple of 3% homogenate is 0.4. Concentration f th
standard solution is 5 mmol/l. The same volumeanfigle and standard solutions were pipetted.

. Calculate % of inhibition of INT reduction and agty of superoxide dismutade suspension of leukocytes

when absorbance of the reaction mixture of thercbistmple (without SOD) is 0.3 and absorbancehef t
reaction mixture with the sample (containing SOP0.i21. SOD activity express in units U.

. Calculatesaccharaseactivity in katals per g of proteins when absodzanf the standard glucose solution

with concentration of 2 mmol/l after 15 min reactis 0.45 and absorbance of the sample containigpgf3
proteins per liter of reaction mixture is 0.66. Té@me volume of sample and standard solutions were
pipetted.

Explain mechanisms of multisubstrate reactionse@in example to each mechanism.

Describe two theories on binding the substratenterezyme.

10.How are coenzymes classified? Give examples.

11.How are proteolytic enzymes classified? What i thignificance?
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13. OXIDANTS, ANTIOXIDANTS AND OXIDATIVE (REDOX) STRESS

The existence of life depends on oxygen and passay in its absence much faster than in the absefireeme
other required substances. Aerobic life processgsimre oxygen for controlled oxidation of carbomtoning

molecules accompanied with release of energy. Hewealthough oxygen is essential for life, undentaia

circumstances, it can also be very harmful. ltsct@ffect is based on the ability to react withestBurrounding
compounds, while oxygen itself may undergo the eleetron reduction to form the superoxide anioricald
and during other subsequent reactions it can farvadied reactive metabolites (RM). Reactive melitdscan
be produced in many reactions and systems duriggigbgical as well as pathological processes.

Tab. 13.1. Examples of processes or sites of frealieals production

Internal sources of free radical formation External sources of free radical formation
Phagocytes Cigarette smoke

Mitochondria Environmental pollution

Peroxisomes Radiation

Ischemic-reperfusion conditions Chemotherapeutics

Reactions catalyzed byanthine oxidase Ultraviolet light

Reactions of the arachidonic acid cascade Some medicines, pesticides, anesthetics, organic
Reactions involving transition metal ions solvents

Inflammation Ozone

Extreme exercise

13.1. Free radicals and reactive metabolites

Free radicals are atoms, molecules or their fragniemvith one or more unpaired electrons capable &oshort
time of independent existenc&hey are either electroneutral or they have anramior cationic character. The
simplest radical is a hydrogen atom with only ompaired electron. In addition, we recognizee radicals
derived from oxygen, nitrogen or various organic compounds

Free radicals are mostly very reactive substandeshacan pair their unpaired electron with an elatttaken
from other compounds, thus causing their oxidafidrerefore they are callexkidants. From free radicals other
very reactive metabolites can be formed (Fig. }3Qften they can be even more reactive and tdaa their
maternal molecules.

From a chemical viewpoint free radicals may be fedrby following types of reactions:

a) homolytical cleavage of covalent bond due to radiation, uitdav or ionizing radiation, visible light in the
presence of a photosensor, the thermal degradaitiorganic materials, etc.:

A:BOOO- A+B
b) oxidation of the compound A by loosing an electnwhile radical Ris formed:
A+RO0OO -~ A+R
c) reduction of the compound B by accepting an elecatesulting in production of ‘Badical:
B+e 00O B
In biological systems, in particular, radicals preduced by electron transfer according to thetieas of b) and

c) types.

Free radicals (FR) can be derived from: a) oxygen,
b) nitrogen,
) organic compounds.
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Free radicals derived from oxygen inclusieperoxide anion radical (shortly superoxide (O,™) or derived
from nitrogen (NO (nitroxide, shortly NO) can form many derivatives of radiftaim (hydroxyl radical, HO',
nitrogen dioxide, NO,"), or non-radical formHhydrogen peroxide H,O,, hypochlorous acid HOCI, singlet
oxygen'O, andozoneOs;). Common name for all these reactive compoundseisreactive metabolites” (RM)
or “reactive oxygen/nitrogene species” (ROS/RNS).

13.1.1. Reactive oxygen species

Reactive oxygen species ROS is a collective tera iticludes both oxygen radicals and certain naliceds
(e.g. HOCI, HOBr, @ ONOO,'0,, and HO,) that are oxidizing agents and/or are easily caeddnto radicals.
All oxygen radicals are ROS, but not all ROS arggen radicals.

Superoxiden vivo occurs as a product of physiological processesé€irtrophils during phagocytosis), or as a
chemical "accident" caused by auto-oxidation reactiand "transition" of electrons from the electt@msport
chain in mitochondria to oxygen. Superoxide is fedrin neutrophils by the enzynidADPH-oxidasefrom
NADPH and oxygen and this reaction is involved ilzacterial processes in phagocytic cells.

NADPH-oxidase N .
NADPH + G 000U UU —» NADP' +H + O,

In addition, superoxide produced in proper amosndrn useful metabolite with important role as aaiigg
molecule in processes such as e.g. cell divisiot,ewven can serve as a terminator of lipid perdidda

On the other hand, in reaction catalyzedxbaythine oxidasesuperoxide is formed in higher concentration in
cells with ischemic-reperfusion conditions (for exade in muscle cells during extreme exercise), Whian
example of negative effect of superoxide production

. xanthine oxidase . . .
xanthine + @ DO 0OO0OO -~ uricacid + (HO,) + O~

Superoxide is not very reactive, but some bioldgi@ayets are sensitive to its molecule. It is galhg accepted
that in the body damage particularly non-protonifdn (O,) plays a role, although protonized form (5)0s

more reactive and causes a DNA damage. The superoan react in aqueous environment either asuetiat
(e.g. reaction with cytochrome c) or as an oxidexerting its toxic properties which are enhancedh@
presence of transition metal ions. Superoxide ttyxis based in triggering the series of subsequeattions
generating free radicals and other reactive meitaisqle.g. a hydroxyl radical, hydrogen peroxid&y(13.1.).

Hydrogen peroxide is the product of the two-electron reduction of lesalar oxygen or dismutation of
superoxide radical. Dismutation may be catalyzeduperoxide dismutase

H,0, is a weak oxidizing agent but it can oxidize ahiplt (~SH) groups of proteins. The oxidation of specific
thiol groups of proteins can initiate intracellulaetabolic physiological and pathophysiologicalgasses. The
cause of the toxic effect of hydrogen peroxidehis hydroxyl radical formation which is generatedHnber-
Weissreaction:

O, +HO, O000- O + 'OH + OH
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Fig. 13.1. Mutual relations among reactive metabdies

Production of OH in this reaction proceeds very slowly as longhas reaction is not catalyzed by transition
metal ions. While transition metal ions {Y1such as Cii and Fé&" catalyze this reaction, it proceeds much more
rapidly according to the following scheme:

o+ MY 000- 0 + M™D*
MOD* + HO, OO0~ M +°OH + OH
The second reaction represents so cdfledton reaction where hydrogen peroxide reacts directly with metal
ions, leading to formation of a harmful hydroxytlieal, e.g. reaction with ferrous ion:
FE€' + HO, 000 -~ FE" + "OH + OH

Large amount of radicals can be produced in theylmad only during general metabolism (ubiquinol icadi
during the electron transfer in the respiratoryichéhe ascorbate radical during ascorbic acid xdfitation
reactions, etc.), but also by effects of the negdtictors and exogenous compounds (xenobiotics).

The most reactive radical in the organisnhyslroxyl radical. It reacts with each neighbouring molecule. Its
toxicity is manifested mainly in the place of itsoguction. Hydroxyl radical initiates peroxidatiaf cell
membrane lipids as well as free unsaturated fafiyseand can damage the proteins and nucleic aEigse is
not known any endogenous antioxidant yet which d@liminate it.

Singlet oxygenis an excited form of triplet oxygen. It may beguced in the reaction of superoxide with the
hydroxyl radical:

O, +OH + H OOO - HO + 0,

It reacts mainly with the unsaturated moleculesites with double bonds, thus participating in pleeoxidation
of lipids. The singlet oxygen is formed also in tieaction of hypochlorite with hydrogen peroxiddjieh is
important in leukocytes, in thayeloperoxidasenicrobicidal system:
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OoOClr + HO, 00O -~ HO +'0, + CrI

Singlet oxygen is important due to its chemicaktiedty. It belongs to active oxidants of unsatexfatty acids
in lipids, of proteins, amino acids, cholesterald ather biologically active substrates, whichhie base of its
cytotoxicity.

ROS can react very rapidly with biologically impemt molecules such as lipids, proteins and nudeids
causing theiprimary damageDuring these reactions, different products caffiobmed, such as e.g. aldehydes,
causing thesecondary damag® cells and organs.

In spite of their negative effects, ROS have méameta their positive role in the living nature sinte period of
life genesis through whole millenniums till now. &k are number of processes or systems where RGS ha
irreplaceable role in the function of many biola@jiphenomena, such as phagocytosis, reproductdeegses or

in some special cases e.g. in signaling pathways.

13.1.2. Reactive nitrogen species

From nitrogen, both radical and nonradical reactetabolites (RMN) are derived suchraisic oxide, shortly
nitroxide (NO"), nitrogen dioxide (NOO') andperoxynitrite (ONOO).

Nitroxide belongs to the fundamental signals takpagt in regulation of intercellular communicati@md
cellular functions and is synthesized by many detim arginine. Synthesis of N@as proven in macrophages,
endothelial cells, Kupffer cells and hepatocytessimall and frontal brain, in the epithelial cedlf kidney,
adrenal glands and in the heart.

NO' is unstable compound, which quickly reacts witlmbglobin, myoglobin, oxygen or superoxide. In non-
enzymatic reactions in aqueous media’ M@n react with oxygen generating other nitrogeidess nitrites and
nitrates:

2NO + O, 000 -~ 2NG,
2NO, D00 - NO, 03 - NO,” + NO& + 2H

NO' + NO, OO0 - NOs 00 - 2NO7 + 2+

The subsequent reactions of these compounds wittndary amines result in the formation of carcimage
nitrosamines.

Nitrates and their intermediates may also partteipa the nitration reaction (Fig. 13.1.). Since NOntains an
unpaired electron it can rapidly react with sup@exo form peroxynitrite anion:

NO' + O~ OO0 - ONOO

Peroxynitrous acid, which is formed by protonatmiperoxynitrite anion decomposes rapidly and poedu
reactive hydroxyl radical:

ONOOHO OO -~ 'OH + NG 000 -~ NOy + H

These reactions accomplish connection betweeniveagxygen species (in macrophages and neutrofitels
are produced biNADPH oxidasgand reactive metabolites of nitrogen. The resuthe formation of the most
effective microbicidal and cytotoxic substance affpssional phagocyteshydroxyl radical.

13.1.3. Radicals derived from organic compounds

There are many organic substances, which can hdweeaunpaired electron. The unpaired electron loan
associated with a number of atoms. For exampl&hémresence of transition metal ions the thioksaddized
to the alkyl thiol radical (R's In the presence of oxygen it can form alkyl tigeroxyl radical (RS®), but also
oxidize other substances to form other radicalslid¥ds possessing an unpaired electron on the patwon are
formed in the environment as well as in many bi@absystems. For example, during the metabolisiwaohon
tetrachloride in the liver microsomes there is fedm trichloromethyl peroxyl radicald,CCls) in the reaction
of trichloromethyl radical with oxygen. Also radisawith unpaired electron on the nitrogen atom karewn,
e.g. phenyldiazenyl radical is formed during oxidiatof phenylhydrazine in erythrocytes. Phenyldiaze
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radical is considered to be the most detrimentalmive mentioned radicals since it denatures heshogbnd
stimulates lipid peroxidation, which may cause hiysie of erythrocytes.

There are much more radicals of organic compoueds &lkoxyl radical RQ peroxyl radical ROQ. Some of
them are of physiological importance, but others trigger free radical reactions and damage bickdbi
important molecules.

ROOH + F&' 0 OO - RO + Fé' + "OH

ROOH + F& 00O - ROO + Fé' + H

The formed e.g. lipid radicals can branch oxidatiaenage to lipids and cell membranes.

13.2. Antioxidant defence systems

From the biological point of viewantioxidants are compounds which at low concentration preveidative
damage to molecules by oxidants. Products of thetien between oxidant and antioxidant should motalxic
and should not branch the radical reaction.

Formation and effect of FR at physiological coratis is under control of various defence systemsriter to
avoid FR activity at the wrong place and damagthéobody’s own important biomolecules. Defenceesyst
reduce toxicity of RM through:

- mechanisms preventing FR formation

- systems eliminating already formed ROS (so-callgibzidants),

- repair systems eliminating oxidatively damaged malies.

Prevention of FR formation can be e.g. the elimination of free metal ions §Rd Cu) by different chelators
(e.g. ferritin, albumin, deferoxamine), or inhibiti of enzymes catalyzing radicals formation (eltpparinol
inhibits xanthine oxidaseatalyzing formation of the superoxide).

Detoxification of already formed ROS(e.g. superoxide, peroxyl and alkoxyl radicalsjrogen peroxide, etc.)
is provided by antioxidant enzyme systems and lodenular weight antioxidants. They protect the ¢elm
oxidative damage to important biomolecules, andigmeinitiation of branching chain reactions ofefradicals.
These defence systems are calletloxidants. According to the mechanism of FR elimination axitiants can
be divided into following groups:

1. Scavengers— e.g. enzymesuperoxide dismutas¢€SOD) scavenges £ and converts it into non-radical
molecules- molecular oxygen ©and paradoxically another oxidant hydrogen pemigO,. Hydrogen
peroxide is decomposed under physiological conafitiddy other antioxidant enzymesatalase or
glutathione peroxidas@sPX.

2. Catchers (trappers) — e.g. vitamin E traj@3H and converts it into a relatively stable radical

3. Quenchers— e.g. carotene quenching singlet oxygen.

Non-enzymatic antioxidants are of great importaimcantioxidant protection against oxidative damageey
can more easily pass into cells and be distribitedl compartments of the body.

The repair mechanisms(removal of damaged molecules from the body) mgmethe second line of defence
and are applied when antioxidants fail. These systaelso include the enzymes which are capablediaceethe
oxidized compounds and restore their function,efcempleglutathione reductaselehydroascorbate reductase
or methemoglobin reductasdn addition, the proteolytic systems are resguasifor the degradation of
denatured, potentially toxic proteins and peptidédte lipases(e.g. phospholipase A can remove oxidatively
damaged fatty acids and prevent their participaitiothe development of chain reactions. Other ereg/of the
repair system are those repairing oxidative damadNA.

Antioxidants have a various structure and accordinthe size of their molecule they can be clasditio the

high-molecular weight andlow-molecular weight compounds. More accurate classification is presefiiab.
13.2.
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Tab. 13.2 Examples of natural antioxidants, their ditribution and the main detoxifying effect

Antioxidants Detoxifying effect to
Enzyme antioxidants
Superoxide dismutase Superoxide
Catalase Hydrogen peroxide
Glutathione peroxidase Hydrogen peroxide, organic peroxides
Peroxidases peroxides
Nonenzymatic high-molecular weight antioxidants
Ceruloplasmin Superoxide, oxidation ofEénactivation of Cé' a Cu
Albumin Hydroperoxides of fatty acids
Transferrin Chelator of F&
Low-molecular weight hydrophilic antioxidants
Glutathione 'OH alo,
Ascorbic acid 0,", "OH, 0, organic radicals
Uric acid O,", "OH (in vitro), '0,, chelator of metal ions
Thiols (cysteine) 0,7, 0,
Bilirubin (bound to proteins) Peroxyl radical
Low-molecular weight lipophilic antioxidants
Tocoferols ‘OH, ROC
Carotenoids ‘OH, 10,
Ubiquinol CoQH Peroxyl radical

13.2.1. High-molecular weight antioxidants

High-molecular weight antioxidants include e.g. émezymesuperoxide dismutag&0OD), catalase glutathione
peroxidaseor nonenzymatic proteinaceous antioxidants, eagsferrin and albumin. Enzyme antioxidants are
important especially in intracellular space.

Cu/Zn Superoxide dismutas€SOD) specifically catalyzes dismutation of th@enoxide radical to non-radical
molecules @and HBO..

The general mechanism of superoxide dismutatioalya@d bysuperoxide dismutasean be expressed by
following equations. It is characterized by themedycle of copper atom élicu'icd ete.

Enzyme-C&" + O~ 00O - Enzyme-Cli + O
Enzyme-Cli + Q~ EFHQ Enzyme-Ci’ + HO,

In the human organism there are present three S@Drins. Cu/Zn-SOD present in the cytoplasm of ek

cells, EC-Cu/Zn-SOD present in extracellular spancd Mn-SOD present in mitochondria. They differthe

type of a metal in the active site, in the numbfesubunits, in the amino acid composition of theeqeyme, in
the sensitivity to inhibitors, etc.

Decreased activities aluperoxide dismutasese associated with the hypothesis of cancerogebased on the
loss of control of cell division and differentiatio

Catalasecatalyzes decomposition of,8, to water and oxygen. The majority of aerobic orgars excluding
some bacteria and algae, contedialasein peroxisomes.

H,0, + HO, 000 - 2H0 + O

The enzymealutathione peroxidas€GPx) occurs in two forms: selenium-independent andnéete-dependent
GPx, differing in the number of subunits, in thdeseum bond at the active centre and in the catalyt
mechanism.

Selenium-independent GRglutathione-S-transferase, GStTatalyzes detoxification of various xenobiotics.
Selenium atom with oxidative nhumber (II) which ieepent in the enzyme molecule, does not particijpatke
catalytic mechanism.
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Selenium-dependent glutathione-peroxidase (@&xomposed of four subunits, while each subuoittains
one selenium atom in the active center bound inntbdified amino acid selenocysteine. The signifazaof
these selenoenzymes is based on elimination okjger®- potential substrates for Fenton-type reaction.

Glutathione peroxidase&ooperates with the tripeptide glutathione (GSkdspnt in cells at relatively high
(millimole) concentration. The substrate for GPaation is HO, or an organic peroxideGlutathione
peroxidasedecomposes peroxides to water or alcohol anceatdme time it oxidizes GSH to GSSG.

2GSH + HO, -~ GSSG + 2D

2GSH + ROOH - GSSG + ROH + @

The ratio GSH:GSSG is 100:1. In cells, the enzyghgtathione reductas€GR) occurs catalyzing GSSG
reduction to GSH. Cofactor of GR is NADPH produced the pentose cycle bglucose-6-phosphate
dehydrogenase.

GSSG +NADPH + H - 2GSH + NADP

13.2.2. Low-molecular weight hydrophilic and lipoplilic antioxidants

Low-molecular weight antioxidants include e.g. hyghilic vitamin C, glutathione, uric acid in soméuations
or lipophilic antioxidants such as vitamin E or negme Q.

Natural flavonoids (e.g. catechin, quercetin) dreotphenolic (e.g. ferulic acid, caffeic acid) alyphenolic
compounds (e.g. resveratrol) also contribute togidant capacity of the organism, getting in thhigamism by
food as natural constituents of fruits and vegetmbind exerting significant antioxidative ability.

From experimental studies as well as clinical pcacan increasing body of evidence suggests thabdaants
need not play always a positive role. This facttoase kept in mind especially during therapeutimanistration
of these compounds.

The most effective low molecular weight lipid antidants includex-tocopherols (vitamin E)Vitamin E (see
Fig. 11.5.) is a term used for a group of compouwrmsposed of the mixture of eight derivatives @rgrthe
activity of a-tocopherol.

The main function of vitamin E is its antioxidatiedility, for which phenolic group of tocol is praahinantly
responsible. Vitamin E is able to cease radicaircteactions (e.g. by the reaction with peroxylicalLOO) or
to trap directly oxygen radicals (e.g. hydroxyl icad HO). During these reactions tocopheryl radical) (&
formed. It may react with another peroxyl radicatl &reate a new product (EOOL), or be reduced bygrbate
or ubiquinol to the activa-tocopherol.

Vitamin E acts synergistically with vitamin C (Fi§j3.2.). This is possible due to the location ¢dwiin E in the
membrane where its chroman ring with the hydroxglug is oriented into the hydrophilic part of thembrane
where at the border line of the two phases it camecinto contact with ascorbic acid which can regate
vitamin E. In this reaction ascorbate radica) (€ formed, which could be further oxidized to getoascorbate.
Regeneration of dehydroascorbate proceeds in osacditalyzed by¥ehydroascorbate reductase

Orientation of nonpolar phytol moiety of vitaminifsvard the membrane is of great physiological inigoce
since the contact of vitamin E with coenzyme Q10QE) is possible, which also can regenerate vitamim E
the membrane:

E + CoQH OO0~ CoQH + E
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DHA <—— C- c

Fig. 13.2. Regeneration of tocopheryl radical by asrbate
E — tocopherol, E- tocopheryl radical, C — ascorbate, €ascorbate radical, DHA — dehydroascorbate,
LH — lipid, LOOH — lipoperoxide, X — oxidant, LG- lipoperoxyl radical

Ascorbic acid has multiple antioxidant properties. It is an imtpat antioxidant in human plasma, even though
it is usually consumed more quickly than the otletioxidants. The antioxidant capacity of ascorlstelated

to the rate of its reaction with a number of FR ifha peroxyl radicals), and also to the fact that
semidehydroascorbate radical is poorly reactivedddrihein vivo conditions semidehydroascorbate radical is
reduced back to the ascorbate by the action ofreazmystems:

a) NADH-semidehydroascorbate reductasgalyzed reaction:
semidehydroascorbate + NADH O O - ascorbate + NAD

b) dehydroascorbate reductasatalyzed reaction:

semidehydroascorbate + 2 GSH 0 - ascorbate + GSSG

Antioxidative properties dhe ascorbic acidare shown in reaction (Fig. 13.3.), wherean be from ¢, HO,',
ROQO, RO, GS and'OH.

CH,OH
H OH
0]
o -¢&
H . +e
o] OH
Ascorbate Ascorbate Free Radical Dehydroascorbate

Fig. 13.3. Antioxidative properties of the ascorbi@acid

Ascorbic acid is also able to recycle other impatri@ntioxidants from their radical forms, ecgtocopherol or
glutathione.

The antioxidative effect of ascorbic acid is styictonfined by the presence of ions of transitiogtais. In their
presence ascorbate behaves prooxidatively thraughRenton” type reaction. In the presence of dsicaacid,
metal ions in so-called ,catalytically effectiverfio* can catalyze formation of toxic reactive metiitles, such
as'OH radical. Moreover, the prooxidative effect otabic acidin vivo is associated with autooxidation of
ascorbate to dehydroascorbate, thus changing tex retate of cells leading to changed expressiosoafe
genes.
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Glutathione plays a significant role in protection of the angam against oxidative damage for several reasons:
(i) It is a cofactor of some enzymes participatingdetoxification mechanisms of oxidative stress, eag.
glutathione peroxidaselutathione transferase, dehydroascorbate reductéeGSH is a direct trapper ¢®OH
radical and'O,, it detoxifies HO, and lipoperoxides during catalytic action gifitathione peroxidaseiii)
Glutathione can reduce the tocopheryl radical diyexr indirectly during the reduction of semidehgdscorbate

to ascorbate regenerating these important antiofgdbdack to their active form. Oxidized glutathiorse
regenerated byglutathione reductas@GR) cooperating with NADPH which is produced ie ghentose cycle of
glucose degradation.

Carotenoids are pigments of plant or microbial origin (see fea 11.1.1.). Carotenoids can react with singlet
oxygen and return the molecule of the excited oryigéo the basic energetic state. Carotenoids sandarectly
trap free radicals. Of the biologically importardtaral carotenoids, the most efficient quencheyispene.
Vitamin A exerts only a negligible antioxidativeily.

Coenzyme Q (CoQ)is associated with metabolism of free radicalghwheir formation, e.g. in mitochondria
(prooxidative properties), as well as with theimehation (antioxidative properties).

HsCO
reduction OX|dat|on
; 2+

Ubiquinol Semiquinone Ub|qumone
(CoQHy) (CoQ™) (CoQ)
Fig. 13.4. Two possible directions of the semiquime change
R (in human mitochondria) =CH,—-CH=C(CH;) -CH,-)1H

The antioxidative ability of coenzyme Q can be &e@ralso through regeneration of vitamin E duehi® t
neighbouring location of both compounds in the memb lipid bilayer as is mentioned above.

Bilirubin is alinear tetra pyrrole formeioh vivo by the oxidative splitting of the heme. Bilirubjlays
antioxidant role in newborns at the first days raffieth, when other antioxidant systems are ndyfworking. In
healthy adults bilirubin occurs in plasma only atchnemolar concentration and is therefore withouty an
physiological importance as an antioxidant.

Uric acid was originally considered a catabolic product ajrdeation of purine metabolites. Uric acid is prese
in human plasma at high concentration (0.12 — n4%l.I") and is a significant quencher @, trapper of the
hydroxyl radical and chelator of transition metai$.physiological conditions uric acid stabilizescarbate in
human serum which is ascribed to its chelatingtsbil

Flavonoids are phenolic compounds spread in the plant kingddhey include more than 4 000 different
derivatives and their list constantly increasesrntaion of so many derivatives is possible due he t
substitution of hydrogen atoms at different sitethe basic structures by hydroxyl, methoxyl andeotgroups.

They are effective in both hydrophilic and in ligdlpc environments. Antioxidant properties are citiothed by
phenolic—-OH groups present in their molecules. Consumptfoiftagonoid-rich food is associated with a lower
incidence of coronary heart disease, myocardighration, cancer, neurodegenerative diseases, msychi
diseases and other chronic diseases. Dietary ftaglsrhave been suggested to exert health benkfisigh
antioxidant and other biomodulating mechanisms. élew, the antioxidative ability of flavonoids canrime
exertedin vivo because their absorption from food is low. Thespla level of flavonoids is an order of
magnitude lower than the level of other antioxidaimt plasma, such as vitamin C, E and uric acie (Eab.
13.3.). Moreover, the half-life of flavonoids inggima is short because after ingestion they arebwieted to
other derivatives than original substances présefoid.

The positive effect of flavonoids on the organismmianifested in several respects. In addition éosécondary
effect of the antioxidative ability, e.g. througimsulation of antioxidative enzymes such as SOD @i, they
have also a vasodilating, anti-thrombotic, antianfmatory and anti-apoptotic effects as well as@tagenic
ability.
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13.2.3. The profile of antioxidants in human plasma

Antioxidant status of blood plasma consists of:
1. antioxidant enzymes (EC SOD, GPx, GR aathlasg - are present in very low quantities
2. proteins without catalytic activity (ceruloplasmtransferrin, lactoferrin, haptoglobin, hemopexin,
albumin)
3. low-molecular weight antioxidants.

Tab. 13.3. The most important low-molecular weight atioxidants in human plasma

Antioxidants Concentration [umol/I]

Water-soluble
Uric acid 200- 400
Ascorbic acid 30- 150
Bilirubin 5-20
Reduced glutathione <2

Lipid-soluble
a-tocoferol 15-40
Ubiquinol 0.4-1.0
Lycophene 0.5-1.0
[B-caroten 0.3-0.6
Lutein 0.1-0.3
Zeaxantin 0.1-0.2
a-caroten 0.05-0.1

The antioxidant capacity of plasma is different eleging on age. With age the proportion of uratecases
(20 — 30 %). In children, ascorbic acid predomisate adults it represents approximately 15 % afspla
antioxidant capacity. Currently the testing of phasantioxidant capacity is not considered to baicdily
relevant since it may not always reflect the antlative state in cells and organs.

Based on growing information from experimental atidical practice on the effect of antioxidantshas been
shown that they may not always have a positive. roleese facts should be kept in mind, especially in
unreasonable and thoughtless therapeutic use sd théstances.

Generally it can be summarized, ttta¢ antioxidant in one system under certain circum&nces, may not be
as effective as antioxidant under different circum&nces in all other systems.

13.3. Oxidative stress and toxic effect of free rachls

When some of the protective systems of the orgarigainst free radical toxicity fail, action of freadicals
becomes uncontrolled, leading to the damage toaulds, cells and organs and potentially to thetdeathe
organism.

The consequence of the negative effect of FR andifktélledoxidative stress From today’s point of view,
oxidative stresgan be defined a@n imbalance between production and elimination refactive metabolites of
oxygen and nitrogen, in favour of their productiorieading to potential damageDuring oxidative stress,
biologically important molecules and cells can l@ndged and this can be significant in the pathagiers
many diseases. Fig. 13.5. shows associations betvatedamage and oxidative stress.

The term ,oxidative stress” is not quite corregthitealso from chemical point of view. Oxidation newecurs
alone but only in association with reduction. Oxiola and reduction are shortly called the redoxctieas.
Therefore ,oxidative stress" should be correctlyned ,yedox stress".

As it was already mentioned, oxidative stress isratterized by an imbalance between oxidants and
antioxidants. Since the oxidants are reduced dutiegoxidation of other molecules and the antiomideare
oxidized, reactions of oxidants and antioxidants associated with electron transfer. Therefore eamthis
characterized by a specific concentration of tleetebns (redox state) stored in many cellular campts. The
redox stateof cells is maintained in a relatively narrow rangimilarly as the pH value is maintained. Under
pathological conditions, the redox state of thé cleiinges to lower or higher values. State of respxilibrium
plays an important role for example in the etiolagygancer in which the cells are preferably miikib or killed
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according to their redox state (the ratio oxidaanfioxidant), which has a big importance in treatment of
tumors.

Oxidative stress is characterized by indicatorsrkers) of oxidative stress. These markers are &gicoducts,
which are formed during oxidative damage to biatadly important molecules. They are for example dged
nitrogen bases in DNA, products of oxidative damiageroteins and lipoperoxidation.
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Fig. 13.5. Oxidative stress and its impact on a del
ROS —reactiveoxygen/nitrogen species and reactive metabolit€S N nitroxide synthase,
SOD -superoxide dismutase, C+ catalase, GPx — glutathione peroxidase, UA — adid,

GSH - glutathione in reduced form
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13.3.1. Oxidative damage to biological membranes

Free radicals and reactive metabolites oxidatidelsnage biological membranes through lipoperoxidatithe
most endangered are polyunsaturated fatty acidsApUhat are an important part of phospholipids.

Susceptibility of PUFA to oxidative damage depeadshe number of double bonds in the chain. The A&UJF
with two and more double bonds are more prone tdative damage than unsaturated fatty acids witi one
double bond. For example oleic acid with one dodloled (18:1) is almost undamaged by lipoperoxidatio

Membrane lipid peroxidation is initiated by theiantof any factor that has the ability to removéyarogen
atom from the methylene groupQH,-) of an unsaturated lipid (LH) leading to formatiohlipid radical (L).
In the mechanism of PUFA peroxidation, the follogviphases can be discerned: initiatiggtopagation,
branching and terminationPeroxidation of lipids is illustratively shown kigure 13.6.

Lipoperoxidation could be initiated by the hydroxgtlical {OH), peroxyl (ROQ and alkoxyl (RO radicals. It
is followed by rearrangement of double bonds in ti@ecule of lipid radical and the lipid conjugatdigne
radicals (L) are formed. Reaction of with molecular oxygen yields to the formation dd'Lor LOO radicals,
that are able to react with another molecule ofdlifLH) and a new lipid radical () is formed with
simultaneous formation of lipoperoxide (hydropedmsi LOOH). This is the second step of lipoperoxatat
namedpropagation It is followed by thesecondary initiatiorthat is initiated by transition metal ions tEeCu’)
and hydrolipoperoxides, when new different radieaiks formed (Fig. 13.6.Branchingof the chain reaction can
be brought about by homolytic cleavage ofHDand G-O bonds in the LOOH molecule. The radicals’LO
LOCO', and'OH are formed, which can enter the reactions wétv fipid moleculesTerminationof reactions
occurs by mutual recombination of lipid radicals, lyy their reaction with inhibitors of radical remns
(antioxidants, scavengers).

LH _ R

l primary initiation
(*°OH, ROC* ,RC )

02 L* _ o .
\/ — ’PerOX|dat|0n of lipids
independent on LOOH

LOO propagation

LO® b
LOO® secondary initiation
*OH
LH Peroxidation of lipids
[ dependent on LOOH
v
LOO® propagation J

Fig. 13.6. Scheme of lipoperoxidation
LH — lipid, L - lipid radical, LO - alkoxyl radical, LOO- peroxyl radical, LOOH — hydrolipoperoxide

Lipid hydroperoxides are primary products of lipoperoxidation. Thesenpounds are unstable particularly in
the presence of transition metal ions, namely ofa@d Fe ions. LOOH are degraded into secondaryugted
such as aldehydes, ketones, carboxy compoundgdliethane, pentane. These products are used ke snaff
lipoperoxidation.Malondialdehyde (MDA, HOC-CH,-COH) is one of the most abundant secondary products
However, MDA can be formed as an oxidative proa@sbd from other molecules such as saccharides &#l D
MDA is able to react with-NH, groups of lipids (e.g., of phosphatidylethanolagyiand proteins, forming the
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polymeric end product of lipidperoxidationlipofuscin, which is called the "aging pigment". Lipid perdas
and their secondary products get into serum. Edelivels of these markers usually indicate theadgnto cell
membranes or tissues. In concordance with thigldesf lipid peroxidation products can be indicatof the
seriousness of the disease.

Lipoperoxidation causes structural degradationiofolgical membranes and has a negative effect ein basic
physical-chemical properties, receptors and enzyasssciated with membranes, and transporting fumetof
membrane. Functional changes of membrane comporantbe caused not only by the changes in physical-
chemical interactions protein lipid, but also by chemical reactions with botadical and non-radical products
of lipid peroxidation.

13.3.2. Oxidative damage to proteins

Oxidative damage to proteins is not so well exachiae lipoperoxidation. The reason is the large rersiof
different proteins and amino acid units presenprioteins and peptides, which can be substratesXigiants.
ROS modify amino acid units in proteins leadingthe change of conformation of proteins as wellashe
change of their biological function. The changedksthains of amino acids can react with each athevith
other compounds (for example with aldehydes or tiyglildehydes) and cross-linked bonds are formedi ttze
native basis of them can be completely changed.

Carbonyl groups of proteins are used for charatidn of oxidative damage to proteins after reactdf
oxidants (hydroxyl radicals) with side chains ofiamacids (for example lysine or proline units).eTprotein
carbonyls are the primary products of protein dagreagd are able to damage other molecules. Thetknaren
two mechanisms of their effeet oxidation and reduction. Oxidative action of campogroups results in
formation of hydroperoxides of proteins. For theluetion of these modified proteins in the cell intpat
reductants are depleted, such as ascorbic acith@tiyone. In the second mechanism, damaged prat#s as

a reductant, it reduces metal ions to pro-oxidafiven (F€* - Fé&). In both cases, it tends to increase
oxidative stress in cells.

At higher concentrations of NO radical (nitroxidéis reacts with superoxide to form peroxynitriteicem
ONOO (nitroperoxide) (Fig. 13.1.). During this reactioitrotyrosine is formed in reaction of ONO®@vith
tyrosine residues. Nitrotyrosine is considereda@bnarker of protein nitration damage.

13.3.3. DNA damage by ROS

Nucleic acids are very prone to oxidative stresad@live damage to DNA could proceed by differeratys:
ionized irradiation, photooxidation, by peroxidésough reactions catalyzed by ions of transitioetats, by
hydroxyl radical, as well as by other oxidativegeats (for example cytostatics, some antitumorb#itcs or
chemicalnucleases- redox-active coordination compounds), which are &b break up DNA oxidatively. DNA
damage can be carried out on purine or pyrimidietedocyclic base or saccharide unit. Oxidation idbgen
bases can be followed by mutagenesis. Oxidativeadanto deoxyribose can induce cleavage of one tir bo
chains of double helix named ,breaks".

Particularly hydroxyl radical is responsible fotragen bases and deoxyribose damage. It is abddininate
hydrogen atom from deoxyribose, as well as it caratided to nitrogen bases. There were identifiexk @n
20 oxidatively modified purines and pyrimidines. eThasic product of oxidative DNA damaggoxo-2-
deoxyguanine (8-oxo-dGuapr nucleoside3-oxo-2-deoxyguanosiné8-oxo-dGug (Fig. 13.7.) and their lactic
forms @-hydroxyguanine and 8-hydroxyguanosinegre generally used markers of oxidative damad@Ng.

Superoxide and hydrogen peroxide probably do rikat peart in cleavage of DNA. They can act secondary

mediators of hydroxyl radical production.
(@)
L
N
L e
R

H
HoN

Fig. 13.7. 8-oxo-deoxyguanosin@® — deoxyribose residue)
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The processes of oxidative DNA damage in healtlig o the body are highly toxic because they &aesliasis
of mutations and may result in death of the celld the organism. However, if the mechanism of DNeaeage
could be used in cancer cells to stop their unodiett division, it would be a success of free ratichemistry.

A lot of nitrogen base modifications result in thetations or in the blocking of replication.

The ions of transition metals can markedly paritgpin oxidative DNA damage. Oxidative damage ia th
presence of transition metals ions can be causéddynechanisms:

a) indirect effect, when ions of transient metadse catalysts 60OH production from KHO,,

b) direct effect, when oxo-complexes of transition rakstwith DNA are formed. These metal oxo-complexes
are characterized by the large oxidative strength.

13.4. The positive effect of reactive oxygen spesie

Under the physiological conditions, there is needeatkrtain level of ROS to the proper functionirigcertain
systems. The moderate oxidative stress can be ibhetherefore, a complete suppression of RM patin
could be toxic.

The positive role of the FR has been associatedexample with reproduction processes, phagocytosis
microbes after the invasion to the body, or witmediochemical reactions such as hydroxylatiorb@aylation
or peroxidation reactions or reduction of ribonotiges.

It is now believed that the ROS play an importaimmmodulatory role in the regulation of intercelluland

intracellular transmission of information, by affieg signaling pathways. In this case differenisetéspond to
the action of the FR and RM differently, dependamgthe type and level of FR and the RM, on thellews

type of antioxidants, and on the time and siteatiba of oxidants. Depending on these conditions,dells may
react differently — by increased proliferation,laglcle change, aging of the cells, activation pbptosis and
necrosis, by activation or inhibition of gene exgzien of antioxidant enzymes or repair system. Gimanof the

redox state of the cell activates or inhibits tlegvity of signal molecules of different signalimgthways, and
thereby affects the "fate" of cells.

13.5. Free radicals and "free-radical" diseases

For the healthy functioning of the body it is ed&#rio maintain a balance between production aravenging
of free radicals. The causes of the impairmenhisfbalance towards oxidative reactions could hsed by:

- increased concentration of promoters and free aaditiators,
- increased production of free oxygen radicals,

- decreased activity of protective enzyme systems,

- lack of natural antioxidants.

Pathological state is caused mostly by combinatibrseveral, if not all causes. The consequencehaf t
imbalance is the gradual degradation of cellularcstires that induces local functional changesssues, organs
and through in the whole organism. The relationshijgtween the free radicals and their metabolites,
antioxidants and consequent damage to biologidalportant molecules are illustrated in Fig. 13.8.

Resulting changes may become evident after protbegeosure of organism to oxidative stress. Thegmaf
diseases, in pathology of which the free radictdy p role, is referred to as "free radical diseaseactors that
determine development of these diseases can tediunto four groups:

1. Genetic factors— e.g. Fanconi anemia and Bloom syndrome, in whiehet is genetically determined lack
of the body protection against oxygen radicals @wb's syndrome with increased activity of the
antioxidant enzyme Cu/Zn SOD.

2. Combination of genetic factors and the effect of eironment — Lupus erythematosusn which
increased sensitivity to DNA damage by free radioghs observed.

3. Environmental factors — e.g. malignant diseases and atherosclerosis ésedeconcentration of initiators
and promoters of free radicals).

4. Disorders of the metabolic systems e.g. ischemic-reperfusion disorders of heart,primtestinal tract,
etc.
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— SOD catalase
O, ——> H,O, ——— > H,0 + 1/20,

G < GSH
+ T — e
NO*
H,O + GSSG
ONOO *OH

decreased protein

/ protection
DAMAGE TO

Nucleic acids
Proteins
Lipids

l

Cells
Organism

Fig. 13.8. The relationship between free radicalsheir metabolites, antioxidants and the damage to blogically
important compounds

Tab. 13.4. Some diseases associated with free radhkica

Inflammatory processes Ischemic reperfusion disorders
Immunological diseases Carcinogenesis

Neurological diseases Mutagenesis

Atherosclerosis Liver disease

Alzheimer's disease Gastrointestinal diseases
Osteoarthritis Mental disease

Senile cataract Psoriasis

Parkinson's disease Aging

Diabetes mellitus
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Control questions:

N e e o e
N~ o o0 A W N P O

© ©® N o g~ w DR

Define the term "free radical". Give three examples

Give examples of reactive oxygen species (radaadsnon-radicals).

Give an example of enzymatic reaction producingstifeeroxide in the organism.

Write the Fenton reaction.

Write the Haber - Weiss's reaction.

What is the product of reaction of superoxide waiinoxide? Write this reaction and describe its amance.
Define the term "antioxidant” from a biological podf view.

Name high-molecular weight antioxidants.

Name low-molecular weight antioxidants.

Write reaction of superoxide elimination by SOD.

. Write the reaction characterizing the antioxidéabitity of catalase.

. Write the reaction characteriziggutathione peroxidasantioxidant ability.

. Explain the importance of cooperation between vite@and vitamin E.

. Define the oxidative stress.

. Which compound is used as a marker of oxidativeatgnto lipids? Write the formula.
. What is a marker of oxidative damage to DNA? Witiie formula.

. What do you think? Are free radicals "just bad" amtioxidants a “just good"?
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10.

11.

12.

13.

14.

15.
16.

17.

18.

19.
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