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atizoppled e ions Thermodynamics is the brunch of physical chemistry

. Pﬂﬁgfmwﬂé namgw:e thut deals with the energy changes. And biochemical
ihermodynamics

é::lercvCmraﬂm‘I I {or hiochemical
* Interconversion of Adenine ::::::::l‘ln ::
Phcipction it s also called} is

the field of
biochemistry
concerned with the
wransformation and
use of energy hy
living cells. The A+ & — B+ D+ Heal

chemical reactions iz, 201, Ci

oo ey " e Coa e e
belngs {or

binchemical reactions) are tated with the lib of
encrgy us the reacting system moves from o higher to o
lower encrgy level, Mot aften, the encrgy is Mberated in
the form of heat. In nonbiologic sysiems, heat energy miy
be transformed into mechanical or electrical energy. Since
the bialogic sysiems are isothermic, the heal energy cannot
be used 1o drive the vitml processes (such as synibesis,
active transport, nerve conduction, muscular contraction

Froe Energy

Tha potoriial anoigy of the water o (e lop 5

of & watsrlall 18 franslormed (nio kinetie  C1c.) obiain encrgy by chemical linkage (or coupling) to

wnergy N spactacular tnshion. oxidation reactions, The simplest type of coupling (Fig.
20-1) may be represented by the equation.

A+ C—— B+ D+ Heu
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The ion of bolite A to bolite B occurs with the release of energy. It is coupled
o another reaction, wherein energy bs required 10 conven metabolite © 1o metabolite D.
CONCEPT OF ENERGY

Energy ia deflned ax the capaciry jo do werk, which is the product of a given force acting
through  given distance:

Wark = Force » Distance
It is one of the fundamesntal components of any system. Energy exists in o variety of forms, such
us electrical, mechanical, chemical, beal and light energy. These different forms of energy are
Interconvertible, for example, un clectric motor converts electric into mechanical energy. 4 ballery
chunges chemical nto elecirical energy und a steam engine trunsforms heut into mechanical energy.
Some of the commaon les of of energy In hiokogical sysiems are given in Fig.
20-2. Besides, these various forms of energy are also imterrelined quantitatively, for example,
1.0 calorie of heat energy = 4,185 % 107 ergs of mechanical energy

b
Fig. -2 of energy |

L) Thee rulnlmlwn mpmmun cmversion d clmmuj nm;ym mcdunhl energy.
143 Thee electrie fish (% energy.
{c1 The phosphorescent bacterin unm:n dwmud energy inlo light encrgy,

Furthermare, during conversion of ane form of energy (2 the other, there is alwiys some loss,
As an example, when an elecisde motor trumsforms eleciric ino mechanical energy, the output of
uscful energy is alwuys less than the input. This is due to friction in the motor which generates
heat. The heat. in tum, is dissipated in the environment and is no longer useful. Thus, when a work
is done or when one form of energy is changed to the other, there is o loas of useful energy.

THERMODYNAMIC PRINCIPLES

Many quantitative observations made on the imerconversion of various furms of energy have
bedd seientists b the of wo laws of th s, the first and second.
These laws help us understanding

Gard the direetion of o reaction, wheiher from left 1o right or vice versa,

th) the sccomplishment of work, whether useful or nol, and

e} whether the energy for driving a reaction must be delivered from on external source,
The First Law : Principle of Conscrvation of Energy

In thermodynamics, 4 sysfem is a matler within a delined region. The matier in the rest of the
universe is culled the seroundings. Thus, the system plus the surroundings constiiute the universe
(Fig, 20=3], which liierally includes the entire earth, rather even the outer space. Some physical
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or chemical processes can be made 1o take place in
isolated sysiems which are unable to exchange enerly
with their surroundings. But in the hiological world. the
reacting system do exchange energy. and uflen matler
also with thelr surraundings.

The principle of conservalion of encrgy was first
formulated by V. Mayer in 1841 as a result of o study of
encrgy transformation in the innimate world, but il is
cqully applicable to living systems. The first low of
thermodynamics states that the taral amouni of energy i
the wniverse (Le. the system + surroundings) reming
constartt, Poraphrased, i says thal energy cannot be

The "Universe’
(System + Surroundings)
crented or destroyed. To date, there is no known Fig. 20-3, z lon of

w reacting system and i-' surrounding
Energy can be exchanged between the
sysem nad the saroundings but only

to (his law. Thus, whenever energy is used to do work or
s converted from one to the other form, the wial amount

5 4 I 1 P
3::?:: !u::v Pt e i e conding ta the laws of thermodynamcs,
AE=E -E=0-W AN

where, A E = change im internal energy

A E, = encrgy of a system ai the st of a process
AE,:cmmo[ammnﬂw:Mul’a process
@ = heat absorbed by the system
W = work done by the sysiem.

A notewerthy point about cquation | is that the change in encrgy of o system depends oaly
on the initiol and the final stages and not on the path of wansformation.
The Second Law

The first law of thermodynamics cannot be used

1o predict whether a reaction can occut spontancously, The term entropy was first used in 1851 by

4 Lo Rudolf Clasivs of Germany, one of the
although A £ ks positive. 4 '.Mh caies, the. syiieny propounders of the second law of
aborhs heat from s unuunm’ s0 that the sum of ) s, The importance of entrogy
ihe energies of the sysiem and its suroundings remaint o sonounced by John A. Wheeler in
the constant. It is evident that @ function other than &  following words - *No one is considened
E s required. One such function is entrpy, which i scentfically literate toduy who does aot
denoted by the symbol 5. Entmpy is energy in o stufe know what 4 Gaussian distribution &, or
of randominess or disorder. 1t is unavailable, usclcss the meaning and scope af the concept of
energy. In other wonds, entropy is 8 measure of the ealropy.”
degree of randomness or disorder of o system. The
entropy of a sysiem increases (Le., A § s positive) when it becomes more disordered. Eatropy
Iecomes maximum m a system s |t ap hes equild ‘When equi is sitained, no
further change can occur spontancously unless additional energy is supplied from outside the
Ayslem.

Thus, according to the secomd law, at each transfer or transfonmation of energy, part of that
energy assumes a form that canpot be passed on any further because it is randomly dispersed, often
as heat, And il is this rndomly dispersed energy which is culled enrropy. Ultimately closed
sysiems run down. Open systems, such as ccosysicms. however,with their constant mput and
oulflow, maintain a steady state in spite of the second law of thermodynamics, Biological systems,
(hus, do not seem Lo conform to the second law, for the tendency of life is o produce order out
of disorder, o decrease rother (han increase entropy.
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Although it ks true that energy is conserved in the universe, the first law of the thermodynamics
does not seecunt for many physical and chemical processes. A simple exgmple may help make
this clear. Suppose a full gas eylinder is connccted 1o an empty cylinder by a tbe with value (Fig

204, If the valve is opened, gas flows

from the full w0 the empty cylinder until

the gas pressure is equal on both sides, @@G
Energy has not only been redistributed

but also comserved, The expansion of gus

iz explained by the second law of

thermodynamics and o condition of maner

called entropy which, us already stated,

is @ measure of the randomness or -—e-
disorder of o system. The greater the

disorder of a system, the greater is its

eatropy. The sccond law states that Fig 24 A sccond low process

phiysical and chemical processes proceed The expansion of gas mdo an empty cylinder simply
in such o way thit the randommess or redistributes the gas molecules until equilibrium s
disorder of the universe (the system and  reached. The iotal aumber of molecules ramains
its surroundings) increases to the  unchanged

maximum possible, Gas will always expand into an empty cylinder.

The second law of thermodynamics states that a process can occur spontancously only i the

sum of the entropies of the syslem and fis surroundings increases. This can be represented as:

(A5, + A5 ! > 0 far & spoalaneous process - 2
Thus, the totul eatropy of & sysiem must increase
il 3 process is to ocour spontancously. However,
the entropy of o system can decrease even during
a spontuneous process, provided the entropy of
the surroundings increases o such extent that
their sum is positive. When water freezes. its
entropy decrenses becanse the water molecules
of ice exisl in o more ordered stase with less
freedom of movement than in a Liquid siate, The
decrease of entropy is particularly apparent in
the formation of a ssowflake (Fig. 20-5)

The difference between the first and second
laws of thermodynamics is that the first law is
concerned with the accounting of the various
kinds of energy involved in o given process,
whereas the secand law is concemed with the Fis 20-5. When waler froezes, ils entropy decreases
availability of the energy of o given system for *Hich becomes particularly spparent in \he Eormssion

doing useful wark, of & snowflake.
{Cwiriery ; Nuridsany and Perennou}
Cambining the Two Laws

Since the entropy changes of chemical reactions are not readily measureble, the entropy is pat
wsied as o criterion whether o biochemical process can oocur sp Iy or not. Furth
for spontaneity, both the entropy changes (thnt of the surroundings and of the system) should be
known. These difficultics are alleviated by nsing a differemt thermodynamie function, called the
free mzlrgy. which is denoted by the symbol G (In older literature, however, the symbol F is used
n s place),
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In 187K, Gibbs created the free fOSIAH WILLARD GIBBS
energy function by combining the first (LT, 1833-1903)
and second laws of thermodynamics in
the form of following equation : Cibbs was an American physical

AG = AH-TAS 13} chemist, who ‘Iﬂdlmtd‘f'

. AG=ihe change in frec created 4 large purtion o
s energy ol‘sn reacting  chemical thermo-dynamics The
symbal G is given to Iree energy

i in his hanour. His work is the
AH=the change in heal b, of  biochemical
content or cathalpy of  hermodynamics, and he i

(Cowesy: The Bettman

this system, considerad by some 1o have Aschivel
T = the absolute hesn the greatest seientist born
temperature at which in the United States,

the process is taking
place, and
A § = the change in entropy of this system.

In fact, this equation rep quantitative i ionship hetween the changes in free
energy, heat and eatropy in chemical reactions at cunsiant temperature (T) and pressure (P, the
conditions prevailing in biological systems.

The term TA § is that fraction of A K which cannat be put to usefiul work. The A G indicules
the free enerzy change or the theoretically availuble useful work. Naturally, in mest cascs the
system is “incfficiznt’ ond nol all of the theoreticully availuble work can be wilized, However, the
properties of the surroundings de not enee into this equation.

The enthalpy change, AM is given by the following equation

AH = AE + PAV
where, AE = (he change in intemal cncrgy of a reaction, and
AV = ihe change in volume of this reaction.

As the valume change, AV is smull for neacly all biochemical reactions, hence AM s nearly

cquul to the change in internal energy, AE. Therefore, equation 3 modifies as follows ©
AG = AE - TAS A

Thus, the change in free energy of a reaction, AG depends both on the chunge in intemal
energy and on the change in entropy of the system. The AG is a valuable criterion in determining
whether a reaction can oceur spontaneously. Thus.

() 1f AG is negative in sign, the reaction procesds spontaneously with less of free energy.

e, it is exergonic, 1, in addition, AG is of great magnimde, the reaction goes virmally
1 letion and is ially i ible.

(b TF, however, AG is positive, the reaction proceeds only if free energy cun be gained, Le.,
it is endergonic. If, in addition, AG |s of high magnitude, the system is stable with litte
of ne tendency for a reaction Lo occur

(e} If AG is zero, the reaction system is at equilibrium and no net change (wkes plice

With regard o the free energy change, AG of o reacting system two more paints need 10 be
emphasizzd

I Firsily, the 4G of a reaction depencds only oo the free energy of the products minus that
of the reactants, The AG of a reaction is independent of the paih of trangfarmerion.
Obvipusly, the mechanism of a reaction has no effect on AG. As an instance, the value

]
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of A6 is the same for the oxidation of ghecose to OO, and H,0 whether it tukes place
by combustion or by o series of enzyme-catalyzed resctions,

1. Secondly, the value of AG provides no informaiion about the rate of a reaction. A
negative AG indicates fhal a reaction can occur spantancously, but it does aot signify that
it will oceur at a perceptible rale. As already poimed o, the rule of & reaction rather
depends on the free energy of activation (AG™), which is unrelited (o AG.

To get u fecling for the magnitude of changes in various forms of energy, an actual example
of aerobic axidution of glucose may be cited. The living cells carry ow oxidation of glucose in
the presence of oxygen o CO, und H,0 al constunt temperature and pressure.

C 0, + 60, — 600, + 6H0

Assuming that the temperature i 25°C (or 208 K) and the pressure is 1.0 arm, (or 760 mm
Hg), which ure sinndard itions in th ic culeulations, the following energy changes
ke place per molecule of glucose oxidized :

AG = — BE6,000 calimol tie., the fres encrgy of the reacting
moleculeshas decreased)

AH = = 673,000 cal/imol (i.e, the reacting molecules have
released heat)

The equation 3 muy also be writlen as ©
AS = A—H-%ﬁ .AB)

Substitating the obove values in equotion b, we get |
=673, 0040 - (-6RE, 000}
9%
= 44 calfdeg (Le, the entropy of the universe hos increased)

RELATIONSHIP BETWEEN STANDARD FREE ENERGY CHANGE
AND EQUILIBRIUM CONSTANT

AS =

In o model reaction,

A+l == O+ D A7)
The free energy change, AG of this reaction is given by
sl
AG = AG® + RT log, |
ATk A o
where, AG® = Suandard free energy change,

R = Gas constant,
T = Absolute tempernture, and
1AL [BL |€) and [} = Molar concentrations (7., activities) of the reactans
To eluborate, AG® is the free energy change for this rection under standard conditions,
ie. when each of the reactanis A, 8, C and D is present ot o concentrution of 10 M. Thus, the AG
of o lEBC!..il'll depends on the nuture of the reactants (expressed in AG" term) and on their
r d in logarithmic terms), as shown in equation
At equilibrium, AG = (. Bquation & then becomes,
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0 = AG® + RT Ing, [E112)
= 80T BTV e &
= €]
or AG® = -RT log, A8 w101

The equilibrium constani under standard conditions, K7, for the reaction 4 + B == C+ D,
is given by
el
K. = TANA A1
However, in reactions in which more than one molecule of any reactant or product participaies,
the general reaction”
GA + B == C+dD
where @, b, ¢ and o are the number of molecules of A, B, € and I participating. the equilibrium
constuni is given by

e o

.K’,_ = 1AF 187 A1
Substinuing equation |1 into equation 10 gives

AG" = -RT log, K, A1
or AG® = 2303 RT log,, K7, il
or K, = eI 18
Substituting &= 1.98 % 107 keal mol ' degree ' and 7= 298°K (comresponding 10 25°C) gives

K o= 0 T Lil6)

..
when AG® bs expressed in kcolimol, Thus, the standard free energy, AlFand the equilibrium
consant, K, are related by a simple expression, For example, a change in equilibrium constant
by a factor of 10 results in o change in standard free energy of ~1.36 kealimaol at 25°C (refer Table
20-1). At 37°C, however, the change in standand free energy would be of 142 kealfmol. Values
of AG* muy be expressed in joubes or culories per mole,

N feul relutinmship between iliberd of chemical b
G

wind thelr standard free energy changes st 25°C

3 AG" theulinaly

10" o ooy + 0L
107 et +%an
10" or i + il
10 ar 0en a7
o' ero + 13
l o

] - 134
10 e boH) -n
10" oo )0 - din
10" or 10,0 - 548
10 v 100000 - 6K
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ALT may also be defined as the difference between the free energy conlent of the reactunts
and that of the products under standard conditions (le. 298 K pressure and 1.0 aimospheric
pressure) when the reactants and products are present in their smandand concentrations, namely 1.0
M, When AG® is negative (Le., the producis contain less free energy than ihe reactants), the
reaction will proceed to form the products under standard conditions, since all chemical resctions
will tend to go in that direction resulting in decrease in the free energy of the system. When AG™
in pashiive (e the products of the reaction contain more free encrgy than the reactanis). the
rescthon will iend 10 go in the reverse direction if we stan with | M concentration of all components,
To be more explicit, reactions with a negative AG™ proceed lorward in the direction writien when
they sturt with all reactants wnd products at 1.0 M, until they reach equilibrium. Reactions with o
positive AGT will proceed in the revemse of the direction wrilien when they start with all componenis
al L0 M. Table 20-2 summarizes these relationships.

(CIIEIED  Relationship among Kby . 4G and the direction of chemical reactions
wnder standard condithons

When K7 in ; AGT s Seurtimg with | M components, the seaction -
=10 Negative proceds firwand
Lo Harar wemakie o equilibeium
<0 Pasitive proceeds hackward

T mare painis nced be emphasized
1. Biochemical reactions take place near pH 7.0, Hence, pH 7.0 s conventionally designated
the standand pH in hiochemical energetics. The standard free energy change at pH 7.0 in
Lioehani icx Is deslgnaied by the
symbol, AG™, which shall be wsed in further | A calorie (call is equivalent 1o the
diseussions, amount of heal nesded fo raie the
11 The basic 51 (Systéme unitof encrgy |t us:‘c‘ f{!'wv‘ ::':r:ﬂr
is joule (J1. However, in biology and medicine, M 3 - .y
heat and energy messurements are equally is qual 10 1,000 cal. Abo, 1 keal -

expresscd in calorics cal). The inicreslationship | *1#4 4
beiween colories and joules is ©
1000 ¢al = 4,184 1
JAMES FRESCOTT JOULE
(LT, 1818-1889)
Jame:s Prescott joule was a British engineer who experimentally proved the firg
law of i He de the mechanical of haat in

1843, The unit Joule is named after him. A Joule () is the smaunt of
required 1o apply a | rewion force over a distance of 1 metre. A kilojoule k]
15 equal to 1,000 ). Faraday’s belief in the unity of nature was vindicated in
work by Joule, Thomson, Helmbaltz, Clasius and Maxwell,

STANDARD FREE ENERGY CHANGES AT pH 7.0 OR AG*

To calculate AG*, an example of | tration of dihyd: phosphate (DHAP) 10
glyceraldehyde 3-phosphate (G-3-Ph may be taken. This is one of the reactions af glycolysis.




442 FUNDAMENTALS OF BIOCHEMISTRY

T i
tlz—o — u—ni.‘—m
CHOPO; CH,0.PO;
Di!hv—-inw— Glyeerahdehyde J-phosphate
brium, the ratio of 3 10 di phosphate is 0.0475
u 25°C (298°K) and pH 7.0, Hence.
= DHTS

The standard free encrgy change for this reaction is. then, calculated from equation |4, as
Tollows :
AGT = 2303 KT log,y K,
= -2300 x 198 x 10 x 298 x log,, (0.0475)
= +1.8 k calimol
When the initial conceniration of DHAF is 2 x 107 8 and ihe initial concentration of G-3.
Pis 33 107 M. the AG can be calculaied from cquation 8, as follows :

AG = AG* + RT log, ﬁ.llg%

3 310" M
= 1.8 keal'mol + 2303 BT log,, -_]Illl_'.lf
= 1B keal'mal - 2.5 keal/mol
= <07 kealfmal
Tllemgnuv! vn!l! flprunl;aulihnl ization of W
I Idehyd can oceur 4 whwlbﬂtcunpwn&lmplﬂ:mll

cancentrations mcmmncd above. Although AG is negative for this reaction, the value of AG™ is
positive. |1 is important to note that the magnitude of AG for a reaction (whether smaller, larger
or the same as AG™) depends on the concentrations of the reactants The criterion of spontuneity
for u reaction is Al and not AG™. Table 20-3 lists the standard free energy changes for some
chemical reactions.

A perusal of the thle (given on the next page) lndlmen that hydrodysis of esters, amides,
peplides and ides, us well as and om proceed with relutively small
standard free energy changes, Hydralysis of acid anhydndes proceeds with relatively large decreases
in standand free encrgy, whereas oxidation of organic compounds 10 CO, and H,0 takes place with
rather huge decreases in standard free energy.

Miference Between AG and AG™

The difference hetween the free energy change, AG and the standand free energy charge, AG™
of u chemicul reaction should be clearly vndu'umul The actual free enevgy change, Al of o
chemical reaction is a function of th of son, pH and iemp under which
the reaction is taking ploce. Moreover, the AG of an ongoing chemical process is always negative,
becomes smaller (Le., less negative) as the reaction proceeds and is zer ut the paim of equilibrium,
i that no more wark can be done by the reaction. The value of Af7 declines with time as
the reaction proceeds because the actual concentrations of the reactants will be getting smaller and
thase of the reauliants getting farger.
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m Standard free energy changes for representative chemical reactions
under standard comlithns (Le. ot 25°C and pH 7.00

Reavtion Tvpes and Reactions AG (i kealdmaf)

Elimimistion of Water
Malate ——— Famarate + H0 + 078
Hearrangements
Clucse 1-phosphate —— Cllucose b-phosphaie AT
Fructme brphosphate ———+ Clucose 6-phosphate .40
Hydrnlysis
Enern:
Eihyl acetaie + H,0 + Ehanol + Acetae 47
Giluceme &-phosphate + HA — Glucse + Phosphale =13
Auruiifes amd peprades.
Chitamine + A —— Glutamate + NH,, ~14
Clyeylglycine + H O —— 2 Glycine =12
Giveniedes;
Maltose + HyO ——+ 2 Cluscone a9

+ Glucose + Galactos -i8
Ackd wnlivelrrdes:
Acetic anhyiride + H,0 ——s 2 Acetate s
ATF + H.0 —— ADF + Phosphate =13
Ol athens with Mobrcular (Fuygen
Glucons + 60, ——s 600, + 6H,0 oty
Palmitic scid + 230, —— 1600, + 16,0 13

Thus, in every spontaneous chemical or physical process, the free encrgy of the rescting
nystem always decreases, e, &G is negative, On the contrary. the value of standard free energy
change. AG™ for a chemical reaction is characteristic and unchanging, and may be positive,
negative or zere, depending on the squilibrium constant of the reaction. AG** is, thus, an immutable
constant and tells us in which direction and how far a given reaction will go in order to reach
eqquilibrium when ot occurs under standard conditons, Le., when the initial concentration of all
componends is 1.0 M, pH is 7.0 and the wemperaiure s 25°C.

Stnndard Free Energy Value of Chemical Reactions are Additive.

A ic fact is that th 1l free energy change for a serics of reactions
i equal o the .wm of the free energy changes of the individual sieps. Consider the two conseculive
reactions where each reaction has its own equilibrium constant and a characteristic standard free
cnergy change. AG,* and AG,”.

A——B AG™ = — 8 kealfmol
B——C AG,™ =+ 5 kealimol
Since the two reactions are sequential, the intermediate product 8 cancels out and the overall
reaction with its standard free energy change, AGS™ may be writlen as :
A——C AGE™ = MG + AG™
=8+ (+5)
= -1 kealfimol
Under standard ions, A can be y into B because AG is negative.
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However, the conversion of B into C, under standard conditions is thermodynamically not feasible.
But ns the free energy changes are additive, the conversion of A into © has o AG™ value of -3
kcalimol, which obviously means that A can be converied into T spontanecusly under standard
conditions. Thus, the above two sequential reactions are coupled by the intermediate product, 8.
In oeher wonds, o thermedvramically unfavaumble reaction can be driven by o thermodynamically
favouralle reaciion.

Two sequential steps from glycogen breakdown in muscles wall illustrte this fact more clearly,

Phaon phosghces.

Glucose 1-phaosph L Glucoss 6-phosphate AG,™ = — 1.74 keal'mal
Glucuse plsosphate

Glucose f-phosph Jairaring Fructose B-phosphate AG,* = + 0,40 kealimol

On adding the two reactions, we per =

Glucose 1 F Fruclose &

This has o smmdurd free energy change value, '
AGS™ = MG™ +AGS
= 174 & (4 (4
= —1.36 keal'mol
Because AGE™ is negalive, glucose |-phesphate s converted into (ructose 6-phosphie in the
muscles.

ATP AS UNIVERSAL CURRENCY OF FREE ENERGY IN
BIOLOGICAL SYSTEMS

The living ohjects require o continuons supply of free energy maanly for the Tollowing 4 purposes ©

{a) to synthesize macromolecules from simpler and smaller precursors,

ik} to transpon molecales and jons across membranes agamst gradients,

(e} to perform mechanical work, as in the muscle contraction, and

id) o ensure fidelity of information transfer.

The free energy in these processes is derived from the environment. The phototrophs obtain
this energy by trapping light energy from the sun. On the other hand, the chemotrophs obtain it
by the oxidation of foodstuffs. This free energy (derived from light or from the oxidation of
foodsuifs) i panly transformed into 2 special form before it is used Tor biosynthesis, ranspor,
modion and fidelity. This special currier of free energy is adenosine triphosphate (ATP). ATP plays
a ceniral mlc in the lm-u'em of free energy from the exergonic (= energy-vielding) 1o the

= in the cells. During breakdown of energy-rich foodsffs
or fuel malecules, :nme of the free energy is hamessed 1o make ATP from adenosine diphosphate
(ADP} and incrganic phasphate (P}, 2 process that requires input of free energy. ATP then donates
much af its chemical energy o energy-requiring processes (hiosynthesis, transpon eic.) by undergeing
a breakdown to ADP and P, (Fig. 20-6).

1
OOy l l v l
Encrgy-yichding .4 » Genetic
tidatian of Aesynthens ik Information
ot mlecsles T Comiaction. ™ vater
1 |

Fig. 20-i. The ATP cycle in colls
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FRITZ ALBERT LIPMANN (LT, 1899-1986)

Ligmane wiis a German-bormn American biochemist. Afler abitaining M.D, degres,
b started mesarch career (0 1927 45 an unpaid gradudte student under the
fumous biochemist Oto Meyerhol, He was awarded 19531 Nobel Prize in
Medicine or Physiology for his discovery of commayme A and revealing 0
n intermwediany baolism, along with Sir Hans Adoll Krebs of Great
Britain. Lipmann is popularly called as the Tather’ of ATP cycle. He introdacnd
the *suriggle” notaticn (=1 o designaie the energyrch bonds of biomelecules
such as ATP and ADP. He was professionally active @ Rockeleller University until
hits cheath at age 87, His famows quote (1949 reads a5 follows
It semms that in the field of bicsynthesis we have 2 rare sxample of progress
leading to simg|ification.”

Adenosi P (ATP) was & d in extricts of skeletnl muscles by Karl Lohmann
in Germany and h_y Cyrus Fiske ond Yellapragoda Subbarow in the United States, simultoneously
in 1929, Later. it was found 1o be present in all types of cells— animal, plant and microbial.
Although first thought o be concerned with muscular contraction  only, ATP has now  been

LN

Fig. 207, The structure of ATP, indicating its relationship to ADF, AMP and adenosine
The phasphoryl groups of ATP, smning with that on AMP, are designased as o, [ and y phosphates, At
H 7.0, the phosphale rowps ase almost completely jonizol. bence so shown bere. The tenminal phosphate
group ife., \'Hlnhvnmmul, wansferred w0 various phosphate accepiors, Note the diferences
between phosphoester and phosphoanbydride bonds.
assigned many cell activitics. In 1941, Fritz A. Lipmann postulaied that ATP is the primary and
universal carrier of chemical energy in cells. He adequately stated that the small chemical units
from which the material of orpanisms is buil “are ghwed together by an enormously versatile
condensing reagem, ATP™ He also firs proposed the ATP cycle, shown in a present-day form in
Fig. 20-6,

Adecsine wiphosphue (ATP) and its ive hydrlysis products, adenosine diphosph
(ADP) amd i {AMPF) are s isting of an adenine, Irllms-eal\d
23,2 oc | phosphate group(s) respectively (Fig. 20-7). ATP, ADP and AMP occar net only in
cell cytosol bul also in mitochondriaz and the nuclews. In normal respining cells. ATF makes up
abour 75% or more of the sum of all 3 adenine ribonucleatides (refer Table 20-4).
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Concentrations (in mM) of 3 adenine ribonncleotides, phosphate (Pi) and
phosphocresting (FCri in some cells®

Cells tipe ATP ADP AMP Pi PCr

Rat muscle a.05 093 004 B0s 3
Rat liver 138 132 0.9 4.80 o

Rat brain 159 0.7 .06 am 4.7
Escherichia cali 790 1.4 082 .50 o
Human erythrocytes i .25 .02 1.63 0

*  These data are for the entine cell coments excepl in the case ol erythrocytes where the concentmlioms
are those of cybisol, since erythrocytes ane absent from niscleus ard mitochoeleis hoth.

(Audapeent from Lelmmger AL 199541

At pH 7.0, the phosphaic groupds) of ATP. ADP and AMP are almost fully ionized, so that

they oceur a5 multiple charged anions ATP* ADP" and AMP, But as the cell fluid contains high

concentrations of Mg" the ATP and ADP hoth exist largely s Mg ATF and MeADP” complexes

(Fig. 20-8). In fact, in p transfer ions, ATP as its complex form. However,

ATP can also form complex with Mn™

o

Fig. 20-8. Magnesium koo complexes of ATP and ADP
ATP serves as the principal immediale donar Artive
of Tree energy in biological systems rather than ‘-pﬂ;"—’-t-—h_hx
as a storage form of energy. In a typical cell, an gl mﬁ% \“\i\*‘
ATP molecule is consumed within a minute of / o
its formation. The nirmaver of AT i very high, i

For instance, a resting human consumes ohout "T: g
40 kg ATP in a duy. During sirenuous labour, “\\ /
the ATP is consumed ot the rate of even 0.5 kg e =

per minute. The endergonic processes such ns "“"H-———ﬁ—',"'
bicsynihesis, active irunspon eic., con occur only i

if ATP is continuously regeneraied from ADP g -0 The ATF-AIR" CocR

(refer Fig. 20-9), Phototrophs harvest the free The n.yn.le s the lmiduu-nl maode of epergy
energy in light 10 regencrate ATP whercas cachiange i hiokogical sysicmm

chemotraphs furm ATP by the oxidation of

foodstufTs.

FREE ENERGY OF HYDROLYSIS OF ATP AND OTHER
ORGANOPHOSPHATES
Whm ATP is hydrolyzed, it loses its terminal y phosphate group 1o form ADP and

o o inorgamic T [Pi}.
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ATP + H,D ——— ADP + P/

The standard free energy change, AG™ for this resction is 7.3 kealimol. Standurd free energy
changes have also been determined for the hydrolysis of other phosphoryluted compounds or
organophosphates |T=h|: 20-5). Sum: plmphnlcs yheld more and some yield less free energy than
ATF upon under This i liate position enables ATP to function
elficiently us o carvier of phosphoryl groups. Thus, with respect 1o the AG™ value of hydrolysis
ol ATF, two classes of argano pﬂm‘pﬁurﬂ are Jeclwhtal Ill\uh energy phosphates exemplified by

Iphosph {e.g. phosph (e.g., crenting phosphate and
arginine phosphte) etc., which have nﬂ‘ v-hlu hw than that of ATP and low energy phosphates,
exemplified by ester phosphates found in the intermediates of glycolysis, which have AG™ values
smaller than that of ATF. However, the designations 'hrish' and “Tow’ do not clearly llld.'n.nll that

there ore 3 clusses of phesph Such 7 creatine phosph
eic., whose AG™ vllm; are higher than that of ATP, lhﬂlld hﬂmbe designated as 'lnpcr high
energy phosphutes, the ATP then i “high'encrgyphosphute and theester phospy

‘low® energy phosphates,
m Standard free energy of hydrolysis of some phosphorylated compoonids

Conpoad AG™ fhcalmed)

1. Phasphoenclyruvaie® ~-148
2, Carbamuyl phasphaie =123
3 1 phm"hsslymu,l phuisphnte ar

2 [+ 3-p + P -8
4 (.anun plwnphate or plmm =103
5 Aceryl plesphate =lo
b, Arginine phosphate T
T ATP i— AMP + PP =11
B ATPi— ADP = ) =13
9. ADPi— AMP + Fi) 13
10, Pymophosphaie -+ 2P R
1. Clucose |-phosphate 50
12, Prucumse 6-phosphote -1
13, AMP (— Adenasine + Fi) 1A
14, Ghucnse 6-phosphate =13
15, Glyceral 3-phophate 23

*Note that phaspboenolpyruvale hus the highest phosphate groap rasfer poential of the componds listed

A persual of Toble 20-8 indicates that when ADP is hydrolyzed 1o AMP and inorganic
phosphate, the AG™ value of this reaction is the sume os thal of the reaction, ATP — ADP 4
Pi. that is ~7.3 kcalfmal, Thus, the 1wo terminal phosphate groups of ATP ([} and ¥) are bath high
energy groups. On the contrary, the AG™ value of hydrolysis of AMP 10 vield sdenosine and
phosphate is much lower, thil is only -3.4 kealmol. Thus, the phosphate group of AMP (e, the
a phosphate group of ATP) is ia the low energy class. The hydrolysis of ATP to yicld AMP plus
PPi proceeds with AG™ 7.7 kealfmol, slightly greater thun the AG™ for the hydrolysis of the
terminal or y phosphute bond.

ATF + H, 0 ——— AMP + PFi

“The inorganic pyrophosph y the enzyme pyrophosph L]

yield 2 moles of Imrgml.' uﬂ!l:phnlﬂule The .ﬂG" vulue of this reaction is 6.9 l':avmd.
PP« H,O — 2P




448 FUNDAMENTALS OF BIOCHEMISTRY

The averall reaction has a AG™" value - 14.6 kealimol which is the sum of the AG® values of
the two sequential component reactions,

ATP + 2 HO — AMP + 2P/

It is notewarthy that the AG®" of the overall reaction is exactly twice the AG* of the terminal
phosphute groups of ATP and ADP.

Some hiosynihetic reactions are, however, driven by mucleotides that are analogous n ATF,
namely guanosine triphosphate (GTP), eytidine triphosphate (CTP) and uridine triphosphate (UTP).
They are present in all cells bul in much lower concentrations than ATP. Also found in the cells
in low i the poading deaxyriboniicleoside §*riphosphates denoted us JATP.
JGTP, JCTP and S TTP. Although ATP is the muinstream carrier of phosphute groups in the cell,
the uther types of nuclectides serve cenain specific blowynthetic pithways. “They ncquire their
terminal phosphate groups mainly from ATP in resctions catulyzed by Mg~ dependent enzymes
called nucleaside diphmsphokingres. These enzymes promote the fallowing rypes af reversible
reactions |

ATP + ODP === ADP + GTP

ATP & CDP == ADP + CTP
ATP + UDP === ADP + UTP
TP + UDP == GDFP + UTP

ATP 4 dCDP === ADP + oCTP
The energy comained in ATP may be channelized into different biosynthetic pathways vin
different ide und d leoside triphnsphates (refer Fig. 20-100.

TRAGTE,

Fig 20-10 Channcling of ATP energy Into varieus blosynthetle pathways.

STRUCTURAL BASIS OF THE HIGH GROUP TRANSFER
POTENTIAL OF ATP

The ATF molecules deliver considerubly more free energy on hydrolysis of the terminal
phosphate group than the hydmlysis of ester phosphotes, say glucose b-phosphate. The AG"
values of both these reactions are ~7.3 keokmol and -3.3 keabimol respectively (refer Table
20-5). This means that ATP has & stronger tendency to trunsfer its lerminal phosphate group to
water than does glucose 6-phasphate. In other words, ATP has o higher phosphate proup transfer
potential than ghcose t-phosphute.

The standand free energy change is & measure of the difference in the free energy content of
ihe reactants and the products, Therefore, the reason for the high AG™ value for ATP should be
sought in the properties of both the substrate and products, There are 3 main reasons of high AG™
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value (or high group transfer potential) for ATF

1. Dhegree of honization. At pH 7.0, ATP is almost completely ionized as the ATP" jon. This,

on hydrolysis, yields 3 products, namely ADP™, HPO™ and H'.

ATP' 4 H,0 ——+ ADP" + HPO] + H'
At pH 7.0 (ihe standand pHl for AG* hydrolysis), the hydrogen ioa jon is only 10-7 M.
This means thal by the law of mass action, the equilibrium for ATP hydrolysis tends 1o be pulled
far 1 the right, since [H'] at pH 7.0 i very smull a5 compared with the standard concentration
of 1.0 M, In contrust. when glucose b-phosphate is hydrolyzed st pH 7.0, no sigai catra H'
jon is formed and, therefore, no such pulling force takes place.

Glucose f-phosphate’ + H,0 —— Glucose + Hro?

1. Flectrustatic repulshon. At gH 7.0, the ATP molecule carries 4 negative charges. These
churges repel each other srongly becouse they are in close proximity. However, when ATP is
hydrodyzed, the electrstatic repulsion between these negatively-chaged groups I# reduced becmise
of the sepurution of the negutively-charged products, ADP' and HPO] | These procucts have
relutively little lendency 1o approach each other to react in the backward direction to form ATP
again, On the contrary, when glucose -phosphate is hydrolyzed, two products glucose and HPO;”
are formedl, Because glucuse hns no charge, the two products do not repel euch other and Lend o
recombine more readily.

1, Resonance stabilization, The two products of ATP hydrolysls, ADF* and HPD]” are
resomance hybrids, i.e., special sable forms in which certain electrons are In u configurstion having
much less energy than in their uiginnu:nsiliuns in the ATP malecule, When ATP is hydrolyzed,
ihe electrans in the two products (ADP' and HPO] ) can sink 1o lower energy levels than in the
nontiydrolyzed ATP This causes ADP und HPO] jons 1o contain less free energy than when they
were still combined us ATP®,

ADP and Pi enjoy greater resonance stabilization than does ATP. For example, onthophosphate
() has o number of resonance forms of similor energy (refer Fig. 20-11), whereas the terminal
phosphate portion of ATP has fewer resonance forms per phosphate group.

Je k-

Fig, 30-11, forms of orthophosp

To indicate the presence of high encrgy phosphate group, Lipmann introduced the symbol ~P
Indicating high energy phosphute bond, Althaugh in long usuge among biochemisis, the term “high
energy phosphete bomd” is misleading since it wrongly suggests that the bond itself contains high
amount of energy, What the symbal ~P indicutes is that the group attached 1o the bond, on transfer
{0 an appropriste acceptor, results in tmasfer of lurge amount of free energy. Hence, the temm
‘growp transfer potentlal’ is preferred 1o *high eneryy bond'. In fuct, the free encrgy released by
hydrolysis of phosphate esters does not come from the specific bond that ix broken but resulls from
the fact that the products of the reaction have a smaller free energy content than the reactants.
Therefore, the use of the term *high energy phosphate compound” be preferred when referring to
ATP and other phosphate compounds huving o large negative  AG™ value of hydralysia. Thus,
whereas ATP contains iwo high energy phosphate groups and one low energy phosphate group,
ADP contains one high energy and ane low energy phosphate groups. AMP, however, contains
only one phosplite group of low energy type (Fig. 20-12).
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Adenosine -P-P-P Adenosine -P-P Adenosine =P
ATP ADP AMP

Fig. 20411 Structure of udenine nuckotides, showing the position and sumber of high
energy bonds (~)

ATP HYDROLYSIS AND EQUILIBRIA OF COUPLED REACTIONS

For a better understanding of the role of ATP in energy coupling, the follownig fon with
o positive  AG™ vulue (say + 4 keal/mol) is taken as an example :
A ~=B AG" = + 4 kealmol
This ion is thermod ically unfavourable without an input of free energy. The equilibrium

constant, K of this renction ut 25°C us per equation 16 is :

B
%.;.t:_ = rm - m-M-‘“al L1 =115 x m-i
Thus, A cannot be spontuneously converted inio # when the molar ratio of £/A is equal o or
greater than 1,15 % 107", However, if the reaction is coupled to the hydrolysis of ATP iwhose AG*
value is 7. 3 keal/mol), A can be converted into 8 when [B)]A] ratio is higher than |15 %
107", The new overall reaction shall be :
A+ ATP + HO === B + ADP + Pi + H+
Because the AG® values of the sequential reactions are additive, the value of standard free
energy change of the above reaction shall be -
AG® = AG,” + AG”
= +44+(-13)
= -3.3 keal/mol
The cquilibrium constant of this coupled reaction will be :
ey ety
i Iul RURY
= 267 x 100
At equilibrium, the ratio [Bl/]A] will be |

18 ' ATP
by | AT
1AL, M [ADP] R,
The [ATPIADP] [Pi] ratio in the cells generating ATP is maintained at a high kevel, typically
of the order of 500, Thus,

Bly 547 % 10" x 500
A"‘W
= LM x 10

= 10" approx.

This means hat the hydrolysis of ATP enables 4 lo be converted to 8 until the [B)]A] rali_.]:
reaches a value of 1.34 % 10", This equilibrium is quite different from the value of 1.15 = 10
{hal does not include ATP hydrolysis. In other words, the coupled hydrolysis anATP has changed
the equilibrium ratio of B to A by a factor of about 10% Thus, the cells rlnnlm:un a high level of
ATP by using light or substrates as sources of free energy. The hydrolysis of onc ATP molecule
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products 1% of a coupled reaction by a very large
B o o lhi[;'qultf;“:nl:rl:ljl:rlha hydml;iism:ll:'ThTP molecules changes the cquiliml-m_n
factor of x“’“‘":ed reaction :lr scquence of reactions] by factor of 10" For cxample, the h-‘:dmlﬁlx
e mulp less in i coupled renction changes the equilibrium ratio by a factor of | urh mc.
-t ATPmmo t:r nﬁnmicnl.ly unfavourable reaction sequence can e convertad into a favourabl
Eu;;:plinu:il: tg the hydrolysis of sufficient number of ATP moleculcs.

HE ‘ENERGY
IGH ENERGY PHOSPHATES AS T
=k HCURREN ' OF THE CELL .
free energies of hydrolysis of

. clard
tion midway down the list of A donor of high energy phosphaics

TP has a posi :
orga:whmw:ﬁmrer Table 20-5), Therefore, ATP acls 45 3
to the compounds below it in the table. . . e

Likewise, ADP can nccept hi_gh“;mzkﬁmsphﬂlc. resence
ounds above ATP 0 table. . T
rmm"l'hm:sc;nim»\l}l? Ccycle connects these IWO types of processes, e, those w ge!
e i e feed ~P into ATP/ADP cycle fall mainly
A. Processes which ge

within 4 groups :

zyme, 10 form ATP

perate ~P. The processes thal

ek maam
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Phosphoenal pyruvate . 1, 3-diphosphoglycerate
Suctinyl:CaA | ~ Oxidutive
o \.\\ / 2 7 phosphorylation
'
[
~(P) = - Creatine ~ ®
ol / Store of -® \
¥
L Creatine |,'
7 g \ /
/ \ H\ﬁ'::-—-—/
[ ATP/ADP e S S P
Cycle ~(P] i
. s Other Phosphorylations,
r / Glucose-3-phosphate ‘:,f/LA\A::liwtiuu and
e S Glucose-6-phosphate # /7 Endergonic processes

e -

Glucose-1, 6-diphosphate #

Fig. 20-14. Role of ATP/ADP cycle in transfer of high epergy phosphate
An importani feature of this cycle is that all super high-energy phosphate compounds must pass their
phosphale groups via ATP to various acceptor malecules to form their low energy phosphate derivatives.
{Adapied from Harper, Rodwell and Mayes. 1979)

INTERCONVERSION OF ADENINE NUCLEOTIDES

The enzyme adenylate kinase (= myokinase) is present in most cells. It catalyzes the
interconversion of ATP and AMP on the one hand and ADP on the other.
Adenosine—P~P~P + Adenosine-P __Adenylate kinse , 3 Adenosine—P-P
(1 ATF} (1 AMP) 12 ADP)
This reaction performs 3 main functions :
{a) It permits the high energy phosphate of ADP to be used in the formation of ATP.
(b) It is a means by which AMP can be rephosphorylated to form ADP.
(¢) Under stress of ATP depletion, AMP conceniration increases which acts as a metabolic
signal to increase the rate of catabolic reactions so that more ATP molecules are regeneraled.
When ATP reacts enzymatically to form AMP, inorganic pyrophosphate (symbolized PPi) is
formed. An example is the enzymatic activation of a fatty acid to form ils coenzyme A esler, a
reaction that ‘energizes’ the faity acid and converts it into an activated precursor, fatty acyl-CoA.,
for the biosynthesis of lipids. In this reaction, the two terminal groups of ATP (i.e.. B and y groups)
are removed in ene piece as inorganic pyrophosphate, leaving adenosine monophosphate.
ATP + R.COOH + CoA-SH __Thiokinase . AMP + PPi + R.CO~5-CoA
(Fany acid) {Futty acyl-Cod)
Thus, this activation reaction proceeds by a pyrophosphate cleavage of ATP, in contrast o the
usual orthophosphate cleavage (refer puge 362). This reaction, whose AG* value is + 0.2 kcal/mol,
results in a loss of free energy as heat which ensures that the reaction will proceed to the right as
written. Further, the hydrolytic splitting of PPi has also a large AG®’ valaue of -6.9 keal/mol. This
also nids the above reaction to go to the right.
PPi + H,O Inorganic pymphosplutase s 2Pi
Pyrophosphate ) {Phosphate)
It is noteworthy that activations via the pyrophosphate pathway resull in the loss of 2 high
energy phosphates (~P) rather than one, as happens when ADP and Pi are formed. The various
interrelationships are represented cyclically in Fig. 20-15.
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IMPORTANCE

he carbohydrates, ofien termed as sugars, are the
“staff of life’ for most organisms.  On the basis of
mass, they are the most abundant class of
homolecules in nature, Carbohydrates are also known as
saccharides (sakch = Sugar or since many
of these of relatively small molecular weight have a sweet
taste, although this is not tnse of those with large molecules,
They are widely distributed molecules (moles” = mass] in
both plunt and animal tissues. They are indispensable for
living organisms, serving as skeletal structures in plants
and also in insects and crustaceans.  They also occur as
food reserves in the swrage organs of plants und in the
liver and muscles of animals.  In addition, they are an
impartant source of energy required for the various
holic activities of the living i the energy
being derived as a result of their oxidalion.  They also
serve Lo lubricate skeletal joints, 1o provide adhesion
between cells and 10 confer hiological specificity on the

Crystals of glucose. 3 kay malaculs in
carbolydrate melabolism, viewad undar
polarised ight, surface of anmal calls.

Plamis ave conatdernbly richer in carbolyvdiates i
comparison to the animals. In fact, animul end plang
tissues difer widely in the relative ubundanee of the various
major classes of constituent chemicals (Table 5-1).
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Percentage compositlon of various major classes of constituent chemibcals In
plants wnd animals

Oranizm Witer Carbokverates Proteing Lipidy Ah
Anvisul L 1 n I5 4
Plunt ol i 3 1 4

NOMENCLATURE AND DEFINITION

The term ‘carbohydrate’ was originully coined for this class of compounds as most of them
were “hydrutes of carbon’ or could be represented by the general formula, C (H,01,, Later, it was
Tound that some of them, such as deoxyribose (CH 0, ) amd rhamnose (CH, 040 do not have the
required ratio of hydrogen (o oxygen. In addition, certuin other carbohydrates are now known (o
possess nitrogen (g, glocosamine, CH,O,N, phosphorus or sulfur also and ohviously do oot
coincide with the above general formula. Funthermore, formaldehyde (HCHO or CHL0), acetic
aeud (CH COOH or C,H,0,) and laete sewd (CH, CHOH.COOH or CH, () which have C, H
and O and the ratio of H © O is also the same as in water, but are not o carbohydrates.  Hence,
the comineed usage of the term ‘carbolydrate’ is for comvenience rother than exactness,

To secommuodile o wide variety of Is, the corbohydi e diys hroadly
defined as polyhydrosy aldelydes or ketones and thelr derivalives or as substinces that yield
ome of these compounds on hydrolysis,

CLASSIFICATION

Cart ure wsually ¢lussified in 3 groups

A, Monosaccharides or Monosaecharoses (mona® = one, sakchmn” = sugarl, The
munosaceharides, often called simpde sugars, ure compounds which possess o free uldehyde (—CHO)
or ketone (= CO) group wwd 2 or mone hydroxyl (—OH) groups. They are, in face, the simplest sugars
and cannot be hydrolyzed into smaller units, Their gemeral formula is C (H,0), or C H, 0,

The harides may be subdivided into rioses, letroses, penteses, hesoses, heploses
ete., depending upon the number of carbon atoms they possess; and us aldoses or ketoses, depending
upon whether they contan aldehyde or ketone group.  Some important examples are

Name Formuly Alduses Ketoses

{Alde sougars) (Kelo sugars)
Trioses CH.0, Gilycerose Dibydroxyacetone
Tetroses CHO, Erythrose Erythrubose
Pentoses CyH, Oy Ribose Ribulose
Hexoses CH,0, Gilueose Fruetose
Heproses CyH,,0, Gl 7 Soduheptul

Hath these eharsciers (4e,, the number of carbon atwms and the masture of functional group
present) may alse be combined o one. Thus, for exomple, glycerose (= glyceraldehyde) is an
aldotriose: ribulose, o ketopentose and glecose, an aldohexose. It is noteworthy that, except fructose,
ketoges are i as common @y ildoses. The most abundont menosacchurice in nature bs the 6
carbon sugur, D-glucose,

Somelimes. o distinetion in numing between aldoses and ketoses is also maintained. The suffia
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-oses is kept reserved for the aldoses and the suffis - "
wloses 15 wsed for ketoses, Thus, glucose s 8 hexose | 0 "d::;:';:d H 'dd":::‘:li
und fructose, a hexulose. However, o few kewses are | o of higher plants, which he named
named otherwise, such as fructose (fruena’ = fruityas | cellulose’. His naming of this
[ruits are a good source of this sugar. jpotysaccharide, in fact, introduced the

B. (Migasaccharides or Oligosacchuroses | “ase suffix inio the nomenclature of

tofign™ = few). These are compound sugars that yield | cabohydrates.
2 1o 10 molecules of the snme or different
handes on hydrol dingly, an olig haride yielding 2 molecules of
de on hydrolysis is desi na’ haride, and the one yielding 3 molecules

of monosaccharide as o trissccharide and so on. The general formuola of disacchanides is
C(H,0), _, and that of wisaccharides is C(H,0), , and 0 on. A few examples are ©

Erisaccharides — Sucrose, Lactose, Maltose, Cellobiose, Trehalose,
Gentiobiose, Melibiose
Trbscckarid = i : (= Meli

Rabinose, Melezitose
Tetrasaccharides - Stachyose, Scorodose
Pentusaccharide - Verbascose
The molecular composiiion of the 3 bkegume oligosaccharides (viz, raffinoe, u-

verbascosel is shown below
o-Galactose (1-6) a-Glucose (1-2) f-Froctose 100 .{ 1254
@-Galuctose (1-6) c-Gulactose (1-6) @-Glucose (1-2) f-Fructose
a-Galactose (1-6) o-Calactose (1-6) @-Gulactose (1-6) 0-Glucose (1- 2) P-Froctose  Veroascose
€. Polysacchurides or Palysacchiroses (poly” = many). These are also compound sugars
ond yield more than 10 molecules of harides on hydrolysis.  These may be further
classified depending on whether the monosscchande molecules produced as a result of the hydrolysis
of polysaccharides are of the same type (homopolysaccharides) or of different types
(heteropolysaccharides). Their general formula is (C,H,0,). Some common examples are :
Homopolyssccharides —Swarch, Glycogen, Inolin, Cellulose, Pectin, Chitin
Heteropolysaecharides -  “Specific soluble sugar” of preumncoeccus type 111
Hyaluronic scid, Chondrotin
ASYMMETRY
Jacobus H. van't Hoff, the first Nobel Laureate in Chemistry (1901) and Joseph A Le Bel,
in 1B, introduced the concept of tetrahedral carbon atom.

Fig. 5-1. Spatisl arrangemeni af the valences of carbon
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JACOBUS HENRICUS VAN'T HOFF

(LT, 1852-1911)
A Dutch chemist. Best
known for his b
about the structure of carbon
atom. Made notable
contributions in the field of
Physical Chemistry,
particudarly on the theory of
dilute solutions. Won the
first-ever Noble Prize in

JOSEPH A. LE BEL
(LT, 1847-1930)

A French chemist. Best
known  for  his
stereachemical theary
of carbon and its
compounds. Co-
discoverer of the cause
of optical activity with
van't Hatl. Synthesised
thes first optically-active

Chemistry i 1901 for work Sombind ik

on rates of reactions, b
chemical equilibrivm and osmotic pressure. asymmetric nitrogen o

It is now recognized that the carbon atom has the shape of & tetmhedron in which the carbon
nucheus resides in the centre of this ietrahedron and the 4 covalent bonds extend out o the comers
of it. The angle between any two covalent bonds is 109°28" (Fig. 5-1).
The 5th Incarnation of Carbon

Carbon is one of the most imponant elements in the omiverse since life itself, as we know it, is
carhmi-based, The versatility of water to form a huge vanety of compounds and their stability even
under extreme conditions are the secret of carbon acting as the vehicle of life. Versatility of carbon
compounds apart, the element itself has become a centre of greal atiention in recent years. For long,
we knew carbon could manifest itself in vividly contrasting styles. [t wis known o assume a soft and
black form as graphite; it was known equally well in its hard and sparkling - white incamation of
dimmend which is the hardest material on earth. Then it was discovered (in 1985 1o have had the
shape of a soccer ball {calied full 1. and ef a cylindrical tbe (called b |, And now an
announcement has been made that carbon can also assume a foamy shape, called nunofoam.

This new spongy form af carbon is also » modification of graphitic form. 1t lsuuumly Ilglu
weighted form and was created when some hers, al the National |
Canberra, bombarded a piece of graphite with a high- pwlnabem'l'hcp‘phkpmhapmﬂ'lscd
a5 lempernture rose lo more than 10,000°C. On cooling. the vapourised 2

carbon atoms formed a web of tubes, But these tubes instead of being CHO
aligned in any particular direction (as happens in the case of nanotubes), 5
were found to be highly dispersed. criss-crossing with onc another 1o H—C—OH

form a highly-porous mass. This web of nanotubes is seen as a nonofoam.
S\rpnslng]y the nanofoam, unlike all the other forms of carbon. is mag- m_)c Ly
the is at Toom lemy itis

nnmnltl;n::f.:nd mpecl.cdpn;xﬂ.y in the case of carbon. Becanse 4

of light weight, foamy nature and magnetic property, nanofoam is being H—C—OH
seen as useful for cancer and brain scans through magnetic resonance sI

imaging (MRI). Besides, it might also be uscful in the treatment of H—C—OH
rumours. Being foam. it would be a bad conductor of heat and if in-

jected into tumours, and heated, it would retain the heat locally and kil .CH-;_OH
tumours almuost without alTecting other body parts. But it needs coalir-

mation through o series of studies. [The cark m'mg- P

In the formula given above for glucose, it may be observed that a ; 5
different group is attached to each of the 4 valences of carbon atoms 2 :fvﬂ::cluulwm
10 5. For cxample, the 4 groups attached at carbon atom 2 are ; aldeliyde or ketoae group. |

—CHO, —H, —OH and HO— C—H
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Thus, a carbon atom to which 4 different atoms or groups of atoms are attached is said to be
asymmetric or chiral (cheir” = hand).

ISOMERISM

The term isomer (isos” = equal merms® = pan) was oniginally applied by Jones Jacob
Berzelivs, in 1827, 1o different compounds with the same molecular formula. and the phenomenon
was called isomerism. The presence of asymmetric carbon atoms in the carbohydrates makes
passible the formation of isomers in them. It shall, hence, be beneficial at this stage to discuss
in briel about isomers.

The 1somers are of 2 types : structural somers and sterevisomers. Structural isomers have
the same molecular fonmula bul possess different stroctures. The difference in structure may be
e:]nhudclﬁ::rmlhclmg!hufﬂtﬂbunchlnlémbomﬂ]utmﬂtpmmuflm
Eroup (e Jorinp g different functional grouges wroap

Stereatsomers, on the other hand, havc the same molecular formula and the same stracture
but differ anly in spatial configuration. Stereoisomers are of 2 types © geometrical and optical.
Geometrical or cis-trans (cis = same side; rrans™ = across) isemers arisc from peculiar geometry
of compounds having a double bond within the carbon chain. It may be illustrated by cis-trans pair,
maleic and fumaric acids.

H\/ I-|\/
¢ ¢ 102 /1254
| i

P "

H COOH HOOC H

ey o ey

Optical issmers (= enantiomers) differ from each other in the disposition of the vancos stoms
or groups of moms in space around the asymmetric carbon wem. These are, in fact, the mirror
image of each ather, These may also be likened 10 lefi- and right-handed gloves. For example,
the glyceraldehyde has only one asymmetric carbon atom (numbered as 2) and it can, therefore,
exist in 2 isomenc forms ©

| |
'ql:r.o IT=°
H—c —ou HO—C—H
sl |
H —lI: —oH H— rl: OH
H H
-glycerabdeiyde o -glycerabdebyde

One form in which H atom ai carbon 2 is projected 1o the left side and OH group 1o the right is
designated as p-lorm and the other form where H atom is projecied to the right side and OH group
1o the lefi is colled as §-form (note the use of small capital letters D and L) Similarly, a compound
having 2 asymmetric carbon atoms (.., @ tetrose) might exist in 4 optical isomernic froms,
The number of possible isomers of any given compound, thus, depends upon the number of
asymmetric carbon mloms present in its molecule. According 1o the rule of o jalso called as
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Le Bel-van't Holl rule), the total number of optical isomers of a compound will be equal 10 2°,
where n represents the number of asymmetric carbon aloms present in the molecule,

In fact, in sugars with 2 or more asymmetric carbon atoms, the designation of p- and - forms
depends upon the orientation of the H and OH groups arcund the lowermost asymmetric carbon
atom (i.e.. the asymmetric carbon furthest from the aldehyde or keto group). The distribution of
the H and OH groups on the other carbon stoms in the molecule is of po imponance in this
connection. 1t is interesting 1o note that mafority of the menasaccharides found in the human bedy
are of b nype. However, some sugars do ocour naturally in their L form such as L-arabinose, a

5C.

KILIANI CYANOHYDRIN SYNTHESIS

A method for the synthesis of harides was first proposed by Heinrich Kiliani in

I.BRMS It is. in Fact. a method by which the chain length of a carbohydraic may be increased. The

ion of Kiliani hesis o p-gl i resulting in the production of 2 tetroses, D-
wlh-:mdnﬂlmuabuw in Fig. 5-2.

The process is based vpon the addition of HCN o the carbonyl group of aldehydes (or
ketones) of the sugars forming cyanohydrin (Reaction-1). This reaction creates 3 new ssymmetric
calbannmm,mrtﬂ:lby.mn.nﬂl.skmlluﬁln.r: rpp——" PyTT— g
E‘;;" :‘:d"‘"""“" diflecing in conformation | oo orman Haworth (1929), an English

newly-formed asymmetric carbon 3400 | ey 1 it broadest sense, conformation has
are formed. These two cyanchydrins are. then. | poen wsed 1o describe different spatial
hydrolyzed 1 produce ylic acids (R of a molecule which are not
2) which are luter converted 10 y-lactones or inner | superimposable. This means that, in efiect, the
eslers (Reaction-3).  Finally, the lactones are |lerms confommation and configuration are

reduced to the g g bent. [n the classical sense, the definition
one carbon alom more than their parent sugar of conformation does po include the intemal
(Renction-d), forces acting on the molecule. The term
conformation, however, is the spatial

The process can be rey and the 4 of the molecule when all the

isomeric p-pentoses may be produced: and from | intermal fores acting on the molecule are taken
these the B isomeric o-hexoses would also result. | into account. In more mestricted sense, the tem

The structural relationships of the Is used to denote different spatial
monosaccharides (the akloses, for example) may arrangements arising due to twisting of rotation

£ e of bonds of a ‘given' configuration (used in the
bbe visualized by the formulac given in Fig. 5-3. aasicnt  The cotntional &

It is easy to remember the configurntions of the and constellations have also been used in the
aldoses by recalling the Rasanaff scheme, drawn | (ume sonse as confomations.

out on the chart and ic—ET; RAXL:
AAGMGIGT,

Any two sugars which differ from each other only in the configuration around a single
asymmetric carbon atom other than the carbonyl carbon atom are called eplmers. Glucose and
galactose, for example, form an epimenic pair as they differ with respect to carbon 4 oaly. Sumlarly,
glucose is also epimeric with mannose (differing in C, configuration) and allose with altrose
(differing also in C, configuration),

Th:lwnl}-andl.-furunl'a T i a pair of U ins” =

or . Thus, D-eryth and L-erythrise are enantiomens; also n-glucose
and L-glucose. The cﬂmllmlrr! falso called optical isomers or double image isomers) ane
nonsuperimposable mirmor images of cach other but are chemically identical in their reactions,
They agree in their melting points, solubility etc., but differ in their ability to rouse the plane of
polanized light in a polarimeter: 3 solwion of one of the two enantiomers rotates the plane 1o the
right, and a solution of the other 1o the left.
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H—C=0
H—C—OH
CH,0H
(D-glycemidehyde)
+HCN 1 +HCN ’
Camy Reaction | C==N
l. (Cyamoleydrin formation) i
H—C—0OH HO—C—H
H—L—Oll H—C—0OH
|
CH,0H CH,OH
nﬂ,ol-m, m}l om,ol-m,
COOH COOH
u—ll:—on HD——T—H
H—L—OH H—C—0OH
LHaﬂﬂ CH,0H
o s l-n,n
c=0 St al:so
u—n':% m—c}|
| 0 | 0
H—C—OH Nty
c}li ¢ 3
"""l Reaction 4 ‘ﬂ"'l
¢1:u0 il cHo
H—C—0OH m—fl-'—“
H—C—0OH I'l""(l:—ﬂﬂ
CH,0H CHOH
Deerythrone [l
Fie &2 Applicution of the in synthesis ta D-gh

of D-gl

o an

104 /1254

yiells D-erythrose and D-threose.

The i
These are called disstereolsomers ie.. isomers but not mirmor images of ench other. In fact,
diastereisomers are different forms of a compound with two asymmetric centres. 1t may, hence.
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Ii('[ni
CH,O0H
o-glyeerae
e
- -
N «-._,‘_“
CH CHE
I;leﬂH HOCH
)|
[T HUOH
‘cl'u,m CH,OH
irerytiurose T-ilnease
/IA\'\ J’A\\
' ./ \\\t el T
CHo CHO CHO Cho
i | | |
Wr)l'l H(Kl.'H iﬂi.'OH IOCKI.H
F’K‘OH HCOH HOCH HOCH
H4'|“” ml'nll Ncl'q i nc:un
‘cﬂ,ou éu,uu CHyOH CH,0H
i riboss I-I'/\“ 1-xy e a-b’k-
T N 2N, o N
o ¥ Ta a Ca ¥ s
o Cho CHO O CHO CHEY CHO 0
p | | | | | | |
Hli\'.‘m It(rI’H Hlxjﬂ IKXIEH IKl'DII HD(IJI H(I!DR 1|0(|'I|
HII:UH HCOH !l(xlﬂ Hﬁxl‘H I'Kl'l]ll I‘Ii'm I‘KﬂiH lmTll
HEOH HCOH HCOH HOOH le.'H HOCH H‘XI‘H HO(lfll
Hcom HCON |n:-=||| H(lnH mlun |||In|| HOOH  HCOH
THOH  CHOH  CHOH  CHOH CHOH  CHOH  CHOH  CHOH
tallas Iealtruse Deglstuse  D-munmose pegulase il eguiaciove  O-labose

Fig 5-1 D, Aldeses containing three, four, five and six carbon atoms
Aldores contain an aldehyde group (shown in Blue) and bave the absoline confl guration of D-ghyceraldehyde o the
wsymmetrhe centre [shown in red) frthest Mom the aldehyde group. The numbers indicate the stansland designations.
for cach carbon stom. The formulse of Lealdoses are in each cose the mimoe images of these structures

be inferred that if two optical isomers are not enantiomers, they

are relaied as diastereoisomers.

They differ from cach other in their melting points, solubilitees and the chemical properties, in

general,
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OPTICAL ISOMERISM

The presence of asymmetric curbon atoms in the compound also confers optical activity o i,
When a beam of palarized light is passed through an optically sctive solution, it may be rotated
either 1o the right or to the ke, depending upon the type of optical somer pml A compound
rotating the plane of polarized light to the right s called us dextmrmatony ldr.tm = right, on the
right side: rotane = pp of refare, 1o turn) or clockwise and is designated as o or (+) type. IT the
compound causes rotution of polarized light 1o the beft, it is said to be levormatory (laevus™ = left,
on the left side) or anticlockwise and is denoted as [ or () type, The direction in which the light
is rotated (o in other words, the optical rotation) is a specific property of the molecule. It should,
however, be emphasized that the apiical miation s net at all related with the mwe b and L forms
of o componnd. Thus, D-glocose is dextrorotory and p-fructose is levorotatory. I it is desired
o indicate the direction of rotation, the two nemes may be writlen as D[Q]-glnmsc and
D(-}-fructose. Simitarly, D-erythrose is and D-h

When equal amounts of extrorotatory and levoroltory isomens are pmtm the resulting
muxture becomes optically inactive because the optical activities of each isomer cuner’

Such a mixre is called a racemic or di-misture or (=}-conghanersie and this proces

an oplically active compound inla the racemic modificution is known of 106 f 1254
= grape). Comp e tably rocemic in nautre o
chances exist for the fnrm-nun af two types of optical isomers or the of and J antipow.
It may be luded that all ides are optically active (except aldobiose and
ketotriose) since they contain one or more asymmetric carhen aloms in their molecules.
Mutarotation

When a monosacchande s dissolved m waler, the opticul mtatory power of the solution
gradually changes until it reaches o constunt value (Dubruntaut, [846). A freshly-prepared aqueous

solution of a-p-glucose, for instance. has n specific rttion, [u}:' of +112.2° And when this

solution is allowed to stand, the rotation falls to +52.7% and remains constunt at this value. The
final stage can be attained more quickly either by heating the solution or by adding some catalyst
which may be an achd or an alkali. This gracual change in specific roluion is known as mutarstation
or changing rotation. In fect, this term reflects the discovery of the phenumenun by way of changes
in the optical mtation of certain ! The terms multh have
sometimes also been used for mutarotation. The value of mutarotution for o-| D—;lucusc s {#112.2%)
= (+52.7%) or +59.5° A fresh solution of f-D-glucose, on the other hand, has a rotation value of
+1K.7"; on standing, it also changes to the same value, +#52.7°, All reducing sugars (except o few
ketoses) undergo mutaroiation. The specific rotations for the anomers of glucose and for the
aquenus equilibrium mixture are

lay =+ 122 —— [a]}) =+ 527° —— [af} =+ 187°
B ghucose Mutarotasinnal PDglucose
oquilibrium mixuee
These substances (open and ring forms) imterconvent due to o dynumic equiliboum. Although
the ang form predominates, cach molecule spends some time in the open form, when asymmetry
is bost. When the open-chain form passes back to the ring form, it is possible for it 1o give nse
to either anomer. Thus, a pure sumple of an anomer only remains so when in the solid state. In
solution, particularly at alkaline pH, a pure sample of one anomer will change 10 an equilibrium
mixture of the two forms, There need not be equal quantities of the two forms at equilibrium
because there are other centres for asymmetry and so anomers (like alio and threo pairs of amino
acids) do not have identical physical properties, including AG® of formation. Equilibrium between
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the anomers is called mutarctation and it can be followed by vbserving optical rowation

(Fig. 54).
A
+1122%4
meglucnse
1
E
= A"
T2 64 0] >
& P
/ P-glucose
/
+ 18T
>
Time
Fig 5. The of e
Meehanism of joni, The ph af appears to be due 1o the changes

of a- to B-forms and vice verss via the struight chain alde or keto form (refer 1o the subsequent
section). When an equilibrium is wtained, the characteristic rolation 15 reached, According 1o
Lowry (1925}, mutarotation can take place only in the presence of an amphiprotic solvent (ie., a
solvent which can act both as an acid and a base), Water is one such solvent, Thus, Lowry and
Faulkner (1925) showed that mutarotation 15 checked in cresol solution (an acidic solvent) and in
pyridine solution (o basic solvent), It is assumed that when mutarotation takes place, the ring opens
and then recloses either in the inverted position or in the oniginal position. The existence of the
open chain form in mutarotation is proved by certain evidences. For example, the absorption
spectra of fructose and sorbose in agueous solution indicate the presence of open chain forms ; the
aldoses, however. give negutive results (Bednarczyk er af, 1938).

FORMULATION OF MONOSACCHARIDES

Formula of Glucose—Linear Form

An erganic chemist intends o as possible in writing the
formulae (Fig. 5-5). When the molecular Furrnuln uf glumue. c, H,,ﬁ is written in a form as
propounded by Fittig and Bacyer, it tells us the presence of an aldehyde and 5 hydroxyl groups.
Replacement of this formula by Fischer projection formula informs the reader aboul some more
klmln For example, the presence af 4 asymmetric carbon atoms in the molecule indicates towands
the of 2* or 16

Ring Farm

However, even Fischer formula fuils 10 describe certain other properties of glucose, Hence,
another method of representing the structure was searched for. The aldehyde or ketone gmup of
a sugar can react with hydroxyl groups of alcohols forming bhemi Is or hemiketuls
For the larger sugars (n = >4), this happens within the same meiecide to form a 8- ulb-mr_mbu'ﬂl
ning.
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CHO
H—C—0OH
CHO
I HO—C—H
0, o, A e
H—C—0OH
CH,OH
Madecular Fittig-Baeyer Fischer projection
formula Tormusla formula

Fig. 55 Formulstion of ghcose
In fact, the angles of the tetrahedral carbon atom tend to bend the glucose molecule forming
a ring. The aldehyde group and the alcohol group of carbon 5 or carbon 4 readily approach each

R—C=0 + R—OH == R—C—OR.

L 108 /1254

Ketone: Alcrhol Hemikesl
Formation of o bemiketal
other lforming i decular hesmiacetals. Similarly. the keto group of a kelose can also approach

the alcohol group of either carbon 5 or carbon 4 forming intramolecular hemiketals. This results
in the formation of either a 6-membered ring (pyranose form) or a S-membered ring (furnnose
form), A T-membered ring, however, becomes too strained i allow participation of the OH group
of carban & of aldohewoses with the CHO group in ning formation. The pyranose form has a lower
AG® of formation than the furanose form.

L3 L]

CH,OH (I:ﬂ,m
Hy ./‘-'],is*""l'c';}" H\c /‘/Es °\I oH
m/c\rl‘, SN w” Nbh M

c— H C—-(I.'

B ik &
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The terminology of such structures is, in fact, based on the 2 simple organic compounds,
exhibiting a similar ring structure. These are pyran and furan, The pyranose forms of the sigars
are more stable than the furanose forms in solurion,

, 0 o l| sI (J.‘H/ or
“Q o ||
I
CH
Pyran Furan
fthe parent compound of pyranoses) {the parent compoand of furancses)

The formation of a ring structure in the glucose molecule creates a new centre of asymmeiry,
i.e., the carbon | (carbon 2 in ketoses). One may, therefore, find that the ning form of glucose can
nlslnd‘b:rollhe!:mlu‘kfmmduﬂlndﬂmm These two isomers are, in fact,

i rather than becweﬂwuinmlib—ghmuwllhcmlmllm
of the f-form. They are also known as anomers (ano” = upper) as they differ in configuration only
around the hemiacetal or anomeric carbon atom (i.¢.. carbon 1), The designation of - and f-forms
:sbuedundranggemunnlﬁ:nlmhﬂsli'}i]l-husmdIhndtm:mnh\mglh:sm

at both the ond carbon stoms should be called as o-form while
m&ﬁnmmcmfgmmmldbedi&mﬂmmm"m. In other words, the
configuration of H atoms at both these carbons {anomernc and penultimate) 1s erythro (writien on
the same side of the structure) in o-form and threo (wrilten on opposite sides) in f-form.  The
- and B-forms of D-glucose in both pyranose snd fursnose rings along with the open chain
formula are shown in Fig. 5-6.

As shown in the above figure, the hemi: 1} won is of nature. Thus, D-
elucose in aqueous solution exists as an equilibrium mixture of § compounds. The pyrancse form,
however, predominates in solution. An equilibrinm mistore of glscose contains about one-third
{37%) @ anomer, two-thirds (62%) B anomer and very little (<< 1%) of the open-chain form,
Likewise, the o and fi anomers of both the pyranose and the furanose forms of fructose inlercoavent
through the open-chain form. In fact, under physiclogic conditions in solution, monesaccharnides
with 5 or more carbons are typically more than 9%9% in the ring forms. The distribution between
pyranose and furanose forms depends on : (a) the particular sugar strecture, (B) the pH. (c) the
solvent composition. and () the temperamre. Respresentative data obtained from nuclear magnetic
resomance (NMR) siudies are shown in Table 5-2. When the monomers are incorporated into
polysaccharides, the structure of the polymer may also influence the ring form chosen. As an
instance, a5 Tahie 5—2 depicis, D-ribose exists in solution as a mixture of the two ring fooms. Bt
in biologi ides, specific forms are 4. Rit leic acid. for example. contains
exclusively nbuinmnnse whereas some plant cell wall polysaccharides have pentoses entirely in
the pyranose form.
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AT N

JT \c/
H—c—on H—T—oOH
m—h':—a ? m—’a':—u o
H—':L H—'C—0H
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Fig. 5. Vorloos forms of d-glocese present In an squeous solution

[Mote thal in g-furm, the OH groip al amoneric carboa | s also o the night side like that ai the penultimale
carbon som § | whereas in [-fom, the OH group st corbon | is on the lel and thal oo carbon 5 s on the
right side. Figwres in parentheses inBcnte the molecular percentage present noan equilibrium migture of

pH Tl
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E@ED e smvuns o ttameri

forms for some monosaccharide sgars al

equilibrium in water al 4070
Munsoseccharide Relartve Amuun? (in%)
o pyranase [ pyranese o foranose P furmnose Tl furumose

Ribuse n 56 L] 18 M
Lyxose T L] - - <l
Alwrose 27 40 0 1 13
Glucose s o4 = = <l
Marmese 7 1 =+ - <l
Fructose 03 57 1 il 40

Mot that in ull cases, the apen-chain form is
o designases much less thon 1%.

much less thn 1%

Like ather kinds of steroisomers, these a and fi forms rotate the plane of polarized light

differently and can be distingnished that way.

belween the o and f forms, using the open-chai

The monosaccharides can undergo interconversion
in structure as an imMermediate.  This process s

referred to us mutarstation. A purified anomer, dissolved in aqueous solution, will approach the
equilibrium mixture, with an accompanying change in the optical rotation of the solution.  Enzymes
called mutarutases catalyze the interconversion of anomeric sugars n vive.

Haworth Perspective Formula
Although Fischer formulae are useful in
dicath 0 i i among
sugar, they are tedious to write. Haworth
{19249), un English chemist, devised another
method of representing their struclure,
resembiing a hexagon (pyranose form} or a
peniagon (furanose form). In such o
projection, the carbon aloms in the ring are
naot expliciiely shown, The approximaie planc
of the nng is perpendicular to the plane of
the paper, with the heuvy line on the ring
projecting toward the reader. Haworh
projections more clearly approxi the

WALTER NORMAN HAWORTH
(LT, 1883-1950)

Walter Norman Haworth, a
Briton, had been a student of
Otto Wallach and W.H. Peran
at  the Universities of
Manchester and Giltingen. He
was awarded 1937 Nobel
Prize in Chemistry for his work
on the constitution of
- ates and vitamin C,
along with Paul Karrer of
Switzerland. Haworth's contributions include
methylation of sugars, pyranose and furanose
harides, structure of starch,

i “chair” structure of glucose (Fig,
5-7) and other hexose sugars thal exist in

of
cellulose and arygraling and stsctune and syrthesis
of wcorbic acid.

solutions,

In the pyranose form, carbon atoms | o §
of the aldohexoses and the O atom of the ring
are represenied in the form of a hexagon and
the plane of this ring projects from the paper.
Bonds that are nearer 1o the reader are thickened
in this type of formula and the carbon atoms are

1
CH,OH
HO
) o
i |
B _
-~
![I O 'i
OoH

Flg. 7. “Chair” form of g-o-gheapyranase

d choch Fischer formula may be
cenveried 1o Haworth formula by twisting it
around imaginutively or by constructing models.
Certain “assumplions” have, however, been
followed for conversion. These are
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1. Any group o the right of the carbon chain in Fischer formula 1s written down the plane
of the ring in the Haworth formula ; those to the lefi are written up. A notnhle exception to this
assumption is carbon atom 5 where H stom, present on the left side, is shown below the plane of
the ring insead of showing it above the plane of the ring. This is as o resubt of torsion needed
to brng about ring closure. The carbon atom 3 rotates so that the O atom of the OH group on the
anomernic carbon comes in the plane of the first five carbon atoms. Consequently, the H atom oo
carbon 5 is shified to the other side of the carbon chain by rotting through more than 90°,

2, Another imperant assumption is that the carbon atom (or atems) ol involved in ring
formation {e.g., carbon & i aldopyranses) will be shown above the plane of the ring, if the oxide
ring in Fischer formula is to the nght. Conversely. if the oxide nng is to the left, the extra carbon
atom {or atoms) would be shown below the plane of the ring in Haworth projection. Two examples
(oD and f-L-glocop will illustrate the mode of eonversion (Fig. 5-8).

1

C—H

{4 ghesopyranose

Fig. 58 Made of conversion of two hexos segars from Fischer projection formuls to Haworth
perspective formals
For the suke of simplicity, while writing Haworth formulae, the H and OH groups are not
writien and the bond indicating the single hydrogen atom is not shown, Thickened line in lower
hall of the hesugon is also omitied, The extra carbon aloms are, however, written as such, Thus,
the ahove Iwo compounds may be simply represented as in Fig. 5-9.
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CH,OH
0 D,
CH,OH
a-i-glacopyranose Pi-glucopyranoe
Fig. ©5. Simplified Huworth formulse for (wo besose sugars
The 6 d ring, like cyclok cunnot be planar because of the tetrahedral

geometry of it aamm:ulmbm atoms. Instead, pyranose rings adopl chair and boaf conformations
(Fig. 5-10). The substituenis on the ring carbon stoms have two orentations © aval and equatorial.
Axial bonds ure nearly perpendicular 1o the avernge plane of the nng, whereas equatorial bonds
are almost puralle] to this plane. Axial substituents emerge above and below the average plane of
the ring and sterically hinder each other il they emerge on the same side of the ring. By contrast,
equatorial whslituents emerge at the peniphery and are less crowded, The chair form of B0
glucopyranose predominares because all avial pasitions are pecupled by hydrogen aroms. The
bulkier —OH and —CH,OH groups emerge at the less hindered peripbery. On the contrary, the
boat Torm of glucose is highly disfuvoured because o is much hindered stencally.

More generally, varations in the 30 struciure of biomobecules ae described in terms of
configuration and confomuation. However, great care shiould be exercised in the use of these femms
as they are nat synamyms. Conformation refers 1o the spatial arrangement of substituent groups tha
are free to assume different positions in space, without breaking any bonds, because of the freedom
of bond rotation. |n ethane (C H,), for example, there s nearly complete freedom of rotation around
the single C—C bond. Many differen) interconvertible conlormations of the ethane molecule are,
therelore, possble, depending upon the degree of rotaton. Two conformations ane of special
Interest: the stagaermd confommation, which ks more stable than others and thus predominates, and
the eclipsed form, which is lmast stable. It is not possible to isolate either of these conformational
forms because they are freely interconvertible withowt the breakage of amy bonds and are in
equilibrim with each other.

On the contrary, configuration denotes the spatial armangement of an omganic molecule tat s
conferred by the presence of (a) double bands, amund which there is no freedom of rotation, or
1 chiral centres, around which substituent groups are amanged in a specific sequence. The diagnostic
Teature of configurational isomers is that they can be interconveried only by breaking one or moe
covalent bonds. For example, maleic acid is a conformational somer of fumanc acid.

Axis Axis Axis
I

i W, G)-\f\l E o \?pu

|
H
I ! : r““r ‘aﬁ’
s OH
Baat foem of Chair form of o-n
o pyrinose 2 pyranase {ichair form)

Flg. 510, Conformational formulse of the boal and chalr forms of the pyrancse ring
Sahstituents on the ning carbons may be cither axial (a). projecting almest paraliel with the vertical ais
through the nngwrqulunllIelwumun;ahmslmwbwlumﬂubuufwmwnhmcm
substitsents, the chasr form ¥ e becuuse it b less hendered. The boot coaformation
is umccmmon except in derivatives with very Imlky substitments.
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The & ered M rings, like p nings, are not planar. They can be puckered
wﬂmfwdummmlymphmmu:ﬂnhusmﬂ.!a\myﬁunwnphm This
conformution is called envelape form because the an opened pe with the

back Nap mised (Fig. 5-11). In the ribose moiety of most biomolecules, either C-2 or C-3 is out
of plane on the same side as C-5, These conformations are called C-endo and Cy-endo. [Note
that the sugars in DNA doucble helix are in the C-endo form whereas the sugars in RNA are in
the C -endo form. | Furanose rings can interconvert rapidly between different conformational siates.
-“unmr rings are mare flexible than pyranose rings pad possibly this may be the reason for their

selection as components of DNA and RNA.
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Fig 511, An envelope form of -d-ribose
The Cy-ender comlurmation fs shown. C-3 is out of plane on the same ude a5 C-5.

REFERENCES
See list following Chapier 8.

PROBLEMS

1. Account for the origin of the term carbolyvdrute,

2. Indicute whether cach of the following pairs of sugars consists of anomers, epimers, or
an aldose-ketose pair :

(a) D-gly ldehyde and dihyd
(b} D-glucose nnd D-mannose
(€] D-glucose and D-fruciose

(d) @-D-glucose and f-D-glucose
(¢) D-ribose and D-ribulose

(1 D-galactose and D-glucose

3. Glucose and other aldoses are oxidized by an wqueous solution of a silver-ammonia
comples. What are the reaction products !

4. The specific mtations of the @ and i anomers of D-glucose are + 112 degrees and + 18,7
degrees, respectively, Specific olation, i), is defined as the observed rotation of light of
wavelength 589 am (the D line of o sodium lamp) passing through 10 cm of a | g ml™'
solution of a sample. When a crystalline sumple of o-D-glucopyranose is dissolved in
water, the specific rotation decreases from 112 degrees o an equilibrium value of 52.7
degrees. On the basis of this result, what are the proportions of the ¢ and  anomers at
equilibrium 7 Assume that the concentrution of the open-chain form is negligible.

5. Glucose reacts slowly with hemoglobin and other proteins 1 form covalent compounds.
Why is glucose reactive ? What is the nature of the adduct formed ?

. Compounds contaming hydroxyl groups on adjacent carbon aioms undergo carbon—carbon
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bun!t.lciwise when treated w:lhpmudn: m I:ID. ). How can this reaction be used 10
and

h between |
7. Does u: oxygen atom attached 1 C-1 in methyl wuslwupywhk come from glucose
or methanol 7
#. Fruciose in its fi-D-p form for the I of honey. The -

D-furanose form, although sweet, is not as sweet as the pyranose form. The furancse form
is the more stable form. Draw the two forms and explain why it may not always be wise
to cook with honey,

9. (a) Compare the number of reducing ends to nonreducing ends in a molecule of gleogen.
(h Glycugen is un impernant I‘uel smmge form that is rapidly mobilized. Al which end—

the ing or d ld you expect most metabolism 1o 1ake place 7
10, Draw H. " jecti ful'lll-’“ ing
(u) in a-furanose form. Name the sugar,
CHO

H—C—O0H

GH—T—H

H—C—OH

CH,OH

(b) The L isomer of (a)
te) a-D-GleNAc
) o-D-fructofuranose

11, a-D-galactopyranose rotates the plane of polarized light, but the product of its reduction
with sodium borohydride (galactitol) does not.  Explain the difference.

12, Provide an explanation for the fact thal @-D-mannose is more stable than f-D-mannose,
whercas the oppesite is true for glucose,

I3, What is the natural polysaccharide whose can be symbolized by
Gl:UAﬂil-)]GI:NAn. with these units connected by B(1—+) links 7

14, A freshly prepared solution of the o form of D-galaciose {1 g/ml in a 10 cm cell) shows
an optical rotation of +150.7°, When the solution is allowed to stand for a prolonged
period of time, the ob i rotation gradually d and reaches an equilibrium
value of + 80.2° In contrasl, a freshly prepared solution (| gfml) of the [ form shows
an optical rotation of cnly + 52.8°. Moreover, when the solution is allowed 10 stand for
several hours, the rotation increases 1o an equilibrium value of +80.2°, identical to the
equilibrium value reached by o-D-galactose.
{a) Drow the Haworth perspective formulas of the @ and B fomms of galactose. 'What
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* Reaction of Gycosidic OH

Group

Reaction Involving Both

Glycosidic and Alcohalic

OH Groups

Reaction of Alcoholic OH

Group

Reaction Inveling Both

Acoholic OH and CHO/

. s:afr:z::r CHOICO CarbOhYd l'ates-l l
o Properties of
Monosaccharides

arbohydrates possess active groups which are

responsible for their chemical behay

groups are glycosadic OH, alcobolic '
{or CO). Most of the reactions of mutarotati 116)“ 1254
place in aqueous solution so that all the 3 f.
available for the reaction.

a-form == aldehydofketo form w== B-form

The above equilibrmm is shifted in favour of the group

which reacts. Some reagents. however, react with more than
ane group.

REACTION OF GLYCOSIDIC
OH GROUP

Reaction with alcobol. The glycosidic OH group of
mutaratating sugars react with alcohols 1o form a- and f-
s whyeosides or scetals. Thus, glucose forms glucosides and
in lood as fructose forms fructosides.

Starch, b:‘rﬂmphmdum'dmm “Phe ghucodes, or giycovides in gencal, do i
uﬁnmumum mutaratation as the aldehyde group in them is converted o
guccse molecules. These chaing are 1o acctal group. A number of glycosides oceur in nature,
rokan down Info individual ghacose .8, phlorhizin ( glocose + phioreti bark ; digitonin

o (4 gal + xylose + digitog in foxglove leaves;
;rn':;l::d building blocks to oIl ueyedalin 12 glucose + 2 mandelonitril) from biner

i almonds and saponin (sugar + sapogenin) from soapwort,
They are useful as medicaments.

82 FUNDAMENTALS OF BIOCHEMISTRY

H——-l’l.‘-—-OH H— €= 0 — CH,
H— C—OH H— C—OH
| HC g |
Hu—:l‘—H 0 + CHOH o> HO—C—H 0 + HO
H—ilr—mt H— C—OH
|
"_T H—ti.‘
H— C—OH H— C—OH
|
H H
e ghucose Methyl alcnhel [T e ——
REACTION INVOLVING BOTH GLYCOSIDIC AND
ALCOHOLIC OH GROUPS
Reaction with ucetic anhydride (Esteri The glycosidic and alcoholic OH groups of
hurides and disaccharides react with acetylating agents (like acetic anhydride in pyridine)

o form acetate derivatives called esters.
H—C=OH

H—C—0H

| cH,co
ZHO—C=H . 5 "0 Pyridine 2H,C.0C —0—C—H

H—c-on|  CHCO” H—C—0—COCH, |+5H0
H—C o
H—C—0H H—C—0— COCH,
H H
O-D-ghicres Acatic bl -D-ghicose penta-acetate Waler
“The ability of sugars to form esters indicates the p ‘alcohol groups in their As

glucose upon acerylation yields a penta-acetate derivative, it obviousiy contains 5 OH groups.
REACTION OF ALCOHOLIC OH GROUP

Reaction with methy| iodide (Etherification). The alcobolic OH groups of monosaccharides
and disaccharides are converted (o ether groups upon treatment with methylating agents.

[The glycosidic OH group of the sugars is, however. first protected with an R group by converting
these sugars to glycosides which are, then, allowed to react with the methylating agent |
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H—C+—0—CH, H— C=—0—CH,
H—C—OH H—C—0—CH,
HO—C—H O+4CH|+2Ag,0 —>»H,C—0—C—H O +4Agl +2H,0
H—C—OH ﬂ—l|'.'—0—CH,
H—C H-—lll'
H—C—0H H—(l.'—CI—CIl,
H H
a-methyl Methyl  Silver Tetramethyl ether of Silver  Water
glucose iodide  owide a-methyl ghacoside indide

This reaction has been extensively used to ascertain which OH groups in a sugar are free and
available for reaction. Thus, @-methyl glucoside is methylated at carbon 2, 3, 4 and & but ot at
carbon 5§ which is involved in hemincetal bnk.

REACTION INVOLVING BOTH ALCOHOLIC OH
AND CHO/CO GROUPS

hidation with acids, The alcoholic OH group and CHO group (or CO group) a 18 12
carboxyl groups by certain oxidizing agents. The oxidation may be brought about « 1 f 54
vigorous oxidizing conditions.

(@} With mild oxidants (like HOBr) = Only the aldehyde group is oxidized 1o produce
manocarbouylic aclds. Ketoses, however, do not respond 1o this reaction. Hence, this reaction is
used 1o distinguish aldoses from ketoses.

CHO COOH

l(l'.'I'IDH]. + HOBr — {CHOH), + HBr
CHOH CH,OH
Cllacone Cluconks ackd
(b} With strong oxidants (like conc. HNO,) — Both the aldehyde group (or ketone group) and
the primary alcohol group ane oxidized w yield dicarbony lic acids. With aldoses, acids with same
mumber of carbon atoms are obtained whereas ketoses react (o produce acids with fewer number of
carbon atoms,

REACTIONS OF CHO/CO GROUP
1. Oxidation with metal hydroxides. Metal Ilydm:ldu like CIIO H),. AlOH and Bi (OH),
axidize the free aldehyde (er ketone) group of ng mono- and ides and are, at the

same time, themselves reduced 1o the lower oxides or o the free metals. Thus, Cu(OH), is reduced to
Cu,0 and AgOH and BitOH), are reduced 1o the free metal, A and Bi, The reaction with cupric
hydroxide is given below :
Reducing sugar + 2Cu** ——— Oxidized sugar + 2 Cu”
Blue
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200" +20H —— 2Cu0OH —— Cu, 0+ H0

Yellow Red
e o
(CHOH), + 30] ——> (CHOH), + H,0
| (G HND) |
CH,0H COOH
Cilucone Clucaric acid
(an akdose) (Sacchanc acid)
i
COOH COOH
= . O
+ O —> (CHOH), + ( +
'i:"mh (Camar: HNOL) | - |
COOH
Fracione glaaric acid
s ketomed

Cupricion (Cu**) is, in fact, the most common oxidizing ngent of these_ [t is the active ingredient
in Fehling's, Benedict's and Barfoed's reagents.

Fehling's reagent consists of 2 solutions : sodution A contains 7% Cu.50, and sofution § contains
25% KOH and 35% sodium potassium tartarate. When the two solutions are mixed in equal amounts,
a elear blue solution results for the tartarate forms a soluble complex with the copper
hydroxide produced. This solution is widely used as an oxidizing agent in
sugar determinialions.

With Fehling’s reagent, the overall reaction ocouns as follows ©

CH0, + 2CulOH), —— CHL0, + Cu0 + 2H0

Glucose Fehling's Gluconic Cuprows
salution ncid oxide
In clinical ies, however, o i ion of Fehling's reagent is used for the qualitative

determination of glucose in urine. This is known as Benedict's reagent and consists of a single
solution containing CuS0,, Na, CO; (in place of KOH) and sodium citrate (in place of sodium
polassivm tartarale). Sodium carbonate reduces alkalinity to such an extent that, unlike the Fehling's

reagent, the two solutions (Cu. SO, and sodium here are kept mixed indefinitely as one solution.

Harfoed's reagent utilizes a weakly acid solution for oxidation. In contains 7% cnpnclcm
ﬂllll‘iaulnca:-d.mmmuwbemalm' inguish ‘harides from disaccharides as
the former give acup i dal id y than the latier. Monasaccharides

are, thits, more active mdmnl ug\mu than Medum'riumlu.

Carbohydrates with free carboryl groups or in hemiacetal form give positive tests Lo these reagents
without having been hydrolyzed first and are referred o as “reducing " sugars ; athers (i.e., the acetal
types) are then “nonreducing” sugars (Table 6-1).
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L

Beducing supar Novreducing supar
1. Carbohydrates with a free aldehyde (at C-1) 1. Aldehyde or ketone group is not free bue
ar a free ketone (a1 C-2) group mstend utitized m bond formation.

. They wre i bemiscrtal or henuketal fom

2 They are 1 scetal or ketal form.
3 Do exhibit mutaroeation.

4

5

Do not exhiblin mstsrotation
D moot fowm evsazines,
- Dw not fosm oximes.

Dy form asaeones with phenyl hydrazine
Do form oximes with hydmoylamine

e

Examples — Glucose, Frociose, Lactose, Examgples — Sucrose, Glyeogen, Inulin
Muliose. Cellohiose
(|:HO CH,OH
H— C—OH H—C—OH

no—L—n+m —> Ho—C—H
Sodium

H—C—oOH "malgm H—C—OH
H— C—OH H—C—OH
Glucose wﬂl.!:e"u e
. " 120/1254 oo
(l_.“o ml e 3
HO— C— M HO—C—H
HO—C—H + 2 ——> HO—C—H
o L
H—C—qQp tmalgam H—C—OH
u-—(i.‘«-won H—C—OH
Nt:ll,rall CH,OH
CH,OH CH,OH ti:u,ou
c=o0 H—C—OH HO—C—H
HO—L—H Iw—J:—ll HO—C—H
2 + 4 —>» +
H —C—OH Sodism H—I—Oll H—C—OH
H—C—OH H—lc—ull H—C—OH
CH,OH CH,OH
Fractose Sarbitol Mamnitol
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“The Malisch test employs sulfuric acid for dehydration and a-naphthol as the phenol. The acid
also hydrolyses scetal groups present and thus makes this lest probably the most general of all the

tests for curboh

Slm:hﬂmlptminwmnrﬁ:nbuumnm i 'mnng: lecule, a
mixture of hydmxy acids of different chain length is i dati bohyd Hence,
these tests, although widely employed mnﬂyﬁ:dmhww are of Litle value i preparative
chemisiry,

2 Heduction. The sugars may be reduced in vanous ways depending upon the type of reducing
agent used.

(@) With sodium ~The -harides are reduced to their comespanding aleohals

by treating them with l'nl.uul\; agenis hke Na-amalgam. Thus, plucose yields sorbital (= glucitol),
munnose yields mannitol, galactose yields dulciiol, froctose yiclds a mixwre of sorbitel and mannitol,
and glyceraldeh yde yu:l.di glycerol,

Sorbitol and | both are and are used in the i of surface-uctive agents
andd explosives, respectively.

(b} With sirong minerul acids = With hexoses, the reduction leads to the formation of 3-
hydroxymethylfurfural, which on further heating is transformed to levulinic acid.

This reaction forms the basis of some colour tests (e.g., Molisch test and Bial's orcinol test) for
sugars s the aldehyde products of these reactions condense with certuin organic phenols to give
characteristic colouned products.

CHO
| COOH
H—C—0OH ﬁ |
HO— C—H HC TH’
'_“"o_,p I o _n“_’.;p C": + HCOOH
H—C—o0H HC |
” c=0
H—C—OH c |
| | cHy
CH,0H CH,0H
Glucose S-hydroxymethyl- Levulinic Foemic
{n henose) Turfural acid acid
With penioses, o product furfural is obtained on heating.
CHO ‘[‘"0
H—C—OH ﬁ
u_+_0" i | . M0
H—C—OH “ﬁ
CH,0H He

Ribose Furfural
Tetruses and trioses, however. do nol undergo this reaction as they do not possess the necessary
minimum 3 carbon atoms for furfural formation.
() With dilute alkalies — Glucose. fructose and mannose are interconvertible in weak alkaline
solutions such as CaiOH), and BaiOH), at low iemperatures, This reaction is known as Lobry de
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llnnn—\]b'ﬂhnll-_hmnn jon. This reaction, proposed in 1890, is of special

imilar reaction is 1o take place in the human body. The mechanism of this

reaction involves enolization, the migration of a proton from a carbon atom onto the oxy gen of an

adjacent carbonyl group, resulting in the formation of an unsaturated alcohol called enol (ene =

unsaturation ; of = alcohol). The interconversion between ghacose, fruciose and mannose may, in fact,
Ibe visualized as oceurring through a common enediol form (Fig. 6-1),

I!—C—.—TOG..
- v

HO—C—H-"

¥ig -1, Interconversion of ghicose, mannase and fructose (Enctiations 122 [ 1254

“The above mechunism emphasizes that the seme mixture (of glucose, fructose and |
obiained even if, instead of Di+}-glucose, the starting material is D(- erlmc or Di+)-mannose.
Using deuterium oxide, Topper ef al, n 1951, have supg this enoli but have
concluded thot fructose and mannose canmot arise from the same enediol and that there are two
geometric isomeric ensdiol imermediates, both forms capable of changing into fructose.

II the mixture 15, however, heated to 37°C, the acidity increases and a senes of enols are produced
in which the double bonds migrate from O—C link 1o vanous C—C positions,

o 40,
H—C—OH ﬁ— OH C—OH
R ® CHO,
I, Zenediol 2, J-emediol 3, d-encdiol
In concentrated alkali, sugar lizes and many yposition products are formed. Cenain

coloured pigments develop and salts may also be formed,

3. Heaction with hydrogen cyanide ( Killani synthesis ). As already discussed (see page 733,
the addition of HCN w0 mutarotating sugars creates a new asymmetric carbon atom, producing two
new Is namely, in A and shydrin B. These are, then hydrolyzed with dilute
mineral acids to form hydroxy acids which are later converted 10 ylactones and finally reduced o
two new sugars containing oie more carbon atom than the parent sugar.

. Wesction with alanine. The aldehyde group of carbobyd: v with the amino
group of alanine to form Schiff's base.
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Alanine

The b ing reaction (Malland's wng duning the haking of bread and other
mixtures of carbohyd and proteins is believed 1o be due 1o the f ion of Schifs base hetween
the amino groups of proteins and the aldehyde groups of carbohydrates (Mertz, 19601,

5 Renction with phenyl hydrusine. Resction with phenyl hydrazine involves only 2 carbon
atoms viz., the carbonyl (i.e., the aldehyde or ketone group) and the adjacent one. One mole of phenyl
hydrazine reacts with one mole of aldose (or ketose) o form a mole of hydrazone, With a second
mole of phenyl hydrazine, the hydrzone is oxidized 1o aldobyd and the phenyl hydra
inself is reduced 1o aniline and ammonia. Finally. a third mole of phenyl hydrazine reacts with the
aldohydmzone (o produce osasone. The hydrazone may, in fact. be regarded as a special type of
Schiff's buse and the osazone as a double Schifl's base (Fig. 6-2).

H
H—C=N—N—CH,
H—C—OH + H0
R R
Glucose Phaeayl hydrazine Cilucose hydrnrone Wister
H
=N—N—CH,

=0+ Gy — Ny +NH,

Chucose hydrsone Phenyl ydrazine Aldohydrarone Aniline Ammnia

H H
H—C==N—N—CMH, H—C=N—N—CH,

e H H

='<_9‘_f_I_I}.N—N‘—C,H, _— \1=N—N—C,H, + H0
| R

Aldohydraone Phenyl hydrarine Onarone Water

Fig. 51 Osazone formation

“The reaction with ketose will also take place in a likewise manner.

The of reducing ( ing) sugars are crystalline, yellow and usually msoluble
compounds and hence may also be recovered. These have characteristic erysial structure and melting
points and are, therefore, Mrequently used in the identification of sagars. [t may, however, be noted
that glucose, fructose, and mannose would yield the same osazone owing (o their similar stracture m
the unaffected pan of the molecule (from C, o C,). M . the nC,b
during the reaction. Obviously, galactose would. then, form a different osazone as it has a different
configumation below Cy.
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Oszone f i { haridex but is also shown by figancharid
Lactosazone erysials ]In\en wypical hedgehog shape and are readily identifiable. M.n]lm! erysials
have o ck i petal-like and a cluster of them looks like the sunflower. Sucrose,

however, does not form osazone since il does not contan a functional carbonyl group.
f.  Hesction with hydroxylamine. Simple sugars react with hydroxylamine to yield aximes.

CH=N—O0OH

|

tli'_‘HDIrI}. + HO
CH,OH
(Hlucense Hydrovy lamine Abdery ime Waler

7. Fermentation. Monosaccharides such as glicose, fructose and mannose are readily fermented
by yeast. The process of yeast fermentation is very complex. Duning this process, sugar phosphate
and sugar ucid phosphate are formed. Ordinanly, this process results in the formation of alcahol and

carbon dioside.
€0, -~ e oM + 2C0,
Munosaccharde lyeait) Alcabol
124 /1254
REFERENCES

See list lollowing Chaper 8,

PROBLEMS
1. Sucrose is commonly used to preserve fruits. Why 1s glucose not well suited for preserving
fruits ?
. Which of the following carbohydrates is most rapidly fermented by brewer’s yeast
(Saceharmmycer cereviziae)
{a) glycogen
(b) maliose
{c} lactose
() glucose
e} sanch

b
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* Conformation of Pyronose
and Furonase Rings

Suchose of S0CChorose

The Adificial or Synthetic
Swealeners

Loctcse
= Moitose
Calobions

somattose

: oo Carbohydrates-lll

Oligosaccharides

The oligosaccharides yield 2 to 10 monosaccharide

molecules on hydrolysis. Dosaccharides are the most

comimon oligosacoharides feund in natere, Most of the
11 i 1 b

in animal sources, The three most important disacchandes
found free in appreciable quantities are sucrose. laciose
and maltose : a few others are cellobiose and trehalose.
CONFORMATIONS OF PYRANOSE AND
FURANOSE RINGS

Toname disacchanides. certain rules ane followed. First,

paee g mew: :',;"u;;’;"',; thre: corpound i writter with its orvedocig end fo the
drink and food indusiry, left. An 0 pucedes the name of the first (left)
unit. as a reminder that the sugar-sugar

Imkagz is through an oxygen mom. The configuration ot

the anomeric carbon joining the first (lefl) monosaccharide

unit lo lh:sccmﬂ is then given [ﬂor B Tu dunngmahi

i & structures.
is inserted in the name nfethhlmdcnnn The
tweo carbon stoms poined by the glycosidic bond are then
shown in parentheses, with an arrow connecting the two
numbers: for example. (1 = 43 shows that C- 1 of first sugar
residue is joined to C— of the second. IF there is a third
mesidue, the second glyoosidic bond is described next. by
the same conventions. To shoren the description of a
complex polysaccharide, 3-lener abbweviations for each
monusaccharide are often used.
sucrose is therefore named O-a-D— glucopyranosyl-

1o
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{1=2)-f~D-fructofurmnoside. Because most sugars are the D-enantiomers, and the pyranose form
predominates, a shorthand version of the formal name of such compounds is wed. giving the
configuration of the anomeric carbon and naming the carbons joined by the glycosidic bond. In this
abbreviated nomenclature, sucrose is Gle (@l —+2) Fra,

Based on the type of linkage present in their mok the disaccharides may by classified as
Follovws :
Dismccharides
{ ] !
N Reducing
(= Glycosylglycosides) Ll ¥ oy
€, — €, gicasidic €, — €, glycosidic €, — €, giycosidic €, — €, glvcosidic
linkage linkage linkage linkage
Trehakose Sucrose Lactose Gentiobiose
Maliose Mclibiose
Cellobiose Isomaliose
SUCROSE OR SACCHAROSE

{Table sugar, Cane sugar, Beet sugur)
Oceurrence. Sucrose is the common sugar of commerce and kilchen (hene. 126 " 1254
hmlaclluld sug!} andd is wnh:!y distributed in all photosynthetic plants. It is the chief o
beet (Beta vailgaris) and maple (Acer saccharing) and is also
pruentm pweqpplemmm sarivur) and carrol ( Daneas carota). SueTose nocurs in varying amounts
in different plant organs such as fruits, seeds, Mowers and roots. Nectar of llowers is panicularly rich
in sucrose. It is the raw material for honey. Sucrse is probabiy the onty foodsiff used in the crysiailine

form.
.Fnrmuusme:ﬁnmqmnd&npfm!hmcﬁmmhhhcnghb—ﬂnms:ulkmmhﬂdmg
block of both h and cellulose, sucrose is a major Ttis the

predominant form in which sugar is transported in most plants Immﬁtlﬂvumndl:lurgmul‘
[plants via their vascular system.

C _Allulknmd ially from either sugarcane or beet. Refinement removes the
yellow-bre of Tined sugar to produce the white crystal form of table sugar, while
leaving a syrup which does not crystallize. This syrup. known as malasses. is also a commercial
product and is the least refined form of sucrose. In plants, sucrose is formed by elimination of a
molecule of water from glycosidic hydroxyl groups (marked by an asterisk) or t-D-glucose and f-D-
fructose (Fig. 7-1.1

I Ting structure in the sucrose molecule, although
Illepynnuscnngulhedﬂnunm:lndmtsubl:furmmlkﬁ\xk:lnlmnu The linkage hetween
the two disaccharide moieties (= units ) of sucrose is a glycosidic one between C, of ghucose and C, of
fructose.

Pruperties. Sucrose is a white crystalline solid. soluble in water and with a melting point 180°C.
‘When heated above its melting point, it forms a brown substance known as coramel. Concentrated
sulfuric acid chars sucrose. the product being almost pure carbon. It is dextrorotatory and has a
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specific rotation of + 66.7° It is by far the sweetest of the 3 common disaccharides (sucrose, lactose,
maltosel. Itis also sweeter than glucose (refer Table 7-11. It crystallizes in colourless crysials.

Fig. 7-1. Structure of sucrose
Chex-[3 1—2kp-D ade or Gle fil — 2) Fru

li can be seen from the formula of sucrose that both the carbony] grosps {marked by an asterisk)
are involved in the 1on of glycosidic bond. © quently, sucTose conlains no active group
and, therefore, does not exhibat those properties which depend upon the presence of this group,
Obviously, seerose does not exhibit mutarotstion and is nera reducing sugar. I also does not form an

ll\dmhsb.l.lpm ydrulysis. sucrose yields equimolar mi f ghucose and fructose which is
ofien called invers sugar. This mixiure readily mlwel Fehling's solution and other alike reagents,
The name “inven sugar’ is given 1o this mixure because the k y fruciose, thus produced
C'Iﬂl‘l':! {or invens) the previous d:!.unmlnwy action of the sucrose, In fact, sucrose (n‘lur_h is

with a specifi L Iﬂiunf+w7'Lm b s, EIVES A mi '

quantities of D{+) glucose (dextroroatory ; |u|‘, of + 52.7%) and D{-) fruciose (levorotatory: |n|":
of - 92.0°). And s the levorniation of fractose is greater than the dextrorotation of glacose, the
mixture 50 obiained is levorotatory, contrary to the initial dextrorotatory sucrose.
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m Sweetness index® of some sugars and noncaloric swecleners

Sugar / Sweetener Relative rweetmess
Sugars
Lactose 016
Raifinose 0.20
D-galactose 0.52
Malwose 0.32
D-xylose 040
Glyeol 0.50
D-glucose 074
Sucrose 1o
Invert sugar 1.23
D-fruciose 173
Sweeleners
Sucaryl sodium 0
Aspariame 180
Acesulfame-K 200
Stevia extract 300
Saccharin 400
Monellin 2,000
*  Sweetness index s nscenuined with respect In sucrose whose sweetness level is arbitrily taken
as one.
lavemtane
CpHy0y + HO —— CHL0, +  CHO,
Sacrese Water Frucies
lafy = + &6 oy = #5327 o= - G200
dextrond mory e wtsretalinny levarlatory

Mixture of glucose and fructose is levorotatory with [aly, value of (92.0 - 52.7)= - 39.3%,
This reaction which is called “inversion of sucrose™ is catalyzed by the enzyme invertase and
also by H * ions, Animals cannot absorb
as such, but it is made availuble for absorption

Inwertase i also calbed socrase, saccharase or 6

by the enzyme sucrase present in the intestinal

I cells. As ulready pointed out, thi
catalyzes Ih:hynl.mlym of sucrose 1o D-glucose
und D-f : dily absorbed i the
bloadstream.

1t in interesting to note that the invert sugur
is more sweeler than the sucrose itselfl owing to
the presence of fructose in invert sugar which is

D-fructosidase the  first name being the most
preferred one.  This enzyme has been found 10
orrut in green leaves, fruits, grains, stems, potabo
tubess, some roots, pollen and such lower plants
a8 fungi and bacteria. It is especially abundant in
yeast. Salts of heavy metals (Ag, Cu, Hg) inhibit
s action. Maximum activity is obtained with bow
concentrations of sucrose (5 =10%]. Sucrase also
hydraly the sugars genti raffinose,
ﬂddlwu and, 1o some extent, inulin,

sweeiest of all the sugars. This also explains why
honey which contains a large proportion of invert sugar is sweeter than sucrose. The invert sugar is
used in candy both because of its and also b the ‘harides do nol crystallize.
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THE ARTIFICIAL OR SYNTHETIC SWEETENERS

ily grouped inte g based on the di in the amount
of energy provided by them, These two g.mlﬂlll;!dl!
A Natritive or Calaric § . Th lories, b have nutritive value. These

nclude sugar sweeteners {e.g.. refined sugars, high fructose com syrup, crystalline fruciose, glucose,
dexirose. com swieeteners. honey, lactose. multose, invert sugars. concentrated fruit juice) and sugar
alcohols.

. ™ ar ! Th i |ories, hence have

value. These have been dﬂelaped artificially, hence alao called as artificial sweeleners. As they
sweeten with liitle volume, they may also be referred 10 as high-intensity sweeteners. They have
been developed especially for obese or diabetics, for whom sugar consumption is harmful. Arificial
swEelenens numulms the taste buds of the 1ongue that are stimulated by sugars bur, unlike sugars, they
are of ne food value and may hive harmiul effects, il used 10 excess. Some swecteners are considered
“Generally Recognized As safe’ (GRAS) ingredients and others are idered food additives. The
safety limit of food additives or wtions of use is exp i as the ble daily mtake {ADI),
that is, the estimated amount per kilogram body weight that a person can sufely consume every day
overa lifetime without risk. ADI s a conservative level — it usually reflects an amount 100 times less
than the maximum level ut which no observed adverse effects occur in animals,

A iption of some imp artificial (Fig. 7.2) follows |
i
e i, e
H, CH — NHS0,. Na
Co. ‘T C—N—~CH
Sy ERLAN|
!"Jx u,l:'\ HN —CH CH,
el
[ I
Sacchusin Sucaryl vodium ‘I-‘";
COOH
Aspartame
Fig 7-1 Some artificial sweeteners
1. Sacchurin. Sacchann is the first nmificial which was i by
Constantine Fahlberg in 1879, Jristhe t-widely d arrrifieiol In fact, i was

not used extensively as o sweclener until the advent of World War | when the use of sagar was strictly
rationed. When World War [ hit, sugns raioning siancd
I'Ijll leading 1o another si rise in

wse. Succharin is sobd ander the irad Sweetex™
It has 0 molecular formula C H S0, CONH, and s
chemical structure is different from that of a
carbohydrate. It possesses no OH but rather a
sulfonamide. [t is manufaciured from toluene,
C,H,CH,, Saccharin is a white, crystalline, sparingly
soluble solid with um.p. 227 °C. [tis heat-stable and is
404 times sweeter than sucrose 'by weight in aqueous
solutions {Table 7-11. It i women

While working on new food
preservalives, Fahlberg accidentally
spilled a compound ha had synthesized.
When he ate his dner that night, he
noticed that the intense residual
swestness of the chemical stll lingered
on his hands, He named the compound
saccharin after the Latin saccharum
which means sugar, refeming swestness
in this confext
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uvoid saccharin.

1, Swoearyl sodium. 1t is also a sulfonomide ond is 30 times sweeter than sucrose.

3. Moncllin This protein sweetener is present in the sap of serendipity berries, fruit of a western
African plant, Piscoreaphylfum cumminsii. This sweet protein is composed of two
associnied polypeptide chains (one having 42 amino acid residues and the other 50 residues) and is
20001 times as sweet as sucrose, Monellin's sweetness requires the undissociated protein since neither
protomer has a sweel taste. Presenily, monellin is being studied as a penfatiening, nontoxic food
sweetener for human use. In case of the Africon plant Karemfe, its intense sweetness is attributed 1o
two proteins, which wgether are | 600 times sweeter than sucrose.

4. Aspartame. This is an 11 il wugar-free being Ily
used (Technically, aspartame is nuiritive as it contains 4 calories per gram, but since il is added In
such tiny doses that it really makes little, if any, contribution to the tolal calonfic intake). Aspartame
isa ij'lﬂJﬂlﬂ!tl dipeptide, containing asparic MdMlpl and the methy| ester of phenylalanine (Phe).

is under the trads ™ {when included in food) and
Equat‘“ (when sold oz a pawder). Itis about |80 times sweeler than sucrose by weight (1e., nhmn
half us sweet than soccharin and does not have the biter afl often with b
In, thus, has & better waste profile than ssccharin. | ingly, (5-51 wa wherens
its enantomer, (S-R}-aspaname is bitter in 1aste. However, uspartame has a shelf life of about &
months, afier which it breaks down into iis components and loses its sweetening power, Also, it splits
al high temperatures (which means that it cannot be used in hot or baked wems). Intestinal enay mes
hydralyze aspariame 1o phenylalanine, aspartic acid and methanol inthe ratio 5: 4 : 1.

It is now widely used in the drink and food industry, e.g.. soft drinks, cold cereal
gelatin desserts, puddings, toppings and fllings for baked goods, and cookies. Asp L L)
additional advantage ns it does not promode tooth decay, hence also used in gum and 130 f 1254
users have reported suffered from adverse reactions (o aspartame such as headache, diss

| Such p abstuin from using it. Because aspariame is made from phenymmne,
people with phenylk {who cunnot bolize Phe ) should avoid aspartame. Also, the pregnant
women are pdvised 1o refrain from A is app A lor use in more than [0
nations,

& Aliveme. Alwame. also a peptide, is composed of aspartic acid, d-alanine and a novel C-
terminal amide moiety. lvis 2,000 imes sweeter than sucrose withoul the bitter and metallic gualities
of nenculoric sweeteners. Curiously, although alitame tastes sweet 1o most people, it tasies bitler 108
miniscule purt of population. This may be due 10 a genetic difference in aste perception. Alitame
blends with other artificial o imize the quality of

6. Neohespiridine dibydrochal It s a carboxylic d ive product from bitter
componenis of the grape fruit’s skin, Itis ahout | S00-1 800 times sweeter than sucrose at threshold
limit concentration but the intensity depends on many factors such as pH and the product 1o which it
i added, It twkes some time (o reach maximum sweetness perception and a very light sweet methanol -
like nft It has a st ing effect when combined with sugar alcobols, and with

hari I K and cy<l . This ch istic has many ad

fah reduction ineost.

(h) reduction in the daily intuke of any particular sweetener

(e} n more satisfying sucrose-like taste,

It may be used in beverages, juices, dairy products and alcohaolic drinks such as beer, 1t is also used
o sweeten diet and low-calore food.

7. Sugar pleohols, Polyaleohols (or polyols) are part of 3 group of compounds called sugar

alcohols, These include sorbitol, manitol and xylitol. Polyols can also be categorized os “sugar
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replacers' because they can replace sugar sweeteners, usually on @ one-wo-one basis. They offer less
energy and offer pul:minl health benefits (e.g., lulu:ed glycemic response. reduced dental caries
sk, etc). C these ure d il ot d from natural sources.
Sugar alcohols contain 2-3 calories per gram but are only slowly metabolized 10 glucose. These are
found in sugar-free candy, gum, cake mix and syrup. as well as some medications. Like aspartame,
they also do not promote tooth decay. However, sugar aleohols can cause gastrointestinal symptoms
ranging from mild stomauch discomfon 1o severe diarhea, Hence, those products likely 1o cause
ingestion of 50 g or mare of sorbitol are required to carry a level reading.

“Excess consumption may have a laxative effect”™,

8. Acesallume p (=A K. It is the newest altemative sweetener approved
in the US and s morketed under the trads Sunette™ and SweetOne™. It was formulated in the
late 1960s and was evaluated for safety in 1983, Food and Drugs Administration (FDA) approved
acesul Kin 1988, A "umumnm.mmm.mm Blends of acesulfame-
K with other nutritive and can e the potential and the
bitter taste. 11 has a shelf life of about 3-4 years as it is heat-stable (hence can be used for baked
items). It dnu nutpmw:h: any cnergy as il is not metabolized by the body and is excreted in the urine

K finds applications in gum. powdered drink mixes, pelatins, puddings,
candy, llllm lozenges, 1abletop sweeteners, yogunt and nondairy creamers, [t is also used as a sweetener
in soft drinks, chewing gum. coffee, tea, Mavounng. salted food and dairy items.

Y. Sievia extract. The plunt sweet honey leal | Stevia rebaudi isa 1
It is native to Brazil, Wnuuela. Culumhn and Paraguay where the native Guarani have Bsed it Tor
aver 1,500 years 1o dicinal drinks. 1t is a natural herbal sweelener.
The of Stevia ix attributed o 2 d ioside and rebawdioside, which can be up
e 300 times sweeter than sucrose, Stevia has an advantage over artificial sweeteners in that it is
stable at high temperntures and u pH mage of 310 9. Srevia extract is used as sweetener or Mlavour
cenhancer in many countries such us China, Japan, Korea, Ismel, Brazil and Paraguay. 1t is also used
in soft drinks. ice creams, cookies, pickles, chewing gmmnudmu care products. Seevia plant and
its extract both are used in weight-h of their ability Juce the cravings for
sweel and fatty foods. Sweet Mmy leaf is, however, banned in food products in the US because 2
derivative of stevioside may be harmful to humans.

Thus, mankind's search for the ultimate sweetener goes on. In fact, sweetness is rather
subjective measure of wste, The sensation of sweetness is believed to be due (o the interaction
hetween of the ing agent and sites of the longue. Furthermore, perception
of sweet taste can be influenced by genetic behaviour, health staus and aging. Robert Margolskee of
the Mount Sina of Medicine in New York hopes 1o have definite proof that gene Tﬂu s ll\ll'_\' the
“sweet looth™ receptor gene. He feels thut the prosent artificial
und by chance. However, by having the rtneplnr plbl!ln that ourmnllr binds mmandnulmm
one should be able 1o targel more specifi lees that will bind and sctivate
the recepior.

LACTOSE

(Milk sugar)

Oecurrence. Lactose is solely of animal origin and is found in the milk of mammals. Human

milk contuing about &-8 % (and (0.3% of higher oligosaccharides) ; cows’ milk, about 4.8% (refer

Table 7-21: hence, mother"s milk is about 1.5 times sweeter than cow’s milk. It is an unique product of

mummary glinds and is not found in other parts of the animal

bady, A minute quantity of lactose is also present in the milk as

neuramin lactose, However. during pregnancy, it may be found

in urine, Interestingly and curiously enough, there is no lactose
i the milk of seals and other close relatives.

Kuhin (19491 has, howeves, found
lactose 1o be present in the pollen
of Farsythia plant
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m Percentage compasition of milk

Contents Human milk Cow's milk
Water HH.5 ®7.0
Fai 33 35
Lactose L8] 48
Casein (1R} F i)
Lactalbumin + 0.4 w7
wther proteins

02 [}

(contuining minerals)

Chemibstry, Lactose is prepared lly from whey by evaportion io crysallization.
Whey is obtained as 4 by-preduct in the manufacture of cheese. Lactose may be formed by elimimation
of a melecule of water from the glycosidic OH group of fi-D-galactose and the aleohelic OH group on
carbon atom 4 of D-glucese (Fig. 7-3). As D-glucose exists in 3 forms (. aldehydo and P, it is
obvious 1o have 3 forms of loctose viz., o form, aldebydo form and f-form. The aldehydo form is
present in traces only, The formuls shown in Fig. 7-1 is that of a-luctose.

Fig. 7-1 Structure of g-lectow

Lactose, in solution, consists of an equilibrium mixiure of all the 3 forms. Using the simplified
scheme of representing the Hawarth formula, the 3 forms may be shown as below :
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CHON

e S

It may be emphasized that the @ and p-forms of lactose differ from each other only in hemiacetal
configuration ; the linkage in both the forms being -1, 4-galacioside,

Properties. Lactose is a white, crystalline solid with a melting point 203°C (with decomposition)
and is also dexirarotatory. The &- and B-forms have a specific rotation of + 90° and +35° respectively.
The equilibrium mixture has a specific rotation +52.5%, 11 is Jess soluble in water and much less sweet
than sucrose. The o-dinstereoisomer is less soluble than the f-form. Sometimes, the o-isomer
crystallizes in joe-cream, muking the product seem sandy in texture. The moee soluble [§ isomer is
used in dicts for infunts. Since lactose has o free carbonyl group on carbon wtom | of glucose unit, it
in @ reducing sugar, Hence, it exhibits mutrotation, reduces Cu* jons 1o Cu” ions and forms csazone
nnd oxime. [t crystallizes in rhombic prisms with a mole of water,

Hydrolysis. Upon hydrolysis with the enzyme, lactase, it yields imolar mixiure of glucose
and gulaciose. It should be noted tht lactase is a f-glycosidase, ie.. lpllu f-glycosides (hence, it is
identical with emulsml Lau.wsc |ts¢|.fclnml be ahsorbed from the intestine into the bloodstream
unless it is first b ide units. The enzyme laciase is sctively secreted by the
imtestinal mucosal cells in suckling infants and therefore the lactose, in the form of milk suckled by
them, is easily hydrolyzed to the harde units,
thus effecting absarption by the intextinal tract. Although milk is the
universal food of newhorn mammals wnd ane of the most compleie
human foods, many adult humans cannot digest milk because they
ure deficient in intestinal lactase, the enzyme that hydrolyzes the milk sugar, lactose. Such individuals
may, i show lactose intol v, which is ically d ined. 1t is ch ized by
uhdominal bloating, cramps, colic pains, imtestinal flow, nausea and watery
dinrrhen. All these symptoms appear within 30 1o %0 minutes after ingesting milk or its unfermented
by-products (fermented dairy products such as yogurt and cheese create no intolerance problems).
North Europeans and their descendants, which include the majority of North American whites, are

Lactose intolerance should
not be confused with the
genetic galaciosemia.

st tolerant of milk, Many other ethnic groups are generally intol oy milk, i lucing the Japanese,
Chinese, lews in lsroed, Eskimos, South American Indians and most African blacks. Only about 30%
of North American blacks lerant; those w are mostly dants of slaves brought

from east and central Africa. where dairying is traditional and tolerance to lactose is high Lactase
deficiency appears 1o be inherited os an awiosomal recessive trail and is psually first expressed in

Jule or young adulthood. The prevals of lactase deficiency in human populitions vares
greatly. For example, 3% of Danes are deficient in lactase, compared with 97% of Thais,
MALTOSE
(Mialt sugar)

Odecurrence. Maliose does not occur abundantly in nature. However, its occurrence has been

occasionally reported. s the mapor product of enzymic hydrolysis of starch. §prowting cereal grains
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are rich in amyloses which split the starch present to dextrins ond maliose. Mal, prepared from
sprouting barely, is an excellent source of maltose.

Fig. 74, Structure of f-maltose
0. L {1 4} -B-0-glucopy or Gle (@l — BiGic

Chemistry. Maliose is the simplest of the dissccharides and is produced by the action of mals
{which contains the enzyme diastase) on starch ©

Disstase
(CH 00, + 3 H..Q —_— C,,H, O,

Maltose may be dered by lecube of water from the glycosidic OH
group of o-D-glicose mﬂmakmlxoﬂgmoncmnunmnl of D-glucose (Fig. 7-4). Maliwose,
like has one fre d group. C it 100 exists in 3 forms ; o i and aldehydo,

Maltoss is usually found in -form. Maliose, lnmlwnu.lhomuuncquhkwm mixture of all
the 3 forms
It may be noted that the linkage in bath - and B-forms of maliose 15 always an @-1, 4-glucoside,
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Properties. Maliose is o white crystalline solid. with a melting point 160-165 °C, It is soluble in
water and is dextrorotstory, Because of the free aldehyde group. maliose is also a reducing sugar and
Torms osazone with phenyl hydrazine, I is also capable of exhibiting mutarotation.

Hydrolysis. Maliose is casily hydrnl;med into 2 d:mn.l units umm by dilute acids or by

the enzyme, maltase, found in the i nabed maliase
or splits only a-glycoside linkages and Im no a,uun upunﬂ-sj}'ouudu 1t has, hence, been used o
ascertain the presence of this bond in disacch, and Hydrolysis may also be
brought about by the enzyme. diastase (= anrylase), fmnd in sprouting barley.
CELLOBIOSE
Oecurrence. [l is probably pmsent in only traces in nature. However, it is mpuunll; released
during the digestion of a pol. Hlulose by the cellulases of mi

Chemistry. Cellobiose is identical with maltose except that the former has a -1, 4-glucosidic
linknge (Fig. 7-5) in contrast to the a-1, &;Imnd:rnruul.nm: It also exists in an equilibrium
mixture of 3 forms - ., f and aldefivee. On hydrol llohiose yields glucose units only.

Properties. Cellobiose is 2 white erystalline solid with a mehing point 225 *C. It is soluble in
water :nd is dexuwamry Since cellobiose contains a free hemiacetal group, it i also a reducing

sugar o in aqueous soluti Mfmnm]uumhmmlhe
i with a free i group (lactose, maliose, iose, eic. | are reds and
HO

Haworth formula
Flg. 7-5. Structure of

G-cellobioss
0O-f-n- 1= 4) oD Gic (B! — odiGlc
as such reduce cupric copper Lo cuproes oxide in the Fehling test and the silver ion to metallic silver
in the silver mirror reaction. However, they are not as powerful reducing agenis as are the
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glucose, gal and froctose, and do not readily reduce Barfoed's reagent w0
PP The reason for this diff is that while C-1 of one of the two glucose residues is
&ummmbﬂmhmﬁmﬂ{—ﬁmlfmﬂ:ﬂmﬂ:gnmﬂm&husﬂnhﬂmlh
cyclic form by the existence of the glycosidic linkage,
Hydrulysis., When hydrolyzed with dilute acids or by the enzyme emulsin, cellobiose yields
identical units of D (+)-glecose. 1t may be noted that the enzyme emulsin splits only fi-glycosidic
Tinknges (of maltase).

ISOMALTOSE
It is similar to maltose except that it has an -1, 6 ghicoside linkage (Fig. 7-6).
L3

Haworth formals
Fig 7-o Siructure of Bomaltose

ik {15 6 -a-Dog or Gle (] — wh)Gle 136/ 1254

TREHALOSE

Trehalose is a major i of the ci ing Muid ph) of insects, in which it
SETVES 4% OR energy siorage compound. Illnd:ufmmywquhrlmp Here. the two
anomeric carbon atoms of the two 0-D-ghucose moieties connect each other (Fig. 7-7). Consequently,
it resemibles sucrose in being a nonreducing sugar as it has no free aldehyde group. Trehalose does
not form an osazone, On hydmolysis, it yields glucose. It is hydrolyzed by HCT to 2 males of D-
glucose.

S CH,OH

Vig 7-7. Structwre of trehalose

3. D-ghucor ylet 1= 4} -l or Gl (1 — a4k
Twao i mel: romu of trehalose are n::ogmsd
(@) Isotrehalase ([ "_' T f-n
['n W dynd - l'lh

A summary Mnrllmmpumntwsmhm«m»vawwuxl page.
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= Homopolysoocchonges

Storch

Glycogen

IFuiny

Celusose

Peclin

Chitin

- Carbohydrates-1V

® Hetercpolysoccharnces .
Hyaeoric Ackd Polysaccharides
Chondroitin
Chandroitin Suioles
Darmaton Sultale
Keratosliane
Heparin Pul)-;u'n;haridu tvanously called as glveanes or

»  Arcihes of Carbohydrotes polvholesides or polvesides) are high molecilae
weight carbohydrates which, on hyd
mainly monosaccharides or product
mnarsaccharnides, They may also be regundec 139 ! 1254
unhydrides of simple sugurs. D-ghocose is the o
component of polysaccharides. However. Deand

L= gal N D-xyl L-arabi an well as
-gl i, D-gal ic. b ic acids,
D-glucosamine, B-galactosamine and amino uronic acids
ilse eocur as consiituents of polysacchandes. The vanous
polysaccharides differ from one another not onaly in the

position of the e but also in
the molecular weight. in the nature of the chuin (whether
linear or branched), in the type of glycosdic bond twhether
o or [} and i the
type of linkage
twhether  [=2,

The small arrow shows the dirction
of the glycosidic band which is
always from the hemiscetal
I=+3, 1=4, or | hydrosyl 1o some alcohol or
1he ﬂ":m'l':l“""“mm:‘;;:: 10—+61 mwlm! in | hemiacetal group of the following
ana of Ihe most abundan bioposymar on  E FeEspective | SuRdr
the Eartn monasaccharide
units. A grear majority of carbehvdroles of nature occur
ats ety saceharides. Chemically, the polysacchandes may
be distinguished into homopolysaccharides (or
homoglycanes), which yield, on hydrolysis, u single
monosaccharide and heterspoalysaccharides (or
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heteroglycanes), which produce a mixture of monosaceharides on hydrolysis,
Hased on their funcuonal aspect, the poly saccharides may be grouped under two heads
T[] Nutrbent {or digestible | polysaccharides. These actas bolic reserve of “hand
in plants and animals. ¢ g.. starch, glycogen and inalin.
thl Siructural (or indigesithle) polysaccharides. These serve as ngid mechunicul structures
inplants and anmals, e g cellulose, p d chitin sind alsa acid and iti

HOMOPOLYSACCHARIDES

These yield, on hydrolysis, asingle monosicchande. They serve as both storage (starch, glycogen.
wnulind and structural {eellulose. pectin, chating polysaccharides,
Starch

Ovenrrence. 1115 the most important reserve food material of the higher plants and is found in
cereals, legumes., potatoes and vther vegetables. More than falf the corbolndrate ingested by lieomany
ix atarchr, Sigo starch is obtained from sago palm. Meterovlon rumphii . the arrowrsot from Muarania
cerundinoest und the lpioca, 3 starchy food, from Manibor utillisime. 10s wually present inside the
plant cells s compact insoluble granules which may be sphencal. lens-shaped or ovoid. and which
have a dsstinetly layered structire.

Chemistry, Natural starches consist of twe components © amdore (] 5=20% 1, a long unhranched
straight-chain component and amyopes i \80-85% ), 2 branched chan polysacchande, Starch from
waxy com is nidable as il consists practicully of amylopectin component. there being no amylose.

a-amylose or simply amylose (Fig. 8-1) has a molecular weight range of 100000 1o 50.000. 1t
may be formed in plant cells by elimination of a molecule of water from glyeossdic OH group of one
a-D-glueose molecule and alcoholic OH group on carbon 4 of the adjacent a-D-glecose molecule
The linkage in smylose is. thus, an @-1, 4-glucoside. like that in maliose. Enzymic hydrolysis of
amylose with aprylase, hencetorth, yiekds maliose units mainly. Amylose may be considered as an
anhydride of @-0-glucose units,

"CH,OH *CH,OH SCH,OH SCH,OH *CH,OH
] £

3

Fig. #-1. Structure of amylose (= A-fraction}

WVarious types of starches differ in the amount of the amylose component present in them (Table
-1y

P-amylose or issamybese or smy lopectin (Fig. 8-2) has o high molecular weight range of 50,000
e LN, thas indicating the presence of 30-5.5300 plucose units per molecule. This possexses
the same basic chain of @- 1, 4-glecoside linkage like that of amylose but has, in addition. many side
chains attached to the basic chain by o- |, 6-glucoside linkages. similar to those n isomaltose. [t may.
thus, be seen thut the glucose unit, present o each point of branching. has substituents not caly on
carban atoms | and 4 but also on carbon atom b. In other words, these glucose units have 3 poinis of
attachment o serve as branching points. The average chain length is about 24 glucose uniis.
Anylopestin; apon lete hydrolysis, yields the disaccharide i i
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Tuble 81 Amyliose contents of same starches
Starrch Amrylose component (in %)
Sugiry mutant corn T
Stendfast pes L1}
Alderman pea L2
Buckwheat 2
Burley n
Sorghn n
Commercial com 26
Wheat 23
White potat 3
Arrowront 21
Sweet potato 0
Tapioca L]
Wy burley 3
Wany com -6

frowes Whestler KLY in

Fig. §-2. Structure of amylopectin (= B-fraction)

The detailed structure of pectin (Fig. §-3) is still sp ive, The general appears
to be that amylapectin is composed ol 3 types of chain, A. B and C ; each chain consisting of 24
glucose units. A-chuins ane lmk:d 10 B-chains in 1, 6, or 1, 3 manner. These B-chains are further

linked B-chains, It | { which is linked to a single C-chain, which charactenstically
pmlcuu a frte r!ducm; group. Tlm are 2 dﬂ'ml 1ypes ofcnllhnauunl of these chains which

Iy well the prop iy lop :the d structure as proposed by Hawaorth
in 1937 and the randomly highly-branched as given by Meyer in 1940,

Properties. Starch is a white soft amorphous powder and lacks sweetness, [t 1s insoluble in
water, alcohol and ether at ordinary temperature. The specific rotation of starch, Ja]3 is + 196°. The
micrescopic form of the varch grains is characteristic of the source of starch, Starch, on panial
Inydrolysis by boiling with water under pressure at about 250°C, breaks down into large fragments
called dextrine. The resulting dexirins then confer stiffness 1o clothes that have been starched and
ironed. Starch molecule is highly hydrated since it contains many exposed hydroxyl groups, With the
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L]
C
A ]
A
#: o
A
a
(B)
Fig. 81 Detalled siructure of amylopectia
1A) Laminsted structure (B Randomly branched strscture
muhunr:hwhnunﬂfmmwlamhmn rbid collosdal solutions. |
with ather pol: ides, starch is a i} bohydrate since carbonyl groups of all units

{except one of the two terminal ones) participate in the glycosidic linkages.

The two componenis of starch differ n following points -

1. Amylose has o simpler structure and hence more soluble in water than amylopectin. Because
of this dilference in solubility. the two may be d partally by keeping
starch in water for a prolonged period. When potatoes are boiled. amylose is extracted by
the hot water uming it milky and opalescent. The amylopectin left behind accounts for most
of the starch in boiled polatoes.

Il. Amylose is soluble without swelling in hot water whereas amylopectin swells in water,

. Amylu-ehw-lllrdl:pemd mwuerhldueuuxlmdnmwwplww
paste. However, wh the amylopectin forms the typical
starch gel.

IV. Amylose produces a typical blue colour with iodine whereas amylopectin gives a purplish
colour wilh iodine. In fact. amylose is an open. helical molecule. The inside diameter of the
helix is just large enough to accommeodate an iodine molecule and it is the consequent change
mlkhﬂ:lmhngpwmuﬂkhdnpnlhuumﬂe&rﬂrh]wcoknpm
in the starch-iodine test. By contrast, most other paol: inchding {opectin,
give only dull, reddish-brown colours.

Hydrolysis. One enzyme, a-amyiase, found in the digestive ract of animals (in saliva and the
pancreatic juice) hydrolyzes the linear amylose chain by anacking a {1—+ 4) linkages at random
throughout the chain to produce a misture of maliose and glocose, f-anvylase, an enzyme found in
plants. attacks the nonreducing end of amylose to yield successive units of maliose (The prefizes o
and i used with the amylases do not refer 1o ghycosidic inkage, but simply designate these two
enzymes), Amylopectin can also be stiscked by o- and framylases, but the o (1 — 4) glycosidic
I:mlis near the bmu:hmspmmmunyhpecmwﬁlu{l —)6;hmd m.dl'm mhy:kn]yzalb-_v

A scparate *“d “enzyme, an @ f—» &) gl can b

at the branch point. Therefore. the combined action of o-amylase and the a (1 45] ghnunduewﬂ]
Inydrolyze amylopectin ultimately 1o 2 mixtre of glucoss and maltose. Starch is veadily bydrolyzed
Iy mimeral acid with the finad p ion of ghicose. Th ST

of hydrolysis may be vy the gradual change in colour Msm;kuﬂhl m
when I::nndwhmdme(blu—bmp!:—bmd ﬂmnﬁnwsmkdm
———+ nme) amd also by the mcrease m af lysis; similardy,

reducing sugar. A compound which yields only glucose lll.l“nhaﬁu:mﬂnasiyekhmj,
molccules on hydrolysis is calied a ghucsan. Hence, siarch is | froctose molecules on hydrmbysis.

a glucosan.




118 FUNDAMENTALS OF BIOCHEMISTRY

©H0), + (m-nug b, wC,H,0)
Starch or Glycogen fn= || water  ghacose molecudes
linsolubie) molecules {soluble)
IF ydrolysis of starchis i irly, dexirins are fiemned. The dextrins are white powders,

and are nsed for making adhesives and confectionery, for sizing paper, elc. These materials possess
adhesive propertics and are used as adhesives on paper products.
Glycogen

Oceurrence. |t is the major reserve food in animals ad
is often called *wnimal starch’. Glycogen is stored in the liver | Although of animal origin, a
and muscles of animals, [t is especially abundant in the liver | 9fycogen-iie polysaccharide has
where it may antain up to 7% of the wet weight. It occurs in Sl ben escritd in maize.
animal cells as particles much nmillrrlhan lil: starch giln;.

Chemistry. Glycogenisat and il in very much
in structure, rmther than amylose (for I‘lIIﬂI |I|=|e lsnn “animal” equlnkml.mlm sonmew hal more
glucose residues per molecule and about one-and-a-half times as many branching points. Also the
chains are shoeter (10-20 glucose units), and hence the molecule is even more highly branched and
m:mmmehs:d;ﬂmhuw:mdnmah:rlt" jomal b tour of the molecule w
any signi extent, lts weightis | =2x '

Pmprrhn. Illsawhuwwdrrmdlnnmwlﬁﬂemmlhnmlumm Hence, it readily
forms suspension even in cold water. Glycogen is precipitated from aqueous by addition of
ethyl alcohul and is fairly sable in hot alkali. It s a nonreducing sugar and gives red
iodine. The red colour, however. du:wmnnnhm]mganimgxznnncmlmg

Hyddrolysis. On incomp a-14-gh glycog 143 /1254
H the arids pletely hydrolyze it inio glcose.

Inulin

Oceurrence. lmmes!mel‘nmn(:nrbulvyﬂm mlhewmheﬂ nflh: f:mlly—(‘nmpumu
such us dahlias (Dehlta p.), artichokes (Hefianth
Inulin is stored in the tubers of the dahlia and art and in the roots of dandeli Illnalsofmlld
in onion and garlic.

Fig. 54, Stracture of inulin
[The two glucose units have nod been shown for the sake of simplification. |
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Uhemistry. Inulin (Fig. 84} has a molecular weight of about 5,000 and consists of about 30-35
fructose units per melecule. It is formed in the plants by eliminating a molecule of water from the
glyconidic OH group en carbon atom 2 of one f-D-fructose unit and the alcoholic OH group on
carbon atom | of the adjacent f-D-fructose unit. In inulin, the fructose residues (in furanose form)

are, thus, joined ogether in a straight chain by B2, 1-f adic linkages. Lnulin is, th 21
B-polyfructose
On hydrolysis, however, inulin also yields » small f

Immwﬂmdllrhatrhuem!simnnhhm:mhnmh one somewhere in the centre and
the other at the reducing end of the chain.

Properties. Itis o white tasteless powder and is insoluble in cold water. In warm water, it easily
dissolves forming a colleidal solution which does not form 2 gel on cooling. Inulin solution does not
give any colour with odine. 11 is a ponreducing sugar.

Hydrolysis. Inulin. on complete hydrolysis by dilute acids, yields D-fructose and hence it is a

fructosan of levan.
Cellulose

Occurrence. Cellulose is not only the most P ide afl
the plant world but is also undoubvedly the most el ull tiomolecules in the biosphere, 1t is
present in all land plants. bui is completely lacking in meat. egg. ﬁ:handlmk I s, huwrv:nnu
metabolized by the human system. Sou:lo"kld llulose is d and d ded on earth

cach year! It shares as much as 50% of all the carbon in vegetation. It is the most widely distributed
carbohydrate of the plants. although certain unicates also possess it Cellulose ocours in the cell walls
of plants where it contribules in a major way 1o the structure of the organism, Lacking a skeletan of
bone onto which organs and tissues may be organized, the higher plant relies on its cell walls to bear
alawnw:lﬂll.wi:lh:ilu\henmlkal%ﬂiﬂ flower or the tallest Sequoia tree. Cellulose is ofien
Foumd d with other :mhuhgmuﬂnllmdnumnlmnstul‘dﬁ—
T0% cellulose. This high cellulose content emphasizes the imp [ cellulolytic arg in the
mineralization process and in the carbon cycle. It oceurs in nearly pure form in coton (94% ), Max
{90% ) and in the wood of many plants (604% . 1t s not usually found io bactenal cell walls, but it is the
substance which keeps the cells of Sarcina ventriculi togetber in large packets or bunches.

hemistry. The molecular weight of cellulose (Fig. B-5) mnges berween 200,000 and 2,000,000,
thus comesponding to 1,250-12,500 glucose residues per molecule. It may be formed by taking omta
molecule of water from the glycosidic OH group on carbon atom | of one -0 glucose molecule and
the alcobolic OH group on carbon atom 4 of the adjacent -0 glucose molecule. It thos, resembles in
structure with amylose except that the glucose umits are linked together by B-1, 4-glucoside linkages.
Cellulose may, henceforth, be reganded as an anhydride of {-D-glocose units.

‘cHOH  PCHOM SCHOH  “CHOH

Fig. 8- Structure of cellulose
Th lation between th i cellnlose molecule and the function it perform is illestrated
in Fig. -6
Properties. It is a fibrous, woogh, white solid. insoluble in water but soluble in ammoniacal
cupric hydronide solution (Schweitzer's reagent). It gives no colour with lodine and lacks sweetness,
Although insoluble in water, cellulose absorhs water and adds 10 the bulk of the fecal maner and
acilitates its removal.
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wellulos molevules

hydn bomds.
S ae

CHOH H oM CHOH

{ 2 H
Uy m -t oH u
'\‘J" Hin g \ p‘n H‘ H

H oH CHOH
molecules
maCTOICtes
Fig, % | ! b il and function

Celluline, like starch, i d of glucose buil the the boad betwer

eellubose is different such thal every other glacose molecule is “upside down.™ Unllhil:lch.cr 145 ; 1254
structural strength, due panly to the difference in bonding and panly 1o the ammangement of paral.

cellulose inio long, crons-linked fibres. Plani cells often deposit cellulose fibres in layers that .

cach other, resulting in resistance to lsaring in both diections. The final product can be incredibly tough, s this

00 yeur-old hristecone pine testifies

Because of the lack of chemical reactivity, the cellulose is of no nutnitive value unlike starch,
However, the same characteristics have made it so useful as fibres for paper and cloth. In man, the
cellulose is not digested since it does not possess an enzyme capable of catalyring the cleavage of
[-glucoside bonds, Hence, it serves as an important source of “bulk™ in the diet. However, the ruminants
(cuttles, sheep, goats, camels, girafles) and cenain wood-gating insects wabhwdawl l:becune
the microorganisms, present in their digestive wract, do p such di Vg CNZYMES
wond-eating insects such as termites readily digesi cellulose because um intestinal tract harbours a
jparasitic protozoan, Trichonympha. The latter secretes cellulase, o cellulose-hydrolyring enzyme
which enables termites 1o digest wood. Wood-rot fungi and bacteria also produce cellulase.

Hydrolysis. Cellulose is o relatively inert material and is completely degraded only under the
most drasi) it For wple, it may be hydrolyzed 1o glucose when treated with conc. H,50,
ar HClor with conc. MaOH.

Binlogical importance. Huge guantities of cellulose are made annually by the plants of the
globe. It is estimated that every day some 50 kg of cellulose is synthesized by the plani world for each
human being on the eanh. Cellulose is also o very useful substance. Wood, cotion, paper and cardboard
are all largely cellulose. Dried d ins ahout 65% cellubose, 30% lignin and 2% pentosans. In
the manufacutre of paper, wood is cooked with water, lime and S0, to remove lignin leaving behind
the cellulose. These fibres are then spread into mats and rolled into sheets which muy be coated 1o
provide o smooth writing surface. When heavy paper is tresated with H,S0,, the translucent parchment
paper is obtuned,

POLYSACCHARIDES 121

The ameunt of lignin in wood varies in different species and with age in the same species, It makes
up aboat 23-13% of softwoods, but only about 16-25% of hardwoods.

When wood passes from the green pliable stage, it is hardened by the interpenetration of a highly
complex nonspolysacchande polymeric substances called lignin.  Ths substance is formed by the
cross-linking of 4 number of non-sugar aromatic composnds, such s coniferyl alcohol, vanillin,
syringaldilryde se. The process of lignification has some chemical resemblance o that which stremgthens
the pmnell\sulme insect cuticle.

@wu @m 1 -
= CHCH,OH CHO
Caniifery] aleshol Vanillia Syringal detiyle

Fruits with seeds and |ignified cells of pear ame important sources of lignin, Woody nondigest bl
parts of vegetables too are rich in lignin.  Lignin is water-insoluble and non-digestible. 1t adsorbs
oganic substances like bile acid from the intestinal lumen and thus Bacilitanss i fecal excretion

| Lignin & an intractable material that is difficult to remove from the wood

.

) I iyongen
)
. =1
L
i na
R [t |
1] ‘ -
Such

el Celbalone.

Fig. A.7. Three with b difTerent
Gycogen (o), starch (5). and cellulose () are each composed entirely of glacose subunits, n:tlbarph)lnl and
dl:m'u:nl pupsurs nmﬂmﬂhhdwursﬂudummhlmw

starch molecules asume a helical and cellulase mol are unbranch -ﬂlu;il; nl:ndul
Wmug]rwmmd.uwhmw mﬁlm:mm“mwmmhrmﬂul
are suited for their d role. Col show glycogen granubes in liver cell, starch

grains (amyloplasts) in a plant wed and cellulose fibres in a plant cell wall: each is indicated by an amow,
[Phito insets * (Tap) Don Faween: (Centre) Jeremy Burgess: | Bosmom ) Cabisco|
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Cotton treated with alkali becomes somewhat ranshucent, acquires a silky lustre, and is called
merverized cotton. Rayon is made from cellulose by dissolving the material in NaOH and CS,_ The
wiscous material is forced through small jets into an acid solution of sodium bisulfite, regenerating the
cellulose in small threads.

Cellulose nitrstes are used in explosives, lacquers, celluloid and collodion, U cllubose scetsie is
widely used in photographic film and packing materials,

It may. thus, be easily visualized that the way the constitvent monomeric units of various
pnlys..nccharh!:s {giymgm -aun:h and cellulose, for example) are linked together has a profound
ies of these molecules, although the polysaccharides ane

made up ol’ldemcal glucose units lFlg, s.‘n,
Pectin

Oevurrence. Pectins are found as imercellular subsiances in the tissves of young plants and ane
especially abundant in ripe fruits such as guava, apples and pears, They are componenis of the middle
lamella found between the cell wall and adjacent cells.

Uhemistry. Pectin is a polysaccharide of o-D-galacteronic acid where some of the free carboxyl
gtwps are, either pm}y or completely, esterified with methyl alcohol and others are combined with

ioms. Chemically, they are called p {Fig. #-8) and have high

molecular wmlus.

147 /1254

Fig. 88, Structure of G-poly palscturunic scid
Biological properties. The imporunce of pectin rests not so much on their quantita,
rather on the functional part they play in plant stability and solwdity. The charactenistic property of
[pecting is the ability of their solutions 1o gelate, i.e., form jellies. Pectins, along with sugar, furnish
the gelling charscieristics of jellies and preserves made from fruit.

hitin

Oevurrence. Chirin is probably the mosr abrinde I haride of mature after celluloge. It
i3 also one of the most sbundant biopol ymer on the =af|h It is found in fung: but principally among
the anhropods (crabs and insects). The armour of crabs and the exoskeleton (= cuticula) of insects
ennsist mostly of chitin and some protein. The excellent mechanical properties of insect skelelon ae
due 1 chitin. The chitin framework of lobsier and crabs shells is impregnated and hardened with
calcium carhonate,

Chemistry, Chitin (Fig. $-9) is closely reluted 10 cellulose. Here the aleoholic OH group on
carbon alom 2 of fi-D-ghicose units is replaced by an N-acetylamimo group. I is, thus, a linear polymer
of N-ncetyl-D-glucosamine units joined ogether by fi-1. 4-glucosidic linkages. Chitin's pronounced
stability 15 hased on the hydrogen bonding of the N-acetyl side chains. Like cellulose, chitin s
indigestible by vertebrate animals.

Hydrolysis. On hydrolysis with mineral acids, chitin yiclds 2 final end products, namely,
glucosamine and acetic acid. Gl is an img of some g
(=mucoproteins | such as mucin of saliva. Chitingses (from the gastric juice of snails or from hacteria),
however, decompose the chitin to N-acetylglicosamine,

POLYSACCHARIDES 123

Fig. 5-9. f chitin, & uniq: lysace hurid

Chitin has the seme “alternating upside down™ bonding of glucose molevules as cellulose has, but m chitin the
lucose subumits are modified by the replacement of one of the hydmoayl proups with @ miimopen-comaining
functsonal group (el low), Tough, skightly fexshle chatin supports the atherwise solt bodics of srthropods (msects,
spulers, ard their relatives) ard fungs,

Hemicelluloses

Xylan und other related subsiances are collectively referred 10 as hemibcelluloses, They are not
structurally reluted to cellulose, nor do they contain the same building blocks but they are, ot least
partially, soluble in water or alkali, The hemicelluloses consist of either pentoses (xylose, arabinose)
or hexoses (glucose, mannose, galactose) as well as vronic acids, Unrefined cereals, some fruits and
wegetables and whole wheat are rich sources of hemicelluloses. They adsorb water and are pariially
digesiible. They function as -umg: and supporting substances in plants. The designation
b Hluboses’ has been d | since a large number of similar polysacchandes were discovered
in fungi and bucteria

Xylan is representative of the group and is, therefore. being discussed below.

Xylan

Oecurrence, Xyian o the next most abundent and widely distribwed carbolvdrare after cellulose,
Straw and bark consist of upte 30% aylan: residues of sugarcane also contain about 0% sylan. It
also occurs in conifer wood (7-12%) and deciduous wood (20-25% ).

Chemistey. Xylan is a linear homopolymer of D-xylose (an aldopentose) in B-1—4 linkage,
bearing side chains of 4-0- hylgl ic ackd andior arabi Xylan can be derived from a
cellulose chain by substituting hydrogen atoms for the —CH,OH groups, but its polymer size {number
of units per polymer) is considerably lower { 30-1001.

Properies. X)hn is more rapidly depﬂdby:hrge number of microorganisms than cellulose,
Many cellulose-d: s (such as S . fes) also produce xylanase,
The abality o Illl]lM Jl'_r%nmu very \wnnmumng lln!gl X'_v]ums even an excellent subsrate for the
cultivation of mushrooms. In bacteria. xylanase is formed constitutively in some organisms {e.g..
Clostridia) and in others it 13 inducible by xylan,

HETEROPOLYSACCHARIDES

These yield, ¥ is, amixture of They are in both plants and
animals.

The *specific soluble sugar” of preumococcus type (11 iﬁg s_smu muﬂhrwmhal Iuerupal;
saccharides. It contains repeating units of a mixed disacch 1 of gh ¥
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acid, ly. on hydrolysis, it yields equi amounts of glucose und glucuronic acid,
*coom

Fig. 8-10. Structure of ‘specific soluble sugar” of pneumacoccus iype 11
Mucopalysaccharides

Polysaccharides thut posed not only of 4 wzmulmmplemmbuldwnf&nvanm
of sugars such as amino sugars and uronic sugars are called They are
whltnmﬂflu;h molecular weights (up 1o 5 x 10%), Mnﬂoﬁhﬂc act as structural support material
for oL sub of the body. They serve both as a lubricant and a cementing
substance.

Structurally, they have o common feature. They consist of disaccharide units in which a uronic
nmdubuuni hyuglyﬂxldl:buﬂlnlhc of an acetylated amino acid (| — 3 linkage). These
disaccharide residues are polymerized by | — 4 linkages 10 give a lincar macromolecule. The uronic
and sulfuric acid residues impan o strong acidic character to these substances. Table 8-1 lists the
structural features of some common mucopolysaccharides.
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. bysuceharide Tw of the Linkag,
disucchuride wnits

Hyaluronic acid D-plucuromic acid + B1—=3 (S
Neavetyl-D-glucosamine

Chondrodtin sulfate A D-ghocuronic acsd + B13 Bl = d
Meacetyl-D-galactos amine ~-sullase

Chondroitin sulfate C [ acid + B1=3 Bl
MN-ncetyl-D-galac s amine-fesulfaie

Dermatun sulfate Ledurom wcid + o-l =1 Bl =

{Chondruitin wlfale 8 Neacetyl-D-gal, & sulf;

Keratosuliste D-galactoss + 14 B1—3
N-agetyl-D-glucouumine-b-sullaie

*  Linkage of the fing column represents the linkage involved between the two monosuscchardes of the
dissccharsde unit whercas the linkage of the second columa i the one involved between the repeating
dissccharsle units.

Hyuluronic seid

I:Iw-mnu It is the most abundent member of pol harides and is found in higher

i various h s the vitreous body of the eye. the umbilical cord and

the s)'nmrml fuid of joints, The high viscosity of the synovial fluid and its mleuhmln;;n:l lubricant

is largely due to the presence of its hyaluronic acid content (about 0,.03% ). Frequently, it is prepared
from umbilical cord.

C hrmhlr) Hyulumllc ueid (Fig. 8-11) has the I:ul complicaled siructure among

ides. 1 is a straight-chain Dgh ucid and N-acetyl- D-glucosamine

(NAG) alternating in the chain, ns weight h i dy. 5,000,000, Here,

apparcily iwo linkages are invioved, fi-1 = 3 and f-1 —»# Hyﬂmkndu an acidic substance.
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because the carboxyl groups are lurgely jonized at cellular pH.

*coon

Fig. B-11. Strocture of hyaluronic scid

The Ca™ polyanionic form of hyaluronic acid is
depicted in Fig. 812 ltis an extended lefi-handed helix,
which is stabilized by hydrogen bonds.

Hydrolysis. Hy jc acid. upon hydrolysis, yields
an equimolar mixture of D-glucuronic acid, D-
lucosamine and acetic acid.

Itis noteworthy that hyaluronic acid is split swiftly by
the enzyme hyvaluronidase. The enzyme brings about
depolymerization of hyaluronic acid (leading 1o o drop
in its viscosity) and cleavage 1o smaller fragments.
Hyzluronidase is a 'spreading factor® of skin and

ive tissue. The depol ization cifect allows
any foreign bodies (such as pigments, pathogenic
bacteria) o penetrate the tissue, since the cementing
substance is being dissolved. The enzyme also has a
physiologic role in feriilization. The sperm is rich in
hyaluronidase and hence can advance better in the
cervical canal and finally fenilize the ovum.
Chond roitin

T
&

Itis found in cartilage and is also @ component of cell
mu n |\a|m!n! subshnce Tor two more widely
Jes, chondroitin sulfate 4

! ]
e

* q - und chondroitin sulfate B,

." Chemistry. Chondroitin is similar in structure 1o

= [ 3 hyaluronic acid except thal i1 conmins galactosamine
a .

- . " rllha-lhannmmﬂm It is, thus. a palymer of f-b-
lgl—l Tkl'rly _1’ ido-1, 3-N- y1-D-gal ine joined by B-
s L e l-b-llmhsn
helis with three disaccharide units per uen Hydrolysis. On hydrolysis, chondroitin produces
thas ks stshilized by Bydrogen imolar mi D-gh ic acid, D-gal, i

boaids (dushed lines). H atoms and €™ ions and acetic acid
are omied for clariy,
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Chondroitin Sulfutes

[} The atin sulfase A wnd C nwnﬁly&minmmlmnmsmnm
components of cartilage, tendons and b They are very It probably
with other proteins ioo.

“coom SCH,050,H *CooH

NH
|
i

Cﬂ! m.!
Fig. b-11 Structure of chondroltin sulfate C

Chemistry. Chondroitin salfates may be regandes) as derivatives of chondroitin where, in the
galaclosamine moiety. o sulfate group is ifted either al carbon 4 as in chemdroitin sulfate A or at

carbon 5 as in chondroitin sulfute C [Fig. #-13). The two linkages involved in both types of chondroitin
sulfate would, chviously, be the same. Tbcl:m&l—r!aujﬂ-t—nt

I On hydrolysi itin smifates A and C yield approxi i A——
of DA;IMnnmk: acid, D-galactosamine, acetic acid and sulfuric acid.
Dermatan Sulfute

D sulfate is a il d Iy similar o ct itin sul. 1 51 ! 1254
tha the D-ghecuronic acid is replaced by L-iduromc acid (the two uronic acids differ in co.
only a1 Cy). The two linkages involved are o1 — 3 and -1 — 4. Dermatan sulfate is also known by
its conventional name. chondroitin sulfate B. This is, hm a misnomer ;mm sllll:

diffiers from bath itin sulfate A and C in the ion of their de umit.
Keratosulfaie
K differs from oth polysacehandes in that the & "'u'—"""’"
h,p_gﬂmﬂ Here, the ety lated amine sugar (mh“u._...n
Visesterified by a sulfate group bom 6. Although, the b ing linkages involved

are -1 = dand -1 = 3, in this case the linkage between the repeating disaccharide units is fi-1 =
3 rather than fi-1 — 4,

Heparin

Decurrence. Related w the sulfated mucopolysaccharides 1s beparn. It is present in biver, lung,
aneriul walls and, indeed, wherever mast cells are found, possibly for the purpose of neutraliring
‘hiagenic amines (. g., histumine).

Chemistry. Hepurin (Fig. 8-14) isa b | i pased of D-gh
most of which (about 7 out of every 8) ure ified at C, and D-gl ine-N-salf;

(= i anits with an additional O-sulfate group at C, Both the linkages of the
pD]ynu:rmnlbcmm:Jgn 1 —\-l Thass, the sulfate content is very high and corresponds 1o about 5-

per ing unit, The relati ations of the sulfale residues may also
vary. llumda:ulalvuﬂlﬂngwbauun L?.ooomzomu

POLYSACCHARIDES 127

*CooH SCH,0.50,H

NH— S0, 0—SOH NH—SOH
Fig. %14 Structure of heparin

Heparin acts as an ants It prevents eoagulation of bleod by inhibiting the prothrombi
i ion. This elimi the effect of thrombin on fibri
Th:Iﬂnupulyunchnndnsducnbednhmemnmndﬁ'mummmlhrmmgmn
or monomers. However, there ure many by il harides which contain

in their repeating units. Yegetable “gums’ and agar-agar are two notable examples.

Vegetable ‘gams’. These contain as many as 4 different monosaccharide onits. Most common
of these are D-glucuronic acid. D-mannose, D-xylose (the second most abundant sugar in the biosphere)
and L-rhamnose.

Agar-agr. i is a gelati “haride produced by certain marine red alg: thidoply
m:mhcﬂlswhaswlunrcda’d:m Gracilaria, Gigarting, Euch Ci laephara, Ahnfeltia,
Hyprea, ete. Japan is the major producer of agar-agar. | ists of O and L-galacy

with | — 3 bonds and always contains some amount of sulfuric md.Onhyuhlym it yields D- and
L-galactose i a ratio of 9 - 1. It forms hghly viscous gels and has melting point between 90 and
100°F. At lower temperature, idifies, It is insoluble in cold but soluble in hot water:
mmmu[mvm:mlh: paration of foodstuffs icularly as articles of diet for
imvalids, It is used y in biological lab i uﬂtbuscman:mlfwtl:mpﬂwnnof
cnlmmedn.upnmﬂyiwhmandf\mm It is also used in the preparation of some medicines,
and in cosmetics and leather industry. 1t is largely used as a solidifying agent in desserts, as a laxative
and as a sizing material for textiles. It also finds application as an emulsifier in dairy products. Agar-
ag:rmmtulllmdhynmﬂdh:mud&mﬂtbmdhmmmmumlzm

A wide variety of b found Is and bes. These, on hydrolysi
mﬂmwimdmmhmcmlupulymlurﬂumfmndbmndlu
proteins (glycop d lipids (ghycoligid cour in them as an oligosaccharide
molety.

Analysis of Carbohyilrutes

M.u:ulreu nfn.nrbul\ydmu can b: m!n]\!td. mmlh:u mrlm:hn.l cnmpumm:lF; E=15) by many

g y and gel filiration) which

mdmnﬂunmnwmm Each F in the first stage of

analysis is subjected 1o the following 3 -alyuc routes for complete characterization. The 3 routes are
as follows :

1. Hydrolysis in strong acid yiclds & mixture of harides, which after ion 10
suitable volatile deri may be scy identi and ified by gas-liquid
graphy 1o yield th 1l composition of the polymer.

2. For simple linear polymers such us amylose, the position of the glycosidic bond between
monosaccharides is determined by muu. the intact polysaccharide with methyl iodide 1o
conven ull free hydroxyls to acid esters. When the uthrlnulpoly‘::hrkh
nhydmh'udm.theomﬂm‘,‘ I present in the des | are those
that were involved in glycosidic hends
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only a- or only f-glycosides. Total

is given on the nexi page.

ic carbon, the intact polymer is tested for

mown 1o
methylated at every
v

Posltionis) of

istry al the
Fully methylated ]
carbohydrute
‘bondis)

I

and gas-liquid

the
o

ry chart of the i

chromatography
Fig. #-15 Some common methods for Uhe

structure determination for complex heteropolysaccharides is moch more dificull Stepwise

degradation with highly specific glycosidases, foliowed by isolation and identification of
the products, is often belpful. Mass spectral analysis and high-resolution nuclear magnetic

resonance (NMR) spectroscopy are highly powerful analytic tools for carbobydrates.

To d i

Compasitlan of

Types and amousts
MEM?M!W in the first sage of the analysis requires oll 3 snalytic routes for compleie

charncterization.

A
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IMPORTANCE

The lipids are important constituents of the diet
because of their hagh energy value and also becawse of
the fat-seluble vitamans and the essential fatty acids found
with the fal of the natral foodsuffs. In the body, the
Fats serve as efficient source of energy which is stored in
the adipose nissues. They abo serve as an insulating
muaterial in the subcutaneoes tissues and around ceraun
organs. Fars combined with proteins (lipoproteins) are
important constituents of the cell membranes and
mitochondria of the cell

Protcins, polyiaccharides. DNA and RNA are
macromolecules, Lindy are not generally classed as
mucromeleciles, even though they share wome of their
features: for example, most are synthesized as linear
polymers of a smaller molecule (the aceryl group on
soetyl-CoA ), and they self-axsemble into Langer structures

- imembranes). It is noteworthy that water and protein
Triacyighroarcis fusl the long migraton comprise most of the mass of both mammalian and
lights of the golden plover (Pluvisia bacterial cells (Table 1211,

(Countesy - Garmd Fushrer)
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m Appi chemical of a typical bacteriu

Pervens of wnal crll weight
Componens E eoli bactermm M ammalian cefl

HA o T
TInorgansc ions 1 1
Na' K Mg 001 e
Nhscellaneous vmall metabolses
Prosesns

RNA

nNA

Phanphalipads

Oither lipads

Polysacchandes 2

3

I
L
025
3

“Total cell volume - 2% 10" e’ 4% 10" cm’
Relaisve cell vohume 1 2000

DEFINITION

The lipsds are a heterogencous group of compounds related 1o faty acnds and inchude fats, oils,
wanes and other relaied substances. These ane oily or greasy organic substances, relatively insoluble in
water and considerably soluble in organic solvents hike ether, chlonoform and benzene. They are. thus,

hydrophaobic in natme. These are variously called as lipins or lipeids. [ Chemical Abstracts and some
The latter term is, however, somenmes used (o refer “fat-like™ | beochemscal jourmals we the
substances which may nol actually be refaied to the fatty acids. The | spelling ligpide’.

term “lipid” was first wsed by the German hinchermst Bloor in 1943 fora major class of nssse eomponents
amnad Foombstuffs, The strecture of some common fats and fany acids is presented in Fig. 12-1

Glycerl Tritearate

a1 ! W
©

(LIRS

|
acid |
lgllul"lauﬂuullununnulli
m{lffl’trtrfl‘—((frﬁfll
an"nuauulluuunnau
Fig 12.1. Fats and fatty scids
it Bake structure of o triseylgheersd | aho called o irighceride or a newtral fat1 The glyceral maoiety. indeaicd in
awampe. w linked by thive culer bomds o the carbony | groups of Beoe ety soads whoss Lails arc mdicssod moproon | A Stearie
sebid. It s an | Hcarbon sasesied famy sl that o common = saimah Lt 1) Space{liling model of trisicarsis, I o 5
maylglyverol contamng oo wonis sl doanc sod chasns () Spece-filing model of lmseed ol |8 s  baclgleemd
wmlainieg rwe different unsatsrated Lary sods, desved from fan seods. The wiles of ssaturaton, which prodece Links s
the molecule, are indicased by the yellos <rmnpe ha
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Chemically, the fats are defined as the esters of glycerol and farty acids or as the mglycendes of
Tutty acids.

—OH . ..H 60C.C,,H_.‘ —0-0CCH,

HC—OH  HOOCCH, HC—0-0CCyjHy + IHO

H:;C—(l;-! _HOOCC,H,y, HL—0-0CCH,,
Gityceeol Palmatic acid Tripalmstin Water
11 malke} 3 moles) 11 male) 3 meles)
Both these components are described below for a better understanding of the lipids.
ALCOHOLS

Alcobols found in lipid molecules may be saturated. These commonly include glycerol,
cholesterol and higher alcehols such os cetyl alcobol and myricyl alcohol.

H
H— ‘Ifn —OH
H—Cp—OH CH,{CH,), ,CH,OH CH(CH,),CH,0H
H— Co'—0OH
"
Cycoml Conyt akubol Myricyl alcobal

In the structural formula of glycerol, the C atoms are designated by stereospecific numbers (),
I, 2 and 3 from any end. As the C atoms | and 3 are identical. these three carbon stoms are better
denoted by an older nomenchature. as o f and o',

Among the unsaturaied aleohols found in fats are included a number of pigments like phytol
and lycephyll. The former is a constituent of chlorophyll, whereas the Latter is found in tomatoes as a
purple pigment.

FATTY ACIDS

Futty acids are long-chain organic acids having usually from 4 1o 30 carbon atoms; they have a
single carboxy | growp and a long, nonpolar bydmcarbon “tail”, which gives most lipsds their hydrophobic
and oily or greasy nuture. Faity acids do not ocowr in free or uncombined state in cells or tissues but
are present in covalenily bound form in different classes of lipids. Faity acids which occur in natural
fats are usually monocarboxylic and contain an even number of C aloms as these are synthesized from
2 carbon units, These are usuully straight-chain derivatives, The chain may be saturated (containing
anly single bonds) or unsaturated (containing one or more double bonds). Some fatty acids may
have hydroxyl groupts) in the chain (hydroxy of oaygenated faity acids) and will others may possess
ring structure (eyclic faty ackds). Fary acids are stored as an energy reserve (fat) through an ester
linkage o glycerol o form rriglveerides. IF free, the carbaxy! group of a fany acid will be ionized.

,D
C
NSNS D

But mare usually, it is linked to other groups 1o form either esters
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o
/\/\/\/\/\/\/\/‘:("‘%‘
or amides. o
prd

AN SNININT

Newmenclature. The sy i I of the

Tarty acids is based on the Genevan system. According
to this sysiem, the faity acid 15 named afier the
hydrocarbon with the same number of carbon atoms,
the suffix -oic is writlen in place of the final ketier ¢ in
the name of the hydrocarbon, The names of saturated

Generally, the numben are used with the
ional Union of Pure and Applied

Che ¥ IUPAC) systerm of nesmene lature
and the Greek letters when the common
names are employed. For example ©

futty weids end with the suffix -ameic and those of CH,— CH—CH— COOH
unsaturated acids with the suffix -enaic. | |

The position of carbon atoms in the fatty acid chain CH, OH
is indicated cither by numbering (in which case the Tyl y- Vo mey at wcid
carbonyl carbon is numbered as € 1. the carbon adjacent eyt s e

1o Cl as C2 and 5o on) or by the use of Greek letters
{in which case C2 is denoted as a-carbon, C3 s f-carbon and so on). Thus :
[ 4 4 3 b1 I
R— CH,— CH,— CH,— CH,— CH,— COOH
€ é T B @

A widely-used convention to indicate the number and position of the double bond(s) in the case
of unsaturated faity acids is 1o write the number of carbon atoms, the number of double bond(s) and
the position of the double bonds(s) below the name of
Ih:a:iﬂ.Fwexnnple,oki:mﬂham;IBumm[

The position of a double bond is indicated

and u double bond between carbon atoms 9 and 10 is | 7 10 12 Al 5 e oo b
written as 18:1; 9. Similarly, linoleic acid (18 carbon
ntems and 2 double bonds at C % and C 12) is written as 18:2: 9, 12

An altemative method o write the name of an unsaturated fatty acid is to wrile first ihe position
of double bond(s) in numerals and then the toal number of carbon atoms in Roman followed by the
suffix -emoic ackd. Thus. oleic acid may be written as %-octadecencic acid and linoleic acid as 9.
12-octadecadienoic acid.

A description of the various categories of fatty acids involved in lipid formation follows.

I, Saturated futty acids

The general formula for these acids is C_H,, COOH. Table 12.2. lists some even-numbered
straight chain saturated fatty acids, found distributed in both plant and animal worlds. In addition,
lipids from all sources contain small amounts of saturated fatty acids with an odd sumber of carbon
atoms (C § through C 17). Generally. these odd-carbon acids account for less than 1% of the total
Fatty acids.

In animal fats, palmitic and stearic acids (C,, and C) are the most shandantly found saturated
fatty acids, next in order are shorer chain fatty acids (C |, and C,,) and longer chain fatty acids (Coy,
C,and C,,). Fatty acids of 10 carbon atoms or less ane present in limited amounts in animal lipids
excepl the milk fat which contains appreciable amounts of lower molecular weight fanty acids. The
preponderance of these acids may. thus, be shown in the descending onder as below -

Co Cia > C1p € Gy G By > € and less.
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mnw chain saturated fatty scids, commonly found in natural futs

Trivial mne Srstematc Carbon Structuret Common source
nene® skeleton
Butyric n-Butanow 4:0 CHICH,) CO0H Butter
Caprokc -lbexanow 60 CH,ICH,) COOH Cowonit and
palm mbs
Caprylic m-Otanoss g0 CH,ICH,) CO0H Cocenut and
palm ks
Capric -Decanoe -0 CHCH,) CO0H Coconut and
i palm ks
Laurie a-Dedecanon: 12:0 CH,iCH,), CO0H | Laurel oil.
{urus— = laisrel plant) Spermaceti
Ml ristic m-Temradecanos (EHH CHyCH,, CO0H Busrer and wool
(Myristica” = nulmeg genus) fats
Palmith a-Hevadocanoic| 160 CH,ICH,),,CO0H Animal and
tpalma® = palm tree) plant fats
Stearic nOciadecancis | 180 | CHCH), COOH | Animal and
{atear = hard fat) plant fats
Aruchidic m-Eiacosammic -0 CHyCH,), CO0H Groundnut ol
(Arackis = legume genus )
Behenic a-Docosancic 2:0 CHCH I CO0H | Grousdnut ol
Lignecerk nTetracosamoic | M0 | CHUCHCOOH | Grousdout and
(ligrmm’= woed: cera" = wat) Rapeseed aals
Cerutic mllenscosanoie| 2670 | CHCHLL,CODH | Wil fa
Muilanic meOctacosanoic | 280 CH,iCH, 14, 000H —

* The peefix |mmwwmrmm_rum.-m'wlymnn
ISunhno||nna.u-hthddbenmngtdnnmcqu(h:t&dfm.ﬁm--aﬂmmwdﬁﬂ
the Linese, unbranched furm.

t Nlhlrpadth-t‘hwnimlwwnnmudllma&pll?.znm:lmyunkhuwmmﬁndubmylu:
N:kﬂwlknumhh;ﬂmhnmhmnl&cﬂma;lmum
Iunddhipnnnmestnigllchninfmyncids,nnmhrufhmdnilraﬂytid"

anmnurunmﬂnmherafcmbnaxlnmslnwhncniﬂenﬁﬁtdasmimwnﬂll

and oils. hbkl!-)&unmwnmiwsmpleurﬂﬂlmym. 259 )“ 1254

QIIEED some branched chain d Latty acids, identified in nataral .

Trivial Suntematic No. of Structure Camman SOURE
i " akams
)
Tsapalmitic Isohers 1 \rm‘u_.numun Wl fat
decanic l‘l{,/
CH,CH,,
Anteiso- 14-methyl- 17 /m:m:n,:moﬂ Wl Far
palmitic hexadecani | CH,
D) 1 CH,
Tuberculi- methylocts: (L] Bacieria
stearic dovancic CHCH ) CHICH ), COO0H
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2, Unsaturated fatty acids

These may be classified, based on the degree of unsaturation.

A. Monoethenoid acids — Th tain one double bond and conform 1o the general formula,

€, H,, ,COOH. The common example is cleic acid-

B. Diethencid acids — Two double bonds:

€, H,, COOH; Linoleic acid.
€. Triethenoid acids — Three double bonds
€, H,, [COOH; Linlenic acid.
D. Tetraethenoid acids — Four double bonds:
C,H,, ;COOH: Arschidonic acid
henoid acids are dy called as d farry acids (MUFAs) and the
omes s ol ‘fnmm’dﬂ?!fﬁuh\&wmwm“Hm
in Table 124, A perusal of the table indicates that in most of the unsaturated faity acids. there is a
double bond (designated A”) between carbon atoms 9 and 10, This is particularly true of th d
fatty acids, commonly found in the plant workl, If there are additionzl bonds, they usually occur
hetween A" nd the methyl terminal end of the chain. It may, however, be generalized that in mamumals,
polyunsaturated fatiy acids can have up o 22 carbon atoms and 6 double bonds, but in plants these
acidds do not exceed 18 carbon atoms and 4 double bonds.

Human body can conven stearic acid to oleic acid by inserting a double bond but is incapable of
inserting further double bonds so that the oleic acid cannot
he converted to cither linoleic, linolenic or arachidanic acid.
For normal cell functioning esp.. of skin tissues any one of
{hese acids is needed.  Since they cannot be synthesized
by the cells, they must be obtained from diet. On account
of the important physiological role, these 3 acids are
collectively called as essential furry actds (EFAJ, a term introduced by Burr and Burr in 1930,

Vegetable oils contain lwo types of polyunsaturated fatty acids (PUFAs) — linaleic acid (fin with
2 double bonds) and a-linolenic acid (fen with 3 double bonds). In chemical jargon, fin and longer
chain fatty acids derived from it are referred was a-6 fatty acids. since the first double bond in their
molecule oecurs on carbon no. 3. Len and faity acids derived from it arc refermed to as n-3 fatty acids
since the first double bond in their molecule occurs on carbon no. 3. Lin is more abundant in nature
and is present in all vegetable oils, whereas len is present only in some vegetahle oils such as mustard
ail, rapeseed and soybean. Fish oils are, however, good sources of both lin and len faity acids and
hemce are considered nutritionally quite rich, Hydnogenated fut or “vanaspati'is manufactured from
vegetable vils by the process of hydrogenation. Itisa samrated fat and, though derived from vegetable
oils, behaves fike other saturated fats of animal origin.

Al fouds contain small quantities of bound fat or invisible fat. Such bound fat is found in green
leafy vegetables and pulses in plenty and is a rich source of n-3 [atty acids. About half of the daily
human requirement of {at (40 g) can be derived through such bound fat. Thus, the minimum daily
requirement of visible fat (oil etc) is only 20 g For long. the 2 types of PUFAs, a-6 and n-3, were
thought 1o have similar effects. But recent study shows that -6 and -3 PUFAs have different types
of effects on blood lipids and bloed clotting and that they should be present in the diet in a certain
pmwl.im.Twnuh:!n—bmlhurylinleu-.‘n Jesirable. A health ing practi {
wuld be tnbi:ndwgmhkcihcwmgmiinwlrn. instead of patronizing any one type of
ail, including even the much-publicized d oils like saffl or rice bran which are very
elfective in reducing blood cholesterol.

A maost unusuul unsaturated fany acid, nemartinic acid, is exereted in the growth medium hy a

Linoleic acid was once known s vitamin
F. Iis function in this capacity 15 now
discredited. 1t is & yellow oily liquid with &
hp 229°C.
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citrivorium moald. This faity acid is unigue in thal it contains the single. MMMC—C

linkages, Nemotinic acid &5 one of the fow iy & comp the ullene
group,
Alleme
U‘l-c_c\c—ﬂ' C-Cncl’l, CH,— s CH,CO0H
c—c/ d"
m
Nemotiobe schd

The aetylene group has been delected m a pumber of unsaturated fany acids, found in higher
plants and microorgansms. For nstance, samalbic acud, a major component of the seed ail of
sandlewood contains | acetylene group as against 2 of nemetinic acid.

H
CH,lCH,),C\C/C_QCIWH
H
Santalbic scid
mrm:mmmmn(m,. double the [ty acids
exhibil geometnc jor ci Most Tatty acids are found as the unstable cis
Isnmer rather than as the more stable trons isomer.
H {CH,LO00H H (CH,L,OO0H
L ™
-4 X,
H” CHMCH, CHJ(CH,), 'H
i mcid Elnidic scid
with the C—C bond forming nbmﬂ-ul—k,nf 105" {Fag. 12-2),
L L e

Fig 121 Stearic acid
For the sake of simplicity. the long chains of CH, groups are represenicd by rigzag lines where

each comer rep a C atom and the bydrogen atoms are lefl out. mgmmmmw
st stable confi guration of such carbeown chains. The 1 i of this line, if Dot indicated
abviously represents the presence of @ methyl group, The simplified formula for sicanc acid would,
thus. be as represented in Fig. 12-3.
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L_(CI
oH
Fiz. 11-1. Stearic seid | simplified formuis)

The double bond in the zigeag line is indicated by drawing an exira line in berween the carbon aoms
involved in double bond formation.

‘When a cis double bond is inseried (as in oleic acid), the molecule bends assuming the shape,
shown ia Fig. 124, This dooble bond is rigid and creastes a kink in the chain. The rest of the chain s
free (o rotate about the other C—C bonds.

AN

Fig. 124 Dol acid
Nrmranjnmltd b~ bowd nnm. Annllu:l iarity of naturally
acids ks iy

bl s vsten, lthasa

mpl—cﬂw—pnmmhdmbu&nnbuthlh:ndnlsmhmkw linolenic and arachidonic
acids. The conjugated double-bond sustem is, hewever, rarely present. In it the methylene group is
Ml‘wndmhelwmlh:duhl:mw:h melmmmmhulmumelemw
acid, This acid has d i itp izes readily. These two double-
bond sysiems (Fig. 12-5) Iﬂll riﬂ’em:dlemun.lumm:m

— CH=CH—CH,— CH=CH— CH,— CH=CH—  ¥zrcon spmsed cx:aen
— CH=CH— CH=CH—CH=CH—CH=CH—  Co mpmcd src

3. Hydrowy or exygenated fatty acids
One of these found in casior oil is dcinoleic acid (87% ). I is a C 18 acid with a double bond at
€, und an OH groupon €.
OH

|
CH(CH,),CH CH,CH = CHI(CH,},COOH
Rictnudeic scid
11 2-nydros yoctadec- 9-emokc acid)
Cerebromie acld, 0 C 24 acid obtained from animal lipid, is another important hydroxy acid with
an OH group on C,.

CHy(CH, ), CH —COOH

Cerebrenic schd
{2yl yietraomanoi: acud|
A common oxygenated fanty acid, isolated from plants and bacterial lipids, is 9, J0-
difydrxystearic seid.
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L wﬂ
w0
Similarly, 9, 10-epoxystearic ocid is isolated from rust spore Ipﬂ‘k 1200% ).

7N
CH,(CH,),CH — CHICH,),CO0H
%, | 8-spoaysirmric ncid
19, | D-epon yoctadecanoi scul)
4. Uyelic ity acids
“These are of rure occumence. Chaolmoogra o, Mllmltphﬂhdnmmuhr:ﬂ-ﬂ
used in the reatment of leprosy, contains 2 such acids hyvdr T 1
acid has a cyclopentenyl ring in its 18-carbon Hnu.'m
CLINICAL IMPLICATIONS
Legrusy, the oidest divease kinown to mankind, b loathsome, endemic disease.  The myth that
e prosy was heredstary and a "Curae of God” was exploded n 187 1, when Dr. G. A Hansen in Norway
dhscovered rod-shaped bactena in cells from leprony nodules.  The leprosy bacillus iMycobacterum
kwr alsor called Hansen's bacilius, is the slowest multiplying prokanote known and takes about 2
weeks {o double, Onee infected, it lkes 4 long lime for the diseass o develop - from less tan a year
b a8 g as lny!AIuWnoﬂndlr !?ram. Mmﬁlm-nmwﬂvﬂwh
distane, on an
dormi; thare with [ow nesstance develop hwlr i and mare I
leprosy), affecting not only and skin but abso lymph nodes, eyes, nose, mouth, Laryn, spleen sic
and the bacill |mwammmumuxmmmnn nodules efc. M. legeae 15 d‘wanl\r

sy
l\lpmduﬂmtkelmm Hlmn the primary defomities ae pronownoed on the face "l!
wfected], urtreated individual i the only source of infecton. There is o known nabural reservoir other
than man, Leprosy is only weakly comagious : wswally profonged and close contact s considend
necessary, The mose s the main portal of exit of the bacill. Although leprosy affects individuals of both.
s, makes are more suseptible than femades, often in the ratio of 2 - 1. Although leprosy kad
assuimed epidemic proporions in Eumpe in 1 3th and 14ih century AD., o present, Western Europe s
wimually free from it And these days, the leprosy hot spots’ are indsa, Indonesia, Myanmar, Brazid,
&Imhmdmmﬂmmarﬂ(ﬁm Europs Dae!q:dmmrmue hmm e
frown legrosy duse to their , Asia
acrounts for about 60°%, follmwed by Africa with 15% and Latin l‘\mﬂlﬁ with 4%; the rest af the world
drcounting for about 1% of the diseses load  Ind alone socounts for sbour 175t of the iotal lepers in
thie worid.

Urider ch h thee dirugs most Iy used against leprosy were dagsooe, nfamm:m
and chofazimine, the List one being the best a s it had the misch-desined an
effect and protures (et tesistance. Huwever, in 1982, the WHO rexommended the mult drug therapy
MOTI, combening all the 3 above drugs, as it has a very hogh potential for control of The
dhuration of treatment in most cases s about 1 years or more h!llﬂedmedmﬂfhlkﬂ:ml‘iﬁld
bacifli in a patient and there are no significant side effects. However, the overall long duration of the.
treatment reginen i chemotheragpy, has Iud o l|-|' (e n‘ mumd.upr. using leptosy varcines.
Under the aegis of WHO, a vacons was d 1 derived from
armadilio, and the BOG vacrine. Trials of thi ine b, b * "-.;wllc.limm 1}
mudiated immunity in patients and this it could remarkably suppress the disease in about 18 months
wlr

prosy erad s made rled From a long list of 122
rnr.levmc cﬂmnlesm 1982, me‘imnm ndemcmlwn 24 ofthem. Ninety per cent of leprosy

y 12 8 Brauil, Inghonesia, Myanmar, Nepal, Mowambsgque,
Gldnnindwm
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CH—CH\ (.'H-CH\
| /ClltCH,),,COCI'I J“ /mm,l,,ml
/] l— CHy
My rpie wcid Chrmdrmeogris sid
Lipids from the lactobacilli contain a fatty acid. lactebacillic acid, with a cyclopropy| group.
This fatty acid may result from the addition of hylene group the double bond of vaccenic
acid (LB Ln
CH,
N
CH,{CH,),CH — CHICH, ), CO0H
Lactebacillic achl

Similarly, sercalic acid from plant sources has a comparable struciure, with a suggesied
relatienship 1o olese acid. 1 may be denved from oleic acid by the addition of a methylene group
scross the double bond in a manner that the unsatursicd nature is not aliered, unlike the Iactobacillic
acid

CH,
G = CHCO0R
Sterculic acld
P of variows types of fammy acids in some rypical fats and oils is presented

Thep i
in Table 12-5.

BIOLOGICAL ROLES OF LIPIDS
The hipids perform a wide variety of functions (Fig. |2-6), These are bricfly listed below:

-
&
= ey

()t} The fut under the skin of this s Kidaays e A
mﬂmnr_ o foley tis

from the plant
Fig. 12-4. Yarlem functioasperformed by lipids
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242 FUNDAMENTALS OF BIDCHEMISTRY
1. Foud material Lipids provide food, highly rich in calonific
9.3 kilocalories of heal.

3 Food reserve.
readily in the bady as a food reserve.

3. Structural componcat. Lipids are an imp i of the cell by

4. llulmummrmmmwﬁwlummm i v..lp!:lr_\‘.ﬁml-l.,._."
of far are deposiled in the subcutaneuus layers in aguatic mammals such u whale and in animals
living in eold climotes.

5. Fatty acid absorption. Phosp lipids play an imp
portation of fatiy acuds,

6. Harmone synthesis. The sex hormanes. adrenocorticoids, cholic acids and also vitsmin D
are all synthesized from chalesterol, a steroidal
lipid.
7, Vitamin carriers, Lipids act as carriers
of namral fal-soluble vitamins such as vitamin A,
D und E.

% Mlood cholesterol lowering. Chocolates
and beel, especially the lotler one, were believed
10 cause many hean diseases as they sre rich in
saturated faty acids. which boost cholesterol levels
in blood and clog the arterial passage (Fig- 12-7.
But rescarches conducted at the University ol Texas

valie, One gram lipid produces

Lipids provide sre insoluble in aqueous solutions and hence can be stored

role in the absorp and trans-

suggest that a least one saturated fatty acid siearic Inaide the artery.

acid, @ major companent of cocoa butier and beel
researchers placed 11 men on three cholesterol-

fat. does not raise blood cholesterol level at all. The
poor liquid dicts for three weeks each in

with the diet rich in pulmitic acid, blood
stearic ocid diet and 10% lower in those on the oleic acid diet.

9, Antibiotic agent. Squalamine, o sieroid
antibiotic und antifungal agent of intense activity. This seems 10

infections and almost never gei cancer.

REFERENCES
See list following Chapter |4,
PROBLEMS
1, Why are the most u

truns conformation ? Draw the structure of a |
monounsaiurated, and cis monounsaturated.

Fig 12-7 A chalesterol deposit, (known =
by Scot Grundy and Andrea Bonanome (1958) s ling slmast a8 the space

random order. One formula was rich in palmitic acid, 2
known cholesiero] booster; the second [n oleic acid and the third in stearic acid. When compared
cholesterol levels were 14% lower in subjects put on the

from the blood of sharks, has been shown ko be an
explain why sharks rarely contract

nsaturated fanty acids found in phospholipids in the cis ruther than the
E-carhon fatty acid as saturated. frans

2. Given these molecular components- glycerol, fatty acid. phosphate, Jong-chain alcohol, and

carbohydrate— answer the following :

(a) Which two are present in both waxes and sphingomyelin 7
(b) Which two are present in both fats and phosphatidylcholine ?
(¢) Which are present in a ganglioside but not in a far ?
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3. The melting points of a series of 18-carbon fatty acids are stearic acid. 69.6°C. oleic acid,
134°C Iinolei_c acid -5°C; and linolenic acid, =1 1°C. What structural aspect of these 18-
carbon futty acids can be correlated with the melting point ? Provide o molecular explanation

for the trend in melting points.

4, How is the definition of “lipid” different from the definitions of other types of biomolecules

that we have considered, such as amino acids, nucleic acids, and proteins ?

s lmm::lichumwhu practiced medicine in London about 100 years ago, also dabbled in
lipid chemistry in his spare lime. He isolated a variety of lipids from neutral tissve, and
characlerized and named many of them. His carefully sealed and labeled vials of isolated
lipids were rediscovered many years later, How would you confirm, using techniques available

10 you but not to him, that the vials he labeled “sphingomyelin” and “cereb
contain these compounds ?

2

6. How would you distinguish sphingomyelin from phosphatidylcholine by chemical, physical,

or enzymatic tesis ?
7. Do all kinds of libre help lower one's cholesterol 7
8. How much fat does one need in his diet 7
9. s a high-protein diet good for one's health ?
10, Why is tea oil better for frying than olive oil ?
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loar (1943 has proposed the following classification

of lipids based on thewr chemical composition.

A, Simphe lipids or Homolipids. Thess are esters of
Tty acid with farious alcobols.

L. Fars and oils {irigiveerides, rrigcviglveerols).
These are esters of fatty acids with a trihydroxy alcobol.
ghcerol A fat is solid o ondinary room wheras
an oil is liguid.

2. Wiaes, These are esters of famy acids with high
maolecular weight monohydrxy alcohels

B. Compound lipids o Heterolipids. These are
esters of futy acids with alcohol and possess additional
groupls) also.

I Phospholipids (phesphands), These are
compounds containing. in addition to faity acids and
glycerol, a phosphoric acud, nmitrogen bascs and other
substituents.

2 Glveolipids (cerebrosides). These are the
compounds of fany acids wih carbolyydrates and contain
(4] FL A Eurcoean biown Lonr ready 19 pijrogen but no phosphoric acid. The glycolipids also
hibemate Fad & an eficen) way 10 store includs 3 n ated z
engy 1 this hasr siored e sama amount 2 e 4
of anergy n caborydrates inslead of faz,  the groups. gangliosides. sulfolipids and sul farids_
sha probably would be unable to walk! C. Derived Npids. These ane the i
00 Wax. Wax s a haghly saturated lipid h ] . d _p ndl'a"n:ab w’:m:“.’*md
Tt rmemaing. vewy firm ad normal outdoor rom simple and compound lips y hydrolysis. These
temperatures. ha rgidity allows il 1o ba  include fanty scids, alcohols. mono- and diglycerides,
usad 1o fomm ihe skong bul thinewalied  creroids, terpenes and corstenonds.
haapona of this horepcomb.
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Glycerides and cholesterol esters. because of their uncharged nature, are adso called mevaral lipids.
However, Conn and Swumpf (1976) have raditionally classified lipids into following 6 classes
1. Acyl glycerols

2. Waxes

1. Phospholipids

4. Sphingolipids

5. Glycolipids

6. Te d lipids inchud idds and steroids

SIMPLE LIPIDS

FATS AND OILS
glveerides or Triacylglycerols)

The righverides are the most abwendam of wll hipids. They
constitute about 98% of waal dictary lipids ; the remaining 2%
consists of phospholipids and cholesterol and its esters. They are
the majur components of storage or depot fats in plant and animal
cells but are not normally found in membranes. They ane nonpolas,
hydrophob: lecul hey contain no clecirically charged
or highly polar funcuional groups. In animabs, the for cells or
adiproeyvtes contain very lirge quantities of riglycendes in the form
of fal deoplets, which fill almost the entire cell volume (Fig.
13-11. Adipocytes are abundantly found under the skin, in the
ubdamunal eavity and in the mammary glands. Triglycerides can
be stored in quantities, sufficient to supply the encrgy necds of
the body for many months, as in the case of ohese persons. On fig 131 A seanming electron

the contrary,  micrograph of adipacyles
the body can  Fach adipocyle conlains a fai
store the globule that sccupies nearly the
carbohydrate  entre cell
glycogen in (Coariers  Fred E Hoxter)
;. r’ meagre amounts. suflicient 1o supply energy need
of a day only. Triglveerides are much betier
adupnted than ghveogen fo serve as stovage form of
energy. They are not only dored in Large amoants
but also yicld over twice as much energy as
Fig 132 Insulating blubber of whales and the  carbohydrates. Since fats tend to remain in the
Tut mislecules stomach longer than carbohydrates and are
Faut dusch as the tmucylglveenl molecule (lower)  dipesied more slowly. they alwo have greater satiety
are widely used to siore excess epergy for laier wse  vafue than carbohydrates, The arctic and antarctic
S 1o TRIEL ot papuare illustraied by e animals (Fig. 13-2) such s whales, scals, waliuses
B e e and penguins are amply padded with inglycendes
:‘m:::’l:::::dﬁ‘u?-;‘:::::[m makes 1 serve osth as. cnergy storage depots and as an
[ Cowrters | | Upper) Francos Cohter) Iation aguindt vety Jow leny Ml faly
and oals, wpen hydrolysis, yield several fatty acids
us well as glycerol. However, the milk of spiny anteater is an exception in that it comprises almost
pure triolem. Human body contains enough fal to make 7 hars of soap !

In o norma) man, weighing 70 kg, at least 10-20% of the body weight is lipid, the bulk of which

Is tracylglycerol (TAG) TAG is found in all organs of the humin body, particulardy in adipose

=




248 FUNDAMENTALS OF BIDCHEMISTRY
tissue, in which dropleis of triscylglycerals may represent more than 907% of the cytoplasm of the
cells. Body lipid is a reservour of potential chemical energy. About 100 times more energy is stored
as mobilizable 1ipid than as mobilizable carbohy drate in the normal human being. TAG is stored in
a relotively water-frec state in the nssue, in comparison o carbobydrate, which is heavily hydrated.
Chemically, triglycerides are esters of ghycerol with 3 fary acid molecules. Their generic formula
is xhown in Fig. 13-3.

CH,— OOCR,
— OOCR,
CH,— OOCR,

Fig. 101 Generle formuls of irighycerides
Ohviously, when the groups attached 1o carbon | and 3 differ. a centre of asymmetry is created at

C 2. The 2 optical isomers may, thus, be represented as shown in Fig. 13-4 The namraliv-occurring
Sais are of L-ovpe,
?ll,—m. ?{,—m,
H—f—m., W—(I:—H
CH,— OOCR, CH,— OOCR,
D-isomer L-iomer
Fig 154 Twe optical somers of trighycerides
Al mobecule contains 3 moles of fatty acids whi ‘be similar or dissimilar Th

a single kind of fatty acid i all 3 positions (e, i, @) are called simple (or symnetrical) frighveerides
they are named afier the fanty acids they contain (Fig. 13-5). Examples are tripalmitin. tristeann

CH,— 00C.CpHyy CH,— 00C.C;Hy,
— 00C.Cy;Hy, —00C.CH,,
CH;— 0OC.CyHyy ;— 00C.CyHy,
Tristearin Trickeln
ristesroylglyerd) firioleyighyceral)

Fig 135 Two slmple trighyeerides
and irinlein. They accur very infrequently in natural fais. Such simple mglycendes hay
been synthesized in the laboratory r.g . tristearin and triolcin. 2'{1 ,,! 1 254
Mivsn of the teiglveerides of nanere are miced (or asvemerrical | mghveerdes, Le.
l‘l' 3. dll’kmu Tanty a.'al units in the molecule. Representatives of such mived mglyn
and

iFig. 13-6).
CHy— 00C.C,H,y CH,— 00C.Cy;H,,
CH, COO—C—H C,4H,, CO0—C —H
CH,— 0OC.C,Hy, CH,— DOC.CyHyy
Oteodipmimiiin Obropabmitmirarin
{ix-olec-f, o -dipaimising {i-aoheo-JL, paimito- o-shearin)

Flg 154, Two mixed triglycrrides
Most animal ais such as those from meat, milk and eggs are relatively nch in sanrated fany
scids but contain o rather bow content of polyunsatursted fatty acids (Table 13-1) ; two exceptions
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are chicken fut and fish fai. The large proportion of saturaied faiy acids (esp.. palmitic and stearic)
with high melting point confers solid state 1o the animal fats. The plant lats, on the other hand,
contiin o large proportion of unsaturated fatty acids (esp.. polyunsatursied). The unsaturated fatty
acids have low melting point and conler liguid state 1o the plant fais.

m Fatly acid composition of important animal and plant fais

Fauit Percensage of sl famry ecids
7 F 7 7 Foh 7

Animal fais

Butier far o0 36 4

Pork fat 59 » 2

Beel fa 53 “ 2

Chicken Fat kL] “ u
Plant fuls

Olive oil* 0 % 54

Com uil 15 n 53

Suybean ml 14 k' i3

Soft margarine 23 4 52

* duta oot confirmed.

“The differences between the animal and plant fats are presented 10 Table 13-1.
Wanes

Far less spread bui equally imporiant are the waxes. The tenm “wax' onginates in the (ld English
word weax, meaning “the material of the honeycomb™, reminding of beeswax, the honeyvcomb is
made of. These are esters of long-chain saturated and unsaturated fatty acids with loag-chain
monashydroxy aleohols. The funty acids range in between C | and Co and the aleohols range from C ),
10 Cy,. In vericbrates, waxes are secreted by cutaneous glands as a protective coating to keep the skin
pliable. lubricated and water-prool. Hair, wool and fur are also coated with wax. Birds., particularty
waterfowl, mmemsmlk«mp&ﬁsmmﬁeﬂmr[mm repellent. T‘heluuesof

many plants such as Rhododendron. Calerropis cic.. are shimy b deposition of
weaxy couting, Waxes alse serve as the chief storage form of fuel in pl, Since marine
mluk_lumn- . P in large o nmmmmp[uﬂmw

in them.

Differences between animal and plant fats

Animal far Plant fur
I Relatively rich in saturated faty acids, 1. Relstively rich in unsanerated ity acids.
exp., C,, ond €, acids. enp.. pobyumsaturated ocids.

2 Solid ue ondinary rocm wemperatire

3 These have usually bow fodine mmber.

4. These have usually high Rescterr-Meiss! .
murmiher

Liepaid a1 owefinary noom wemperaune.
These have usaally high fodine smmsher
These bave wsaally low Reichen- Miess! namber

PP

5 These are stored mamly n lover and bone 5 These are sored mainty in sceds and froits.
marmow

i Oidative rncidity iz observed mone 6. Oiclarive rancidity is observed less frequenthy.
Frequently.
Examples- Butterfat, Beef fat. Tallow Essmples- Ofive oil, Castor oil, Soyhean oil,

Com oil
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248  FUNDAMENTALS OF BIOCHEMISTRY
Must of the wases are of esters, T, whale was i) and beerwas are

composed mainly of palmitic scid esterified with cither b -
ol et gt wi exacasanol, CH,ICH. ), CHOH or

- -H O
CHLCH,), COB H+ HO CHACH,1,CH, — CH,ICH, |, CO0—CH,CH, ), CH,

Palmitic wcsd Henacosanal Hexscosanyl ulmisase
Mereover, sperm whale wax i also rich in cety] palmitate und the heeswnn in my ricy| palmaiate
CHUCH, ), COO—CHACH,), CH, CHICH, ), CO0—CH,(CH, ), CH,

Cetyl palmbtate Myriey! pubuiiate
Carnanba wisr, the hrdes! known inly of f ks extenified wilh i

CH,(CH, ), CH,OH and teirriscoatanol, CH (CH),, CH,OH.
The wares fram the eonifer condain polymers formed by the ester-linki
acids, such os pinipere ackd, with each other oyt EamSnkiog of many = hrkon

HOOCACH,),, CH,OH
Junigeris wonl
There are cerlain Wanes i Thi b
odaur. o by ddron,
wcid im the form of | Inthem Fow e, 8 Wit d, idder, which i .,'I'N‘.I;
thie seeds of lady s linges, Abels fuiry eacmlerr, b b musky smell,
N

Hc< /o
A . Amberinlide
. Ligtds of marine organisms such as starfish, saquid and shark conlain faity alcabols that are kong-
chain alkyl ethers of glycerol. Three such ghveerst ethers (Fig. 1 3-7), as they are called have beea
isalated from shark oil.
CH,OCH,{CHy), CH,  CHLOCH,(CH,),CH, lm_nrH ACH, ) CH==CHICH;},CH,

|
éﬂﬂﬂ CI'Hw (l'l{w

J:u,ou CH,OH CH,OH

Chiimyl abocibol Byl kool Sedachyl akohal

Fig 107, Seme glyceryl cthers.

Wunes are unusisally inert due (o their saitumted natre of the hydsocarbon chain. However, they
can be splt slowly with ot alcobolic KDH. They are fssaluble in water and highly resisiant {0
atmuspheric oxidation. Hence, these ae used in polishing furnitures and automobiles and akso in
wan-coated paper used wo wrap perishable foud groducts such as biscuils. cakes, cic. Lanaolia i from
Jarmib's woal, bocswan (fram honeyeomb ), camauba wax dfrom 2 ‘Brazilian palm tree ) and spermuceti
il { from sperm whales) are widely wsed in the manufacture of lotions, ointments and polishes

COMPOUND LIPIDS

CHICH ) ——CO

PHOSPHOLIPIDS
= Phosphatbds)
Phospholipids are the mist sbundant membeane lipids. They serve primarily as strusctural
b Y ks et A8 sl Siids

in phospharus in the farm of phosp id groups. They differ iglycerid i
wsually one hydrophilx polar “hesd™ group and wsusafly two hydrophobic nenpalar “pails”, For this
regson, they are off Jhed perr lipis. Thus. g L dl wphipertivic, whereas the sorage
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wares) are not. In phosphobpids, o af the OH groups in glycerol are

acid The phosphute is [unher

Sperry { 1955) have classified
. it

phosphisp

lipids {trighyeerides and
Jiriked to fatty ncids while the third OH group is linked w0 phosphoris
Jinked to ane of 1 variety of small polar bead groups (abeohals). Folch and

itidhes and

B ¥ lipids inio p
A. Phosphoglycerides
Thiese are the major phospholipids foand in membrancs and contan two faity acid malecules of
wqails” esterified w the first and second hydroxyl groups of glyeerol. The thind hydreayl group of
| i ik h oh i il Iyoeride: i 1
gly an esler linknge P Lo addition, phoigl
leohol, which i also esterified o the phasporic ‘acid, This is refiered 1o a5 “head aleohol zroup” a8 it
is present ot one end (*head” ol the long phosphoglyceride molecule
The various phosphoglycendes diffes in thei head alcohol groups. However, all of them contain
wor aonpolar tals. each consiating af & long chain (usually 0 €y famy mend. Usually anc of the
famy aculs is saturated and the ather amsaturated ; the latter s always n‘miﬁdu the middle or

fi-hydromy up of glycerol. & hy featwre of the phosp s that ey
: h  their molecule. [t has the Lconfigartion

nym_nrmhm:mapmiﬁan!inmmmunwm

since it is related w L-glyceraldehy All phosphogl iddes have a negative charge on pho

puupﬂpH?lnzd.dl-:n.lln Jeohal group - : -heurges 2l pH 7.
Uikdios® = yolk) are widely disributed in

1. Lecithins (= phasphaid! cholines) - Lecithins
namure, Various oil seeds like soybean and the yeasts we importan soufces from plunt werdd, 1a
arimals, the glandular und nervous Bsues are rich in these lipids. The lecithins are required for the
wormmal transport and wilizatien of us other lipits exp., in the liver of mnimals. In their absence,
agcumulation of lipads ocewrs in the lives 1o as much 25 30% agamsi i mormal vuhwm‘)—-l‘l.gn_n-g
rise 10 @ condition called “fary fiver™ This faity i i S
of the liver disease cirrhosis. )

Lo addition o glycerol and 2 malcs of ftly achds, the lecithins (Fig. 13-§) also cvatain phosphoric
acid ani a nitrogen base choline sl pither the end or middle garbon ukon ol glycerol unis. Accordingly.
pwo forms of lecithi, & and fi are recognized.

“CHy— 0OCR,

n,.COG-EC—-H o
I £
¢ 41,— 0 —Pp—0 — CH,—CH;— NICH),

Glyoerol + Fasy skl m.pnk-ndl Chaline
Fig. 15 Strocture of a-lecithin
acid, glyceral and 2 moles of fatly

s exithin yields choline,
O complete hydrety 54 yiehdscholine, Phacprtt 0 in ke vepoms)

acids. But partial Inydrolysis of lecithins by lecuhinases LiC live prine
Causcs remaval of anly onc faify acid o yield substances called Ivsalecithing (Fig. 13-9). These.
{herefore, coatuis only one acyl rdical, When subjected im0 rh:bhu!] stream by sting ‘- aresult of
enake bite or by needle, the lysalecithin apid rspare (bemiysis) of the les. £
“(I'.H,-— QOCR,
Le—n
L o

I .
,—0—P—0 — CH,—CH,— NICHy)

o
Fig, 119, Siructure af griysolecithin
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lipids itriglycerides and waxes) are not. In phospholipids. two of the Oprpallslyumllt
linked o fanty acids while the third OH group is linked to phosphoric acid. The phosphate is funther
linked to one of a variety of small polar head groups (alcohols). Mhmdsmlliﬁilhwdmﬁad
phospholipids info phosp il o itides and phosphosphingosi
A, Phosphoglycerides

These are the mayor phospholipids found i membranes and contain two faty acid molecules or
"mls'mimﬁdwlhfmnndmrmdhydmlylyunpd’gly:sd.‘]‘helhﬂlkwhnxylgmpnl’

is present at one end (*head” :dmmmmﬂmm

The various phosphoglycenides differ in their head alcohol groups. However, all of them contain
e nonpolkar tails, each consisting of o long chain (usually C, or C ) fany acid. Usually one of the
Tany acids is ssurmed and the other uncamrated © the laner is always esterified w the middle or
[i-hydroxy group of glycerol. A noteworthy feature of the phosphoglycerides is that they contain an
aymmmbunamupuanmlk'lymﬂwcﬁhmhhsﬂtL{mﬁm
since it is related to L-gl have a negative charge on
groopaipH 7. hnﬂmlk!uiakdﬂmmydmhwmum:h:mcchwauﬂ?

1. Lecithins (= phosphatidyl chalines) = Lecithins (fikithos” = yolk) are widely distributed in
nature, Various ol seeds like sovhean and the yeasts are imponant sources from plant world. In
animals, the glandular and aervous fssves are rich in these lipids. The lecithins are required for the
normal transpon and utilization of as other lipids esp.. in the liver of animals. In their absence,
accumulation of lipids cocurs in the hunumﬂumwlmﬂ value of 3-4%, |win¢
nise o a condition called “famy liver™. This fatty bead o fibrotic changes,
of the liver disease cirrhosis.

In aeddition 1o glycerol and 2 moles of fatty acids, the lecithins (Fig. 13-8) also contain phosphonc
acid and 1 nitrogen hase choline 3t either the end or middle carbon atom of glycerol unit. Accordingly,
wwo forms of lecithins, o and P are recognized.

“CH,— DOCR,

"
R,CO0O—C—H g

I 5
“CH;— 0 —P—0— CH,— CH,— NICH,),
ol
Fig 144 Siructure of @-lecithin
On complete hydrolysis, lecithin yiclds choline, phosphonc acid, glycerol and 2 moles vy ey
scids, But partial hydrolysis of lecithins by lecirthinases (active principles lfound in snake venoms)
causes removal of only one fatty scid 1o yield substances called lysolecithing (Fig. 13-9). These,
therefore, contain only one scyl radical. When subjected into the blood stream by sting as a result of
ke bite or by necule, the ysolecu Fapud Fupture (hemolysis | of the red blood corpuscles.

y— DOCR,

»
HO—C—H
, I .
'CH;— 0 —P— 0 — CH,— CH,— N(CH,),

Fig. 1% Structure of @-lysbcithin
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2. Cephaiing - The cephalins (kephains” = head) are closely sssociated with lecithins in animal
MMM&OMMMWMGLM“NMMWNUKMM

excepl is replaced by either o serine. Serine is the biochemical precursar
of ethanolamine.
HO — CHy— CHy— NH, Ho—cn,—ci:u—m,
COOH
F thanolsmine Serime

serine. Like !ﬂ:ilhil&!ﬁccphlh!lﬁl. 13-10) also exist in 2 forms, o and i, depending upon the
relative positions of the two substiluent fatty acads.

— DOCR, “C11,— DOCR,
1)
o R CO0—C—H o
1 1
“oH.—0— —o—ot, CH,— NH, m—u— —0—| m,—-clu NH,
C00”
Cilyewrol & M-‘ PMnphum il Fiamedamn Lty + P-jli Prasphan sl Sorn

-phocphatids! rikamdamine 1 plphati sevine
Fig. 1310 The two crphalio

Since the primary amino group of ethanolamine is & weaker base than the gualemary ammodnium
group of choline, the cephaling are mare acidic than lecithing, Maoreover, the cephalins are
womparatively less souble in akohol than lecithins.

Venoms containing lecithinases also split off fatry acids from cephaling, leaving hemolytic
Bysocrphalins.

3 P fi (= Phoxphogi isy = F itule about lu'ﬁul'the
p&aphnllpui;ul’lh:hmudmudr These are ly not found in signi in
plant tissues. Structurally, these resemble lecithing and cephaling but have one of the fatty scids
replaced by an unsaturated cther. Since the nitrogen h-t(ll h: chaline, ethanolamine or serine,

three types of plismalogens (Fig. 13-11) are accordingly ¥ Phosphatidal choline,
h and phosphatidal serine.
o
—0—CH=CHR,

#.c00-Lc—n ¢
0 —P—0— CH,— CH,—N(CH,),

H&

" CH,— 0 — CH—CHR, “H—0—ci=cur,
meoole—n u,mo—'ai:—u o
“clfa—o—i.r-oFm—vnt,—-in, 'ﬂtx—o—il'—o— Gl—f"—ﬁﬂ,
rh.n:{l‘—n—h _-0-_- o

Fig 13-11. The three platmalogens



CLASSIFICATION OF LIPIDS 251

Phosplwmmdn iFig. H-]Zi Thave been found to ocour in phospholipids of brain tisue and
of saybeans Mmolmﬂu&lﬁklmmmdﬂtnmknmpmmncﬂh
Mmpboqﬂnhnismmlqdls. The inositol
S present as the i itol. On i inositides yield | mole of
glyeerol, 1\mml¢|nl’£iiyl:ﬂ.l male of inositod and |, la\mhcﬂinqinlctﬂ Accordingly,

maong-, di- of triphosphoinoatides are found,

,—00C R, ,—DOCR,
R,CO0—C—H o R,CO0—C—H 2 (B) = phosphate
“mz...g_l “:Lu —o—-!— 0
b e I
o~£—d
Mlonophmphmmitide
Telphonpholmestide

Fig. 1311 The two phospholnositides

Phosphainositides are also classified as glycolipads, in as much as they contain carbohydrate
residoe.

C. Phosphosphi id A sy yn” w together dramein™ = to run) is a group of

(=Sphingumyelins sympioms associated with 2 panu:ulx dilaase a abnormality,

These comp are oy ewery patient
commoaly found in nerve tissue with the disease.
et 1'::{:'"1:::‘:: CLINICAL IMPLICATIONS
p : | Nigwmann—Pick disease | = yph
prng: PP Y dioucier b i 0y ﬂmdum
l'_‘k in _Pm“‘ and the nrasedbndr&cmnhlummemhﬂamlwhmm uMch
ms. In & padrome  Clagyves Asa

called Niemann-Pick discase,  resulr, gwwlm H;cumula's " Iar'e amounts in the
hi i i m doehedial system since mmusnmhm
i - but thesr degradation s Pick cells
xe::‘“::["r::‘"[‘r::‘":?:' of “loam cells? are found in the hane marmow, spleen, lmphoid
ity - esues, [iver, lung and tssees, of vimally any omgar, Clinically,
phospholipids in their lack of  the disease manifests itself in two fomms :
glycerol and the presence of 1 Early or infantde form. This is characterized by hepatos
another nitrogenous  base megaly, marular degeneration, cherry-red retinal spot
sphingesine or 1 closely related {=maculal in nearly kalf of the cases, mental retardation and
dibydrosphingosine, besides ﬂ'ﬂt‘mﬂﬁﬁwmv&:’ﬂ G
i i L 3 ol Dﬂim " st Coenmon o 1
chafine, Ju ?I":r 'Iy:.“d' two forms and reveals intelleciual impairment during late
iy Fid infancy, na changes n the ocular
charged molecules and contain funds and survival beyond the age of five. However, death of
phosphocholine as their polar the patien! ecurs by the second decade.

head groups.
CH,{CH,W=CH—?!—(|:&—H1‘,0H C“Jlal:lual—?i—clﬂ“m
OH  NH, OH  NH,
Sphingoaine o +-sphingenin: Uiy dhronpi kngesime v sphngamime
11, Sechibrychromy. 2 amme- v -octadec <4-ene|
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On hydrolysis. the phosphosphi des vield il of fatty acid, phosphoric acid,
choline and sphingosi I but po glycerol. Thus, in these compounds the stomic
ratio NP s 2, in contrast to ﬂimpbnglyumhuh:nlhh ratio equals unity. Phosphoinositides,
bowever, do ot contain & Ritrogen base.,

Sphingraine |wnm Choline:

CH,{CII,J,,CH=CH-—'CI|—1J-I—CH,L0‘—-E —0—CH,—CH;— N(CH,),

— s

|
R
Il: 1510 Structure of sphingeeyelin
T sy f Fig. 131
tidmkswimly&bnlﬂgmpndﬂtfﬂlyacﬂbynﬂtlmkzgcmihpﬁnymm
GLYCOLIPIDS
= Cerebrosides or Glyeosphingosides)
The cerebrosides, us the name suggests,

1 braun where they CLINICALIMPLICATIONS
amount o about 8% of the solid maner, These Gululm M = ﬁumdum 154 notso-
may also oecur in tissues other than brain. i recessive, hered alen
Since the head group charactenistically m.rm and of Jewsh arigin, It is 30 times maore
consisis of one or more sugar units,  prevalent among the Ashkenaza: jews, with | case in
cerebrosides  are  often  called 2,500 berhs The duease 5 due to a deficiency of the

I b " ke ph

gly Lil sholipids, enzyme  glucosyl  ceramide hvr‘whse
inids are fa - | L uhidu'Jms'—

glyealip I COmy ycupRe e baherich & of the later

region, 1long hy tails, m“*w.wunmnmmmmm

and a polar region, which now contains ope - B calbein thel

or mor sgar esidues and o phumphae. 1 S0t L 0L L
Both phosp and g gy, This, the d

self- lﬂlul ||pid bilayers that are the huu and causes destroction of bones. Clinically, wo
for ull cellular membranes, Tn Gavcher  panerns of the desease have been reparted ©

disease, the cerebmsides appear in relatively W) Infaneile o acute form. 1n this, the \wnplnm

larpe amount in the liver and the spleen. They
are also present in large amount in the beain
in Niemann-Pick disease, These are present
in much higher conceniration in medulated
thun in nonmedullated nerve fibres, There is
evidence that they alwo ocour in some plant
organs,
The of brosid

appear early with bepal
retarcation, hypertonicity and signs of mn-r-uv
imvolvement, Most patents die during infancy.

b} Adubt o chrome foem. Ths s more commaon 4

form of this deese There is slow evilution of
the disease with hepatosplenomegaly,
hypersplenism, pathological fractures and often
no neurlogical deficit,

(Fig, 13=14) is somewhat similar o that of

phosphosphingosides. They comain a high molecular weight fnty acid. sphingosine and either galaciose
a|lunmnﬂudolﬂ»lmbﬂmmdd ‘l'he, hvemm:chmjeam their polar

head groups are peuiral. In general prop

they resembile sphing:
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Sphingosine | Galscoss CH,OH
mima.ﬂd-m—m—tlm—m,;o
N
[ 3
Fig. 1~ &'&Imﬂlﬂm
The name ide is ly used 1o desigy hil fatty acid (or
portion of the cerebrosids H:magmummmcmalhega]mmby
]Irum:lmkmmluprlmMmhﬂmpndﬂ:!mymhymmdnlmmmk-pﬂm
ME'“'II . r:
are di

| on the basis of their fany acid component
(Fig. 1315, 112 various classes, so differentiated, are os follows

lo} Kerasin—contains saturated C 24 lignoceric acid.

(b} Phrenosin ntains a 2-hydroxy derivative of i ic acid called cerebroni
acil.
CH,(CH,),,CO0H CH,(CH,);; CHOH)COOH
Lignoreric scid Corvbrasic acid
CH,(CH,); CH=CH(CH,);; COOH  CH,(CH,), CH==CH{CH,),, CH(OH)COOH
Mervenbe schd Orrymervonic scid
Fig. 1815, Ch acids of

el Nerv ins an d b of lig acid culled nervonic acid,

i} Omynervon—contains a 2-hydroxy derivative of nervonic acid called oxynervonic acid.
Gangliosides

In 1935, Klenk isolated a new type of glycolipid from brain tissue and named it as ganglivside.

These are found in significant concentrations in ganglion cells of nervous tissue (hence so named)

and also in most parenchymuatous tisves like splecn and erythrocytes, They make up abeoul 6% of the

membrane lipids in the gray matter of the brain. They are also found in kesser amounts in the membrunes

of most nonneural tissues. Cangliosides are thought 1o act as receplors for toxic uger

pathiogens, Vibrio cholerae infl virus toxin. They are also impli

incell-cell interaction, 278 /1254
munmw:ufmlansnlca[h[_ IJvlblnmnpkxudnl-edwmulioud:n

they contain 4 (N 2 linked to o o

_ Bl Gincose Pei-sd Bisd N. 1 Bimd

alad
N-acetyl-
neuraminic acid
\ A
A G, ]
Gy
— 4
I].l

Fig. 1316 The three gangliosides
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In addition 10 these, the gangliosides also penerally contain 2 additional moles of carbohydrates, |
mode of N-acetylgalactosamine and from | to 5 moles of N-acetylneuraminic acid (NANA). In Tay—
Sachs disease, the pangliosides are stored in relatively large amounts in the brain and spleen.

CLINICAL IMPLICATIONS

Tay-Sachs disease (named after an English physician Wamen Tay whao first described the clnseas-emr.l
an American neurologist Bemard Sachs who worked out its details), abso called G,

was first described in 1881 This is the oldest medically described lipid torage disease or lipidoss, It
i Coammon hﬂ!dllarydlsuntf Nﬂu)uﬁ!hednm || rm mlh-pwu].mm.il large (1 in 1,00,000
barths), it has a very hagh incid 1 in 1,600t nA Tewes, who mukie up abow 90% of
the Jerwish population in America. One in 30 Ashkenasic [ews carries the defectve gene | n recessive
form (e, the carrer rate s 1300, whetens the carrier rate is 17300 in non-jewish Americans.
Cmﬂqmlly,ﬂr incidence of the diseass is about 100 times higher in Jewish Americans, When both
parenits e carvier, the children ate |ikely 1o divelop TaySachs disease sven though the patents show
o symploms of the disease. Because the ltnm s imeversible and need\ Iraensive care, Renetic
cwnﬂmdwmham d aused] due o
adeficiency of Tgal: 1, imiad; &M(lwd‘mlﬁ
bond (f-8-+4) Detween an Neacety L Degalactosamine .md 4 D-galsctose residue in the polar head

the gangloside, G- In effect, G, is not degraded 10.G,, With the meult, G, which is also called al
Tay-Sachs ganglioside, s sccumilated in lange amounts in the l\rwnu p.mml.ulr n the Imln

cedls o the e of 100-300 e G, conten,
In Tay-Sachs disease, the symploms are evickon beiuen an -‘hu-d irvkand is u year u'd Wﬂneu
retardation in development and diificulty in saing Mertal and

blindness wsually follow o few months laler; death, between two and e years, s inevitable. Over

0% of the patients have a characteristic chenv-:!d spot in the reting Tay=Sachs disease can be

duggnosed during buldrwkvmenl Mllmln. ﬂudhr.hmhym:ummnnaﬂmmd for beMe
activity. As element of N

Pick and Gaucher disesses i that the affected child sekdom lives h!hmdq.ellm

More than |5 different liosides have been ch nzed wnd their e
These are commonly abbreviated by the k‘MG I‘:Hlllm,,uortlndﬁ!gnnltlhlllh:r
contain one. two or three sialic acid und {N- or N-glycolyl residues

respectively, and a number or letter 1o distinguish different members of a group from one another. In
essence, they consist of an oligosaccharide chain attiached 10 ceramide (M-acylsphingosine) by o
sugar residue which is usually glucose. They lack phosphoric acid.

Sulfolipids.
A glycolipid that contains sulfur is widely distributed in plants. It is localized in the chloroplasts
bbui is also [ound in the of phy hetic bacterta. As the sulfur in this compound is

mnulmilmslmpmuhmu m;myhluluda!undeflclmufcmouﬁscdhd
sulfolipids. lis structure is given in Fig. 13-17.

Sulfutides.

& il Lo of cdheercnin. b

mwhie  cy  0OCR
MNMBMstMnmgy’\:wpllulL = CHS0H
the sulfate is present in ester linkage ai C 3 of the palaciose CH—DOCR,

jportion of the molecule. Members of this group of cencbroside i

sulfuric esters have been designated as sulfatides, CH,—0

The classification of compound lipids as g d
heré i now ing ok . Inis, however, Jogi Fig. 117, Strueture of 2 salfolipid
1o classify them sccording 1o the main ilnilulcmlpw:n: {6-sulfo-6-deoxy-a-glucosyl
(refer Table 13-3). According to this system, the wanoglycenide)

compound lipids fall under 2 categories - one in which the main aleohol component is glycerol
ixhrrrlnphmﬂulldnr and |he uher in which apﬁlll,gmmc is the main alcohol component
1. The further cl of the depends on the nature of the ather

alcohol components.
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Clussification of compound lipids

Name Muain alcoluod componenn s [ NP raien
compenents)*
Clyeeruphis-
phatides
Phosp (3} = g i ] — n:i
s
Lecithine Dhglyceride ( = glycerl diestery | Choline (|
Cephaling Diglycenide { = glycerol diester) | Ethanvlamine, serine 151
Inwsatives Diglyceride | = glycerol dhester) Tnamiteld 0l
Plasmualogens Monoglyceride | = glyceral esterd | Choline, ethanolamine, 1
+ Enud ether sering
S ngeligrics
Sphingumyelims | Noacylphingoune Choline il
Cercbrosides Neacylsphingosine Galactose, ghocose o
Sulfatides Neacylphingoine Chalactone (TH S0,
Ganglumides Noacylyphmgonine Galiciose, glucowe RoP
*
N-acerylgalactoaamine
+
N-neetylnenraminic acid
* The other lcohol comp in all the sphing except ins are ool preset a
mmhﬂmﬁnmﬁ:im Fw!“m Mml:rmﬁ:mm
under gly colipids
DERIVED LIPIDS
mpmlpcbwedhpldslsa"uuhnﬂ' pvupmlllnw‘ classification. It inchudes the hydrolysi
lipids and also vars ds such as sieroids, lerpenes,
Fatry md.L aleohols, fary aldehydes, keones ete.
STEROIDS
The sterids (stereos” = solid) are one of the most studicd cl { biological s and
are often found in association with fat. Since they contain no farry acids. |Ity ane nmwrmi_’ﬁaN(
Lz mnntb:h}ﬁnlyzedbykmwﬁihhh peld of their famy

Iﬂnd.msq)uuﬁlbl:md!oﬂnmdlmhydmljadmﬂldhdl The steroids my'lz
squmnd from the fal after the latier is saponified since they occur in “nonsaponifiabie residuc’. All
steroids may be mnndend as derivatives of a fused and fully satwrated ring sysiem called

b .umumsmmmmdlmmﬂ:wh\,n
audC] fused in nonli of h manner and a The sterane
nucleus along with the conventional numbering of the carbona atoms is shown in Fi; IJ-I&

o

-dtnl--l-n
Fig. 1315, Phenantlrene and sterane nacleus
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Tt may, however, be emphasized that in steroids the hexagonal rings are not the benzene rings

as in them the valences of C moms are fully satisfied by hydrogen bands, unless shown atherwise.

The double bonds, il present, are shown as such. The

*angular methyl groups occur typically at positions 10 and

1 n 13 and constilute corbon atoms 19 and 138 respectively, The

steroids may have one or more hydroxyl groups, one OH

group being present usually on C 3. A side chain st C 17 is

usual This side chain serves as a convenient busis for

classification of sterowds, For example, the side chain

contains 8, 9 or 10 C atoms in sterols, § C atoms i bile

acids, 2 C aloms in adrenal corical steroids and in

Fig. I.‘;:'ﬁ Asymmetric centres in i i i » ing ens aad
{abarwn by solid black circles) ]

Stereochemical considerations of = =
steroids, Without even considering the m-:' h":n;m m m
substituent groups, there are 6 possible | oy e 3 e based o their source  the animal sierols o
asymmetric centres present in the 2 (chok l MWFMNM
steroid nucleus (Fig. 13=19) | o o ok
Consequently, the steroids have many | yhind mm‘-anh_ which are obtineil from fungi muuq
potential sierevisomers. Each of 3 yemts, umwm:na myveaterls, This
cyclohexane rings, on the basis of the sterols are oblained
ietrahedral dl:ug uc:pau:urnumg From mare lﬁ-m af these sources.
in 3 i itherof
2 “chair’ or of a *beat” (Fig. 13-20).
These 2 forms are splanar and stroinless and were first proposed by Sachse in 1390, The “chair” form
is rigid (in the sense that if resists distortion) and when it is changed to the *boat” form, some angulur
deformity invariably wkes place. The ‘chair’ conformanion of cyclohexane itself 1s more siuble than
the “boat” conformation. The “chair® and 'boat” forms are both free from angle strain but because of
differences in steric strain and bond opposition strain, the two forms differ in energy content (Finar,

e N

'Chair” foem ‘Boat” form

Fig 1120 Two types of confarmation of » cyclobexane ring

In manerally occwrring steroids, all the rings are in “chair form. With respect 1o each other, the
rimgs can be either =i of -trans (Fig. 13=21) The junction between the rings A and B (A/B junction)
in naturally -occurring steroids may be either -ciy or -rrans. But the B/C and C/D junctions are, with
cerain exceptions, always in -trens form, The idea of —vis and -frans forms with respect 1o A/B
Junction may b Lained as below. The hydrogen atom on C 5 may be either on the same side of the
plane of molecule us the methyl group on C 1) or on the opposite side. In the former case, rings A and
B will be -ris to ench other and the molecule is said o belong 10 normal configuration. If the
hydrogen atom and the methyl group are on the opposite sides, the rings A and B are -fruns to each
other and the molecule is of alle configuration.
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Fig. 1021 Sierecchemical aspects of sterold nuclews, A. all - o configuration between sd jacent
rings, B. & -~ configuration between rings A snd B

In the structural representation of the steroids, substituents that are shove the plane of the ring
{or froriented) are dhown with solid lines, while those which are below the plane of the ring
{or a-oriented ) are represented with broken lines. The methy! groups ai C 10.and C 13, the hydroxyl
group on C 3 and the side chain at C 17 are all f-onemied.

Certain common sieroids are described below.

29, U 28 and U 27 Sterolds

1. Chadestersl (chole” = bile). cmmnmmyu:mpm:mdhpmum

Iumoiﬂnmumllmmhlhhwhd haol | d the ol
discases of the cardiov ascular
humans. It is not only an important | (hdesterul is generally belicved 1o be naiorious a4 8 majar

of some cell

of plasma lipoproicins but also ﬂu
precisson of many other bk

camse of heart di There are 2 types of chalesteml, the low-
dermity popeutsin chalesicrol. (LDL-C) and the igh-deraity

steroids, such llhlkac:h-d
various steroid hormones. Tt is the
principal sieral D‘mﬂlﬂlﬂllﬂhﬂ

1.-C). The LDL-C grows with intake
dwn{ﬁjm-ﬂmmmh& However,
im o atudy conduscied by D lan Craig of the Goschorp Limiversity,
Sweden in the carty 7w showred that patients with beant trouble
suich s dial infarction had low leveb of HDL-C, m

in pllnuna. In occurs either Iree or as
Tatry esters im all animal cells. Itwas fist
inolated in 1784 from human

which consist almosi entirely of
cholesterol and hence so named
icholesterol hierally means “solid
alcohol from hile"). lts main sources are
fish liver oils and the bram and spinal
«cord of cattle. White maticr contains as

mq;-dnnﬁr'-yh Hzpmedmluulmulnn
prevenive

the LDLAC levels teough drups and diet, but o scemed that
mentmal varitsons in deet made ltile dafference @ HDL-C levels.
Alsn, HDL-C levels were generally found higher in women than
men. Perhaps this is the reason why fewer women than mon
have hean amacks. There are. this, hopeful signs tat incidence
of heart disease may be lowered by increasing the HDL-C level
im hean pathenes.

much as 4%, gray matier 5%, spinal
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cord 124% and liver about 1% cholesterol. Cholesternl is anﬁnﬂmmm Iupuem

is cholestne, C H . The structure of
Adolph Windaus (LT, 1879 - 1959), who received IG".RWPIueIuMun Chalesterol (Fig.
13=22) hus a molecular formula, C,.H,,OH. In sddition 1o an OH group at C3, there is a double bond
ot U5 The hydroxy| group constitutes its polar head. the rest of the molecule is hydrophobic. I isa
white crystalline sobid and is optically active. [a), 3%°. The crystals are thombic plates with one of
Ihz n.l||len broken. It has a melting point of I-IQ'C Konrad 5. Bloch, a Germany-hom American

lucsdated the biosynthetic pathway of chok il synthesis, oo of the most comples
known, for which he received the coveted Nobel Prize in Chemistry along with Feodor Lynen. o
Cierman and John Comforth, s Brion, in 1964, Bloch combined work and pleasare by raveling 1o
Bimini for collection of shark livers.

"Cﬂ. 1

i >

(B)

)
Fig 1522 Structure of cholesterel
(Fhydony-5, b-cholestanc)

A through D,

Molerulur represenistion. The mdividual ni
t kaumhwmmwhwmm without,
however. the methyl sabstinsens.
: Space-filling model. The C o shown with grey, saayl C with yellow, O with red. N with bloe and P
with green. H is not shown
| Cousresy : 1C) Richard Pastor and Richund Venable]
Dnmmm;hNMﬁmmlﬂwaMmkummlﬂmmlmh
Iustory of
“Chelesterol 15 the most highly decorated small molecule m beology. I'hmhhdl'rm
have been awarded 1o scientists who devoted major ‘of their carcers to cholesterol. Ever
since il was isolaled from gallstones m 1784, cholesterol has exeried an almost hypootic
fascination for scientists from the most diverse areas of science and medicine.... Cholesierol is a
Janus-faced molecule. The very property that makes it useful in cell membranes, namely its
absolule insolubility in water, also makes it lethal ™
| Courtesy : The Nobel Foundation, 1985)
Table 13-4 provides data on it and cholesiernl contents of some notshle snimal foods

Coldsicin in their
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m Fat and cholesterol content of some animal foods*

Food Item Fuat Sarwraied farry acids Chalestensd
#1100 g 200 p /100 g

Hutter L 0 50
Chee 1 65 o
Milk {cow) 4 2 14
NIk (bulTalok B 4 6
Ml {skimursed ol - 2
Milk {condensed) 1] L] A
Creani 3 L 0
Cheese b L] oo
Egg (w lwle) u 4 A
Ege (yolk) n 9 10
Chicken (with skm) 18 L] 1
Chicken (without skin) 4 1 &l
Beef in ] m
Mutton 13 7 L]
Pork 5 13 an
Orrgun meats.

Bmin L] 2 o0
Heart 3 2 150
Kiilney 2 1 i
Laver 9 b ] o0

* The idata are based on per 100 g edible portion of the food item.

No vegetable ofl ives aamry il !, hence, it is mi: i i

any oil a5 *Jow cholesterol” msumrnnlmm;mmnnhna.mmmrm

I | but which is derived from vegetable oils, does not contam cholesterol.
Only a little pontion of the body cholesierol is derived from diet. The bulk of it is synthesized in the
body. Unsaturated faity acids lower blood levels by 1z 's symihesis as
well as its elimination from the body. This, vegetable oils wih d within th hed
amounts help 1o maintain proper levels of lipids in the Blood than do the sansrated fats [ike buner,
ghee, lard and i These d fats elevate blood lipids {cholesicrol and riglycerides) and
reduce the rutio of good 1o bad chol il even when within the ded limits,
High intake of dietary cholesterol can probably raise blood cholesierol levels and hence should be
avoided, esp., by the clderly people and those having high blood cholesterol.

The level of cholesterol in the blood is measured 1n milligrams per decilitre (mg/dl, which is
equivalent (o parts per LOOOO0. The levels range from bess than 50 in infants 1o an everage of 215
in sdulis 1o 1,200 or more in individuals suffering from o rore inhented disease called femiliol
chodesierolemiac.  For those persons in the normal range, about two-thirds of their cholesterol is
wransporicd as LDLs. Most of the rest is camed by HDLs,

Mnfm-pcwlqmuumu mllummmmufeuswmndumumsemnulk
[ i the relatively b in these foods. Milk is no doubt 8 very good and
safe food. Persons aspiring o control their cholesterol intake (and calonies) must use defuned or
skimmed milk. Egg and meat proteins are of high grade and desirable especially for the growing
children, Those desirous of reducing their cholesterol intake should eat only the white of egg und lean
o white meut like chacken and fish. Nutritionally, fish is & very good food since it has high-quality
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protein (fish Tus is rich in w-3 PUFA) and its flesh has very little cholesterol. Organ meats like brain
and liver are rich in cholesterol and should hence be avoided by those wanting to restrict cholesterol.

The naticn that cholesterol is 4 poisenous substance in the body 1« musleading. Tt is the parent
hydrocarbon from which many importan: hormones (coricosteroids and sex steroids, for example)
are synthesized. T‘htpulilmmmwhnblwdm:rul level rise and the level of LDL-

. which 1o the tissues, goes helow the desired level HDL-cholesterol
of good ¢ ] from the and helps eliminating it from the body. High
blood chol | results in the deposition of chol | in the arieries and narrows the passage, a

condition called athe rosclennsis. Also, the anerial surface roughens due 1o cholesterol
which leads to frequent blood clotting of thromboris, Both are mapor health hazards, Studies,
however, point ot that even very low levels of blood cholesierol are 1oo not desituble. The thunl
rule, therefore, is moderurion. Both 1oo much and 1oo linde of fal may be harmiful.
lnunndnbmtmn-mcruu is esterified mainly to faity acids, the
ng as the free alcobol, Reds if the denubsle bond g e bo 2 products,
mp\xnml.lndr.tuksl-ol.

L Coprostans] | = coprosternll. It occurs in feces and is produced in the intesiine as a resuli
of bacterial acticn on the double bond of choleseral. The A/B junction is -cis i coprostanol in
contrast io -fras in cholesierol

A Cholestanol. It occurs as 3 minor constitwent of the sterols of blood and other tissues, Here
the A/B junction is in -rroms form.

4. Ergosterod. It is present in ergol (hence its nomenclature), yeast and the mould Nenmspora,
lis parent hydrocarbon is crgostane, Cy,H,, Ergosterol (Fig. 13-23) has a molecular formula,
CagHy0H with ane OH prowp at C, and 3 double bonds at Ce, C; and Cys, 1t s also optically active,
lal,-135°

Iluplm af the ring B by UV mdmmpulnmlrmnl) which is chemically known as

A similar | {or vitamin D) is, however, obtained from 7-
dehydrcholesteral on imadiation with UV light (refer Chapter 32),

Fig. 1320, Structure of ergosterol Fig 1324 Strocture of lanostersl

5 1 fm erypl It is a major i of wool fat and is also present in
minor quantities in liver and yeast, Lanosierol (Fig. 13-24) is a € 30 compound with iwin methyl
sroups a1 4 m.m-;.hmmpmpucu There are 2 double bonds 1t C, and Cy,. It is
an in the bi

A number of sterols have also been obtained from various plant and animal sources, for example
stigmasterul {from soybean and whea! germ oils), spinasiersd (spinach and cabbage), sitosternl
imany higher plants), sstreastersd (oysien) and chondrillastern] {manine sponges).
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U 24 Steroids or Bile Acids
The bile achds are the imponant end products of chalesierol metabolism in higher planis. About
20 natural bike acids have been charactenized (Table 13—). All these are denved from a C 24 parent
steruied, chalanic acid and resemble coprostanal in having rings A and B in cis form. The most abuadant
bile acids in human bile are cholic acid (25-60% of the total bile acids), chenodeoxycholic acid (30-
50 ) and decxycholic acid (5-25% ). Various bile acids differ from each other in the number and
posttion of OH groups which are all in a configuration. In the bile acids. the aumber of OH groaps)
may be |, 2, or 3 and the position of OH group(s) may be any of the following: 3, 6.7, 11, 12 and 23
The side chain is usually made up of 5 carbon aloms and bears the carboxyl group.

QEEED v mportams natarst e scis

Name Formuia Medmag Paginos of Bouree
poiat, OFC | O growptsi

Manobyy ey cholanic scid | C5,H,(OHL.COOH

Litho bl il 184 3 Man, Ox
Ditydrasycholundc ackds | C,,H,(OH), COOH

Drewnycholic scid m 1 Man, On

Chenodensychobic acid 140 7 Man, Ox. Hen

a-hydredeaxycholic acd 197 LN Py
Trilvydraxychobamc ackd Ty Hy 1O H), COOH

Chailanic scid 195 1712 Man, (x

The siruciure of 1wo principal hile scids 1 given in Fig. 13-25.

COOH

HO “OH

Cheallie ncid Chenedeorychdle scid
(30, Tet, 1 2u-tribydronycholamic acid) e, T -dibydron yeholanic wcid)

Flg 1325 Twe principsl hile scids

These acids are coupled in amide linkage to the amino scids glycine (NH,—CH,—COO0H)
and wurine (NH—CH—~CH—50,H) 1 form glycocholic and twrocholic acwds respectively
iFig. 13-26), The reaction is characteristic of COOH group and involves the side chain only. The
salts of these conjugated acids have high surface activity and hence promote the intestinal shsompiion
of lipids like cholesterol, They are water-soluble and are powerful desergents.
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Fig 1026 Shie chaln of fwo bile-acid smides

C20LC 19 and U IR Sterokds

On secount of their hormonal role, these have been described i Chapier ).

Several important poisons arc hased on the sieroid structure, Dighiaxior dightalin (Fig. 13-27 a,
) is present in the fosghove plant (DNgital purpscea) and has a powerful bean stimuliding action.
Anpother cardine glycoside. Quabain, (Fig. 13-27 ¢} is isolated from the East African Ouabio wree
and hais the sugar, rhamnose, attached 10 a modified sterol nucleus. 11 is of interest to note that it ks a
powerful inhibiior of the “sodium pump’, a device which normally ensures that the cell comlent of
potassium s higher and that of sodium is lower than in the circumambient Nuid

1)

Fig. 1327, The loxglove plant and two mosi-commanly prescribed cardise drags
() The foxglave plant, Digitalis purpures. The leaves of purple foxglove plamt are the source of the popular
leart muesele stimulant. digitadig
i) Degllasin. i bs extracied from the dried leaves plant and s the major of digitalis. one
of the most-widely wsed canfiac muscle stimulant.
It i a cardiac gl icde. i snlated from the East Afri {
1€} Quabmin tis 2 Flycoside. sl vican Quablo ree. P
Table 135 Lisis the and ical role of some sierods.
136, Some stermids and their bhsheghoal roles

Group Represemsaie Formuia Uccurrence Bulogical role
Sterals.
Cy Lanusterol Cyily,0 Wool fat Biosynihess of
cholestersl
Cy Ergostercl CLH,0 Yenst Provitamin D
Cy Chalesterol Co.H,0 Animal fats Structurl
component and
precursor




CLASSIFICATION OF LIPIDS 283

T-dehydro-cholesserad | C, H, D Skin Provitmin [}
Bile acids.
(- Chelic acid CLHO, Intesting and gall- | Absarption of fats
Blalder
Chenodens yeholn Tyl 0, niwsting amsd gall- Absorption of fats
acid Bladlider
Hormanes
= Progesterone C M0, Corpus luiewm Hormone
Devnyconicossenne T, H,0, Adrenal conexy Hormone
Cortisal T, H0, Adrenal cones Hormane
Cy Testonterone €l 0, Teskes Hurmone
Cy Estradiol CH:,0, Orvaries Hormone
TERPENES
Among the nonsapomifiable lipids found in phnls e many hyd:ltn'bms known as terpenes
(from wurpenting). In general, these ives have lesser than

40 carben aloms. The simplest lerpenes mﬂ&dmewmdculumlnut [ormmla C H,,
(equivalent (0 2 isoprene units. Fig. 13-28), those with the formula C H,, are called o sesguiterpenes.
with C, H,, a5 d‘hlrpuﬂ and with C, H_ a5 l'r\fm'prnﬂ Terpenes with 40 carbon aioms
[of fetruterp ds called ds {refer Chapter 32).

CH,
‘Cll,=i‘-‘é‘ll=él|, or simply as N

Fig 1524 Structurs of boprese
2-methyl-1. F-butsbiene)
Tn fact, 0. Wallach {1910 Mobel Laureate in Chemiszry ) was the first 1o point out, n 1887, d\-l
nearly all the Lerpenoids are made of varying number of repetiti its (14 Hy ), called i
His finding later came 1o be known I--pmnrml: Sn:ﬂn:ﬂy mpmle is ls-qmnndlﬂ'- Tha
carbon skel of open-chain T it

o i 288 /1254

C
| i i
c—c—c—fete—c—c—tcHe—c—crc

el t sl

Even not only the presence of isoprene units but their special type of armngement is found 1o be
jpresent in nearly all the ierpenoids. Ingold, in 1925, formulaled this observation under snother rule,
the special isoprene rule, according o which the isoprene units in lerpenoids are usually joined in
hend-rer-tail finkages or 1.4 linkages (the branched end of the isoprene unit was considered as the
head).
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H, CH,
F)c—cu—cu,—cu—c{
H | CH,
o Lavandulal
Cryptose
Exceptions. however. do occur for these two isoprene mules. For esample, crjpane, o natural
rerpencid, contains oaly 9 carbon woms instead of 10, Also, in lovendulel, the 1 isoprene units arc
not joined in head-to-tail manner, and in i, the halves (each with 4 isoprene units)
linked with each other by fail-to-tuil a1 the centre.
and
The fragrances of many planis arise from volatile C |, and C,, ierpenes. These and their oxygenated
derivatives occur as components of the essential pils, some of which are ased as perfumes. Imporiani
maonoterpenes {Fig. 13-29) are myrcene (from cil of hay), geraniod {from rose oil), lmonene (from
lemon oil) and menthed (from peppermint ail),

CH,OH
w /K/\/I(
1 2
Geramil, €yl 0

Myreene, Cylty,
Ldsmmarns, C M)y Vienthal, €\ i}

Fig 1029 Four imporisnt mensterpenes.

Among the sesquiterpenes. farnesol (Fig. 13-30) is widely distributed but is present in essential

oils in small amounts.
/l%/\/lx/\/l\/
Fig 1330 Structure of [arnesol

DHterpenes

These are usually found as substituents of the resins and balsams. The two resin ocids, abietic
and sapletic (Fig. 13-11) are the best known tricyelic diterpenes.
CH,

o COOH uc COOH
Adetie sl U008 St bl
Fig 1351, Twe best known diterpenes.
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Witamins A, and A and thewr
aldehydes ““l'd SR e Paul Karrer, 2 Swis. received his docrate w1911 from

L ; e the Universty of Zurich He wa awnrdad 1907 Nobel Prise
:pom:.mnmcrclw derivatives of P for his g i s son of
nmu.s caotenidds, Mavans and vitamans Aand B, sbosg with Walier
CH 0 b 150y isan  SER e “;;“m
ok dus v = L % of s 3 uare: wymehesis
acyclic dif and is nhtained from o 7 ¢
u-uwmm eharopbl. It was ;m'd sy:tm af ribollavie. a-weopherol and
isolated from nettles by Poul Karrer e B
al in 1943, The phytol molecule
(Fig. 13-32) has 2 chiral (= 7and 11. Natural dis very weakly d

AAAAAAA S

Fiz 1302 Struchare of phylol

Triterpenes
These are not mdc:lprwd. in nature b are uml’lcu 10 thar umu[ﬁmm are imermediates in
the bi hesis of chol l. Two such alcohol, lanosterol (sce page

260) and an acyclic hydrocarbon, squalens. W{C,H,, b.p. 240-242°C) was firs isolated
from the liver of sharks {genus Squatur), hence so named. The odive oil and several other

ails are other sources, hwwmm.nqummmmmﬁ 13-33)
has b double bonds, The double-b g . doubl
bonds are. however, abﬁmtlmll!ﬂnhw-lr

AAAAAAAAAAAAN

Fig 1511 Structure of squalene

Paolyterpene

Mention, however. should also be made of rubber (MW = ca 3,00,000), a polyterpene present in
the latex of many wropical plants. A molecule of rubber (Fig, 13-34) is composed of about 500 10
5,000 isoprene umits joined in a long straight chain,. When the bark of the rubber tree is cut. atex
slowly exudes from the cut. Addition of acetic acid coagulates the rubber, which is then separated
from the liquor and either processed into blocks of relled into sheets, and finally dried in a current of
‘warm air, or smoked.

N\ N

Fig 1314 Structure of rubber
{rvs comTyguratsan ahout double honds |

Carntennids

The carotenaids are tetraterpenes, These are widely distributed in both the plant and animal

kingdoms bt are exclhsively d plant ungn Th:se occur in nm:ﬁahle residoe M plant and
animal lipads. They

afmmcmpgamddmhlebﬂkkﬂwmmlmdmdumw As an example, ﬂnepapnenuf
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[T {brmﬂn: and that of carrod (@- and Prcarotens) are red while many oxygen-containing

In are yellow (unhaphylls). Since the olefinic (= double) bonds permit cis-trms i y
ummmlmmmhwm:umnmhnnﬂewhm:mm The presence of
lipsd-soluble; they are hence also called Hipochmmes

D((MMIIJJ.

Lycopene
ln-npue(Cm}{,.)mllumunpmmllnllnmumpmhndmywlhulmu Itis & highly
(a polyene) and is composed of two identical units
(€. Hiy ). joined by a double bond hetwoen C s v €, Each of these units may, in turn. be considered
[ hnvu been derived from 4 isoprene units (€, Hy). A molecule of lycopene (Fig. 13-351 ia all
cOntaing as mmulldmhkhnﬂs.ol’wﬁndullmmp;m

»
1] L] CH,
o ‘-“.r ! ?’I‘:nntnnll.uu P m,'
weyl nm:-ﬁur:-m:nd-or-m-l—mn-&éi-
n.(. y a (—;!i. ’ i

Flg. 1335 Structure of ycopens

(Dotied lines mark the positions where various isoprene-like sements are joined with cach other. )
Carotene

Amlugmpnfmnﬂymmgcmmhﬂ with the same molecular formula as that of
lycopene, is carotene. Carotene was first isolated by Wack (1831) fr (this was the
origin of the name carmtin, which was later on modified to carotene). The 3 types of carolenes are ©

1. a-carotene— violet crystals : m.p. 157°C ; optically active (dextromiaiory).

1. Pcarotonc— red crystals ; m.p. 183°C ; optically inactive.

3. ‘fcarotene- dark red erystaks ; m.p, 152-154°C; optically mactive.

(The prefixes a. i and ¥ in the carotenes were assigned not on the basis of structural properties

but rather as a resull of observations of their clution patierns on 8 CaCO, chromaographic
column, eluted with petroleum ether).

The carotenes are obtained commercially by chromatography. The two best sources are carrots
and alfalfa Their relative proportion, however, vanes with the source; for example carrots contain
15% a-, B3% - and 0.1% y-form. These are unstable wo air, heat, acids and alkalies.

It is 10 be noted that the ends of the Iycopene chain can casily close op o form rings, with the
disappearance of the double bonds. Ring closure on only one end results in the production of

HC  CH, 7
CH=CH—C—CH,

o,

Fig. 13- % Structure of fHonone
‘tcaroiene while closure of the ring al boih ends produces - and @ which differ from each
other in the position of the double bonds in the rings. The ring 15 structurally related 1o the ionones,
(Fig. 13-36). In P-carciene, both annular double bonds are in conjugation with the system of double
hoads of the long chain {B-lonone structure). In a-carotene. one of the annular double bonds is removed
from the system of conjugation by cne position {a-ionone . Of panicular interest is
P-carotenc (Fig, 13-3T), which is precussor of vitamin A
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(h!inﬂﬁ
Lyeopene
Carctenes
Kanthophylls

1
IERI\"“!I‘.D LIPIDS

i)
Marnoterpenes
Sesquiterpenes.

erpenes
Trterpenes
Teruierpenes
Polyterpenes.

-1

% =

=3 w

] i =3
§ vt 2 u§

‘g & o
Z a ]

o Lo

LIPIDS
|

COMPOUND LIPIDS
o
HETEROLIPIDS
Phosphoglycerudes Kerusin

29271254

SIMPLE LIPIDS
o

288 FUNDAMENTALS OF BIOCHEMISTAY

[.] » L4
H, & CH, CH, w T
! Wi L1 |IJ ' 135 "o ;I T ' £ L 3 ¥ "’c e C“,
—m CHE e CHCH o CH e EHCH s CHOH s CHE e 3 m CHG BT — €77 30,
w
; ¢,c—cn. we— Ly o,
H,

Fig 1077, Structure of Brarclene
Xanthophylls
Nanihophylls are characienzed by the presence of hydroxyl groups in the ionone rings of
carotencs, i the para position 1o the long chain. The xanthophyll of the leaf (lutein, C, H. 0.,
Fig. 13-38) is denived from o-caroiene while that of com (WMOEJ froen ﬂ-mmm The

i " R, 3 )

for the appetizing redness of boiled lobsiers.

Fig. 1105 Surncture of hatein
(1. V- diby oy -a-carotene )
The classification of lipids described above may be summarized as depected on page 252,
REFERENCES
See list following Chapter 14.

PROBLEMS
1. A common structural feature of membrane lipid molecules is their amphipathic nature. For
tuwle in phosphatidylcholine. the two fatty acid chains are hydrophobic and the
line head group is hydrophilic. For cach of the following membranc lipids,
umﬂtcmwm:hmmhehytwhnbnwh}ﬁwhhum
{u) phosphatidylethanolamine

-

Which of the following coubd not be classified as a lipid 7
{a) steroids

(b fats and oals

() waxes

i) photosynthetic pigments

(e) anthocyanin pigments
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PHYSICAL PROPERTIES

1. State, Faty comanming saturaced fary acyds are sodicl ot
ordinary roem temperature The animal fors belong fo this
walegory. Most plaal firs, on the contrary, possess unsaturated
fatty aculs and are. hencefonh, liquid al room lemperature.

2 Cobowr, Osdour snd Teste. When pure, the fats are

Bovarl il o i y bland
taste. They are capable of absorbang o vanery of odours and
hence il At " i
knerw s that the flavour of an onion quickly permeases buner
that 15 stored wath ot n a refngeraton In some cases, bowever,
this absortang property of fats uohd\mlgg. Furmﬂe
the perfu of some fl
petals i m-.hfwlc«mn o, the
the fat with aleohal and concenrating the essence.

A Sabubility. The fats are. however, only spar e

in water. These are. therefore, described as i 294 f 1254 °e

\ o contrasd 1o the oluble or hydrophilic sul L L]
any carbohydrates and proteins.

Tha polar neacs jred] pack fogeiher eaving
tha hydmphobic groups (geeen) in contact However. these are freely soluble in organic solvents
like chloreform, ether, acetone and henzene Theue
Doundary of 8 cell solvents. as they dissolve fats in them. are also known as

|Courtasy * (Unper) Frotonscs| “for sofvents”  The solubility of the fatty acids in organic
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solvents, i Facr, decreases with the increase of chan length. The imiraducrion of hydrood
Broups, Rowever, increases selubiliny,

4. Melting paini, The meling paint of fats depends on the chain length of the constituent
aity acid and the degree of unsaturation. Fats conmining saturated faty acids from C 4 w0 C 8
are liquid at reom temperature bat those containing C 10 or higher saturated farty acids are
solid and their meling points increase with increasing chain length. With the inroduciion of
double bond in the fat molecule, the melting point lowers considerably. It may be sted, in
generul, that greater the degree of unsatsuration (o higher the number of double bonds) of the
canstituent funy acid. the lower is the melting point of the far. This may be easily visualized in
terms of constituent fatty acids [rom the Table 14-1. In fact, short chain length and unsaturation
enhance the Muidity of faity acuds and of ther derivatives.

ATED iciting points of the comman fatty acids®

Futry weid Now, of carbow wioms o, of dowble bonds MP
tin *C)

Salurated
Caprylic L] 0 160
Caprc n 1] Jn
Lause 12 ] 44.2
Myristic 14 1] 519
Palmitic It (] 63.1
Srearic 11 o b6
Aruchidi: o o 165
Behenic 22 i Toe
Lignoxeric M 0 %60

Unsaturabed
Palmitobesc s 1 1
Olew 18 1 134
Linoleie L] ‘] - 50
Linelenic 1% k] -1o
Aruchidoni A 4 445

= Here menuon bas been made oaly of even aumbered [siry sy s they sbone are one of the Do comisuents
of the saunuted fas  [F, however, the entire homokogous senes of the sarurased faty acids 1 tken inte
cansideration. the fact emerpes that this wenes show's 22 aly oeillation of P, the
maedring poant of w0 even’ wid is hagher than thar of the “odd” acid immediately below Mimul Thus,
the funty scid sevies folbivws what is Locwn as the saw Sonth rule. However, 0 many others himologous
serics the melting points of the a-members rise contimously, tending trwands 3 matimum value

5. Specific gravity. The specific gravity of the faks is bess than | (aboul 0.86) and, therefore, they
float on water surface. Suln!rﬂsmllgurumd!llqndfmﬂdsmdaluummfamlhn
monomolecular layers. In peneral. either 1on of the fatry acid chai of increase in
whain length of the fany acikd residues tend 10 increase the specilic gravity.

b, Geometric isomerism, As stated earlier. the presence of double bond (3 ) in the unsaturated
Taity acud pant of the fal molecule produces geometnic (o cis-irans | iSmensm.
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7. Insulation. The futs possess high inswkiting power, i.e.. they are bad cond of heat. A
layer of fat below the skin provides a sort of blanket for wam-blooded animals (or homoiothe )
This is especially important for whales and scals which have to mainkain a high temperature in cold
waters. The fishes are cobd-hlooded animals (or poikilotherms) and, therfore, do mot require
mainiceance nJ high lemperarure and so have very I:Ik ummﬁ laL

8 Itisthep by which a lipid of semall lipsd
droplets. ThelauMkmuluﬁcdb}';&ukmgdlhuwnhmmmmlhmuhlmgwm
S0P, pUMS, proteins etc. An emulsifying agent helps in the ion of a fmely divided
of a far in an squeous medium. mhmmmmarmm;duemkﬁumnm:m
o aggregaie. Thu;lrwesme\smmluhkpwpol F ilier proj the ag phase
A fat droplet will associase with of £ the ki foer, thus producing a water-

soluble surface  Water molecules. hencefonth, tend 10 be held in a layer or “ciowd” around cach
ddroples, thus disallowing the aggregation of the fat dmﬂm !Eg. =13

The process of ification is of great b In fact, the fats have fo be
emulsified before they can be absorbed by the intestinal wall, The peocess is accomplished by the
bife jubce weereted from liver.

Fig. 14-1. A partion of the surface of an cmulsified fal globule
[Here, lucmbuﬁcrsclcc:ndlnumpkmd-fmyﬂ& am‘l‘hmm;{.‘ﬂﬂkmn
Tinked with water molecabes by H, bonds. A IH, b Bends 1o the
further wability of the resalting woter ‘clowd around the fat droplec ]
(Adupied from Fairley JL and Kilgour GL. 1966)
%, Surface tension. The force with which the surface molecules are beld together 15 called the
surface tension. When liquid fat is poured on water, it spreads uniformly over the surface of water in
the form of a unimobecular layer and thus reduces the surface wension of water,

CHEMICAL PROPERTIES

The chemical reactions of the fats reflect the reactivitics of the ester linkage and the degree of
unsaturation of e hydrocartbon chain,

REACTIONS INVOLVING COOH GROUP

| Hydrolysis. The fats are hydmolyzed by the enrymes lipases to yield foity acids and glycerol
The lipases catalyze this reaction at a slightly alkaline pH (7.5 — 8.5) in a stepwise manner. The futs
first sphin 1o produce diglyeerides, part of these are then split (o monogiveerides. Finally, part of the
manoglycerides split 1o yield fuiry acid and glyeersl.
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n,T—ox.n, e —o0CR,

HC—00C.R, —_— mi:—ouc.r., + R,.COOH
-G on wé—on

Fegomant Digtyerake Faity mad
HL—O00CR, H,C—O00C.R,
WG THon > W—ony wcoon

—OH H,C— OH

Déglyceride Walct Monoghyoeride Fauy acid
B0 —{00EN, £ 1 on ic—on
Hy—on — HC—OH + R,.COOH
H,C—OH H,.l_-_m
Manoglyceride Waser [rr— Faty acid

[Radicals ;. Ry and By muy be similar or dissimilar. |

In the intestine, the absorption of mono-, di- =
and wriglycerides is s rapid that very linde free
glycerol is formed.

2. Saponification. The hydrolys of furs by
alkali is called saponification. This reaction resulis
in the formation of glyceral and salts of fary acids
which are called seeps (Fig. 14-2). The soaps are of

Acid hydralysis of a far,] "0 types : hard
hawever, yields the free fany | And seft. Hard
acid and ghyrcerol soaps such as the

bar

soaps are the sodium salis of the higher fuity acids.

Sofi soaps are the potassium salts of higher Eatty WRn PO gt i ok Sntty aclda
achds und re marketed as semisolids or pastes. The 1o this schematic drawing of 4 soap micele, the
famy seid salts of cabeium, magnesium, zinc and lead  Benpelar tals of the fatty acds are disected wwand,
are, ¢, insoluble in Calei afe I"BE IPE}‘ m.‘lﬂ the greasy matter 10 be
ey g s o S S T
mt.mplaytdmﬂ:r:mﬁxtntnfﬂlmmpwdﬂ with the surrounding water. Membrane proicins,
and other cosmetics. Lead and magnesium soaps  which abo i w be insoluble i waler, can also
are used in paints industry 1o hasten the process of  be solubilized in this way by extraction of

drying mcrubeancs with detergris,
H.C—OH
Sy HC—OH + 3C,H,, COONa
H,C—OH
Gilyoeral Scubium oleate

8 wap)




PAOPERTIES OF FATS AND OILS  2T3

Soaps are important cleansing agents. Their cleansing propenty is due Lo their emudsifving action
{i.¢., capacity to render more prolonged the mixing of oil and waier), This is accomplished by means.
of negative charge the soup anion confers oa oil droplets. The electrostatic repulsion then prevents
the coulescence of soap and ol droplets into an oil phase

A Hydrolytie rancidity, When butter or other fats are stored. they often become rancid and
hence unpalatable. Rancidity is caused by the growth of microorganisms which secrete enzymes like
lipases. These split the fats into glycerol and free fanty acids, The fatty acids impan unpleasant owdour
and flavour to the fat. butier may be pr  from by g rancid by refrigeration or by
exclusion of water,

REACTIONS INVOLVING DOUBLE BOND

1, Hyd rogenation. Unsaturated fotty acids, either free or combined in lipids, react with gaseous.
hydrogen to yield the saturated fatry acids The reaction is catalyzed by platinum, palladium or
nickel. The nddition of hydrogen takes place at the C—C double bond (5). Thus, | mole of oleic.
linoleic or linolenic acid reacts with 1, 2 or 3 moles of hydrogen respectively to form steanic acid.

0] E’H P, P o Ni n E"
CH,{CH,LCH=C (CH,,COOH + “-cm’ CHy(CH,1CH— CHy(CH,);COOH
OHeic cid Stearic &

This reaction is of great commersial importance since it permits transformation of inexpensive

and unsaturated liquid vegetable fats into solid fats. The lanter are used in the manufacture of candles,
b ings and of 7

2. Hulogenstion, Unsaturated fatty acids and their esters can take up halogens like Bry and 1, at
their double bond {x) al room femperature in acetic acid or methanol solution.

( [ I »
Gl,{CH,héll—éHCHzéHn CH(CH,)COOH + 21,
Limolex: acid
oom Empersiure K I+ s
o st cngm,},(;:a_tl*ucu,leu— quicH, c00H
1 I I 1
9. 10, 12, 13-sevraiodoscaric acid
This reaction is the hasis of the *iodine number determination”.
3, Oxidation. U § falty acids are ptibi idation at their dowble bonds. Oxidation
may be carried with ozone or KMnO,.
{u) With azone — An unstable ozonide is formed which later cleaves by water to give rise 10 2
aldelydic groups.

Guosolyis 2
Unsararmed fsery acid ‘!‘ o
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(k) With KMnO, — Under muld conditions, the glycols are formed at the sites of double bonds.

I 9 KM, w u
CH,(CH,),CH=CH{CH,};COOH ————> L‘H,(m,s,ai—!iwm,mmu
Oheic acid

OH OH
9. 10-dilydrovysicaric acid

Under vigomous conditions, the same reagent cleaves the molecule st the double bond and
oxidizes the terminal portions 1o the carbarcy! group,

L] b
CHy(CH,CH=CH(CH,,CO0H 224 5 C}y,(CH,),CO0H + HOOC(CHy),COON
Oieie acid PPelargonic acid Azclaic acid

The oxidation reactions have b ively used blishing the p f double bondis)
in the fatty acud chain. This gives important clues reganding lipid structure.

4. Ondelative rancidity. Oil ining highl! | farzy acids are dy oxidized
by atmespheric oxygen al ordinary temperatures, The oxidation takes place slowly and results in the
formation of short chain farty acids (C, e C ) and aldefydes which givea i and odour o
the fats, This type of rancidity or ¢ 15 called “oxidative rancidiry” and is due 1o o reaction
called “auwoxidetion’. Autoxidation proceeds by a free radical mechanism in which the s- methyl
group is primarily untacked. A hyds alom is d from an group. This initiates

2 chain of reactions leading o oxid Hol 19543,

Ouidative rancidity is obaerved more frequently in animal fors than in vegetable fats. This is due
1o the presence, in the vegetable oils, of natural “sstboxidants” such as tocopherols (= vitlamin E),
phenols, naphthols etc., which check i Vitamun E 1, therefore, some-times added to foods
s prrevent rancidity. Animal sh ings such as lard days d agabnst oxidative mncidity
by the addition of synthetic antioxi such as i sguiaretic acid (NDGA) teniary butyl
hydrony aniscle (BHA ) ete. Linseed oil, s plant oil used as 2 base for pains. is highly rich in unsaturated
Fatty acids. It undergoes autoxidation when exposed 1o air, followed by polymerization 1o a hard,
resinous coating as it ‘dries” or oxidizes.

H H H H H H

Lol | |
—C—C=C— *0y ——>» —C—C=C—
[Free radical

4]

|

L]

Peruny radical
L ! Iy il

—T—c=c— +—C—C=C— —» —C—C=C— +— —(l:-c—
) ‘!, Free radical
| New faity acid |
v] 0
Perovy mdical I
H
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he name protein (profeins’ = pre-emine..
wis first suggested, in 1838, by a Swedish chemist

Berselius 1 4 Dutch chemist Mulder, who referred it

Jons Jacob Bereelius (LT, 1779-1848) was Professor of
Chemistry at Stockholm, Sweden. He is famous for
develoging the modem sysem of chemical symbols. He
Islated several elements and is als crecited wilh the
discovery of selanium (Se), He developed the concept of
aomic weight. With Humphrey Davy, he lfaid the
foundatians of electrochemistry. He (s also credited with
publishing fihe earliest book on Biochemistry entitled
‘Lectures in Animal Chemistry” in 1806,

Gerardus Johannes Mubder's (LT, 1802-18800 comment
absout protesns neads as follows:
“There is present in plants and an) mals 4 substance
which . is without doubt the most important of the
fenawn substances i living matter, and without i1,
life would be impossible on our planet. This mate
rial has been named Protesn.*

{#) Lansas of eyes, a5 in this nat.casiing 10 the complex organic nitrogenous substances found in the

spidar, which Iocus. light rays. and (&) cells of the iving beings. They e muost abundant intrace/lular
Mdurilis wiffe Fims) macro-molecules and constitute ever halfl the dry weight of

iy I Jatian, Night, most “Proteins occupy a central position in the
o é".,::\:,,_.:,, Fz“mm‘ architecture and functiomng of living matter. They are
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intimately connected with all phases of chemical and physical activity, that constinue the life of the
cell. Some proteins serve as imporiant strsctural elements of the body, for example, as hair, wool and
collagen, animpartant constisent of connective tissue ; other proteins may be ens ymes, hormones or
eaygen- camiers. Still wther proteins participate in muscular and suime are associated
with the genes, the hereditary factors.”"(White, Handler and Smith, 1964),

They ase, therelure, exsential to cell struciure anel cell function. The proteins with catalytic activity
are lurgely responaible for d i the phenoty pe or prop afacellina
environment. The totul hereditary material of the cell or genotype dictates which type of protein the
cell can produce. In fact, the proteins have bailt into their structure the information that instructs ther
in “what to do” (catalytic activiry), “where o go™ in the cell (intracellular organization) and “when
and hew 1o perform™ {control of function through bacteriul interactions with other preteins, small

wetivators or inhibitors ).

The bacterium Esehericbia coli is estimated 10 contain about 5,000 different types of compounds
which include some 3,000 different kinds of proteins and |, 000 aucletc acids. In bumans., there may
be 100,000 differem kinds of proteins cach with a unique structure. None of the proteins of £ coli is
indentical with any of the human proteins. Thus, in sboul 1.5 million species of living organisms,
there are probably 10" 10 10" dillerent kinds of protein molecules and about 10" different kinds of
nucleic acids,

The constituent elements of protems are carbon, hydrogen, vaygen, mitragen and very rurely
sulfur alse, In cenain complex proteins. phosphorus oceurs as well, The elemental composition of
proteins in plants and animuls presents a great deal of variation (Table 9-1).

m Elemental composttion of plant and animal proteins

Prutein Curbon Iredrripen Grygen Nitrogen
CGreen plants 5 7 kL] o003
MMammulb i 1 &l Ao

Most animal proteins contain fram 0.5 w 2.0 per cent sulfur. Insulin i, however, o notable
exception i this in possessing about 3.4% sulfur,

AMINO ACIDS
Structure
All proteins are macromelecules hecawse of their very high molecular | THe term macromolesule
weights. These are the pol he..chain like molecules produced by [ coned by Schaudinger
Joining u number of small units of amino acids called The

amino acids are. therefore. regarded as *building blocks of proteins’. The general formula of an
amino acid along with its space-Tilling model in presented in Fig, 9-1

n—"cln—mcm
NH,

{a} Ganeml formula ()} Space-filling model.
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Each nmine acid is o nitrogenous compound having both an seidie eurboxyl (— COOH) and &
basic amino (— NH, ) group. R stunds for the side chains that are different for each amino acid. R can
be as simple as a hydrogen atom (H) or a methyl group (— CH,) or a more complex structure, The
first carbon is the pan of the carboxy| group, The second carbon, 10 which is attached the amino
group, is called the a-carbon. The a-carbon ef most aming seids is joined by covalent bonds w 4
different groups, Thus, the a-carbon in oll the amino acids is usymmetric except in glycine where the
a-carbon is symmetric. Because of this asymmetry, the amino acids {of course, except glycine) exist
in two optically active forms : those having — NH, group to the right are designated as D-forms and
those having — NH, group 1o the |=n wa L-forms (Fig. 9-2). However, llmw«:amlm aids, threonine

and isob have two rhon atoms eieh und thus have 2° = 7 =4 optical isomers. Al
pH 7.0, beith the carboxyl and amino groaps are ionized.
C|UOH t‘l.‘wﬂ
H— T-— NH, ::,N—llz— H
R
b-amine acid L-aming acid
Fiz 9-2. Twa opllcal lsomers of amine scids
Specific Rotation
Tuisi ing 1o note tht the ami tals found tn the protelns belong to the L-series. Many of
the maturally occurring L-amine scids rotate the plane of polarized light 1o the left (e, they are

) while others plane of polarized light to the right (Le. , they are destrorolatory),
Table 9-2. shows the specific rotation of some L-umino acids.

@EIEED specific rutation of some aming ackds isobated from proteins

Amino acid Specific mttion. o]’y
L-alunine -862
L-histidine Lk
L-phenylalanine M5
Lohreonine -5
L-serine ~75
L-alamne +18
Leglatanuc scid +120
Leasabeucine +124
L-arginime +125
Lelysine +135

Thus, it is evident that the symbols D and L do not identify the property of light rotation, ie.,
-isomers can be either dextrorotatory (o) or levorotatory (f); similarty, L-isomers cun be either (o) or
(). However, 1o minimize confusion, the symbels o and { are usually not used nowadays. Moreover,
the DL ! has limitations because it describes the asymmetry of only one carbon atom in
a 1P and many bi lecules contain two or more asymmetric carbon moms. The R and §
classification or BS netation of isomers, introduced in 1956 by Robert Cahen, Christopher Ingold
and Vladimir Prelog and being currently used in chemistry, is more useful for defining the asymmetry
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of hiomolecules because its aceounts for all asymmetric carbons in an isomer, [ any atom (other than
Hyor |,rnup on the ssymmetric curbon is on the right side, that asymmetric carbon is designated as R
(from rects” = right) : conversely, if any stom (other than H:urgmupunndn:lmmt the nx,mm:mc
carbon s then designuted as S {from sinister” = left), As an ilhustratl

carbon atoms, C-2 and C-3) will have four And the guration of the biologi
isomer, Leisol is more completely deseribed as (2 ). (3 §)-isol (Fig. 9-3).
H
H,N—(i"—ﬂ
H,c—(]"—u
T":
CH,

Fig. %-3. Fisher prajection formuka of L-seleucine of (25), (35 -isaleucine
The two axymmelric carbor sloms e indicated by an asterisk each.

Distribution in Proleins

The distritution of the 20} amino acids i not uniform in all proteins, Nearly 40% by weight of fibroin
and 25% by weight of collagen are nccounted for by glycine. Fibroin is all fich in alanine (30% by
weight). Serine and threonine predominute in casein and phosvitin. Collugen (in connective tissue),
glindin (in wheat) and zein (in com) are rich in proline. Humen serum afbumin with 585 amino sod
residues has only one tryplophan moiety.

The puise are notable as they lack 8 ining amino acid, jonine (Met) but contain good
amoun of the basic amine acid, lysine (Lys); whereas cervals lack lysine but have sulficient quantity
of methionine, When combined, these make good the deficiency of euch other through mutual
supplementation and are therefore better utilized in human body.

Location in Proteins

Amino scids with h f palar side chai latively b philic end are osually on the outside
of the proteins, while |.Ivu: sni! chains on nonpolar smino nclrin tend to clusier ogether on the inside.
Amino acids with acidic or basic side chains are very polar, and they are nearly always found on the
outside of the protein molecules.

Physical Properties
Regarding their physical characteristics, the amino acids are colourless crystalline substances. The
crystal form may vary from slender needles (tyrosine | to thick b 0 plates (eystine). They may

be either tasteless (tyrosine], sweet {glycine and alanine) or bitter (arginine). It is imeresting to note
that (5)-phenylalanine is bitter in taste whereas its ensniomer (R)-phenylalanine is sweet. They
have high melting points (above 200°C) and ofien result in decompesition. Amino acids are soluble
in polar solvents such as water and ethanol but they are insoluble in noopolar solvents such as benzene
and ether. Some amino acids like tryptophan, tyrosine, histidine and phenylalanine sbsorb ultraviolet
rays ol 260-290 mpl. This property enables the identification of not only these amino acids but also
the proteins which contain them.
The order of hydrophilicity and hydrophobicity of various amino acidy is as follows :
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Hydrophilic (= palar) amine acids :

Tyr > Ser > Asp > Glu > Asn > Giln > Arg

Hydrophobic | = apolar) amino acuds

Phe > Ale > Val > Oy > Leu > Cys

Although over 100 amino acids have been shown 1o be present i vanous plants and aminals,
enly 20 of them (L-somers) sre found as constiteent of most proteins. These 20 smino seids of
proteins are often refermed (o as standard, primary or normal amine acids, to distinguish them
from others, The almost universal use of these 20 amine acids for the synthesis of various protein
maolecules is “one of nature's enigmatic rules.” These have, therefore, rightly been called as the “magic
24", a phrase coined by Francis Crick.

Electrochemical Properties. All molecules possesxing both acidic and basic groups might exist
as uncharged melecules or in wonic form or as a mixture of both. Calculations have revealed that an
ajueous selution of most amine acids, glycine for example, can have only one pant of uncharged
molecules in one lakh parts of the jonic form. Hence, it is more accurate to wrile the structure of

glycine as
H—CH— CO0~ H—CH— COOH
rather than
NH NH,
Inthe lonic form, the iggrates from the curboxy 1o amina Ll

(000" ) and ammonium (NH; ) ions. '_ 16171254

Amine scids react with both acids and bases. Hence, they are amphaoteric in natur.

R—CH—COD™ ¢+ HA —= R—CH—COOH + A~
fan woid} iankon}
NH{ NH]

i e
NH/ NH,

R—CH—COO™ + BOH =—= R—CH—CDO™ + B’ + HO
| lcation )

Thass, in acid solution, the COO7 ion acquires a proton and the amine acid becomes an ammonium
salt af the neid. Conversely, in alkaline solution, the NH; ion loses o proton and the amino scid
ecomes the anion of a salt. These reactions are of reversible nature and depend on the pH of the
medium, Hencefarth, amino ackds serve as buffers and iend 1o prevent pH change when an acid ora
base is added.

The @-COOH and a-NH, groups of amina acids are ionized in solutions at physiological pH,
with the deprotonated carboxyl group (—COO") bearing a negative charge and the profonated amino
group (—NH,") a positive charge. An amina acid in i1s dipolar state is called a zwitterion. The
dissociable a-COOH and a-NH," groups are resp for the two ch istic pk values (pK,
for —COOH and pK, for —NH," ) of o-aming acids. An amino acid with a third dissociable group in
its side chain (7.e.. R group) exhibits an additional pk, value (refer Table 9-3). However, pK values
depend on lemperature, fonic strength and the microenvironment of the ionizable group.
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m Some properties assockated with the standard amine acids

Aamimes g Mr K [ pkR pl Hwimpatky Occwrrence
=COUH) i—-a\'!! 1R grop) ndex®  im prodeing

it

Nomposlar B yrovps

Alanine L p0) G569 &m (E.) 9.0

Valine u? i LE.h LE ) 42 69

lLeugine 1 2136 w60 598 ik 7.5

solescine m 236 968 602 45 46

Proline 15 1.9 ([} 4R ~18 486

Pheny lakimine 165 183 LK) 548 1% is

Tryplophan 24 pR ] "y 589 -09 Ll

Methionine 145 1 w21 574 (&) 17

Polar, ancharged

R groups

Glyeine 75 b G600 ier -n4 15

Serine 105 i 915 13600 568 0.8 1

Threonine 1y pAT) 9.62 1360 587 -07 6o

Tyrussine (L1 220 LAY 1007 366 -13 a5

Cyuieine m 196 818 1628 so7 15 28

Asparugine 132 1m B0 54 =315 a4

Glummise 46 an 2.3 5465 -15 ag

Negathvely-charged

W grougs

Aspartae 13 1238 LL 1] 188 137 -33 55

Cilutrmate 17 219 .87 4.15 in -13 b2

Pundtiv ey -chargrd

R groups

Lysine 146 218 895 10,53 874 -19 70

Armginine 174 w7 S04 1248 178 -45 a7

Histidine 154 182 7 6.00 159 -332 21

* Ascale h and hy ilicity ; can be ased o predict which amino acid will be
foumd m an up:ms emtmm! 1= valne;] and which wall be fousd m 3 bydrophobic environment
i+ valuesh.

T Average cocurrence in over 200 profeins
Note that in patire, the commonest amiso acid is dluine s the rarest aming scad & ry prophan.
I Adkpted fromn Klepper MH. 19771
As an instance, ionization of the amino acid, alanine (Fig, 9 is discussed,

H H H
I =14 I =060 |
at,—tlm—mou Rals i Cil,—lﬂl—m‘ -E cn,—fi'u—mcr
NH{ NH{ NH,
Metchage: +1 o =

Flg. 4. The two dissociations of L-alanine
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Titration imvolves the gradual addition or remeval of protons. Fig. 9-5 shows the titration curve
of the diprotic form of alanine. Each molecule of added base resulis in the net removal of one proton
from one molecule of amino acid. The plot has fwo distine t stages, cach comespending 1o the removal
of one pmtmﬁunnl.nmru At low pH values, molecules of alanine bear a net charge of + | because
both 1. for example. at pH 0,35, 9% molecules are positivel y-charged
and are gu;znl as H N—CH(CH,}—COOH. At the
midpoint in the firs stag of ttration. in which the —COOH [ The pH and ok, ey
group of akanine Joses it proton, eq) jomsof | <7 At 4 D'.'I.':?m"
proton-donor, "H,N—CH(CH,}—COOH and proton- | toAeteton S0 P800 "“':
scceptor, "HyN —CH(CH3}—C0Q" species are present. At Thepk, is ameasure af the :
Il:miﬂpmnlul‘:'iu:llim_,lltpHucqm!lnutpA’“ullk ﬂfayi;lﬂlnmmdmmtllh
protonated group being titrated. For alanine, the pH at the | 450 tendency decreasing tenfold as
midpoint is 2.34. thus its —COOH group bas a pK, of 234, | the pk, incraases by ane uni.

Pk, =060

bin T HyN — CHICH,) — 000 | =
[HyN — CHCH )y — D00 |

i} 163 /1254

oF pl=602 — ¢ 4 "HN—CHICH;|— COO™
sk
s
Py =23

i
e
f 17HyN — CHICH,) — COOH| =

1HyN— CHICH,) — 000" |

1 i

o as (] 15 20

OH [ Equivalents)
Fig 95 The titration curve of slanine

The ivaic species predominating al key points in the tirabon we shown shove the graph. The shaped

baxes. centred] ubout p&; = 2 M and pk; = 969, indcate the reglons of masimum buffering power.
As the ttration proceeds, another imporiant point is reached o pH 6.02. Here there is a point of
inflexion, at which removal of the first proton is essentially complete, and removal of the second has just
begun, At this pH, the alanine is present as its dipalar form, fully ionized (TH,;N—CHICH,-—COO") bat
with no met electne charge.

mmmmgurﬁmmmmMWﬂMnmmm—mmd
alanine, The pH at the midpaint of this stage is 9.6% which is equal w the pk, for the —NH; group.
ﬁ:ummﬁmlﬂ:dipﬂnfll ”.unh:ﬁpuaﬂlkmhvﬂunfmhmrinﬂ:hmof
=1k i groups And %% of the mol negatively charged
andm[!a-emnu.,ﬂ—CH(l’.‘H,)—Cm It may, bowever, be noted that the characteristic pH
value of .02, ai which the average net charge is zero (called the isoelectric pont or isoelectnic pH).
is midway between the two pKa values [(2.35 + 9.6912).
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The study of titration curve provides three useful informations :

L. In gives a quantitative measure of the pX, of each of the two ionizing groups, 2.34 for the
—COOH group and 9.69 for the —NH group in case of alanine.
2. I gives information that alanine, say for example. has rwo regions of buffering power : one
cemrednlwndd\cﬂmpk of 2,34 and the second centred around pH %69,
3 lhal des inf ling the relationshipt the net electric charge of the
amino acid and the pH of the solution.
Clussiffcution

Three systems of classifying amino acids are in vogue,

A. On the basis of the composition of the side chain or R group. Threre are 20 different
amina acids which regularty appear in prodeins. These possess a side chain which is the only variahle
feature present in their molecules. The other femtures such 2 o-carbon, carboxyl group and
amino group are common to all the amino acids. The common compooent of an amine acid appears
in Fig. 9-6.

—cH—cooH

N,
Fig %-n Comman compamen! of an smino ackd
Based on the compuosition of the side chain, the twenty amino acids, whose structure is shown in
Fig. 9-7, may be grouped inio following & categonies {Fairley and Kilgour. 1966 ©
i) Simple amine acids, These have no functional group in the side chain, ¢_g., glycine, alonine,
valine, leucine and isoleucine,
(i) Hyelroxy aming acids. These contain a hydroxyl group in their side chain, ¢ g.. serine and

threanine.
(i) Sulfur-containing aming acids. These possess 3 sulfur atom m the side chain, e g., cysteine
and methionine.
{iv) Acidic amine actds. These have a carboxyl group in the side chain, e.g., asparic acid and
glutamic acid.
(v} Amine acid amides. These are derivatives of acidic amino acids in which one of the carboxyl

group has been transformed into an amide group (—C0NH,), e g.. asparagine and glotamine.
{11} Buasic aming acids. These possess an amino group in the side chaim, ¢_g., lysine and arginine.
(vif) Hererocyclic aming acids, These amino acids have in their side chain g ring which posscsses
al lenst ene atom other than the carbon, ¢, ., iryplophan, histidine and proline.
(viff) Asewmatic amine acids. These have a benzene ring in the side chain. ¢ g., phenylalanine and
Tyrosine.

The classification given above is only a practical one and can convenienily be followed, 1t docs
nat, however, strictly delimil the vanious B For example, iryptophan may also be included
under aromatic amine acids and similarly, histidine under basic amine acids.

B, Onthe basis of the number of amine and carbosylic groups. McGilvery and Goldstein
(1979) have classified vanous amino acids as follows -

I, Monoamino-monocarboxy lic amino acids
1. Unsubstimed —  {ilyeine Alanine, Valine. Leucine. Isoleucine
2. Heterocyclic —  Proline
3 Aromatic —  Phenylalanine, Tyrosine Tryproph
o - )
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Fig 9-7. The twenty amine scids (“Magle 207) found in proteins
The standard three-betier abbreviation for cach smiso acid is wrinen in bracker.
The common component is shown in o Bue enchoure.
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5. Hydroxy —  Serine, Threonine

6. Mercapio —  Cysicine

7. Carboxamide —  Aspangine, Glutamine
1L Mumwnjno-dmxylu.— amnino acids : Aspartic acid, Glutamic acid
L. Di ino acids : Lysine, Arginine, Histidine

. O the basis u!'phrh) ol the side chaln or R group. A more meaningful classification of
umine acids is. however, based on the polarity of the R groups present in their molecules, f.e.. their
tendency (o inleract with waler al biological pH inear pH 7.0, T'I!Rpuq:n of the amino acids vary
widely with respect to their polarity i ly nenpolar of hyd (water-hating) R groups to
highly polar or hydrophilic (water-loving) R groups. This classification of amino acids emphasizes
the possible functional roles which they perform in proteins. The system recognizes following 4
cule gories :

L Amine acids with nonpeler B groups. The R groups in this category of amino acids are
hytrocarbon in nature and thus hydrophobic. This group includes five amino acids with aliphatic R
groups {alanine, valine. keucine isclcucine. proline). rwo with aromatic rings (phenylalanine, rypiophan)
iwnd one containing sulfur (methionine).

1. Alumine (@-aminopropionate), It was first isolated in 1 888 from silk fibroin where it occurs
in ubundance, along with glycine and serine. It is the parent substance of all the amine aeids except
gfycine. The various amine acids may be denved from alanine by replacement of one or two H atoms
of the methyl group present on @-carbon atom. Alanine is the least hydrophobic of the 8 nonpolar
{=hydrophohic | amina acids because of its small methyl side chain.

2. Valine | inoi . tis widely rarcly occurs i
1%, I is o branched chain amino acid and can be derived from alanine by ﬂnunmmnim
methyl groups in place of two H atoms of the methyl group present on c-carbon atom.

3. Leucine (a-sminoisocaproate]. lis presence in proteins was shown, first of all the amino
acids, by Proust in 1819, It was first isolated from cheese, but later was obtained in purer form from
hydrolysates of wool. Leucine is g lly more than valine or isoleucine in protemns, It is
aiso & branched chain amino acid and is the next In;bsbnumlnguedvahu Assuch, it has much in
common with valine from the viewpont of reactivity and function. It is also one of the few amino
ucids that are sparingly soluble in water.

4. boleucine (o-amino-f-methylvalerate). [t is an isomer of leucine and is also a branched
chuin amino acid. It was discovered somewhal late [in 19041 by Paul Ehrlich (LT, 1854-1915) because
it was difficult (0 separate from leucine owing to their similar chemical comp and prop
This amino acid is one of the 5 common ones that have more than one asymmetnic cubnn atoms. It
has 2 asymmetric carbon atoms and thus occurs in 4 sterecisomeric forms, but the natural form
obiained from protein hydrolysates is the L-ervrhre isomer, where erythro significs that the onentmion
of the methyl and amino groups is similar to that found in erythrose, with the groups concerned on the
same side of the carbon chain.

Valine, levcine and isoleucine are quite alike chemically and possess a branched carbon chain.
As most animals cannol synthesize the branched carbon chain, these amino acids are, therefore,
indispensable or essential in the dier.

5, Proline (2-pyrrolidinecarboxylate), it is present in admeost all proteins thai have been stulied,
but zein from com and gelatin are relatively high in proline content. It is a cyclized derivative of
glutamic acid. lis @-amino group is not free but is substiiuted by a portion of its R group to yield a
cyelic structure. The secondary amino group in proline is beld in a rigid conformation. This reduces
the structural flexibiliny of the protein because of the maximal sieric hindrance of s side chain.
Unlike other amino acids, proline is very soluble in ethanol. Morcover. it does not give many of the
characteristic amino acid tests which are generally based on the presence of the unsubstituted o-
aming group.
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6, _-'“ _' i i ino-f-phenylprop Ili:m:ul’ﬂnell-ommnm:lm!whmmmd
amino acids. It is of widespread distributi d closely resembles tyrosine in structure, b also cannot
be formed in animals because of its aromatic ring. Innemun;ly (S-phenylalanine is bitter whereas
its slereoisomer, (R)-phenylalanine is sweet.

G R han {t-amino-f-3-indol

or fi ine). It was d in 1901
in the Inhmm'y of FO Hupkms ane of the pioneers in biochemistry. Triptophan is the most
complex aming actd found in proteins. Itis a heterneyelic amino acid and is o derivative of indole
{with ome N atom). Although widespread, it is usually
limitesd in quastity. Tryptophan s ||.=nnly amino acid [ Recently (1996), homocysteine has been |

of proteins which is nearly pl v ded in the same categony as cholesteral,
upon acid hydrolysis, in inducing heart attacks. In 1980s, a study
8. Methionine (. P X on 15,000 doctors in the US. called

. i “plysicians health study”, s E

B ap
butyrate). It is the only common amina aeid i
with homocysteine higher than 12% had

possessing an cther linkage. Cerenls have sufficient risk of heart anack that wasl'lmnd«-hi;
qlmulyol:mlhmmnzwlumxpnlush:kmmlm times higher than those with lower levels,
amethylation product of homacy - Apart from | In fact, homocysteine, though not 3 well-
its role as a protein constituent and as an essential | knawn name, badly clogged the anerios,
aming acid. methionine is also important as a dopor | Hawever, researchers have pointed out that
of uctive methy] groups, mhhqmocmmm;mmmm

It may, owever be sccn that prokine (e 150 | frted by Corsuming Sbordons Seenes
its 4-hydre p Vooot | of a Bvitamin, folic acid.
carusm::pd mary amino ywp:—NHd The amina
Eroup in them is, in fact, otilized in ring formation.
Both proline and hydroxyproline are actually the
substinuted ct-aming acids as they have a secondary
wming gmup(%)lﬂl]ln their molecule (By contrast,
all other 19 protein amino acids are designated as t-aming acids), Since they are an integral pan of
the protein and exhibit similar jons. they are usually inadverntently referred 1o as amino

L. Amino acids with polar but uncharged it proaps. The R groups of these amino acids ure
more soluble in water Le., more hydrophilic than those of the nonpolar amino wcids because they
contain functional groups that form hydrogen bonds with water. This category includes T amino
acids, viz.. glycine, serine, threonine, tyrosine, cysteine, upm:gm: .lnd glutamine. The polarity of
Mxmm:cldsmyh:m o either a hyd group ine) or a sal thydryl
group of un amide gr il i mkmdmlm n single hydrogen
atom, is too small to influence Lln hngl! d!gl‘n: of polarity of the a-amino and a-cirboxyl groups,

9. Glveine or plveacoll (e-uminoacetate). It is the simplest amino acid and the only ane lacking
I.Il .‘l.nymntms: q-c:lrhm dtom. W‘hne itis present u: a pmuu; the minimal steric hindrance of the

Some authors use the term “in

bya>CH = NHand nota S,

the other amino acids. Glyvine
lhe opposite structural exireme in comparison to pmlm: lt s, mm!nn. umqu: in being optically
inuctive. lmonu:tlh:ﬁm:nbelsuhmdlrnm i sweel taste, hence so
named (glykos" = sweet). Glycine i in abusdance in sch This occurs in especiall
large amounts in the pml.eln gelatin tJ‘i of m: uxnl amina addsl and in silk fbroin IMl In
addition, F part, for instance gh
ia per ine (= N-methylgly and h:wum. ackl (= benzoylglycine).
M of glycine yickds ine which is ﬁ:nﬂinmnypepnhl’mﬂnmeﬂuhnmm
betuine, a substance which exists exclusively in the rwinierionic or salt form (for the same reason,

itterionic fi e iire imees called as betaine
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H—CH— €00’ H—CH— €00 H—CH— CO0
S .
- « ~CH,
NH, NH, (CH) NECH,
Diytins Saronine Bewine

Glyvine, the nonsymmetric amino acid is sometimes considered nonpalar. However. glycine's
small R group (a hydrogen atom) exerts essentially no effect on the hydrophilicity of the molecule.

10, Serine (G-umin-P-hyd " derived from the word, serum). | was first obtained
Fromm silk protedn, sericin. It is found in all proteins but occurs in unusually high proportions in silk
pml:m-. fibrein and sericin. This commnl an dcuhnh: hydmsyl |m|ip which pnrucnplhca in csilcr

Esters with phosph
und proteins. The mlul:nflud serine residue appears o conduct special functions in mnny enzymes.
The hydraxyl group on senne (and also on threomine ) makes it much more hydrophilic and reactive
than alanine und valine.

11, Threonine (a-amino-B-hydroxybutyrate). It was the last of the common amine acids to be
discovered in proteins (Meyer and Rose, 1936). lis very name points towusds its relationship with the
sugar threose. Threonine is the next higher homologue (o serine. [t has two asymmetric carbon stoms
and thus oceurs in 4 stereoisomeric forms, namely D and L th ine and D and L alloth The
natural Inrm u :Iu- L Mrm nmmet hence it name. The ervihm (unnuural) form of threonine is
Thwnmn: 1s less abundant than serine in most proteins.

2, ?\m\tmrcmnmum {r-hyds i Ii 15 the other aromatic amino acid
normally !'md as cnmpnn:nl of [lnﬂ.‘ml It \I‘I‘ll ﬁnl isolated in 1857 from cheese and hence so
numed (v = cheese), The phenolic group of tyrosine is weakly acidic and loses its proton above
pH 9. It is sparingly soluble in water. [t is destroyed during acid hydrolysis of proieins but may be
isoluted after enzymic hydrolysis. Some proteins (e.g., protamines ) contain almeost no tyrosine.

13, Cysteine (z-amino-f-mercaptopropionate), It is the sulfur analogue of serine and is one of
the most reactive amino acids found in proteins. | contains sulfhydryl (SH) group which is quite

reactive and esp., casily dehydrogenuted, When i1 is -
(e o join o form the Uystine. from which ihe name

“eysieine” was later derived, wan

aming -Tid cysting (sec reaction on page |53). Fibrous proicins
such as keratin from hair are especially rich in cystine (12%).

solated in 1843 from unnary

Cysrime and its reducrion product cysieine are iogether counted e lﬁ:;hﬂ -

as one af the nwenty aming acids,
14, A igine {f-amide of i i It was the first amino acid to be discovered in

1806 and wax first isolated in 1813 from a plant, Asy Tor which it d. This is the fi-
amide of nspantic acid and hus been isolated from proteins after enzymic hydrolysis. Asparagine has
long been known as a constituen! of plant tissues.

15. Gl ime (y-amide of o-aminogl It is the hamalogue of gine. This is the
'|l-nmh.l= of glutamic acid and has been isolated from proteins afier eneymic Ilydmlylu Free ghiamine
is found in many animal and plunt tissues. It is even less stable toward hydrolysis than is asparagine.
It oecurs widely in proteins.

Amino acids of categories | and 11 are jointy referred 1o as newtral amine acids because cach one
of therm contains one acidic and one basic group.

11l Amine aclds with negatively charged 1= acldic) B groups. These are monoamino-
dicarboxylic acids, In other words, their side chain contains an extra ‘.nrbcny[ Eroup wuhnd.um.nbk
proton. The resulting sdditional negative charge sccounts for the P
“The two amino acids which belong to this category are aspurtic and glutamic.

e e mmeabn 167 /1254
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16 Aspartic acid {o-aminosuccinate). [ts presence in protein was discovered by Ritthausen in
AB6H. I is the parent compound of asparagine.

17. Gluiantic ucid {e-ami histhe of aspartic acid. | in proicin
was discovered also by Ritthausen in 1866, It was found in wheat gluten, hence so named. 1t s the
parent compound ol glutamine and occurs widely in proteins.

Both aspartic and glutamic acids in almost all proteins are linked to other amino acids only
through their a—carboxyl and a-umino groups, not through their side cluln cﬂbw.yllmupi Aspartic

and glutamic scids are usually called sspartate and gl ly thut their side
chaina are nearly always negatively charged at physiological pH

IV. Amino acids with positively charged (=basic) B groups. These are diamino-
monocarboxylic acids. In other wards, their side chain contains an extra amino group which imparns
basic properties to them. Lysine. arginine and histidine belong 1o this category.

18. Lysine i, e-diaminocaproate . Ilhlunsncom‘l mnnpmpnl!-posmul.l_ymu gencrally
abundant in animal proteins bul present in limited plant proteins, such as those of com and
wheat. Imn:chmmpwu‘hl by [lumniundlhr-mm group of the e-carbon. 1t is nutritionally
important since it is not synthesized by higher animals. Pulses contun good amount of lysine wherens
wereals lack m it

19. Arginine {a-amino-S-guanidicovalerate), It i sbundant in highly basic proteins of the cell
nuclews ihistones) and in sperm proteins, such as the protamines from salmon and herring sperm. In
the laier, arginine may be as much as 40% of the wial amino acids. It is found generally in all
proteins, although in lesser amounts. Arginine is unique in pesessing the puanidinum group, ud
due 1o which it is more strongly basic than lysine, Protonation of the guanidinium grov-

lonbe charges.
W g 169 /1254
NHS
Gaunidinim group (charged form) af argimine

20. Histidine (@-amino-fl-imidazolopropionate), Nistidine is the lost entry in the list of “magic
2% It contains a weakly basic imidazolium R group with pX “value of 6.0, and, therefore. is less than
10% provonated at pH 7. In many enzyme proteins, it functions as a proton donar of acceptor. Histidine
is the only amino acid which has a proton that dissociates in the neutral pH range. It is this property
which allows cerinin histidine residues (o play an important role in the cotalytic activities of

T
HN\C /m

Imidnzatium group (charged form) of histidine
some enzymes. Histudine occurs in himited ines in maost
proteins, but hemoglobin, protamines and histones contain
relatively large amounts. It is also a component in the simple
peptides carnosine wnd anserine. Histidine's basic properties are
clearly marginal, The iwo ring nitrogen atoms have a relatively
weak uffinity for an H' and are only parily positive at neutral pH_

NONSTANDARD PROTEIN AMINO ACIDS
In addition to the above-mentioned twenty standard amino acids which are building blocks of

Carnusine (CoH, 0, N) is an
optically active crystalline
dipeptice ; m.p. 260°C ; found
in muscle lsoe.

GENERAL STRUCTURE OF PROTEINS 145

jprotemns and have a wide range of distnibution in proteins, several other amino acids exists. These
Tuve a limaed dasu-lbmon but may be present in high amounts in a few pmum and hence deserve
mention, As . hyd prodine has a limited diserit 0 nature b as much
as 12% of the cumpmluon of collagen, an imporiant struciural protein of animals. Similarly,
hydrosylysine is also 4 component of collagen, where it sccounts for about |% of the total amino
ocids. N-methyllysine is found in myosin, 9 contractile protein of muscle. Another important
nonsiandard or less common aming 2cid is pearbeuyghulsmate, whu:lm found in the blood-clotting
protein, prothrombin us well as in cenain other proteins that bind Ca™" in their biological function.

0
HC——CH, il
HN —cu,—m—ai,—cu,—?;—m
CH—COOH
H,C\N = s
H
L-hydrasypeoline Lokyruaytysine
(erythrod-hydrosy ¢ proline) {erythro-S-bydrny-L-lysine)
CH,— NH— CHy— CH,— CHy— CH,— tt:ummou
[am——— NH,
COOH
nmc—cu—al,—tlm—coon
NH,
-eurbexyghuiamste

I f bas been detccted. It has coc CH, g than ghutamic

wcid, Mu(herammu ncld a-g-diaminoplmelaie has been found in h:lmd pmmn.
HOOC — CH,— CHy— CH, — CH—COOH
o,
L-a-aminoadipate
H(XI‘—(I.'H—CH;— CH,— CH,‘—(I.‘H—CNH

NH,
Lo Lo, p-daminopimelate

NONPROTEIN AMINO ACIDS

There are some W0 additionul amino acids which are never found as constituents of proteins but
which either play metabolic roles or oceur as natural products

Among the imponan nonprotein amino acids, which play metabolic roles, are 1-omithine,
L-citrulline, f-alanine, creatine and y-aminobutyrate. | -arnithine and [-citrulline occur in free staie
in the animal tissues and ure metabolic intermediates in the urea cycle. 1L-ornithine possesses one CH,
group less than its homologue, lysine. f-alunine, an isomer of alanine, occurs free in nature and also
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profeins and have o wide range of distrbution in proteins, seversl other aming scids exists, These
have a limited distribution bhul may be present in high amounts i a few proteins and hence deserve
mention. As un example, lvdrons prolise has s limied dissibution in namure bt constituzes as much
as 12% of the composition of collagen, an impeoriant swuciural protein of mimals. Similarly,
hydrosylysne is also o component of collagen. where it accounts for about 1% of the (ol aming
ueids, ethyllysing is found in myosin, & contractile profein of muscle. Another imponan
or less ino ncid is yearbaxygl which i foumd in the blood-clotting
prosein. prothrombin as well as in cenain other proleins thal hind Ca*” in their binlogical function.

oH
HC——CH, L

||
HC H—COCH nlnq
Y ’

L-brysbrunyprodine L-ydronytysine
[T T —— Tierythi-3-hpueony o ysine)

CH;—NH— CH,— CH,— CH,— ui,—ci.'u—cwﬂ

[r———— NH,
TOOH
Ho0eT Al oo 170 /1254
NH,
emrhuy gl
In proteln from com, o-smisosdipate his boen d . 11 has one CH, prour than glutimic

acid. Analber aming acid, @g-dismimopimelate s been found in bacterial protein.
Houc—cu,—m,—cn,—cl'u— COOH
m-wm
ch—rl:n —CHy— CHy—CH,— CH— COOH

N’“.'l NH’!
L, L1, edinminopimetate

NONPROTEIN AMINO ACIDS

There are some 30 sdditional amine acids which wre never found as constituents of prosemns but
which either play metabolic rles or ocour as natral products

Among the importunt sonprotein amine acids, which play metsbolic roles, are Lomithing,

recitrulline, [i-alanine, creatine and y-aminobutyrate L-ornithi itruili in free stute

in v animal 1k metabalic in the cle. 1 ichil

roup less than its homolague, lysine. B-alanine, -mnn-;rne‘ul;ml;.ncqm I'rurll nature and

L‘"l
alsny
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s 8 consdituent of an imporiant vitimin paniothenic acid and of coneyame A, 11 is also found in the
naurally occurring peptides, camosine and anwerine, The quaterary smine ereatine, a derivative uf
in

lycine. plays an (mponant role in i By where itis vl
and Lo crentine phosphate. Lasily, fumi is found in free form in the beain.
H,N— CH,— CHy;— CH,— CH— COCH
NH,
NH,

0=C— HN—CH,— CH,— CH,— CH— COOH

NH,
L-chtrulline

CH,
H;N— CH,— CH,— COOH H,n—l — N— CH,—COOH

[-alanine Crentine

'I'”":
HC=—CH,— CH,— COOH
T-aminabutyrate

Higher planis are especially rich in nomprotesn amino neids. These mongroteln amine acids are
usually related to the protein aming acids as homalkogues or sk | devivatives, They hove o
limited distribulion, sometimes (o 2 single species even. Thas, | tidime- 2ecarboxylic achd. o
hamalogue of proline, accounts for 50% of the aimgen present in the rhizome of Solomon's senl,
FPolygonatum aeltiflorim. Oreylalanine is found in the seed of cormecockle, Agrmsiemma githaga,
It aay TP e e F

i the tomic p iddes of Amania

halebes, n mdition s hysbroosy leuelste, aflo-threamine is also fouad,
i oH
H,c/ \CH-—CGGH Ho O CH,— CH—COOH
e L

Leasetidine-3-corbuxylic ucid Oreyl--alaming
14 t-diltydrany-2-methyl pheayb-i-slunine)
PEPTIDES
Prplide Bood
The amino acid units are linked together through the carboxy| and amna Broups t produce the
prmary structure of the protcin chain, The bond berween two adjacent amino seids is 0 special

type of amide hond, in which the hydrugen stom af uming {-MH, ) group is replaced by an R rudical,
Such a substitused nmide bomd is known as the peptide bond. And the ¢ han, thus formed, by linking
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(4] [+]
Il Il
R—C—NH, R—C—NH—R
Ambde boad Prptide bond
i unsulistibsiod anside (i N-subwtiiuied amids )
together of many amino acid aiits s called o peptide chain (Fig, 9-8)
R o Ry

I I S W |
Nl el Ny

N
Vig. 0. Peptide chain

The chamcteristic struciure of the peptide band s shown s Fig 9-9,

Fig %% Peptide band
The pepicke hond is shown enclaved in the dushed boy. The four aiomes (C,
a tighl plamar wnit, There is oo freedam of rotatlon sbout ihe ©

o the peptide b foem
haid. On Ihe contrary.
wide ol exbubat o legh degree of rotatioasl

Zsinge
freedom.

Each peptide chain is of considerable kength und may possess fram 50 to millans of ami e
units, Deperding on the number of amiso ucid molecules composing & chain, the peptides L3
femmed us o dipeptidy ining 2 amina acid u irip 3 amino ac 172 ! 1254 @
el v on. 1F s pepuide ix made up of vt moee than 10 amino L]
acids. il in colled an oligopeptide ; heyond that It is o | Sometimes, the word ‘poutebns,
polypeptide. Polypeptides when they are made up of over | 8 ised Tor shart polypepiides
100 umino neids are, called s o % Bp 1o 1N ansino acids
Strieaty speaking, v proteins are polypeptides wish niore thay | (Fried GHL 1550

tie iadr. All maturally ing i peptides

barwver, poswess 2 shoner individual nume, such as glusathione erc. Proteins di fer widely in nmino
acid content. Various types of profeins i gani y have d I icular ping
acid Some s ure i) kel prtein, may be in meagr in aihers and may
even be lncking in the rew. Try pophan, for matance, locks in certain proteins, However, most of the
protetns comain all the 20 amine acids, As the number and manner in which the amino scids are
grouped is highly variable, the number of proteins approaches ulmest 1o infinity.

Tt s umadisgous o the indefimite number of words that can be farmed with the 26 betiers of English
alphabet. Whale the words have to be restricied in lengeh, there in no such restriction regarding the
number of wmino ocids that may form & protin. Acconding w an esimate given by Frlene B,
Cunninghum (1978, [ eah protein molecule wene 1o conslst of enly 250 amina acid residucs, the
utilizution of all the 20 different monamers would permit the formation of 10325 dierent protein
malecules | In reality, protein melecules often contain more than 250 aminoacyl unils, amd hence
there is possibility for an even greater number of different protein molecales,

Nl (oterminaby

Exnch amino scid in ihe chuain is wmed o rexidiee. The two ends of the peptide chain are named &
amim ferminal and carbonyl werminal or simply a5 an Noterminal and C-lerminn respecti vely. These
Iworterniinal groups, one basic and another scidic, are the oaly inizable groups of ay peplide chain
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except those present [n the side chain. The terminal amino acid with the free aml group is called as
the V- terminul amine acid ond the one with the free carboxyl group st the other end o Cteraminal

aming el
Representutbon of Peptide Chuln
To fix the o for rep o pepti i mind, il is helpiul 1o imagine a

rattlesnake moving from Jefl o fight soross the page. The C-temuinal residue forms ks Tangs and the
N-terminal residue its ratile (Fig. 9-101),

Flgg. %10, Muemonk: device for peplide chaln
Namdng of Peptide Chaln
In naming n polypeptide. the comvention is (hat the N-terminal residue (which is shown atthe left
hand part of the structure) is wrinen fird and the C-terminal residuc in the formaison of each peptide

N
Y Y s

Glyeyht-ahanghl smrime
Fig 1. Censtructhon of u ripepiide chaln from three different amino ackds

The I et peplide band (isdicated by bold lines) imvolved splitting of o molecule of water

Thuas, the pracess of synihess of protcims may e deemed as evenisally o el uration vynthess
the endd. The names of various intermedinry amino scid residues are writien in the same sequence os
they are placed. Further, the names of all the amino neid residues, exeept the last ore, re wrilten by
acdding the suffin -yl because all these are the syl groups. The name of the last smine seld, however,
i written as such. For example, a tripeptide comtalning glycine, alanine and serine (struciuse shown in
Fig. 9111 is named s glyeyl--alanyl-Lserine und abbreviated as Cily-Ala-Ser. [f the sequence of
amire aciud i such a ripeptide is ot known, the abbreviation would be (Gly, Ala, Ser), the parenthesis
and commas indicating that caly the compostiton of the rpeptide is known,

Similirly, ghutathione ar GSH (o tripeptide conlaining glutamic acid, wysteine and ghycine) i
named us y-ghitumyl-cysteyb-ghyving and ibbreviated as Glu-Cys-Gly Glutathione is & maturally
wccurring and widely distributed polypeptide.

Determination of the Aming Acid Sequence of s Polypeptide

This can be explained by tuking ple of a dod) e why nposition was founed

e be Alay, Arg, Glu, Oy, Leis, Lys,, Phe, Tyr,, Val, It ws determaned that the N-terminal amino acid
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of the dedecapeptide wus valine aml the C-terminal amino acld, leucine. Hydrolysis of the
by trypsin yielded Four peptides whose structumes were determinesd znd found wo
those miven m A w D,
Tyr\ﬂn-l.,y! I’hc-(‘nly-m Vaklys Ah-T)m-Ml-L:u
¢
Since uiune was the N- mmusmd mw:h« C-termimus of the dodecapepide, i uml
il represca

EldlﬂmnlhcElm:nduf&mﬁnnﬂl*lk“ﬂ“ﬂh&mlﬂ

peptides m
ckymnmm tha Tour peptides formed were usquemni.ndﬂ-u srucmres were found b be those
Eiven in Eto 1L
Alu-Len cmL;-. - Al-Tyr Vil Lys-Phe Gly- ;u-;'ryr
E (A
The sequences Cly-Arg- Iyluu!pulell Illllﬂll -Lys-Aln-Tyr in pepeide F r.']:wlyumhll:hm
pepide B must Henee, the sinscture of the dodecapeplade is
unambiguesly :lelun-nedlnh that s shown helew ©
Val- Ly Phe-Gly- Arg-Tyr-Glu-Lys- AloTyr-AlsLew
ﬁmucm--km of Peptide Chalns
made of wmk s af L iom, This fives the steric smmngement ol the
m—.bmmmn-dmmmdugp:mudeﬂum... ly. These kave been d d
12

Fig.
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2T A

Fig, %12 Dimensbors within the peptide chain
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The peptide band, whhl:mim*l:ﬁnmﬁdmutlhﬁ. has o planar grecture. The &
atoms within the pl b dhat vary litte f
aciids residue i amina acid residue, M‘dmhﬂnmmdhmmchnwru the
et-carbom to carbony] carton bond, the C-N boml, and il imide sitrogen to G-catbon bond. Sime
Iludmhn-dclmmnn(mec Nhuullnulnmuumnh—l‘.udylhuﬁnumlhhuluw

otation. The gand y ol any 2 succesave amade plancs
along the palypepiide chain. The c-cart be thought of as shiwel contres for the adjacent
amide planes,

Minlagical Rales

Peptides participate in 4 number of biolegical sctivities

I, They serve as intemnedistes in the fomation of protels.

1 They appear oy constituetls m a group of compounds culled albalwids, Majonty of these
Iave been (solated from fungl. although they ane alse lmml l- higher plants. Ergotamine is u nplnde

kb Fyesagot and han perties, The four

alkalosd arc lysergic ucid, alanine, proline mlrh:\yllluhw

3, Muny of them possess antibacterial nctiyities snd are wsmally present in fungi and bacteria,
Penicillin G with 3 P Ivaline, cysleine s acid) is a common watibiotics.

4, Coerain other pepaides serve as grwwth foctars, Folic acixl. 3 water-soluble vitaman, s a
noleworthy example of it {see Chapler 31, Ansther group of peptides serving ax growtls factor for o

wariety of microorganiums is sireplogonies.
% Higher animals do synthesize r.w!nm pqlnﬁ! serving m bormanses (sce Chupter 3.
6. Cortz s Tk " redurtion potential

of the cell. This ma:r alao aerve s o key Inmluuhn i elociron-ransfer sysiciim

7. A duvet correlation has been found 1o exisi between the smount of peptides in the arine of
the patients ane iheir mental stste of ditirbance. A proap af Norwegian doctors have found an

des i wrine s patients with 1 The pep

been shy in i the for the disorders
which lead 1o manis, depression or schizophrenia. The srine tests ral thus, Indicln if u person is
suffering From memiil illness, The cause of this hypersecretion of pepaidis is nonyer well established
It may exist from hinh in ocgunic genstic derangements or may be induced in healthy people by
enviremment al Mactors

CHEMICAL BONDS INVOLVED IN PROTEIN STRUCTURE

Cliven a full sssomment of el can synehesize all of § Pratein
sunthests s s mltiple dekyration proxess eeler Fig. 9—Il| e net sructure of a protein becames
st of link ther of variou these amina acids (o

cach other forming a chain and also ameng various amine acid residues of different chaim imvolves
warious fypes of chemical bonds (Fig. 9134 Thess ure described below.

74
ey
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Pejtide
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WAt Harbnnan and Siakis

A Primary Bond
The principnl linkage found in all prowins is the covalent peptide bond, —CO—NH—
1 Fischer, 1906), a specialized amide linkage where © siom of —COOH group of one
amino acid is linked with the N atom of —NH, group of the adjicent amino acid, Peptide
el i3, tn faact, the backbene of the protein chain,
N, Secondary Rones
Many af the properties of proteins, howeves, do not coing ide with the lingar chain structure,
thues indicating that a varsety of bonds other than the peptide exist in them, These secondary
bomds, as they are called, hold the chain in its natural configuration, Some of the secondary
bonds commanly found in proteins sre lisied below |
L. Disilfide Baond (—5—5—). In addition 10 the pepiade bond. a second 1ype of covalent
bond found b i residues in proteins and poly is the disulficle bond,
which is formed by the oxisdation of the thiol or salfhydryl (—SH) groups of two cysieine
residues to yield a mole of cystine, an amino acid with a disulfide bridge (Fig. 9-15). In
gencralized form, the above reaction may e writlen as @
BR—SH + 12 O, == R—5—5—R + H,0
A disulfice bond Is charscierized by a hond strength of approximately 30 kilocalones per mole and a
bond length of about 2A between the twe sulfur atoms. Hence, disulfide bond formation between 2
cysteime residues located seme dastance opurt in the polypeptide chuin requires that the poly peptide
chain be folded back on isellobring the wifer groups chose together. Altbough disullide brdges are
wery strong. when compared (o the atrength of noacovalent bonds they are very shori-range since, as
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withall I Tich bl ik 1

bard plotely. They, therefire, only subilize
the tertiany structure when it has reached something approsimating 1o its final form.
M| 5—CH,—CH—COOH —CH—CH —COOH
i Crridalion
4 oty Reductinn 2 )
H s—cu,—-TH—mou S5—CH—CH —COOH
NH, NH,
Cynieime Cystine
12 males) |1 molel
Fig 1514 Formation of cystine = dicysteine)
Oheytowin (Fig. 9-15).ah I the ot e |

e ally during
chaldbirih, is an example where on imemal disullide bond is presens between o cysieine unils
seporsted from each other in the peptide chain by 4 other smino acid units,

5 5

Cys—Tyr—lle—ln —As —Cys— Pro— Leu—Gly amide
| r S ST [} L [}
Fig. 15, Structore of ocytocis
Insalin (Fig. 9=16) s another Tls ple where icde chiains are linked topether
2 disulfide bonds. The prescnce of an internal disulfide bond in the whyeyl for A} cluhirwu::
residues 6 and 11 is notewnrthy.
: Tl_imflwn I:Immnl bands, namely. peptide ind disulfide, are relutively stble, Both these bosds,
y or ints “rwm\(urupmmuorummh
2 Mydrogen Buod (>CO.....HN<). When o ETOUp comlaini i
= 5 ng o hydrogen atom, that is
wvumly-hnmhd_nf an elecirumegative atom. such ns OEYgen or mitrogen, iy in the vicinity of o
fu:wd,__, E an el RALIVE i, weally ble i i which
is referred th as a hydrogen bond. The formation of o hyd hond is due 1o the tendency of
hydrogen alom to share electrons with two neighbauring stoms, esp., O and N. For example, the

carbany| oxygen of ane peptide bond shares [ty electrons with the hydrogen atom of ancither peptide
bond. Thus,

by T M amh
/C 0 H: N\ or /C=D H.N<
An mleraction sets in between o C=0 group and the proton of an NH or OH gro if these groups
come within ldi.u lance of ahout 28 A This secundiry valence hond s symbnl?n;l';y o dotied line,
...... {T‘!! solid line, Imu_w. representy the nonmal covalent bond), The strength of the hrdmgcnl
bund_uu‘iylsmli kul;fn-pﬂ:ﬂil muxirmal when the boad is linear (Fig. 9-17). Hydrogen
llcmdmu ween imides or pepiides of the type depicted in Fig, 917 (¢) plays portani
stahilizing some conformations of the pulypeptide chain. " My -
Silk fibruin, compased mainly of glycine, alanine and serine usiity, iy g
_ _ : 1 L \ aample of the
of hydrogen bonds invelving the imide (>N Hy and carbony (0=0) groups of the mm:::;!
Here the hydrogen bonds ik the vicinal peptida chains (reer Fig, 9-26), )
In other proteins like keratin of wool, however, the hyd nbend:" i i
i 1 s il y 1 link
8 single peplide chain i held |n a coiled or helical form mr:l"{g. 9-24) Mot
Since the binding energy of a hiydrogen bond smeunts o onl i valence.
y [y Lf | 0nh of that of 2 prim.
the hydrogen bonds are relutively weak linkages but many such bonds munmmn;eﬁ.ummé
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force and help in maintalning Use helical structure or Lhe seconderry striuctire), charscteristic of many
proteing [ Mirsky and Pauling, 1936,
A Noopelaror Hydrophobie Bond. Many smino acids (like alanine, veline, leucine, isoleucine,
piophan, p | and tyrusine) have the side chains or R groups which e
essentially hydrophobic. ie., they have linle ion for water molecules in 1o the
strong hydrogen honding hetween water molecules, Such R groups can unite amongg themselves with
eliminution of water o form linkages between varivus segmenls of a chain or belween different
chains, This is very much like the coal ef ol droplets bedd in waler,

The association of various R groups in this manner leads to o relatively simng honding. It also
serves 1o bring logether groups Lhat can form hydnsgen bords o fonic boady in he absence of water.
Ench type linkage. thus, helps in the i the ather the bydrophobic bonds being mest cificient
in this aspeet. The hydrophobic bonds also play important role in other protein interactions. for
exumple, the formation of enzyme-substrate complexes and antibody- antigen interactions.

H
|
Y\"
H |
H\o | Hy 'il 9
I...“_o O—H"'T—' i:l
H H o mlr
NS
i
(1]
fa} L] i)

Fig. %-17. Some common examples of hydrgen bonding
The hydrogen bunds (represcnted by a dotted lne) have been sbown between (] Iwo waler molecules,
i) waber and @i asine, and fe] Iwo amide grougs.

4. lowik of Electrostatic Bond ar Salt lnkage or Salt bridge. lons poxsessing similar charge
repel each olher whereas the ions having dissimilar charge aivroct each other. For example. divalent
calions like magnesium may form electrostatic bonds with 2 acidic xide chuins

Another instance of fonic bonding may be the interaction between the acidic and basic groups of
the constituent umino acids shown at the hotiom of Fig, 9=13, The R groups of ghutamie acid and
aspartic acid contain negatively charged carbonylute groups, and the basic amino acidy (urginine,
histidling, lysine) contain positively churged amino groups in the physiclogical pH runge. Thus, these
aming agids ib gatively charged and p ly charged side chains t the polypeptide
hackbene. When wo oppositely charged groups are brought close tagether, elecirostatic interctions
Jead 1o & strong aitraction, resulting in the formation of an electrostatic bond, In o loag polypeptide
chain containing a large number of charged side chainy, there are many opportunitics for electrostatic
interaction. Intramolecular ionic bonds are rather infrequently used in the siabilization of protein
structure but when they are so used, it is afien with greal offect. In fact, ionized groups are more
frequently found stabilizing i jons between projein and other molecules. Thus, ionic bonds
between pasitively charged groups (side chisns of lysine, arginine and histidi | negatively charged
groups (COO™ group of side chain of aspartic and glutamic acids ) do oceur.

These iomic bonds, although weaker than the hydrogen bonds, are regarded as responsible for
rmaintaining the folded stractune (or the fertinry sructize) of the globulur proweins,
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CHARACTERISTICS OF CHEMICAL BONDS

Table 9 lists some charscteristics of the 2 types of chemical bomds © covalent and non cavalenl,
The strength of a bond or the bond strength can be d by ths BY Tedquil k it, here
in the tuble given in ies per mole (kealimole). One kilocalorie i the quantity of energy
needed w raise the termperature of 1000 g of water by 1°C. An alternutive unit in wide use is the
kilojoule, kI which is equal 10 0.24 keal . Individual bonds vary a great deal in swenyth, depending on
Use stoms involved e their precise environment, o that she values ane only o mugh guide. The

bessd bengih ix the centresto-centre distance between the fwe inlercling aloms.

Charavteristics of chemical bonds

Bosied Thpie Lol jmm | Srwagih ikeabimle)t
o et o warter

Cavalent nis L L]
Momcovalent

lonic 08 0 L)

Hyimgen 030 1 1

i cler Wall's anracion a1 ot ')

{per dom|

Tiae bergeh given here for & bysdroges bond b that between {is v sorbydmgen aloms,
b Mote that the agueous environment in & cell will greatly weaken boih the loaic and the hyu.

b nuls between nenwater mobscules.

PROTEIN CONFIGURATION

Todescribe a complicated macromolecule
like protein, the biochemists have, lor
convenience, recognized 4 basie sirucinral
levels of urganizstion of proteins hised on
the degree of complexity of their molecule
(Fig 9-18 ). These struciural levels were fint
defined by Lindersirém—lang and are ofien
referred to as prinry, secondary, tertiary sl
quartemary, Three of these structural levels
(primary, secondary and tertiary) can exist in
lecul nposed af a single polypeptd
chain, whereas the fourth (f.e., quunemary )
involves interctions of polypeptides within o
mubtichained protein molecule. bn mathematicul
term. these are also depicted os 17, 27, 3" and 4°
respectively, The baske prisnry siructuree of a
protein is relatively simple und consists of one
ar mare lincar chaing of o number of umeno acid
units. This linear, unfolded structure or the

IRVING GEIS
(LT, 1908 - 1997)

Trving Caeis 16 well known for his

lueid visualizations of melecular

structires, paricularly proteas

and nuckec acids. These have

appeared in Scaeatilic Ameeican

o the past thirty five yeams and

oy mapw chermistry, blobogy, and

bbochemisiry botisooks. He is 8 co-authar with E
ke, Director of the Molecular Biokogy Inslitule
of UCLA, of 3 books 1, Chamiary, Matws ard the
Universe 2. The Structume and Action of Pratelns 10
Hemaoglabin: Stnaciume, Funciion, Evalution and
Pathology.

I acdedition 10 drawing. painting, and vl ing, lrving
Gl 15 ol freguent beoturer a un ivers|thes wedical
schoals on protein srecture aid function

A rscasnl Gusggeniwoim fellowship made pessible the
assernbly anad cataliging of his drawings and paintings
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polypeptide chain often assumes a helical (IPE g Thve Gl Archives of molecular stracum
to produce the secondary steucture, This, in
tum, may fold in cerain specific patterns to produce the twisied three-dimensional or the fertiary

strircture of the protein malecale, Finally, certmn other proteing are made up of subunit of similar or
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{0 Lys - Alu - Hiw— Gy - Lys - Lys — Vol — Eisis = Gy = Ala =
Pebmury structure : e acd seqicice (4 polypepiide duis
iy
i
I\
°,
Tertimry structare: / .
‘e complies pousin <hain St =
{b chain af hemoghabin Kiwraury st whem
the fou sepamte chaim of
hemoghobin sssembled mio
Secol + Ml Foor st e
medury stroctene o g

mte o ligomenc pmien

Fig. %18, Tiee structural hierarchy In proteins
s si typesof the polypeptide chains. These with each atherin a specific munner

tn give fise to the so-called gnatemary strucrure of the protein. This, in fact, defines the degree of
polymerizazion of 2 protein unit
1. Primary Structure : Amino Acid Sequence

“The primary striciire of fers (o the el sevjue [ wmiir acids, the
units of the ide chain. The mai le ol link [ the amino acids in proteins is the peptide
bond which links the c-carboxy! group of ane amine acid residue (o the a-amine group of the oder.
The proteins may consis! either of one or of mone peptide chains.
Rigid and Planar Peptide Bond

Linus Pauling and Robent Corey, in the kate 1930s, demaonstrated that the t-carbons of adjucent

LINUS CARL PAULING (LT, 1901-1954

Linus Pauling (with e-his helix balkand-stick maodel in the photographl
the son of 4 Getman father and English mother, was an American physical
chemist Although, he had inmially an undistinguished school education,
Pauling obtained his doctorate degree in 1925 from California instinate of
Tech iCaltech). Hewas-one of the exceptional men of hes times and carmed
the message of Quantum Mechanics to the New Worlkd. His pioneering
application of principles of Chuantum Physics to explain chemical properies,
hils investigations of molecular structums of prateins and, above all, hes work
on the nature of chemical bond rank smang the outtanding pieces of
chemical research of the century, To the graduate students of Chemisiry in
the 1940 and 505, his book, * The Mature of {hemical Boad” [1939) became
aBibile. At age 30, Pauling had becorme a full professor in 1931 and Chatrmean
of Chemistry and Chemical Enginesring some G years later. With Robert Corey (LT, 18671971, he
investigated amino acids and polypeptides. Around 1940, he and his coflpagues conducted researches
on antibody-intigen mactions.  Pauling was the first one 1o devise o scale for companng the
wlectonegativity of difierent elements,

Pauling had his fair share of awards, which included, besides Nobel Chemistry Prize (19541, the
prastigious Davy Medal of the Royal Society (1947), the Willard Ciekits Mesclal (19961 and the Presidential
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Awarel for ket Bor his distinguidhed work dunng Wde Wor 1l in the Bxgplssoves Dieision of the
Natural Ressarch Commission (USAL

Smn .llaf war, hmf Fauding thhllﬂh agalnat the nurbimm and advocated
Sid e

N More War £ (1958), h than set, in fan'38, 4 petition sigived by 11,021 w-n-uh the United
Natlonw, urglng an end to the testing of nuclear weagons, For all this, be camied the 1962-Nabel
Peace Prize, which was pmnud lnhmnnonnim 0. mu th diry a LS-Sovaet parmial nuchear
st ban reaty Prize. His poliical acuvities
ook a heavy ol of his tese -ndonm The result was lhql he did not produce wientific work of
significance afer 1951, Nevertheless. during his caneer in soence spanning mone than 80 years,
Potaling published several books and more than 1,000 scientific papers. He alsa establishesd Lins
Paulinng Instiiute of Selene sl Medis ine a1 Palo Allo.

Howeser, Pauling's fame had been armistied in his kaer years by his simng achvocacy of vitamin £
iascnrbic acld] o 4 ‘wonder drug’ and helpful i mamtaining youthness for a bnger peciod. He sl
published a book, Vitarmin Cand the Comman Cold” (19711 wherein he claimed hat by ingesting
1,000 mg daily af viamin € (instead af the 60 mg daily minimum a6 recommended by the U5,
Matlonal Ressarch Coundill, a person would caich 43% lewer coltds and sulfor 0% frws days of
Ullpess. His lindlingis ware hitterly criticized ww,h, Terene Anderson of the Uiniversty of
Toeanto in Canada, But this should not et of his sarlier b i

, he halds the distinction of being the only person to ave won fwo Sobel Prises on his own,
Hi life fel bt 3 cistines phiasess : fhe firt evoied meverences, i secand |ove and the thied ridicule.
Ty, Paaialirgg rankes amcorg thie rrcest v e sc st o e Han one genesation of 0 century

lllllml.lﬂl are -=m|sdhy mmm bonds, arranged C,—C—N—C,. They also dernon
peplidel vhat shorter {1 32— or 0. |12nml1|-||.1|=(‘—N

h-ulin.umpmnmguq.kuummhuum_ with the bond

This indicated & resananee o partial sharing of two pairs of electrons between the mbwylmﬂat

and the amide nitrogen [Fig. 8=19 (a)]. The oxygen has a partial negative charge and the aitro-

partial positive clurge, setting up o small clectric dipole. The 4 atoms of the peptide group (€

Nilie in a single plane, insuch a way thai the oxygen storm of the carbany | group and the ydoog 1 B 2 ’( 1 25 4

of the amide nitrogen are frans o cach ather, Vieneally, all pepride bods in pateins vccar

ol gurarions. From these studics, Pauli Carcy hat the antde C—N b

1o rotate freely because of their par byt ch The backh o pol ik

can thus be separated by substinied methylene groups —CHIR— [ Fig. 9-19 {c}]. The rigsd pn;lllh

Toeunls lirmit the number of confurmution s that can be ssumed by a polypeplide chuin

! I\
Ny —e M et S ,1,,/ Nt CmN e
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Fig %1% The detalls of the plunar peptide boad
{i) The planar peptide groap, Note that the axygen ard hydrogen soms are on opposas sides of the
C—N lond. This is frums configuraticn.
{51 The three bunds between the sequential C, carbonn in @ polypeplide chaln. The N—C, and
€,—C bomds can potited, with boed angles deignilea § ind | respectively.
(¢} Limiled rotation around two (NeeCy 29, Cy—=C) o the three types of bued I & polypeptide

chain. The thind type is., C—N bonds grougs, which muk i of ol
mehnlhuhnml- are nod free o fofale.
e lrmu-mmmn“unmmhumgm h-l\aﬂy atredchod ol
ot lypeptidks chain, § = @ = THO°
However, rotation is permitted about the band betweer the pitrogen and -carbon atons of the
rruin ehisle (N—C ) ind between the @ casbon and carbony! carbion atama (C,—C). By eonvention,
the dcy:rul’mmlm al the N—C, bond is culled phi () and that between C,—C bond ix called pad
(). Again, by convention, hoth § and ‘ are &I‘md wi " In the conformation n which the fwe
pepaite d o a single |Fig. 919 (). In principle, & and
iy can have nny value hetween - 180" and + 1807, bt many voluex of § and \g are prohibited by sierie
{nterference beiwoen sloms in the polypeptide hackbone and the amine acid side chains. The
conformation in which § and y are both (7 is prohibiied for this reason.

Rarnachandran Plot

The lon of the main pok ide chain can be m-‘:’m
completely determined if the values & and i for each amino wid - ki
ml:u In,‘du- chiain are known. In o fully streiched polypeplide :m“" M:::"L::‘:
chain, & = = 180", (LN, Ramochandran (|963) recognized that 0 W‘IM“ Kartha, worked
an amino acid residuic in a polypeptide chain cannot have st any oy (e irghe bebical strctuns
pair of values of @ and y, By sssuming that aloms belave as hnni o collagen.
wpheres, allowed ringes of 8 and W can be predicied and vi
i sleric contour dingran called Ramachand ran phots. Such o plot For paly 4-alanine (o mry aiio
awied except glyeine anid profine) shows thee separate allowed ranges (the screened regians |n
Fig. 9-19). One of them contains ¢- vidues that generate the sntiparalle] [ sheet, the parallel Beet
and the collagen helix, A reconed region has §-y values that produce the right-handed o helix - o
tiead, the lefi-handed o belix. Though sterically allowed. lefi-bunded 2 belices are not found in proseins
hecause they are encrgetizally rmach less favoured.
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Lefidiads)
o ek

Fig. %-20. A Ramachundran plot

The screenexd regaoes show allowed values of § and w oo Loslanisne residews. Adlienal conformations
aret accessible w glycine idotied reglons | bocamse it has o very smoll sade chan

WAfter Lalw st Siever [995)

For glyvine, these three ollowed regi Lurger, and o founth {shown a5 doted in Fig.

9-19) becuause 2 hydrogen atom causes bess steric hindrance than & methyl group, Givenre enables the
polypeptide bockbone to make turas thae would mey be possible with arotver reside.
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Flg. %-2iia) Fermation of rans (A} and cir (B) pepiide bonds between proline snd Its preceding
recldue in the polypeptide chaln

The presence of a 5-memhered ving in profine, which kicks § (the angle between N and ©, ] at ibout - 657,

In s asother distinetive leature.

Profine, oo, is special [Fig. 9-20a) |, The S=membered ring of proline prevents rostion sbou the
N~ bond, which fixes ¢ al about — 65°. Hence. a proline residise has 2 rmarkedly restricted range of
allowed conformations. The residoe o the N-terminal side of o proline is also constrained becanse
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Hydragen bond

Fla =21 Porthon of s right-handed o hellx sh 3D
Al the shoderd balln represent carbon aloms o residuss (1) of amine acids
| Redrain frrun Limis Pauling and Roberr Corer. 1955

of sieric hndrance imposed by the 5 i ing. Proline ol -helin e
it'lacky gn amide H alom for hydmgen bonding.
LS vy St = Hellx Fe or Local Folding

1 the peptide bonds were the only type of Hnkage present In proteing, hese molecules would
have hehaved as iregularly catled peptide chains of considerable length, But the giobukar proscing
trowe ver, do show some regular istic properties, indicating the presence of s regular coiled
structure in these molecules. This i e folding of the chamn which is mainly due 1o the presence
f hydrmigen bonds. Thas, folding asd hydrogen 2 i iy amin peids resulis
in the formation of a rigd and tubalur structure called & belix, This constitutes the secandury structure
of prowins, which refert 1o the slerie o spatial relationship of amino acids Uit wre near 1o cach oller
10 the aming scid sequence.

Based on the ratare of hydrogen banding (whetber intrmolecular or intermeleeular), Pauling
wnd Corey (1951) identified two regular types of secondary structure in proteins ¢ alpha helix
{en-helix) and bew pleated sheet (B-pleated shoet).

o-Helix

Early x-ray diffrmction stuilies conducied by William Astbary in |93, of librous proseios sach
s haly and wool, showed o major periodicity or repeat unst of § 0w 5.5 A, indica some regulanty
imthe structure of hese prateins. A minor repeat unit of 1.5 A wus also cbwerved, With x-ray diffracti
Atudics, Pauling and Corey (1951) found that a polypeptide chuin with planar peptide bonds would
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Fig 1L Seructure of the @ bellx (A)
A ribhon depiction with e o-varbo oo and side chain [green) shown, (8] A side view ol @ hall-and-

stick versian depicts the hydroges honeds (dashed lines | berwesn NH und OO groups. foe | Ch, conval b
Figure 1028 A space-filling view of pan € shows e thghtly packed iserice core of the helas, 1 86 )\' 1 254

form a right-hnnded helical structure by simple twists shout the oe-carbon-to-nitrogen
a-corbon-io-carbeayl corbon bomds, They called this helical sruciure as @-heliv. The bel.
named because of the mebitity of @-cabon aloms.

T cehebin i a rodiike structure. The tightly coiled polypephide main chain forms the inner past
of the rod, mnd the side chains extend outwand in a helical array (Figs. 9-21 and $-22). The a-helis
is wshilized by hydrogen bonds beween the NH and CO groups of the main chain. The OO group of
cach uming acid is hydrogen-bonded 1o the NH group of the amino schd iha is situated four residues
whead in the linear sequence (Fig. 9-23), Thus, all the main chain CO and NH groups are hydrogen:
bomded.

Wouo o
I [
N Cc—N c

! nnd !
’I‘i’ﬁ‘ PRI SE Yy

Flg 921, Dilngram showing that i the a-helix, the U0 group of reidue i s hydrogen-banded (o the NH
group ol resbdue (n + &)

It is, thun, apparent that the a-helical strucire depends on the intumolecular (= intrachain)
hyrogen bonding between the NH i C0 groaps af peptide bonds, The hydrogen boading necurs
spomancously and, as a result, @ polypeptide can ussume o rod-kke struciure with well-defined
dimensions (Fig. 9=24), The m-helis for a-conformithon, as b s alw called) has a paich of 5.4 A
(w054 nmib ancd comtains 36 aming ocids per tarm of'the helix, thereby giving a fise per residuoe of 5,40
=15 Ai=0.15 nm), which is the ity pericd of o-helix. The amino acid residues in an o-helix
have canformations with @ = - 64 and @ = — 4510 - (P,
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Fig %24 Averuge dimensions of an 0-belix
Mots the uveruge dimensiom of an o-helis. The leners C ol N represent the carhos and nitmgen soms
respecaively in the pepicle bonds. The lever B repeesents s a-carbon with 2 e chain ainched. The shaded
cincles represent apoim back of the plae af the paper while te while

i l ciecles indicate inaw shove the plane.

(el frewn L Puiiliogg sl Rodeess Erer. 1955}

A helis can be right-handed (elockwise) or lefi-handed

tanticlockwise | frefer Fig 9-28 ) ; wielives af known pabpeprides

e, Lanming actdy) are right-honded. Biologically functional

b proseiny do mor usually echibit cont per cent a-helical siruciare,

l .. mynglobin and hemoglobin ; vthers have a low percemoge,

L¥ i €. A very i ing Feature of

Vi 5-35, Twe iypes of bliens the R—huLMﬂtwﬂoﬂlﬂlmi}iﬂ.ﬂFﬂMﬂHnﬂmﬂ,l
Right-and Iciv-banied helices e 677 {>0D==0) of every peplide bord is in a pasition o form a
ekatedd 10 sach caber nihe weme way  Lydr0Zen bond with the >N—H group of the peptide bond in the
1 ight and | hasa neal turn of the helix, thereby contributing o the stubility of the -
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helix, Long polypeptides chains in the a-helical conf 1on, forming structures are reminiscent of
amultistranded rope. The protafibril of hair, for example. is 20 A in diameter and appears o be made
up of 3 right-handed helices wound about each other 1o form a lefi-handed supercoil.

The model-building experiments have shown that an a-helix can form with either o- or L-amino
acids. However, the residues must all be of onc stereoisomer ; a d-amino acid will disrupt any regular
structure consisting of L-amino acids, and vice versa. The preferential formation of such a helix over
many other possible conformations in nature is due, in part, to the fact that it (o-helix) makes optimal
use of internal hydrogen bonds.

Many globular proteins contain shon regions of such a-helices. and those portions of a
mmhanepmmdmmd:hndhhwamuuﬂlvuhdnsbmunolhmm
imposed by the phobic lipid I an helix is nsually
mlMmmmTwmmﬂuhlthwalwwwufmwm
chains, however, will twist around each other gradually 1o form
a particularly stable structure known as a coiled coil. Long rod-
hlm coiled coils are found i many fibrous proteins, such as

keratin fibees that rei skin and its
appendages.

@-helix occurs in the protein @-keratin. found in skin and
its appendages such as hair, nails and feathers and constitates
almost the entire dry weight of hair, wool, feathers, nails, claws,
quills, scales, horns, hooves, tonoise shell, and much of the
outer layer of skin, The basic structural unit of o-keratin usually
‘consists of 3 right-handed helical polypeptides in a lefi-handed
coil that is stabilized by crosslinking disulfide bonds

(Fig. 9—26!
hilization of a-helical confi by

acid residues (Table 9-5) can occur in vanious ways = 188! 1254
QIR . nino acids affecting a-belical structare

Dystabilize Q-helix Creaie benidy in

a-helix

Aspartic scid Gilycime Proline

Cilutarmee scul Senine Hydronyproline

Lysine fren Fig -6 Schemithc of the 3

i T a-helical colls in keratin

1. A prolyl reisdue has its o-N atom in a rigid ring system and cannot participate in a-helical

structire : instead, it creates a sharp bend in the helix,

2. A sequence of aspany] andfor glutamyl residues can destabilize i-helical structure because
the negatively-charged side chains repel one ancther (electrostatic nepulsion ). and the forces
of repulsion are greater than those of hydrogen bonding.

. A cluster of soleucyl residues, becasse of steric hndrance imposed by their bulky R groups,
also disrpts helical conformation.

. Glycine, with a small hydrogen atom as an R group, is umﬂw: de-lntuluer The luck of a
side chain on glycine allows for 2 great d of bout the o carhon ;
hence, conformations other than a helical bond angles are posaible.

-

=
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P-Pleated Sheet

Pudling and Corey (1953) identified o second type of repetitive, llumlium-emr;y or unhh
conformation, which they named [-plested dheet (b i wa the they el
the o Iu:lla quug I-en the first), The !‘mnum ul’ ﬂ-phn\:d -hm- dq:mdn an iatermaleeular
(= girg. although i P The pleated
sheet structure is I'u'ntdh)’ the parallel alignment nrnmnimul'pniyp:wd: chains in a plane, with
hydrogen bonds between the >C = O and —N—H groups of adjacent chains, The R groups of the
constituent amina acids in one polypeptide chain aliemately project above and below the plane of the
sheet, leading 1o s two-ressdue repeat unit. The [§ sheet structures are guite common in auture and are
favoured by the presence of amino acids, glycine and alanine. Silk and cenain synthetic fibees such s
nylon and orion are compesed of f-structures.

The f-pleated shoet differs markedly from the rodiike t-helix -

1. A palypeptide chain in a f-pleated sheet, called a B-strand, has filly extended confirmation,
rather than being tightly colled as in the a-helix.

2 The avied disiance between adjacent amino acids in fi-pleated sheets is 15 A in contrast
with 1.5 A for the a-helix.

3. [-sheet is suhilized by hydrogen bonds between NH and OO groups in differens polypeptide
strunds, whereas in the ¢2-helix, the bysrogen bonds ae hetween NH and CO groups in the
same strand.

There are two types of B-pleated sheet structares. If the N-terminal ends of all the participating
polypeptide chains lie on the same edge of the sheet, with all C-terminal ends on the opposite edge,
the structure is known as a parallel f-plested sheet. In contrast, if the direction of the chains alternates
sothat the ahemating chains have their N-termunal ends on the same side of the sheel, while their C-

terminal e s lie on the oppusite edge. the structure is known as the antiparallel B pleated sheet, In
other wards, the by drog: the same N-to-C lerminus
direction mﬂxprlllﬂlpk:k\ishﬂs and in the qmnmrN—m—Cﬂnmnn in the antiparaflc! pieated
sheets. Both parsllel and untiparallel f-pleated sheets have similar structures. although the repeat

period is shorter (6.5 A 0.65 nm) for the parmallel in P ] el
conformation {7 A ar 0, 7am). Pleated-sheet structures can also be formed from a single polypeptide
chain if the chuin repeatedly folds back on itself. Although a B-pleated sheet structure is usually
associsted with structural proteins, i is also known to ocour in the 3-dimeasional stroctures of cernain

Elobaular proteins, e g, the enrymes lysoeyme and carboxypeptidase A,
Silk fibwoin is one exampic of a protein that has the antiparaliel pleated shect structure. It is &
member of a class of fibrillar proteins called o-keratins. Silk fibroin (Fig. 9-27) is composad mainly

/'\u‘/\/ % /\1/\ /I“\i/
\/L‘\/\ 2 \/“’\g/\q“/"\_

Fig. %-17. A portion of twe chains of sk fAbrein
Woae that the two chains runs (m opposite direction
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=
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of glycine, alunine and serine unirs linked wgether by the peptide bonds. Glycine constitutes
approximately 45% of the total ammno acid residues. and alanine plus serine compose another 42%.
Hence, mkmand-gmakm&phxdupmdm“m.ummm
pleated sheets 1o stack. Here the chains which sons are linked by hydrogen
bmuls:sbwubydmedlnﬁlhmhmﬂﬂﬂeﬂnllﬂ(m:ﬂmmd&ufmﬂh}lw
‘bonds with still other protein and so on. Very large protein aggregaies are, thus, formed provided the
R groups are relatively small. If the R groups are 100 large, the hydrogen bonding may not occur as
the chains are held far apan for union. An interesting phenomenon occurs when hair or wool (a-
keratins) is trested with moist heat and sireiched becarse f-keratin struciures with parallel f pleated

sheets are produced.
nmm@amm
shorw pelaation
Random Coil

Besides the o-helix and f-pleated sheet structures of proteins, which were recognized by Pauling
and Corey in 1950, there also exist a third type of secondary structure m protemns called random
cuil. When a polypeptide contains adjacent bulky
residues such as |m1cw|n:nr cbam:d residues such
s gl Ision berween
these groups causes Ilw pnlypepu:k I assume a
random coil conliguration (Fig. 9-18),

Thus, we see that the R groups distributed along
the polypeplide backbone determine the secondary
structure adopled by different portions of the
polypeptide {a-helix or B-pleated sheet), or the lack
of o well-defined strucnure (random coil .

Other Secondary Structures
muhhxaﬂﬂ-mnﬁnmwmmmm
easily

dina
nmk variety of proteins. The phelis, however, is an
exumple of o highly hydrogen-bonded siructare that
is insufficiently stable to be used in proteins because
of the lack of interstomic contacts. In addition 1o the
aa-helis and fi-pleated sheet structures, other repetitive
structures also exist in one or a few specialized
proteins. Two such structures (f-tum and collagen
triple helix ) are described below :
B Turn or B Bend or Hairpin Bend

Most proteins have compact, globular shapes
‘owing to reversals in the dincction of their polypeptide
chain. i wum (Fig. 9-29) is often found where 8 i, % 28 A randem coll
podypeptide chain abruptly reverses direction. J1ums.  The hackbone of the polypeptide is drawn, bul

usually connect the ends of two adj f only a few il residues are shown
an antiparalic] f} pleated sheet, hence their name. The (Adapted from Froncisco J. Aval and
struciure s a tight tum (- 1807 involving 4 amino Joha A, Kiger Jr, |980)

acids. The essence of this hairpin turn is that the OO
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group of residue n of a polypeptide s hydrogen-bonded 1o the NH group of residue n + 3. In other
words, the hydrogen bond between the peptide groups of the first and fourth amino acid residues is
invalved in bend formation. Glyeine and proline residues often oceur in [} s ; the former because
it is small and fexible and the latter because peptide bonds wvolving the imino nitrogen of proline
readily assume the cis confi ion, o form that i | larl: shie o a tight tum. [ tums are
u!l.enfnmdmlheuufxeufnmn Tluymﬂmﬂlledunummm

Fig. 529, Structure of 8 Ihuwhi*hﬂ'l

{a) Hydrogen bonding in a ictrapeptide mvolving first and h icaes. Here the NH and
0 groups of residuc | of the ictrapeptide are hydropen-bonded, respectively, 1o the €0 and NH
grougs of residue 4.

(E) The pans amd ooy ssomers of 2 peptide bond involving the imino nitrogen of proline.

Collagen Triple Helix

Collagen ix the mosr abundant protein of mammals. 1t is the principal stroctural element of the
human body and makes up 25-33% of all the body protein. It is found in connective tissoes such as
tendons, cartilage, the organic matrix of bones and the comea of the eye. This extracellular proiein
contains three helical polypeptide chains, cach nearfy | i long. The ami id
of collagen is remarkably regular : mearly every thind residue (s givcine. Pmtmeunlwmm wa
much greater extent than in most other pn:isls. Furthermone, mlla;w contains Hm:mlmr
(Hyp), which is rarely found amino acids
found in collagen is - Gly (35%), r\hllI‘il.lniPluoHyplm:LTlt amino acid sequence in
eollagen is generally a repeating tnipeptide unit, Gly=X-Pro or Gly=X-Hyp, where X can be any
amino acid. This repeating tripeptide sequence adopts a lefi-handed helical structure with 3 residues
per .

Collagen is a rod-shaped malecule, about 3000 A (= 300 nm) long and only 15 A (=1.5 nm)in
diameter. The hebical motif of its 3 chains is entirely different from that of the @ heliz. Hydrogen
hlﬂsmlhmz!h’ul{(u intrachain hydrogen bonds) are abseat. Instead. each of these 3 helices 1s

teric i the p i rings of the proline and hydroxyproline residues. The
1.w..mmmmumnmrmnml 9-30), 1o form a superhelis. The superhelical
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Fig. 4= M. The structure of collagen
A cmm—nmuwnmmm:enwmnmwkmu.
compened of 3 helical @ chains. The cullagen monomers before aligned in rows in which the molecules i
one row are waggered relative to those 1n the neghbouring rows.
B Conformation of s single strasd of the collagen triple belix. The sequence shown here is Gly-Pro-Pro-
Gily-Pro-Pre
w-mumwmmmmmﬂmmukmm
Cross sectinn of 3 model of the triple-stranded belix of collagen. Each strund is hydrogen-bonded Lo
siher twe i denotes a hydrogen bond ) The a-carbon stom of a glycine residue il_tw'llh‘lllnllbellﬁ]
a Emyumdm'dummlhemuurmuwum!hnwuhminnMMJIIanln;:l
e acid ressdue. MNole that the pyrrolidone rings are on the outer side

[-¥ 5]
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twisting is right d Kkeratin). The rise (axial di per residue in this superheli is294,
andd there wre nearly 3 residues per urn, The three strand ilized by the hai ion of
hy;hmnbunésb:ma\u\eyc=0mormduinxndlh:>ﬂ—-ﬂgnwnfamhu'dmin.
Proline does not have a hydrogen atom atached 1o its nitrogen when participaung in a peptide bond
and therefore cannot participate in this i yirogen-bonding. This 3-stranded superhelix is
known as the collagen iriple helix. The amino acid residue on either side of glycine is located on the
oulside of the cable, where there is room for the bulky rings of Pro and Hyp residues. The tight
wrapping of the collagen triple helix provides great tensile strength with no capacity 1o srewch, Collagen
fibires can support up fo 10,000 times their own weight and are said fo have greater tensile sirengil
than @ steel wire of equal cross section.

The collagen fibrils consist of recurring 3-stranded polypeptide units called tropocellagen (MW
300,000}, arranged head-1o-tail in parallel bundies (Fig. 9-29), In some collagens, all three chains
are identical in amino actd sequence and thus are
homotrimers : while in others., two chains are identical
and the thind differs and thus are heterotrimers. The:
heads of adjacent molecules are staggered, and the
ulignment of the head groups of every foarth molecule
prosiuces characteristic cross-striations 640 A (= 64
nm) apart, A series of complex covalent cross-links
ore formed within and between the ropocollagen
molecules in the fibrl, leading to the formaticn of
strong mature collagen. The rigid. brittle character of
the connective tissue i older people is the result of
an lation of covalent links in collagen
as (hey age. The electron micrograph of human
collagen fibwes in given in Fig 9-31

The food product gelatin is derived from
collagen. Although it is 3 protein, it has linle notritional
value because collagen lacks significant amounts of

Fig. %31, A lectron micrograph 0.3

many amino acids that are essential in the buman diet. jum of human rollazen fibers showing
Human genetic defects involving collagen their characteristic handing pattern

illustrane the close relationship between amino acid The hands repeat aloag the fibre with &

sequence and three-dimensional structure in this periodicity of 61 15 70 nm

protein. Osteogenesis imperfectn results in abnormal (Conurtesy ! Jesome Gross and

bone formation in human babies. Ehlers-Danlos Frnciz 0 Schaslt)

syndrome is characterized by loose joints. Both can be lethal and beth result if a different glycine
residue in each case 1s replaced by a cysieine (in case of osteogenesis imperfecta) or 4 serine {in case
of Ehlers- Danlas synd residue. These iy small havea phic effect
on collagen function becouse they disrupt the Gly-X-Pro (or Hyp) repeat that gives collagen its
unigue helical structure.

Tahle 9—6 summarizes the img dife between the of u-keratin of hair and
collagen of bones.
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m&mnr-l differences between @-heratin and collagen

-keratin Collagen
1. Fomultn ks i maiks | 1. Found in ive Tissaes such m iepdons,
umd festhers. cartilage, bomes and the comen of the eye.

. The palypeptide chan i & right-handod helis

. Hyibrophohic omina acuds (Phe, le, Val, Met and

The 3 Belical sirands wrap wgether inlo a
superhelix. called protofibril.

. The superhelical twistng u befi-handed

The covalent mlmh hetween pul}pqﬂuk
churms within the
adjacent cres, mwmhyddﬁdem

2. The unique polypeptide chain is a lefi-handed
hedix
3. Gly, Pro. Hyp and Ala predomanale in the helis,

4. The 3 helical strands wrap together inin o
repeating superhelical structure, called
trepocollagen

. The superhelical twisting i right-handad.

B, The covalent links are cominibaied by a0 unusal

type of covalent link berween rwo Lys residues
that crestes a noastandard sming scid residue

-

called hysinonorleucine.

Elustin
Desmonine
resaiue
; cross-link :
i
I.r Cross-linking two chains
Z These Lys residies. L
% are precursors of
Elustlc a-helical m& I_""""‘h .
sy (4 ) manE 194 /1254 :
ST N i
§
¥ Linking theee chains
:,. :
"‘ [ 3
4
Linking four chuimi

Fig. 912 Tropoelastin melecules and their linkage 1o form u setwark of polypeptide chains in elustin
As shown, desmosine resadues can bink two, three or low ropoclastin motecules. In additon, sther types of
lenkages such os Ivcinonorieucine are slwo present.

(Adapted from Lehninger. Nelwn and Cox, |95}
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Elastin is found in elastic connective tissues such as hgaments and blood vessels. I resembles
collagen in some of its properties, bat differs in other. The polypeptide subunit of clastin fibrils is
trapochatin (MW T2.000), containing about 800 amino acad residues. Tropoelastin differs from
tropocollagen in having many lysine but few proline residues. Adso, the helix which it forms is quite
different from a helix and the collagen helix.

Tropoelastin consists of o helical portions of polypeptides nch in Gly residues, sepaniied by
short reghons contatning Lys and Ala residues. The helical regions sireich on applying tension but
regain their onginal length when tensian is released. The regions containing Lys mtmnmlkﬂ
croas-links. Four lysine side chains come logether and are enzy d into o t
and a related compound, hndrm :hemm-:nd;m[umd exclusively in elasiin. Like
collagen, elastin al _These i idds are capable of joining

in chains into amays that can be stretched ly in all directions (Fig. 9-32).

Hydrogen-bonding Potentiality of Proteins

All reversible molecular i ions in biological systems arc mediated by 3 kinds of forces:
electrostatic bonds, hydrogen bonds and van der Waals boads. We have already seen that the hydrogen
bonds between main-chain NH and CO groups work in forming a helices, [} sheets and collagen
fibrils. In fact, -hltdwnl’lldmmlwammwdadmmmpmnhymm
hnu'hng These have b

imto 3 groups,

. Tryplophan and A rginine. Their side chains can serve as kvdrogen bond g&ms only.

—Nn7
| “%c;_N/“
"
"I' H—N_ H
" H
Hydroges donor groop
ol trypeophan

1 Asparagine, Glutamine, Serine and Threonine. Like the peptide unit itself, their side
chains can serve as hvdrmgen bond donors and eccepiors.

3. Lysine, Aspartic acid, Glutamic acid, Tyrosine and Histidine. The hydropen-bonding
capabilities of lysine (and the terminal amina group), aspartic and glutamic acids (and the
terminal carboxyl group), tynsine and histidine vary with pH. These groups can serve as
both accepiors and donors within a certain pH range and as acceptors or doners (bul not
both) at other pH values (Fig. 9-33).

o cansene B
’o' Irydrgen acoopion
—om—cl
N—H#— cmmrvema
H* 44— hydmgen donor

Aspurngine or Glutsmsise

o CaR SCTVE A5 B

3 Eydrogen accepo
—cu,—c(o
O—H 44— cansencma
hydmgen donor
i Prownssed form)
“_o."
—“.7_%0 Se—can s s

{leeitred fomm)
Anpartic seid or Clutsmic scid

Fig 4-1) Hydrogen-bonding groups of several side chains in proteins
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X Tertiary Structure : Folding of the Chain or (hverall Folding

I the globular protens d canly of 2 small belix. these wonld have b h d
struciines with considerable lengih and a small cross-sectional area (f.e., a large axial o), But s
we now know about the exisience of globular proteins, the helix must, therefore. possess many other
1ypes of bonds placed at regular intervals. These additional bonds include disulfide. hydmgen,
Tydruphobic and ionic. In such giobular proteins (including enrymes, transport profeins, some peptide
hormones and immunoglobulins), polus groups becanse of their hydrophobscity are most ofien located
on the molecule’s extenior and noapolar R groups in the interior, where their interactions creale a
hydrophobic environment, The fertiary strueture, thus, myolves the folding of the helices of globulur
proteins. [t refers w the spatial armangement of amano acids that are far apart in linear sequence and to
the pattern of disullide bonds. The dividing line between
secoadary and tertiary structure is, hence, o matter of raste. X-
ray crystallographic studics have revealed the detailed 3-°D°
structures of more than W0 proteins.

Myoglohin (Vb

Myoglobin (myo® = muscle : glabin® = a type of protein)
is o relatively small, oxygen- binding heme protein, found in
musele cells. It has the distinction of being the fira globular
protein o have its 3D structure elucidated by x-ray diffraction
studies. This was accomplished by John ©. Kendrew al a
resolution of 6 A in 1957, 2 A in 1959 and 1.4 A in 1962 (Fig.
9-34). Myoglobin molecule (Fig. 9-35) contuns o single
polypeptide chain of 153 amino acid residues and o single rd
prosthetic iron-porphyrin (or heme) group, identical with that ‘
of hemoglobin, The beme group is responsible for the
red-brown calour of tand also of b fobi
Myaglobin is especially abundant in the muscles of divin

Is such as the whule. seal and parpoise, wh b i

196 /1254

are so rich in this protein that they are brown. Storage of oxygen
by muscle myoglobin permits these animals to remain
submerged for long periods. The function of myoghoban is 1o
bind oxygen in the muscles and to enhance its transpon o the
mitochundna. which consume oy gen durin g respiration.

Betwoon 1912 and 1915, William Henry Bragg and his
o, William Lawrence Bragg. developed the technigue
of vray difiraction by determining the crystallne drociue
of NaCl. As the joint 1915 Nobel Prize recipeents in
physics, the Braggs became the only father-son
combination to receive the award and W. Lawrence, who
wits 25 years old at the time, the youngest soentisal so
honaured.

Myoglobin (MW = 16.700) is an extremely compact
macromolecule with oblate, spheroid shape and leaves linle
empty space in its interior. lis overall molecular dimensions

TR

Fig. ¥4 Sperm whale myoglobin
erystal and 3-ray pholograph
far} Crystsl of mysglobin.b) An X-ray
diffraction patiers (or 1ol
a sioghe crysial of sperm w
myeglabin. The pallcra of spots is
prduced o & beam of x-eays o dilfracied
by the atomms in the protein crydal, casing
the 1 rays o strike e fibim af specific stes
Informancn devived from the position and
ety (idarkness | of the sty cam be used
10 caleulste the positons of the moms in
ihe protess that diffracied the heam. The
miemsity of each diflraction maxme (e
dhrkness. of each spot) i+ a functioe of the
yoplobin erystals electrue dematy. The
contains onky » small fraction
o she el diffrncrion infemmanon avaslsble
from 3 myoglobin crygal
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Fig. %-35

The structure of sperm whale myoglobin

(A) The tertiary strocture. ls 153 C, positions ane numhened from the N-lerminus and it eight helices ure
sequentially labeled o through Ho The last half of the EF comer is now regarded as o wrn of helin and is
therelure dissgnatead the 7 helia the heime group is shown e red. Mast of the smmo acids are pant of @ helices.
the ponhelical regions occur primarily as lums, where the polypeplide chain changes direction. The position of

the heme is indicated in red.

1B The ball- und stick model, The three-d of myoglobia sbows the position of all of the
molecule's al yidregen and b et the ids, The heme proup
Is indicated in red

1C) Ribbon model. A schematic view shows that the protein consists lirgely of o helices. The heme group is
shown in black and the iron alom is shown as a purple sphere
121 A stereo, space-illlng model showing the quaternary structure of bemoglobln. The modcl shows ihe
a, @y, B, and B subunits us colared yellow, green, light blue, and dark blue, respectively, Heme groups are
redl. The protein is viewed abong its molecular twolold rotation axis which relates the o fi, protomer 1o the
i, protomer.

(Comrtery - (Ap Frvimg Geis (8] Ken Eword)
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are 45 % 35 % 25 A The sansagelike oumline of
the tertiary structure of myoglobin chain is folded
into an edd, wregular form. The backbone of the
mokecule is made up of 8 almost-straight a-helical

g lesignated from the N-terminus as A
through H (Fig 9-36 ). The first residue in helix
A is designated A, the second A, and so forth.
Interspersed among the helical segments ane 5
nonhelical regions, each identified by the rwo
helical segments il joins, c.g. AB is located
berween helical sections A and B. There are also
twao other nonhelical regions | two residues at the
N-terminus (named NA, and NA,) and five
residues at the Cerminus (named HC, through
HC,). The longest helical segment has 23 amino
acid residues  and the shortest only 7.

Flg. %% The eight @ belical segments of
myoglobin molecule.

All the helical segments are of a-type and nghl-  The cight a helical scgr hown bere as cylinders)
handed . there being no f-structure (refer Table  are labeled A through H Nonhelical residucs in the
G714 ‘hends thal comnect them are lsheled AB, CD), EF, and
s foeth, indicating the sepments they inlerconnect, A
A B c few bends, including BC and DE are abnipt and da
N et weney oy nol contain any residises; Hgn are aot pormally
ey AB BC Mlm:wwvnbhhﬂwnbﬂdh
1x bowurad in 5 pocket made wp largely e
helices, although amino acid resids 198 ; 1254 o0
segments of the protein alwo participat. 'Y ]
m‘ its of @ helix and f- in some single-chain provemns=
Profein Toial residues Residues, ®
ae-helix Bstructure
Cytochrome O s » o
Ribonuclease 124 26 s
Lysozyme 129 L 12
Myoglobin 153 k. ) i}
Chymastrypsin 247 4 45
Carboxypeptidase klir 33 17

* Portivns of polypeptide chains, that are pol accounted for by o-belin or B-structure. comsist of bends,
reverse tums snd irmegularly -coiled smeiches

(Adapted from Cantor and Schimmel, 1980)

Of the 153 amuino acad residucs, 121 (e, 79% ) arc present on the helical regions and the remaining

32 amino aci i are 1l the nonhelical . The nonhelical areas possess various

types of bonding such as hydrogen and nonpolar linkages. The flat heme group i tightly but

bound 1o the polypeptide chain. A notable feature of whale myoglobin is the absence

of o disulfide bridge, since both cysteine and cysiine residues are lacking. The eleciron density map
of sperm whale myoglobin is presented in Fig. 9-37
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Onher important features of the myoglobm |

molecule are listed below

1. The molecale s very compact and leaves
so little space in its interior as o _

fate only 4 waler molecul

21 All the polar R groups of the molecule.
encept two, are located on its ouler
surface and all of them are hydrated.

3. Mot of the hydrophobic R groups are
located in the micnor of the molecule.
Hydrophobic R groups of helices E and
F form the sides of a pocket into which
the hydrophobic heme group fits, The
porphyrin ring of the heme is largely
hydrophobic. except for the 2 propionic £ =
acid side chains which stick out of the N T
pocket and into the aqueows envireament.

4. Euhnfga:h:mliurw:mmmil Vg 97, ‘Awectin T
u turm. T turms or bends contain A through %
serine, threonine and asparagine. mm“‘mrﬂr-hvnﬁﬂl

5 All the neptide bonds of the pol jo Theheme proup i represenied by red The large peak
mhup:mpm,wimmemnylﬂ e S e e e ie Heomeilen

5 e e o i e 0. o S s o S

crevice in the molecule. The mon atom ' * )

in the centre of the heme group has (wo
imatfican ondi thiat

1 the plane of the heme group, One bond
is attached 1o the R group of histidme (93),
whereas the other bond is the site to which
an O, molecule is boond, Upon
axygenstion, the iron atom descends into
the heme plance and the oxygen bound 1o
myoglobin is stabilized by hydrogen-
- u"_? honding 1o the imidazole ring of His E;

(Fig. 9-38). Reversible oxygenation

requires that the iron atom be i the fermous.

VALEN VAL KL state (Fe™*) and myoglobin with or without

0y TR i ReCBl oxygen bound 1o the Fe™ of heme is called

' e moplobin and-d globi
Tespectively.

e re - 7. The inside and outside are well

defined. There is litile empty space
inside. The interior consists almuost
Flg. %% Sterro drawings of the beme complex in entirely of mompolar residues such as.

z Len, Val. Met, and Phe. On the
In the upper drawing. aboms are represended & spheres of van 2
dher Waals radii. the lower drawing shows the corresponding wontrary. Glu, Asp. Gln. Asn. Lys and
sheletal model with o dashed e representing the hydrogen Arg are absent from the imerior of the
bond hetween the distal His and the bound O,

IAfier Phillypes SEV, 1980
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- % A A ; K AR &=
33y 35 L 81Trp
2 h :

~\lle

A . Cys, Tyr . Gine sa.!yr.s«.m.m.sa\

The
Aoy
Cys
Arg
Al
Toe
L. Gh"
Ser
/)

Vi
(After Smyth DG Sewr WH and Moore 5, 196.1)

122 123 134

6
“ValsAln « Cysa GlusGlysAsns Pro « Tyr « Vale ProsVal sHiss Phe » Aspe AlueSereValk-COOI |

ki)

§=

17 pis e 10

ween cysteines represent 4 disulfide bonds or bridpes. Note that this illustrution is

F-dunensional configuration

v

=
o
o
-
—_
N
[€)]
B

a
Fig, 9-39. The aminn »-id soquence of the enzyme ribonuciense from bavine

Vi

15
o Lys + Phe «Glus Args Gin .ui..uﬂ.w.s,.sq.m.sumh.m?\

"L¥% Asnos Alne GineThrs Thre Lyss Tyre Als s Cys « Asne Pro s Tyrs Lys o Ser

Hi.-v-l-nn-m-m-\u-m-m~cm-wmw-nr-m-m-—_~fy”
Rl

s Alas Ala

il 3
2| G
Lys
N,
“&(
o | Asp
1| Al
Leu
0| ser |
ot
o
This enryme molecue consins of 124 ammo The 4 dar’
dhagrammatic, the polypeptide s acmally fobded o ap
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protein. Residues with polar and nonpolar parts within them (Thr, Tyr, Trp) are so oriented
that their ponpolar portions peint inward. The only polar residues inside myoglobin are two
histidines which have a critical function at the binding site. The exterior of the protein has

Mpnh-dmpdn'rrndln.

B. g ithe lhhsu ic proup is desig) i i The main fanction
of ap lobi ide a hydrophobi i for the heme group and
-mmmmkmpmummmmdmmm
presence of the and the proxk hmdlucmhlell:heum

combine reversibly wllto_ud wmwumd& ‘o Fe™
Ribonuclease { RNase )

Ribonoclease (MW = 13,700) is xample of a protein with tertiary
Mworwwumlﬂmm.ﬁuﬂmundhsm |9so.umeN=umu I.tnmll.eul
Health : William Stein and Stnford Moore, 1958, at Rockfeller Lnsti

structure of this p protein. lFu?N!nuumnflemd
units contained h-mmwmwaMwamwmmmmmmunmmmd
sequence, the RNase was subjecied to hydrolysis either by pepsin or by trypsin { for further details.
refer Fig. 17-10 on page 300).

Carboxypeplidases

Carboxypeptidases are made by the exocnne cells of the pancreas as their inactive rymogens,
pmcﬂrhuvpepﬂdnlﬂ Syﬂhuﬁhxmmnmwmmmhmuﬂs
from Iy peptidase enzymes that catalyze the
hylhulrslunl’lardem! pmnueﬂiulmmN qu Le.. inwardly from only one end of

-
Fig. %40, The structure of carboxypeptidsse A

The three shaded amino acids are Gla 270 (upper ), Tyr 248 (middle ) and Arp 145 flower). Ao shown is the

zine bon (Za™ ¥ located 18 & groove near the surface of the modecule.

(Afier Willigm N. Lipscomb, 1971}
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the chain, lBycmt mmmmmdm: internal peptide bonds. ). Different
Torms of ¥ are usually n,mqilc fase A, the enzyme wsed
imitially in C-terminal residue d It readily hydroly {nltlﬂ\tﬁ\ a C-terminal residue
with an aromatic or a bulky aliphatic side chain. C‘urﬂm;\pc-pridmr 8 cleaves C-terminal lysine or
arginine residues while carborvpepridase € cleaves a C-terminal proline residue. However,
carbaxypepridese ¥ has the capacity to cleave all C-ierminal amino aci

Carboyypeptidase \{Hw-]-lmmlmmwupumlmm lis 3-°DF structure

(Fig. 9=40) was accomplished at a resolution of 2 A by William Lipscomb in 1967. This enzyme is o

ll.obulnl pmlelll which contains 307 l-uo lcld residues in a single p;si-pepud: chain,
Per A

‘molecule is a sons of 50 42 % This molecule
larger than L undd'nmwvm:nummmsmunm
mmmﬂnlsﬁ-mnvﬂ\wﬂmm’ ion of B helical desi d A through

H) and 17% are involved in [} pleated sheet structure that extends through the molecule. forming o
core. Helix [ is connected 1o belix E by a segment containing 52 amino acids. The folding of this
segment is very complex and contains no recognizable regular secondary structure. A tightly bound
mmi\dndlﬂcumullfwn\qmmwl’}lliﬂclndmnpwv:nﬂ”k“ﬂ'mnflhr

mobecule, where it i with 2 hasricd) a1tk agl sidde chain and 2 water molecule.
a\lnrgepn.immrlh:lrmmmmhmlhndedmnul:hemlﬂmldmnfwm:
substrate.

Fig. 9-41 gives the ribbon model of the structure of bovine carboxypeptiduse A, along with its

Fig. %41, Bovine carboxypeptidase A showing its ceniral § sheet
i Phote Courtesy © Irving Ceis, |88}

Two aspects of catalytic mechanism of carboxypeptidase A are hy :
EAIIlIndmgn(wImmc qum the hinding of glycyl inc (a showly-hydrolyzed
is ied by a large of the active site. 'l‘hephemlxhy&myl
|mupnrrym-uZul!ntnve-aduunnad‘l’iﬁmlﬁuﬂuedﬂnm&uﬁbwﬂuvmlynfﬂle
terminul carboxylate of the substrate. Consequently, the active sile cavity cioses so that the water
molecule extrudes from it
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Fig 942 Mode of hinding of X 1] A
(After Christianson DW and Lipscomb WN, 1986)
How does cart idase A ize the termanal carboxylale group of a peptide substrate?

Three internctions explain this (Fig. 9-42). The mduced-fit movement of Tyr 248 enables its phenolic
OH group 1o become hydrogen-bonded to the terminal carbonylate group. Further, the guanidium of
Arg 145 moves 2 A in this transition so as 1o enable it to form a salt bridge with the terminal COQ .
which is hydrogen-bonded 1o a side cham Asn |44, Besides, the terminal side chain of the substrate
.milnnhymmhdhmiunhmﬂymwﬁ!cAmwm
aromatic or bulky nonpolar residues at this positi Two

amino acid residue are also noteworthy. The nnbm)l oxygen of the scissile p:pmk hnnd ineracts
with the guanidium group of Arg 127, Finally, Tyr 248 is al 1 he peptide NH of
penultimate residue.

(B) Activation of haund water : Proteins and peptides are stable al neutral pH in the absence
of a protease because water does not readily atiack peptide bonds. In fact. carboxypeptidase A also
activates a water mobecube. This is accomplished by the bound zinc ion with the help of adjacem
carboxylate group of Glu 270. Thus. the zine-bownd water behaves muck like an OH jon. The
activation of water by zinc jon involves two steps ©

1. Firsi step in catalysis is the attack of activated waier molecule on the carbonyl group of the

scissile peptide bond (Fig. 9-43). Specifically. the nucleophilic oxygen atom of activaied
wmmmmlmm('mmmy Glu 270 accepts a proton from the

waler. A Tl charged iate is, thus, formed. This intermediate is
stabilized by ¢mmnc interactions with Zn”" and the positively -charged side chain of
Arg 127,
R H
OH-- -8 LS
Glu m—c/

\D' m/ \(F .ﬂ:] 1

2

Fig. 9 43, Proposed ietrabedral transition stsie in the prptide bond hydrolysis by earboxy peptidase A



GENERAL STRUCTURE OF PROTEINS 178

2. The final step is the transfer of a proton from the COOH group of Gl 27010 the peptide NH
group, The peptide bond is simulaneously cheaved and the reaction products diffuse away
from the active site. In facl, the bound mhulm is surrounded on all sides by catalylic
groups of the enzyme. And the substra changes in the active si
ctalysis in 3 ways:
ta} activation of HyO by Zn™",

b} proton abstraction and donation by Glu 270, and
e) electrostatic stabilization by Arg 127,

It ix, thus, apparent that a substrate could not enter such an array of catalytic groups (nor could @

product leave ) unless the enzyme were Nexihle.
A, Quaternary Structure @ Protein-Protein Interactions o Multichain Assoctalion

A fourth degree of complexity in protem struciure has recently been recogmized o be of great
value in many protcins. Some globular proteins consist of 2 or more interacting peptide chains. Each
peptide chain 1 such a protein is called a subunir. These chains may be identical or different in their
pulmuy:lmcmr: “This specific association of 2 number of subunits into complex large-sized molecules
is referred to as the quaternary struciure. In other words, qualermary structure refers 1o the spatial
arrangement of subunits and the nature of their contact. The same forces (disulfide. hydrogen.,
bydrophobic and iomic bonds) involved m the formabion of tertiary structure of proteins are alse
invalved here 1o link the vanous polypeptide chains.

Tobacco Mosabe Yiens (TMY)

TMY, with 158 amino acd resudues. 15 an mstance of the profen-protem inlerachons, TMVY
particles are rod like, wbular structures measuring 3,000 A length and 180 A diameter, The tube is
made up of a single RNA molecule (30,000 A long) which is coiled round the central axis, The RNA
molecule is a right-handed belical filament and is embedded in 2 protein matnx or the coal which 1c
made up of 2, 13 identical molecules of a single protein thas imeract 1o form a cylinder
RNA genome. The amino acid sequence of this coat proten (Fig. 9=44) was eluc
md:pendemly by H. me-('mm H. Winmann The coal protects the RNA 204 ." 1254

- | changes.

by varios

AcSer- ?ylv&blle-‘l'h The- Pro-Ser-Giln-Phe-Val-Phe-Leu-Ser- Scf-hlx-TrpAthq:hPluv
' 0 "
nm»mmmmqﬂbm-&m&,-mm—m-ﬂmﬂbm
b 40
Arg-Thr-Val- mwmmpwmmw Thr-Val-
4 &

m-mmummmmw-mm-mmmw-m-mm\u
65 ™ s £

The-Ala- Leu-Leu-Gly-Ala-Phe-Asp-The-Arg- Ase- Arg-Te-le-Glu- Val-Glu-Asn-Gln-Ala-
LH] w0

" (L]
Asn-Pro-The-Thr-Ala-Glu-The-Leu-Asp- Ala- Thr- Arg-Arg-Val-Asp-Asp-Ala-The-Val- Ala
s (1] s 130
Tle-Arg-Ser-Aln- ie- Asn- Asn- Leu-lie- Val-Ghu- Leu-Tie- Arg-Gly- Thr-Gly-Ser-Tyr- Asn-
2 1 "ns 140
Atg-Ser-Ser-Phe-Glu-Ser-Ser-Ser-Gly-Leu- Val-Trp- The-Ser-Gly-Pro- Ala- Thr
45 1% s 158

Flg %44 Amino acid sequence of the coai protein or iobacrs mesalc virus (TMV)
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Note that the scrine in position | i3 sccry lated (AcSer). Also note that there are no extended repetitions of
an amino scid sequence. that there are no clasters of either polar or nonpolar aminoe scids. and that the
[requencies of ocourrence of dilferent smine acads vary widely.

Hemoglobin (Hb)

Hemoglobin (hemo” = blood © ,:m. = a protein, belonging to the lobin-hemoglobi
Family). lh:n:yg:n P m _ ¥ i Mm::r:hepiwn of red blood
cells. lisa i, L, 4 hains. The four chains (of which

ufmklndul!lwufmh!r)m held I.uger.l:l:rhg noncovalent interactions. Each chain contains o
heme group and a single oxygen-binding site. Hemoglobin A, the principal hemoglobin in adults,
consists of two alpha (o) chains nﬂrwnbﬂ-!ﬂll:hlmi Adults also have a minor hemoglobin { - 1%

of the total hemoglobin) called b Ay which delta (8) chains in place of two
chains of hemoglobin A. Thae, the subunit composition of b dobin A is @b, -unmurmm
A, is B, HbA and HhA, are the postnatal foms nlhemqgldhn

Prior to birth, ic and fetal g are used a5 oxygen carrier. The first hemoglobin

o appear in embryome development has the subunit composition J. £, © the two zeta (§) chains are
analogous to the a chain and the two epsilon (£) chains are analogous to the fi chains. When, after
ahout 6 weeks. § chain production ceases, the etramer @, £, appears. i.e.,  is replaced by a. A thind
cntrynmc uwmgy,mmmmrumcumpmmb,ymm wo

gl represent jon phases b the of fetal b in (B, whose
letrmenic ComposIion is . .. Tl:uand{ﬁmnsmln 141 residues each. The B, yand & chains
contain 146 residues each and have homologoes (similar but no identical) amino acid sequences,
The y and 8 chains differ from the B chain at 39 and 10 amino acid residues respectively.

Hemoglobin { MW = 6, 500) provides an example of the imeracuon of umdentical protem subumis,
Since 3 15 4 Limes as large an, musch more time and effort were required o solve
its 3- °D° structure, finally achieved by Maxl‘\ml.l.lntmt Kendrew and their colleagues in 1959,
They determined the 3- *D° structure of adult hemoglobin | HbA ) of horse, which 1s very similar 1o
that of human hemoglobin (HbA). The x-ray analysis has revealed that the hemoglobin molecule is
nearly spherical with a diameter of 55 A (3 .5 nm).

Human hemoglobin protein lF’ll 9—-!5) consists of 4 polypeptide chains of two types, two
w-chains and rwo [-chains. The
portion is collectively called as gdnﬁw. The 8- [ i devignations & and B, which s common laboly
chain has valine at the N-terminal and arginine | in Biochemistry, are used simply 1o identify twe
il the C-terminal whereas in the f-chain, valine | difierent polypeptide chains and are not to be
is situated af the N-terminal and histidine at the | confused with a and i secondary structues or 2
C-terminal, Each o choin is in contact with both | and B amino acids.

[ chains. In contrast, there are few interactions.
between the two a-chains or beiween the two f-chains, Each chain
has o heme prosthetic group in a crevice near the exterior of the molecule. The heme groups are
involved in the binding of oxygen. The a-chain has 141 residues and the fi-chain, which is more
acidic, has 146 residues, The protein. thus, has atotal (141 = 2 + 146) 574 amino acid residues,
Each of the 4 chains has a charactenstic rertiary structure. in which the chain is folded. Like
myoglobin. the o- and B-chains of hemoglobin contain several segments of a-helix. separated
by bends. The o- mdﬂchmmmhldln;ﬂk(isaplubym:indhﬁhmnbﬂnd& Th:.'n‘.
pairs are then joined 1o each other by additional ionic boads. ‘bomds and th

forces. Thus, the 4 palypeptide chains fit together .llmns\ telrahdmll) G pmdm:e the
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Fig. 945, - Lo of 4 polypeptide chuins
Hemoglobin, which is composed of 2 0 chains and 2 B chains. finctions @ 2 pair of off dimers. The struciure
of the two dentical @ subumis (red) b sk 10 bt ool deatcal with that of the wo identical [ subunits
yellow ). The molecule commins four heme groups (black with the irom som shown in parple |

h

v . The hemes are 2.5 nm apant from each other and tilted at

different lngln Each heme is partly burried in a pocket lined with hydrophobic R groups. It is

bound o its polypeptide chan through a coordination bond of the wron atom 1o the ® ‘

& histidine residue. The sixth coordination bond of the iron atom of each heme

bind 2 molecule of oxygen. Myoglobin and the o and ) chains of hemoglobin b 206 ;‘ 1 254
same tertiary structure, Both have well over 70% a-helical nature, both have sim.

w-helical segments and the bends have about the same angles,

Similarity in 3- D" Structure of Hemoglobin and Myeglobin

The 3-'D" structures of myoglobin and the o and [ chains of human hemoglobin are strikingly
similar (Fig. 9-46). The § helices in each chain of globin are virtually superp on those of
bin, This cl b in the folding of their main chains was unexpected because their
lmluntn‘lwqumll:lﬂh!liﬁlenEI:L!lﬂc]dmntldcmﬂllunlyﬂwlil
positions.

The amino acid sequence of ghobins from than 60 speci un;m;flwlmuls
to humans, are known. A ison of these seq shows derabl iations al most
positions. However, 9 positions have the same muhﬂ in most species mda!l s far (Table 9-7).
These highly 9 residues are especi . for the functioning of the hemoglobi

malecule. For example. duhvmlfl»uﬂundmlyhmdedmlhehemm proline 2
may be essentinl because it defines one end of the C helix : and tyrosine M0 2 siabilizes the stnsciure
by forming a hydrogen bond between the H and F helices.
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Proximal His F8, distal His ET and Val E1 1 side chains ure shown. other amino acids of polypeptide chain are
represemied by o-carbon positons only; the beviers M, V and P refer 1o the methyl, vinyl and propioaue side
chains of the heme. The overall strectures are very similar, cacepl at NH, terminal and COOH-tesminal
enids

(Courtesy: Fersht A, 1977}
rh. nine highly conseryed (or invariant) amino acid residues in bemoghobins

Puosition Amin acid Role

F& Histichine Proximal heme-linked histidine

E? Histidine Distal histsdine near the heme

onl Phenylalunine Heme contact

F4 Levcine Heme contact

B Cilycine Allows close apprsach between
B and E helices

c2 Proline Helix formation

HC2 Tyrosine Crozs-links the F and H helices

4 Theeonine Uncertain

Hio Lysine Uncertan

(Adapted from Luberi Srver, 1993)
The aming acid residues in the interior of hemoglobin are strikingly nonpolar bl vary

iderably. H. the change is alw 'omm@nlwrend-fwnulmu&m:lminb
soleucine. The nonpolar core functions in binding the heme groap alizing the 3-"D° struciure
of each subunit. On the the surface ami id residh hi_g.h?_tmmb«lz Indeed. few are

Iy positively or neglatively charped.
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Hemoglobin as an Allosteric Protein

The influence that the binding of an O, molecule to hemoglobin has on the sub
n(llwnﬂurluw;mupsulu:mienkuucwwleufmmmumutemnm
affecting another site located in a distincily different region of the same molecule. Such interactions
are generally referred to as allosteric interactions. In addition (o hemoglobin, many enzymes are
allosteric proteins. A guarernary structire i3 wnally characteristic of allosteric profeins,

Hemeglobin is a much more intricale and sentient molecule than is myoglobin. Hemoglobin, in
addition o porting oxygen, also ports CO,, a waste product of metabolism, o the lungs 1o
be respired. The ability of hemoglobin o bind H* (another waste product of metabolism) is also an
important physiological function of the macromolecule, since it is essential for the maintenance of
p&ymlnpcdpu J\lﬁn.lluuxygm-bmdmg, perties of b in are regulated by i i

sites. F [ umn\!.'mnrpnmm whereas myoglobin is no.
This difference is expressed in 3 ways.

1 mbindingn({),lnbequohnelﬂunceal!uhMmgafum&lnmesmehemogldnn
molecule. In other words, arygen bimds fy lodin. L the binding
of 0, to myoglobin is nod cooperative.

The affinity of hemaglobin for O, depends on pH {i.e., pH-dependent), whereas thal of

myoglobin is independent of pH.

3. The oxygen affinity of hemoglobin is further regulated by organic phosphates such s 2,3-
hisphosphog iycerate (BPG), whereas that of myoglobin is not. Thus, hemoglobin hay
lewer affinity for exveen than does myoglobin.

[

(K1}

208 /1254

Hemaglobin
Pyy= 2 toms

H
T
Oy pressure (ph); in o)
Fig. 947, Oxygen disociation curves of mryoglobin snd hemoglobin in whole bload
Cooperativity in Ony gen-hinding of Hemoglobin

The di between h il and b as T ; ol
nsygen cumn nlc readily apparent wlmn their oxygen er |5 a unit of pressure equal
sl . et to that exened by a column of
mercury | mm high at 0°C and

is a plot of the bmdll. sites [( bcme Froups with ‘“W“
(expressed as 1) versus the p [

up&hm‘llnwﬂ:hmmﬂmuewd ie. =
[HBO,] AHBO,] + [Hb]. The oxygen dissociation curves of

standard pm!lr. named afier

i ILT, 1608-
1647), the inventor of the
mercury barometer.
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myoglobin and hemaglobin (Fig. 947 differ in two ways:
A, Forany given p0,, ¥is higher for myoglobin than for in. Thi that bri
unmmrmmﬁwa,mm:mm Olyg:niﬂimrycuberjr:lmmd by
a quantity Py, which is the partial pressure of oxygen al which 50% of sites are filled (ie..
at which ¥=50), For myoglobin, Py is typecally | torm, whereas for hemoglobin, Py, is 26

toms.
B. Secondly, the sxygen divsoci curve of myoglobin is kyperbolic, whereas that of
hemaglobin is sigmoidal | S-shaped).

Because myoglobin has only a single beme group, the phenomenon of cooperative binding is not
possible, as evidenced by its hyperbolic curve. It has been calculated that the cooperative binding of
oxygen by hemoghobin coables it 1o deliver 183 times as much Oy under typical physiological
conditions as it would if the sites were independent.

The Bohr Effect : He and CO02 promote the redease of 0L

Hemoglobin not only furmishes O, 1o tissues but also he waste products of metabol
H'+ l.'_‘():}. Since the same biomolecule is responsible for both ransport systems, it is not surprising
that there is a regulmory mlﬂphyhﬂvunﬂklw lmmn.llhlh:ndiurwdlhl moreased
concentrations of CO, and H' (Le., lowering of pH ) d _j,..._..__,
increased concentrations of O, lower the affinity for CO, and H' (Fig. 9-48). By contrast, increased
concentrations of CO, and H' have almast no effect on myoglobin's 02 affinity. Increasing the
concenirations of C{J‘ tat constant pH) alse lowers the O, affinity. In actively metabolizing tiasue,
such as contracting muscle, much CO, and acid are produced. The presence of higher levels of H
and CO. in the capillaries of such mellhelnll.y active tissue promotes the release of O from

jobin. This important mechanism for meeting the higher O, needs of metabalically active
mwuuhwnulhy("hnlun Hohr in |9%M. This metabolic intendependence of the wo transpor
functions of hemoglobin is known as Bohr effect.

i (R

o 2 40 L] L 100
Oy pressure ip0), in torrs)

Fig. "5 Effect of pH an the oxypen sffinity of bemoghobin
The three 01, dissociaton curves of hemoghobin o different pH have been shown. Lowering the pH from 75
W1 7.2 el i the release of €, from oxyhemaghohin,
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I sctrvely metaboliing
s, ¢ Ml

oMb+ HY 4 tDl/’_._‘-\\.Il/“.

Fig. 4% _’d’ﬁlﬁﬂﬂ

1.B.5. Haldane, in 1914, di: 1 effect which in the alveolar cag
of the lungs. ﬂwhgﬁmmo‘&lhn:wmlfﬂm from hemoglobin, just as the
high concentrations of H™ and C0, i active tissues drives off O, (Fig. 9—49).
BPG as 0 Hemoglohin Regulator

Joseph Bancroft, as carly as 1921, observed that the O, affimity of hemoglobin withn erythrocytes
is lower than that of hemoglobin in free solution. Much later in 1967, Reinhold Benesch and Ruth
Benesch showed that an anionic organic phosphate present in human red eells, that is 2, 3.
bhphnph;,g\\fﬂml‘. BPG (also known as 2 3-diphosphogiveerate, DPG) binds 10 hemoglobin and

thereby lowenng the O, alfinity of hemoglobin. In the absence of BPG, the Py of hemoglobin is |

tar, like that of myoglobin. In its presence, Py, becomes 26 toms (Fig. 9=50). Thus, BPG lowers the
O, affinity of hemogiobin by o factor of 26, which is essential in enabling hemeglobin o wnload
axygen in tivsue capiilaries. BPG reduces the ovygen affinity of hemoglobin by binding in the central
cavity of gl ud 0ot 1o thee oxy g form. A B it : 2
| changes in hemoglobin make the central cavity too small to accommodate BPG,
which is then expelled.

210 /1254

o n 0 o0 L Il.i'l

0, pressure (p), in korms)

Fig. %50 BPG reguistion of O, afMinity of hemagiobin
Note that 2. 3-bisphosphoglyceraic (BPG) decremen the axygen affindy of hemoglobin malecule

Onygen AlMinity of Fetal Hemoglabin

Hemoglobin F has a higher 0, affinity under physiological conditions than does hemaglobin A
(Fig. 0—5!!ﬂ:hﬂm&ﬂfMydmﬂhnmew(ﬂo{mymlmwmd
to the fetal ci I d at the expense of hemoglobin A on the other side
of the placental circulation. In fact, hmn;;nhm F does not hind BPC as stroagly as does hemoglohin
A because the ¥ chain (analogous to the B chain of hemoglobin A) has 2 seryl residuc in the H21
pusition instead of a positively charged histidine, Because of this particular amino acid difference,
hemoglobin F has a higher affinity for oxygen than does hemoglobin A In the absence of BPG the (0,
wifinity of hemoglobin F is actually lower than that of hemoglobin A. Thus, we see that differem
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foems of a protein, called il ot sty pes, in diffesent istes have a cicar-cul bick o
ubuullfullyllluﬂul!dbyd:mfmuﬂlmuﬂdnn_

(]

Feul Hb
=
s Maiemal
E 05 Ladhalt) Hib

0
a

£ ) w ™ 100
0, pressare (p0, in loms)
Fig. %21, Oxypen curves for fetal (HbF) and sdull THbA)

In the presence of BPG the O, affinity of fetal hemoglobin is higher than that of maternal
hemogiobin, The amow represents transfer of oxygen from maternal oxyhemoglobin (o fetal
deoxyhemoglobin.

Q 'S i Changes in Hemoglobin (= Oxygenation of Hemoglobi
Hi Jobin can be di iaied into its i (hlins_'l'lriwlnrdu:]-ilhsllipﬂ:
affinity. a hyperbolic dissociation curve and O -binding property which is indifferent to pH. CO,
concentration and BPG |=vel P chains by hemselves iedﬁyaum*ln form a tetramer (B,). Like

thie i chinin and I B, lacks the in and has a high
oxygen affinity. In short, the allosteric pup:!tﬂdltmslnhn anse from interactions between its
subunits.
globin undergoes a major b chang binding oxy gen, and as such oxy- and
differ y in g ¥ In the g v of
dcnxyh:mngiohn.d:urm! dditional cl ic i jons (salt link not found in
L fobin, making bin the more ngid molecule of the two (Fig. 9-52). Six of
these 8 interactions are between chains. “:C-bwmm]lﬁvhtu[lhe-lohamsd’thw-benngbhn
are also involved in ssh linkages. As a consequence of oxy genation, a b

mwmwmmmswwmmwhmgnmmm
oxygen is the result of these structural changes.

In the ox yhemoglobin molecule. the distance between the ron atoms of the [ chams decreases
from 40 10 33 A, thas making the mal mg the ation phase from oxy- 1o
deoxyhemoglobin, large struciural changes ke phu al two of the four contact regions (the o, i,
eontact and the identical o, B, contact) but not at the others (the o, ﬂ,mwm:dmda,ﬁl
contact). In fact, the e, [, contact region is designated 1o act as a switch berween two aliernative
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?
Chain Asp™ His z
B HN E— ,.al!—ﬂ
i
Lys™ wal
o p—e S ]
N o
T ety
H Loy 126 [E])
Val Ly
I "
P ~o- “‘. i NH
», ﬁ”
o e
Fig. 9-52. P of & ishown by doticd lnes) thal oocur
bet a8 chhabaus o,

tAdapied from Fronk 8. Armsrong. 1989)
structures. In oxyhemoglobin, the C-terminal residues of all 4 chains have almos! complete lrenh,n
of rotation. By ! h globin, these terminal groups tob
is a touter, more ined molecule than

hy glohin b of Lthe ¥ ackditi '] ﬂ!mhmludlaewuillvuud
it ink . The gua rn'a struciure of |to describe aliemative quatemary stunctunes
:t:ulyllz:::glu:in il::ﬂ';:d gkwT (tense or toat) | of an allostenic protein, the T fom having a
form ; that of oxyhemoglobin, the R (relaxed) form. | lower alfinity for the subsirate,
The abe ioned confl ional changes -
take place at some distance from the heme, But changes also take place at the heme groe=
1nd in. the i I I....-n.l* out of the v 1

proximal histidine, 5o that the heme group domed (convex ) in the same direction (F 212 /1254

oxygenation, the iron atom moves into the phuwwumph_mln [mum_u;hmu

|Mmucmmpw.hm.ﬂbmhmudmmqwntmm: i

toward the heme plane. This slight displacement of the histidine residue initiates a sequential series of
p i chy

ges that ultimately results in the disruption of some of the subuit intcractions in
the quaternury structure of deosybemoglobin.

. Hasane Py Rt

L= o, Sat)
uri \cn # mf ’Kn
N St Peghr
VS
i

Fig. 9-£1. Effect of oxygenation on beme group
11.:un-mmumnmuummpummmmmmm:nw
alomg with the iron atom and becomes bess tilled
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Mechanian of All el o ol b o

Th I fully deoxyg 1 and fully e Lah
ﬂwNMin'dD!,CO‘..H‘IMEPGiIIhuteMuh:tdeoﬁiﬂmuicmh-ﬁsmmkephne?
How does hemaglobin switch from the deoxy to the axy siructure when it binds successive 0,
molecules? Two models - the seq maodel and the model — have been proposed to
explain the allosteric chunges in multi-subunit protein, Both these models are hased upon the ideas
lhllh:pmuimae:l'lu.hluinmn.l‘umﬂ.immdlhnammnmmilmuininwymmls.
A Sequential Model. Developed by Daniel E. Koshland Jr, in 1966, the sequentinl model, in its
simplest form, makes 3 avsumpion: :
I Gnl.ylw:mlmlmmlmluTndi.mu:nmihhlamy subunit,
r 'l‘luIslndlngduulupndwimlmmrmufmﬂimdhwhmlluwh:h||ishml|ﬂ-t
ot that of its neighbours.
kY m:wﬂmumﬂ:hmnzﬁdubyu:mmﬂmhnnnnhmilcnninclunr
w&cmmhmngumnilyo(hmrmmmnhmmhmk.ATmhnnitwill!
mkwiMhh@mthﬂﬁMﬂmMnTMwlﬁ.TmﬁM
because the subunil interfaces are different in TR and TT,
11:xquentiaimndcl|H;9-ﬂ|.hhmmm¢mqw¢mmmnnwﬁn
allosteric ransitions and that the subunits change conformation one at a time. The T slale is
r_mbnliadI-ynqnm.nndd-zRunhyamle.l}emyh:numilhinu:nm.mhindjnz

T TR TR, ", R,

B C B O O S

Fig %54, ww-ﬂhlmﬂ-hﬂrpm
mmqaﬁgwhlmwhmrmm«lhmwh—ifmmMY
Usquare) wo the R icircle) form. Thhn-dli-dhn&zlfﬁuquﬂhtuhmlﬂ'wlipn

of O, to one of the subunits changes its ., ke
conformation from T 1o R, but leaves the other . Lo
subunitsin the T form. The oxypen-binding affinity
of unoccupied sites in RT, is higher than in T,
because some salt links have been broken on
binding the first Oy, R,T, and R,T. which have
higher oxygen affinities than does RT,, are formed
Wh:nlhcmndwmalhhdrﬁpeeﬁwly.
Finally, R, is produced on binding the founth O,
Thus, ding to thy ial model, the affinity
of hemaglobin for ive oxygen molecul
increases because fewer salt bridges need be
broken. The mod be better und, d in s
of upustage-stamp analugy (refer Fig. 9-55). Two
per[mﬁedgm!if..uun{akbridwlmb:
Lumm-cmvchrmmp.wympuﬁnm
:dzemslbemmmell:mndmnp.
end one edge again 1o remove the thind . The z

fourth stamp ix then free. - s e saligs

in provide insight inlo how

- T}
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B d Muschel (or Sy v Midel . Developed by Jacques Monod, Jeffries Wyman and
Jean-Pierre Changeux (hence, also called MW medel) in 1963, the concerted model takes a different
view of allosieric interactions. The essence of this elegant and incisive model (Fig. 9-56) 1s that
symmeiry is conserved in allosteric transitions and that afl the subunits change conformation
together. This model also is based on 3 assumpiions;

o o, 0 oo
o, oo o0

{ ! !
_E0 G0 _ER
* 00

Fig. -5 Concerted model (or MW moded) for & tetrameric allosteric protein
The squares denote the T form. and the circles denote the R farm.

I The proteini between jons, T une R. All the subunits of s particular
molecule must be i the T form, or all must be in R form. Hybrids such as TR are forbidden.

. Ulanlslindwhtlow.lﬁ'm'uynnll\eTfum.-dwilhhiﬂuﬂhi!ymlle‘m.

i mmulmﬁsmmwmﬁliumaﬂmhhmoln:uhmm
the R form. The allosteric transition is said w0 be concened because subunits change in
unison from T 1o R of vice versa. Stated in terms of the postage-stamp analogy, either all
four perforated edges or none are broken.

It is. thus, apparent that the two models offer ing views regarding the mode of coof

interactions in malti-subunit protein. The models differ in many points through:

1. Thes ‘model assumes that the active and inaclive stales are in equilibe’
mﬁw%lmwn:mmndlmlmimlivcmmmmum 214 ’( 1254
substrate binding,

The symmetry model states that if one subanit changes its form. the other subunit .
changes i that form also because, unless symmetry is preserved, the two subunits cannol
imteract, By conirast, the sequentinl model allows interaction between subunits in different

"

stales.
L 11:uyn-n:wyunlelmmmﬁnimn{hfwmkwkn:mriiyuhm;hﬁim
ala le of the type, whereas the sequential meded all ither ani fcrease

or decrease of affinity for the second molecule.

4, The symmetry model has few intermediate states, whereas the sequential model hus more

intermediate states.

In fact, the nctual alk i of b Jobin is more complex than visualized by cither
the sequential or the concerted model. These models should be regarded as limiting cases, Actual
allosteric processes combine, of course in varying degrees, elements of both.

The protein-profein inferagtions, thos, serve many important functions :

{a) protect aucleic acids of virus particles from destruction.

{b) conserve genetic information, and

ey the various W foand in the cells.
The forepoing di and also the evis presently available confirm the view that “the
primary structure of the protein, which dictates the limitations of secondary and tertiary structure,

also the correct gt stucture for biological activity of the molecule.”
(Hartman and Suskind, 1969).
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DYNAMICS OF GLOBULAR PROTEIN STRUCTURE

The precise pictures produced by 2-ray diffraction give the impression of a rigid and inflexibl
structure for the globular proteins. Recent rescarches, bowever. indicate that globular proteins fold
vig complex kinetic puthy d th structure, once acquired, is a dynamic structure.
Some of the dynamic sspects of globular proteins are described below
1. Kinetics of Protein Folding

The folding of globular proteins from their states (or confi I wa riabl!
rapid process and often completes in less than a second.  This viewpoint was find expressed in
“Levinthal's paradex’, first propounded by Cyrus Levinthal in 1968, A rough estimate reveals that
about 10 conformations are possibie for a polypeptide chain such as ribonuclease (124 residues).
And if the molecule tries a new ion every 107" second, it would still take about 10™ years
toiry @ significant fraction of them. In actuality however, nbonuclease folds experimentally in vitro
inabout | minute. To explain this anomaly, it has been suggested that folding takes place through o
series of intermediate states. These observations led o the path way model of folding, o depicied
brelow -

Unioided protein
Nuciestion of foiding

s x,/ o -
&N{ partly-ioided staies
¥

‘Molten giobule’ stale (7}
Final rearrangemants
F  Folded protein

The nucleation step is critical because it is much more difficult 1o begin an a helix than to extend
it (note that ot least 4 residucs must fold property to make the first sishilizing H bond). On the
contrary, it is now recogmzed that mecleation may begin al many places and that all of these partially
folded structures will be “Tunneled” by energy minimizations iowand the final state. The funneling
model proposes that there is not just one but many possible paths from the denotured state to the
lolded state, and each path leads downhill in energy. During the descent toward the free cnergy
minimum, there may be pauses ponding 1o bie i li as incorp d in the
pathway meodel. An important folding intermediary for many proteins appears (o be what is called as
the “maolien globule™ siate. It s a compact structure in which much of the secondary and rertary
folding has occurred, bot the internal phobic resi have not i i final packing

Evidence sugges for the presence of “off-path” siates— those in which some key clement is
incorrectly folded. However, the cell has ways o asust incomrectly -folded proteins 1o find their
proper conlormations. Larger complex proteins may never achieve 1005 folding sucvess in vive but
the cell can idennfy those which are incorrect and dispose of them. One such comman folding emor
occurs via the incomect cis-frans somenzation of the wmide bond sdjacent to o proline residue ;

CH—CH [ | —CH
T - X
Ba " = M,
J < y f ’\v/‘
[ '
s frmnx
Unlike other peptide bonds 1 proteins, for which the fruns isomer is highly fovoured (by a factor of
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about 1.004). proline residues favour the trans form m the preceding bond by 2 factor of caly 4.
Hence, there an: mare chances that the "wrong isomer (in terms of the functional protein confonmation )
will form first: this will kaer be f b the correct confi ving chain
enzymatically to speed up i vive foldng.
1. Kinetics of Disulfide Bond Formation

I a prevein is folded from a state in which disfulfide bonds have been disrupied and musi hence
e re- fmiﬂ\e[rmunmmwlﬂrdmdslmr ofien taking many minutes. Some disalfide
‘bonds that are missing i are fi ages of the felding, Obviously,
the protein can wilize 3 number of 1o fold bt uli finds bath its proper
lertiary structure and the correct muldmllﬁdebmds This process is aded fv vive by enzymatic
catalysis of —5—5— bond rearrangement.

3. Chaperonins
It has been discovered that proicin folding md assembly in vive sometimes requires the aid of
special proteins called chay molecular As the name significs, the function of

these chaperones is 1o keep the newly-formed protein away from improper folding or aggregation,
Improper folding may comespond 1o being trapped in a deep local minimum on the energy scenario
Aggregation is often a danger because the prodein, released from the ribosome in an unfolded state,
will have groups exposed. These will be tucked inside in normal folding. but when exposed they
stand the chance of making hydrophob ioas with other polypeptide strands and thercby
aggregating.

Many chaperonin systems have been discovered bui the GroEL-ES comples from E coli is the
besi-studied one. The structure of this enormous comples has recently been elucidated by x-ray
diffraction [Fig. 0—5mn| ltcum-aul"huupnm = GiroEL and GroES. GroEL is made up of

2 rings, each ules; the centre of each ring is an open cavity, s
the solvent at the ends. Eﬂwcnwlymh “capped’ with GroES, which is again 2 7-m

of smaller subusits, 216 / 1254 EE

1A

| (FTYN 1

LLEY

ILEY

-
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¥,
) €3 _Ed< _E3
E3 EITED LD

Fig. % r.mhmﬂw_ﬂ
(o) X-ray diffraction structure of the EI-ES (ADP), ¢
b} A schematic of the function of GroEL-ES comples
The unfolded protemn enters into  sort of cavity lined with hydrophobic residucs. Thea the cavily changes.
tining. Thes protem from the walls snd
It Fokds and is then released Mot that ATP is requsred. probably o drve
the process in one direction.

(Adupted from fa) Xu Z Horwick AL and Sigler. PR, 1997 and
(b} Netzer and Hartl, 1998
It is argued that basically, the cavities provide “shelien” in which I

Gily [UZ
I.|1\

nascent protein chains can be “incubated” until they have folded
properly. The GroEL-ES complex does not stipulate the folding prois7
pattern i.r., upio the protein isell 1o do. Bul insulation from the Giy 210
environment prevents chances of aggregation oc misfolding. The
cycle experienced by a protein molecule is schematically shown in ©
[Fig. 9-57(b1.] .

The conformational changes in GroEL are disgrammatically
r:wncnl:d in (Fig 9—58'!

of the GroEL and GroEl -GmES

bl!ﬂ‘l on high jon electron mis have been I
in (Fig. 9-59).

Fig % 5% Cooformational change in
GreEL
) The drawing on the lefl shows a urface
bﬂdwxl\mnupu make apythe GirokL
chaperonin. The drawing on the right thows
the tertiary natructure of one of the sbunits
of the bop UenL ring. Thie polypeptade chain
m be soen (o fokd wao thve domains.
1) When 2 GroES ning (amow ) binds to the
OrmEL cylinder. the apical domais of cach
™ - GroEL subumit of the adjacent riny
e e s wedcipes & demuatie. retien o
mm“:‘lhmRMhﬂ.L‘:.‘m tq::::: approRimaiely 607 with the imicrmediaie
Righ ressbution sieiros micragraphs, tahen of specimens doenain (Bown in groca ) acteng likc & hinge
Irozen in lquid ethane and exsmined ot - 179°C The effect of this shift in pasis of the
The CrobL comples with GruES sppears & & dome on ome eod of e pojyrenvide v o marked elevanion of the
cylider. Bt i evadent that the buxbag of the GrokS s scoompansed by 2 CGiroEL wall and enlarpement of the enclosed
marked change in conformation of the apscal end of the proseins that make  hambwr
up the top GroEL rng (aow |, whach results in 3 marked enlarpoment of  (Adapurd frows Xis, Z Morwich ALand Sigler
the wpper chamber tAdapredd from Chem ¢ tal, [994)  PB, 1997}
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g via chaperonins is not a universal ph as anly a small fraction of the
plucm;mdnnEnﬂ(anyc:m-u, i ins. Some proici 1o large 1o be
Mmﬂdmmhﬂmmmhﬂuﬂyuﬂﬂrm
4. Motion within Glebular Proteins

Evidences accumulated indicate that the folded globuly protein molecules are not siatic and
they continually undergo a wide vanety of intemal motions. These motions are due 1o the inleractions
ol protein molecules with their environment. The resulting motions can be roughly grouped ino 3

classes (Table 9-9).
m\.lﬁmn within globular protein melecules
Cliasy Tipe lnf.umm Approtimale Range
Amplitude (mmi|  Timeis)
| | Vibrations and cscillations of individual 02 1w o™
atoms and groups
2 | Constructed motions of structural elements, 0.2-1 w0t
like @ helices and groups of residues
3 | Motions of whaole domains: I=10 2wt
opening and closing of clefis

Ul | motions occur even within protein molecules in crystals and account, in pan, for the limits of
resolution obtainable in x-ray diffraction studies. In class 2 and class 3, the motions are larger in
magnitude and slower in rate. These are more likely to occur in solution. Some of the motions, like
the epening and closing of clefs in molecules. are probably invelved in the enzymatic functions.
Binding or release of a small molecule from a protein depends on the time required (o apen of close
ashufl. Likewise, the protein *gates” that pass molecules and ons through membranes rap

from open 1o closed states.

5. Prions 218 /1254

Lintil very recently, scientists believed that the diseases could be transmined from o,

o another via viruses or microorganisms.  Afier all. DNA and RNA were the carmiers of genenic
information. But now evidences have gathered 1o point cut that some discases are transmutied by a
pratein and nothing mare. Table 9- 10 lists some such diseases (called prion diseases) along with
their host and geographic distribution.

In 1900, a fatal neurode generative discase called Kuru was reporied only in a tribe of Papua
New Guinca. Carleton Gajdusck, a virologist at the US National Institute of Health, discovered and
understod the basis of the disease and the mode of its ransmission. He pointed oul that a peculiar
ritual of the tribal people of eating the brain of dead relatives was the main mode of transmission of
this discase. The frequency of Kuru gradually declined since the practice was abandoned. Gajdusck
was pwarded 1976 Nobel prize in medicine or physiology for this basic work. along with Baruch
Blumberg, a virologisi of the Institute of Cancer Rescarch, Phaladelphia.

But Sunley B. mmmwwammwnﬂdmukmmnlﬂw

1 which described by Gajdusek as" Bova wirus”
Prusiner |m against the so-called virus theory because of the following 3 reasons

{a) The infective agenl is extremely resistant to U'Y and ionizing radiations whercas all viruses

are sensitive,

(b} The infectivity of the scrapic agent is not changed by treatment with nucleasces (DNAase and

RNAmse enzymes). That means the infective agent does not carry DNA or RNA as
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QIIIEID #rion disease in different species

Huost Disense Gragraphic First clinical
disiribution obae rvation
Sheep Scrapie Cosmopolitan evoept 1730
Australia. New Zealand and
some European countres
Goat Scrap — —
Man K\lut l.anwudr-ﬂn Papua New CGuinea 1900
feldt-J; Cosmopol 1920
G S0 ! G poli 1926
Scheinker syndrome
Fatal familial insomnia - -
Mink Transmissible mink North America; Europe 1947
encephalopathy
Mule deer Chronic wasting disease North America 1967
Caitle Bovine spongiform UK. Ircland and some 1985
encephalopahy, BSE other European countries
1 = Mad cow disease)

genetic material which is the most essential component of a virus particle.

(¢} Absence of any agent-specific antibody titre, strong lendency 4 b ph

g0 against the natare of a tree vims.

Backed by these evidences, Prusiner and his colleagues in [952, I the ious material
from hamster brains, and they gave the first blow 1o the virus theory. Prusiner suggested that the
infections agent. causing certnin degenerative disorders of central nervous system (CNS) in animals
and maore rarely in humans, is a small proteinaceous infections panicle, which he called prion
(pronounced as "preson’) and the prodein believed 10 be responsible for infection was called prion-
related provein or PrP. Soon he found that there were 2 isoforms of Prit. The first one is the normal
cellular prion-related proicin, Pri’ (ihe supersenipt ‘o denotes cellular), which is the nonpathological
form; the Pri* may act as an aceryl-choline receptor inducer and plays an important mle in the
transmission of nerve signal. The other soform of PrP s mfective and called prion-related protein
serapie, Pri”™ (the superscript "sc” denotes scrapie, which is now used to refer 1o all infectious form
of prion causing scrapie- like diseases in animals and humans). It is this form, in which the disordered
N-terminal portion appears 1o fold into a i-sheet, that wrecks havoc with the nervous system. 1t is
postulated that when Pri™ is ingested into the by, it induces the conversion of Pri* in the recipient
10 PrP™; thus the disease is transmined Ilassumuhng like a had guy, whnmanmagoudguymn
one of its ‘bad” form. How this is d is but it 1y suggests that
represents an espectally stable “ofl -path™ [oldmgn[metywlmnmmdmd:pnmdmguwun.
Fig. 9-60 presenis the computer-generated images of the rwo forms of human prion protein,

In 1988, ﬁwandhnmwmmpﬂwdhunmmllthud Lr
they could be hentable and ! Later studies on ik o b
mice threw mare light on prion diseases in 1994, m-mmmmmwcm
(carrying the human PrP gene) with human prion. there was no development of CNS dysfunction as

cted. The mice could b ihle to human pri ly after removal of mouse PriP gene
which is called ‘gene knockout” in genetics terminology.
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Normad prion peotsin, Prif Abnormal prion protsin, Pr P

Fig. %ot Compuier-generated images of the (wo forms of human prion protein.
Unlmlmul, prion diseases have already played havoe among catile population in seme

E Baovine yp % {BSE ). or mone commenly known as msd
oo HMN took its toll in cantle population in Brituin and ellrwh:r: Epidemiological studies
revealed that the most probable cause of the cpidemic was the mch derived meal and

bone meal | which utilizes sheep brasn, spanal cord eic. ) in the cattle feed. Things became worse as
repors of 12 persons afllicied with Creutzieldi- Jakob disease came in. 1t was reporied thal these new
cases occurred due o consumption of BSE-infecied beef. These reports sent a shock wave throughoot
the world, apprehending the possible impact of prion discases.

The recogmition of the rel: shup of Pr tod ‘won Prusiner the Nobel prize in physiology
ur medicine in 1997. Hsuimﬁynfambmiqlﬂlpnmpkdmﬂmnlpnbymemc
*prion theory'.

PREDICTION OF SECONDARY AND TERTIARY PROTF™
STRUCTURES
s 220 /1254

The proiein amino acids arrange in innumerable ways, with the help of a variety .
bonds, o produce a definite pattern of secondary structure in - proteins, which may be either an @
helix, maﬂdmurnmm Acquisition of any one_ nllhmlfnﬂm(nh:lu P sheet, ) by o

lepends upeon the fregy af of p U -r-inuduummeanemmln
wms Table 3-11. lists the relative freq ies (P, Fy. P,) of ami ids in g secondary
structures, i.e,, @ helix, B sheet and wrmn, respectively.

A perusal of the table (on the next page) reveals that Met, Glu, Ala, and Leu residues tend 1o be
present in &t helices, whereas Val. [le, Phe and Tyr tend to be present in i strands. Pro, Gly, Asp, and
Ser have o propensity {or inclination ) 1o lie in wms.
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m Helative Irequencies of amino scid resddure ocourrence i secondary strsectures of

different globular proteis.
Amino ocid ahelix (P} Bheer (Py) Turn (P, )
Alanine (Ala) 129 a0 07
Cysteine (Cys) L1 L) 030
Leucine (Leu) 130 o 0w
Methicnine (Met) 147 057 LE Favour
Gilutamic acid (Glu) L4 078 1o a-helices
CHutamine | Gln} L7 030 og7
Histidine (His) L2 18 0
Lysine (Lys) 123 T 056
Valime (Val) a9l L49 047
Iscleucine (lie) o L45 051
Phenylalanine {FPhe) o7 132 058 Favour
Tyrosine (Tyr) an 125 5 P sheets
Trypiophan (Trp) [ L4 7S
Threonine ( Thry o L2 1B
Gilycine (Gly) 0se sz L4
Serine (Ser) %3 055 133 Favour
Aspartic acid | Asp) 104 oan 141 furns
Asparagine {Asn) (1] 076 1.28
Proline {Pro) 052 064 191
Arginine (Arg) 56 0% Lt

* MNode that arginine shows mo ugnificant preference for any of the structures.
tAdapred from Creighton TE, 1992)

There are some obvious reasons for these preferences -

I.  The @ helix can be regarded as the defauli conformation. Branching at the i carbon atom
fas in Val, Thr and lle) tends w destabilire @ helices because of steric clashes. These
residues are casily accomodated in [ strands, where their side chains project out of the plain
containing the main chain.

Ser, Asp and Asa tend 1o disintegrate @ helices because their side chains contain H bond
donors of acceptors in close proximity to the main chain, where they compete lor the main-
«chain NH and CO groups,

3. Pro tends 1o disrupt both o helices and P strands because it lacks an NH group and because
ils ring struciure restnicts its ¢ value to near -60 degrees.

4, I\mﬂymmﬂlmwwmmm[aww{mmmum

liis h 1oning that th ! [ of ami d residues are nol toppled
owtﬁ]ﬂww.yww:m.ummlekFll As an instance, glutamic acid. one of the
stromgest helix formers, prefers o helix to { strand by only a factor of {1.44/0.75) abow 2. The
preference ratios of most other amino acid residues are smaller: for example. for methionine it is

-
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(1. 470.97) about 1.5 and for alanine it is (1. 29/0.90) about 1.25. Indeed, some penta- and hexapeptide
sequences have been Found 1o adopt one structure in one protein and an entirely different structure in
another protein (refer Fig. 9-51 ). Hence, some amino acid sequences do net uniquely determine

structure of peoteins. Tertury intemctions between residues that are far apart in the sequence
may be decisive in specilying the Jury siructure of some seg)

It is now possible 1o predict the protein sccondary structure with moderale accuracy. Based on
the relative frequency values of the constituent amino scids, P.Y. Chou and GD. Fasman ( 1974) huve
framed certain rules for the prediction of globular protein secondary structures. Following are the 3
Uhou-Fasman rules for prediction :

1. Any segment of 6 residues or mare, with (F, )2 1.03, as well as (P, 'wt > (Py). and not including

Pro, is predicied to be @ helix,

2. Any segment of 5 residues of more, with (Pg) 2 LOS, and (Pg) = P, . is predicted w be f
sheet.

3. Examine the sequence for tetrapeptides with (P} < 0.9, (P) > {Py). They have a good
chance of being turns. The actual rules ot F’ulll:tm. [ urms are more complex, but this
method will work in most cases.

B. Prediction of Tertiary Structure

Prediction of tertiary structure of proteins is much more difficult because the higher-onder folding
depends lnmmuyuu-pml': sidde chain interactions. ofien between residues [ar removed from one
unather in the seq recent ith overall patierns in tertiary folding has given
some success. For example, predictions of secondary structure have been used to predict an
o/f} burrel structure for the enzyme try plophan synthase, that is in excellent harmony with x-ray
result.

The method for predicting the teniary siructure of proteins depends on the fact that, in their
spontaneous folding. proteins are seeking a free energy minimum. A random-coil chain is allowed, in
computer simulation, to lmdcrpn I!;emmhnofm-llmmlmmmmnfgnmmmw
rotation about indi keeps track of the 1otal energy, in terms of
possible inteructions. and secks an :nngy minimum. This approach is still in its infancy.

CLEAYAGE OF A PROTEIN

Certain protealytic enzymes and chemical reagents cleave protein between speci’ 222 ;"‘ 1254
residues (Table 9-12). The enzyme frypsin, for example, culs on the carboxyl sid
arginine, whereas the chemical cyanogen bromide splits peptide bonds next 1o methion
Since these enzymes and chemicals cleave umdyfewalmmammnlmd:h, i
v:lulc ItLIIINl)‘ hrye and n:hm:iy I‘cu pe-pnda If such a mixre of peptides is separated by
is etc), a 15t pnm or 'pq]hd.c
qwuh which will be diz ufﬂtpur_nm.... hich the peplides
This peptide map is, sometimes, referred 1o as the profein’s l'ln.rrprilL

Some reagents frequently used (o dlesve peptide bonds in proteins®

Reagemt Amsing acid | Amune acid 2
Enzymes
Trypsin Lys or Arg. Any
Chymutrypsin Phe. Trpur Tyr Any
VH protease Glu Any
Chemicals
Cyamogen bromide Met Any
T-pitro-S-Lhbocyano- Any Cys
henzoste

* The specificity for the amino scids on either ude of the clesved bond is indscated. The earbonyl group of
amina scid 1 s released by the cleavage; this smino acid is 1o the lefi of the peptide bond as normally wrinen.
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BIOLOGICAL ROLES OF PROTEINS

Proteins are of utmost significance to biological systems. These are most critical to life and
perform vanous functions. Some of their roles are given below,

1. Many proteins act a5 catalysis, thos usually enhancing the rte of chemical reactions 1o such
extents as needed by the living cells.

2. The fibrous protei ol the Hssues holding the sk ! togeth,
Collagen is a structural unit of connective tissues,

3. The nucleoproteins serve as carriers of genetic characters and hence govern inheritance of
traits_

4. Proteins also perform transport functions. Many d the cells and
inside at much higher concentrations than expecied ﬁmdlﬂ'ﬂnﬂ ulone. These changes require the
input of energy and are usually termed active wranspan. The mechantsm of active transpon involves
proteins cither as catalysts or 04 adsorbents or as both.

5. Various protein hormones are known. These regulate the growth of planis and animals. besides
controlling many other physiological functions.

6. Under conditions of non-digestion and no chances for denanimtion, the proteins accumulate
tmside the cells and produce toxicity. Venoms of snakes and insexls are injecied by hiting into the
bload. Cenain of the foreign proteins present in venom are actually enzymes. These enzymes utack
body tissue causing destruction of blood cells leading ultimaiely 1o death.

In other cases, the toxicity from foreign proteins nesults from responses by the affected animals.
Allergic reactions exemplify this category. These reactions occur when an snimal is exposed o 8
foreign protein 1o which it has been sensitized by prior exposure. ‘l'lw toxic disorders include skin
blisters, swelling of limbs and respi leading 1o death.

7. Blood plasma, which is obtained after removal of the blood cells by centrifugal action, is
essentinlly a solution of proteins in water, It is wsed for the treatment of shack produced by serious
injuries and operations.

¥ Interferon (IF or IFN) nnlm hem\\hnch lpphnl.ulnumbnnfimmtrml
related Jow weight. ¥ glycop bymwy ic cells in response
1o numerous inducers | 1 virus infection, doubl ded RN, i
agents. and many parisitic organisms capable of inracellular growth d!.l‘m-rlu nlnwnlugmrl
chlmydm. rickettsias, protozoa). They ane effective in trenting viral discases and cancer, and in
g its side effects, The most widely U of inerf thear ability 1o “interfere’
nnmenclalmtl with the replication of \nrun Thev are wswally species-apecific but

v in 1957 in London by the British virologist Alick Issacy
mdavbmng ml.btfmnsntwlwd Jean Lindenmann., both of the National Institute for Medical
Research, London. They found un agent responsible for such viral inlerference ; a protein released by
cells exposed to a virus, that enables other uel!u toresist viral mﬁ:mun. They auad it mﬂ'eme([F!
Since then, severul diffe 1 of i have been ids Human i h
classified into 3 classes, depending on which rype of they are produced by

{a) Fibroblasts iF) or alpha interferons (IFN-a)

{hcn::

(b} Le ytes (L) or beta interf IFN-)
(e} lmmune type (1) or gamma interferons (IFN-1)
In 1974, a Tokyo politan medical team has cultivated " using cells

from the placenis taken af the time of birth (or parturition). Large- ncale production of this prodein is
puwbl: because the human cells reproduce in tissue :ull-t Bﬂ.‘llllt of Dmr antiviral and
rfe have heen s i ' ing viral
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diseases such as hepatitia, encephulitia, cancer and even common cold. The [Fs may pot be a magic
bullet like penicillin ugainst all viruses, yet it may be a very useful addition (o the armamentarium
already available ngainsi viruses in general, and cancer in particular,

9, Peptides from humans called defenring huve been found 10 be antibdotic in nature, Produced
by the immune system, these cells smother and kill the invading pathogens. They are secreted by the
epithelial cells lining the moiu body surface of mammals and serve as the body's own disinfectants.

10. Another group of peplides called enderphing are found in the brain and are invelved in the
suppression of pain, creation of euphoric highs and feclings of joy. Candace Pert, a codiscoverer of
e body's opiates, says “They reveal the harmony as well as the economy inherent in nature. Nothing
is wusted". She adds “Once 0 molecule is found effective, it tends 1o be used over and over again in
the ladder of life, in newer and ever more exciting cunﬁ'wnﬂnni "

11, The frog's secretion ad {in, a 33-ami ng pepride, works on the receplors in
the brain which handle adenosine. Adenosine is a fund in all hurnan cell fuel. And
the frog peptide seems to enhance the binding of asdenesine by subtly aliering the receptor in the
lbrain.

12 The American scientists at the Chicago Medical School and the Harvard Medical School.
in 1982, have isolated about 30 g of a glycopeptide. known as § facior. from 4.5 tones of urine from
healthy males. The S factor is composed of alanine, ghitamic acid, diaminopimedic acid, and muramic
acid. The 5 factor acts as a seporific, Le., as a sleep-promoting agent and has lintle side effects.
The rescarchers infused a very light concentration of the § factor into the brain of the rabbat and it
was found that it induced 8 S0% increase in what is known s slow wave sleep— a deep dream-free
sleep thal occurs in animals and humans afier sleep denvation and is normal as judged by vanous
erilenia.

REFERENCES
See list following Chapter 11,
PROBLEMS
1. ta) Trops in, a 70-kd muscle protein, is a two-siranded a-helical coiled coil.

length of the molecule ? {ﬁ?Snm:haW—!mﬁEmnlnhml’n 224 I 1254

strunded antiparalicl fi strocture with a 4-residue hairpin tum. What is the long
of this motif ?
Glycine is 3 highly conserved amino acid residue in the evolution of proleins. Wiy *
3. Idemify the groups in proicin that can form hydrogen bonds or clectrosiatic bonds with an
arginine side chain at pH 7.

4. The shape of hair is determined in pan by the panern of disulfide bonds in keratin, its major
protein. How can curls be induced 7

5. Proteins ure quite stable. The lifetime of o peptide bond in aqueous solution is nearly 1000
years. However, the AG*" of hydralysis of proteins is negative and quite large. How can you
account for the stability of the peptide bond in Light of the fact that hydrolysis releases much
energy !

. For an amino acid such as alanine, the major species in solution at pH 7 is the swittenonic
form. Assume o pK, value of § for the amino group and a pK, value of 3 for the carboxylic
-:uinndﬂuml!Lhmﬁuulnzcmnmmnfunﬂmudwlmm
carboxylic acid protonated and the amine groap I} ta that of th o at
pH 7.

- All L amino acids have an § absofute confipuration except L-cyseine, which has the B

=)
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confliguration. Explain why L-cysteine is designaied as the R absolute configuration.
K. Translate the following amino acid sequence into one-letier code : Leu-Glu-Ala-Arg-Asn-
Tle-Asn-Gity-Ser-Cys-le-Olu-Cys-Gilu-le-Ser-Gily- Arg-Gilu-Ala-Thr.
9. Would you expect Pro-X peptide bonds to lend to have cis conformations like those of X
Pro bonds ? Why or why not ?

10, A protein was purified to b D of the molecular weight by molecular
exclusion chromatography yiclds 60 kd. Chromatography in the presence of & M urea
yiekds a 30-kd species. When the chromatogrphy is repeated in the presence of 6 M urea
and 10 mM f-mercaptocthanol, a single molecular species of 15 kd resulis. Describe the
structure of the molecule.

11, The three-dimensional structure of bi s maore ¢ l i ily than is
sequence. Why is this the case ?

12 The sequences of three proteins (A, B, and C) are compared with one another, yielding the

following levels of identity :
A B C
A 100% 5% 15%
6% 100% 5%
(4 15% 5% 1005
Assume that the malches are distributed relatively und along each aligned
sequence pair. Would you expect protzin A in C 1o have similar th i ional

structures 7 Explain,

13 Would a homopolymer of alanine be maore likely 1o form an o helix in water or in a
hydrophobic medium ? Explain.

14, Using the data in Table 9-3, calculate the average amine acid residue weight in a protein of
typical composition, Tllll is a useful number to know for approximaie calculations,

15, "The mek e hormane cme: has the following sequence :

Ser-Tyr-Ser-Met-Glu- His-Phe-, Al'l Trp-Gl)‘-L’l—ﬁn-\'xl

() Write the seq using the e
() Calculate the molecular weight of a-melanotropin, wing data in Table 9-3, Why is this
result not exactly comrect at neutral pH ?

1. A predein has been sequenced afier destruction of —5—5—bonds. It is known o contain
3 Cya residues, located as shown below. However, only cne of these is a free —SH.: two are
involved in an 55 bond.

A
Phe Cys ————= N-terminus.

Cya— Met — Cys ——» C-terminus
B C
The only methioaine wnd the coly sromatic amino acid (Phe) in this protein are in the

positions md)wei Cleavlge ufrhe intact progein (with —S—S5— bridge intact) by either
docs not break the 1n into two peptides. Where is

m—5+hnm<u. BC. or AC) ?
17, Apamine is a small protein ioxin present in the venom of the honeybee. It has the sequence
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CHAPTER

Proteins
Classification

insofar as they contan ammo aods, Bul as hinle is

known so far regarding their structare. a
classification based totally on this criierion is not possible.
However, a few systems hased on one or the ather cirienion
are given below.

CLASSIFICATION BASED ON THE
SOURCE OF PROTEIN MOLECULE
Since long, the proseins have been waditonally divided
into two well-defined groups: animal proteins and plant
proteins, Amnimal proleins are the proieins derived from
animal sources such as eggs, milk, meat amd fir*
usually called higher-qualers proveins becaus
tand hence supply b adequate amounts of al
armuno ackds. (0n the osher hand, plani protes.

Th: proteins are ull remarkably similar in structure

i
whoryy an aclion filamort The molecular
menmman i tranalated o moverrant of
om antivn animal, sxcitingly degected in da
Vinci's manng harse (Lef) Leonardo da
wvinc'ns “Study of a reasing horse” for the
bt of Anghian (C. 1504} trom the Faysl
Calleciron ® Her Royal Mageaty Ousen
Exzabett 1)

Il quuliry proteins since they have a low comen
(limitmg amount) of one or more of the essential amino
acids, The four medd common lmiting aming acids
are methionine, lvsine, threonine and tryptophan
(Tabie 10-1). Although plant proteins have limating amounts
of soune (but pot ull acids, it dhould not be d
that they are poor profein sources.
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QIR imiting amino acids n some plant proteins

Food Aming acids)
Cereal gruina and millets Lysine. Threomme
Rice susd soybeans Meethsmine
Legumes (peas and beans) Methsonine, Tryplophan
Croundmis Methining, Lysine, Threonine
Sunflower seeds Lysine
CGreen leady vepetables Methwinine

CLASSIFICATION BASED ON THE SHAPE OF PROTEIN MOLECULE

O thee busis of the shape of protein molecule, the proteins have been d uridk e
ghobular and fibrous.

1. Globular or Corpuscular Proteins.

These have an axial ratio (length - widih }of less than 10 (usually notover 3or 4) and, henceforh,
possess a relatively spherical or ovoid shape, These are usually soluble in water or in agueous media
containing acids. bases, salts or aleohol, and diffuse readily. As o class, globular proteins are more
comples i cewformation than fibrous prvein, have o far greater variety of bielogical functions and
are dvmmmic rather than static in their activities. Tertiory and quaternary structures are usually
associated with this class of proteins, Nearly all enzymes are globular proteins, as are prodein hormones,
blood transpon proieins, antibodies and nutrient siorage proteins.

A simple functional classification of globular proteins is nol possible becagse of X reasons

{a) Firsly, these proweins perform a vanety of different functions.

by Secondly, many widely-differing globular proteins perform almest sumular functions.
However, Conn and Sumpl ( 1976) have classified globular proteins as follows:

Cytochrome ©
Blood proteins

Serum albumin

Glycoproteins

Antibodies {= Immunoglobulins)

Hemoglobin

Hormones
Enzymes
Nulrient proteins
2 Fibrous ar Fibrillar Proteins.

These have axial rmios greater than |0 and. henceforth, resemble long nbbons or fibres m shape.
These e mainly of animal origin and gre intoluble i all conmon solvents such as water, dilute
acuds, alkalies and salis and aluo i organic solvents. Most librous proteins serve i a structural or
profective mle.

The fibrous proteins are extremely strong and possess two imponant properties which are
characteristic of the elastomers. These are:

ta) They can steetch and later recoil (o their onginal length.

th) They have a tendency 1o creep, i.e., if stretched Tor a long time, their basic length increases
and equals the sirciched length but, of the tension on the two ends of the fibal is relaxed, they creep o
their shorier and shorer length. A large scar. for example, crecps 10 3 smaller size if there 1 no

Provteins
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tension on the scar On the contrary, if the scar is in a region of high tension, the scar becomes larger
and larger as happens in the skin of a person gradually becoming obese.

Itis a heterogencous group and incledes the proteins of connective tissues, bones, blood vessels.
skin, hair, nails, horns, hools, wool and silk. The important examples are:

1. Uollagens. These are of mesenchymal origin and form
the major proieins of white connective lissues (lendom®,
curtiluge) and of bone. More than haif the total protein in
mammalian body is collagen; acted upon by boiling in water, |
il acids or alkalies o produce the soluble geluing; unigue 1o sy e g b areney
in contaiming high contents (12% ) of hydroxyproline, poor — fibe, the protein elastin
in sulfur since cysieine and cysiine are lacking.

1L Elastins. Also of mesenchymal origin: form the major constituents of yellow clastic tissues
{lignmenis, blood vessels); differ from collagens in not being converted o soluble gelatins.

M0l Kerntins. These are of ecindermal origin; form the major constituents of epithefial tissues
(skin, hair, feathers, borms, hoofs, mals); waally contain large ameounts of sulfiur in the form of cvstine—
human hair has about 14% cystine.

IV, Fibrodn. 11 is the principal constituent of the fibres of silk: composed mainly of glycine,
alonine ond serine onits.

CLASSIFICATION BASED ON COMPOSITION AND SOLUBILITY

This is nowadays the most acoepted system of classification and is based on the proposals made
by the itiees of British Physinlogical Sociery (1907) and the American Phvsiological Sociery
(1908), The system divides the proteins into 3 major groups, based oa their composition viz., simple,
conjugated and derived.
A. Simple Proteins or Holoproteins,
Mamnlghbmnw:mrurxhnpmmwmnﬁhmumm “This group includes
jproteins containing only amino acids, as 100 with acads, these
liberate the constituent amino acids.

These are further classified mainly on their solubility basis as follows:

Frotamines aod histones. These are basic proteins and occur almost entirely in animals,

munl'_v in sperm cells; possess simplest munnd lowest molecular weight (approximatels § mome-
soluble in water; unlike 1 heat; strongly basic in char
o high content of basic lmmnc\d.\llynle. argimne); form salis with mineral acid 231 ; 1254
jproteins. Protamines are virually devoid of sulfur and sromatic amino acids. Histones .
weaker bases and are, therefore, insoluble in NH,OH solution, whereas the protamines .

e, prowmines—clupeine from hemring sperm, salmine from salmon sperm., surine mom

sturgeon and cyprinine from carp.
histones—nucleohisiones of nocle:; globin of hemoglobin.

2. Albwmins. These are widely distributed in nature but more abundant in seeds: soluble in
water and dilute solutions of acids. bases and salts;
precipitated with a samrated solution of an acid salt like  poeudoglobulins and euglobuling dif.

(NH,),. 50, ar I salt like Na, SO, coage beat.  jerentiated on the hn“n‘d satubslity
e.§.. dewcosing in cereals, legumeline in legumes, behaviour. A pseudoglobulin is
ovalbumin from white of egg, serum alfbumin from  soluble af very low jonic strength,

blood plasma, myosin of muscles and locrafbumin  whereas euglobuln remains sparngly

of milk whey. soluble until the lonic strength is

3. Globulim. These are of twotyp soatobub ‘r;i:ed,::gl:hhm l:'n::;: snl:blrl
and euglobulins®. Euglobulins are more widely distribuicd ipgesipainabeniy e
in nawire than thr‘:):b:ndng!nhullli :ill:‘t! soluble Stiglalishos elo-bex

Tendons connect muscle 1o bone,
whereas ligaments aitach one bone 1o
angther. Tendons are nonelastic byt
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doglobulins) or insolubl lobulins) in water; precipitated with half saturated solution of
(HH 150, coagulated by heat.
pecudoglobulins— paeudoglobulin of milk whey.

e,

cuglobulins— serum globulin from from
muscle; globulins of nmmptlu mm hew[rdrmkammmmw]
peas il peach oranges | line); also potato (huberin).

4. Glutelins. These have been isolated only from plani sceds; insoluble in water, dilute salt
solutions and alcahol solutions but soluble in dilute acids and alkalies; coagulated by heat.

.., glutenin from wheat, gluselin from com, ervzenin from rice, etc.

5. Prolamines. These have also been isolated only from plant seeds; insoluble in water and
dilute salt salutians but soluble in dilute acids and alkalies and also m 60 - B9 alcohol solutions: not
conguluted by heat

e.g.. gliadin from wheat, zein from com, hondein rom oat, etc.

Some hwhﬂm!lnl:k: le‘.mn L'I'IGH] are of the viewpoint that glutelms and prolamines should
status of since they are small groups of vegetable proteins occurring

not be gr
in;mmhml-.

B Seleroprotelm or Albuminsids. These occur almost entirely in animals and are, therelore,
commonly known as the ‘animaf skeleton proteing”; insoluble in water. dilute solution of acids, bases
i sailis and also in 60-20% abeohol solutions; not attacked by enzymes.

e.g.. collugen of bones, elastin in ligaments, keratin in hair and horry tissues and fibroin of silk
B. Conjugated or Complex Proteins or Heteroproteins.

These are also of globular type excepi for the pigment in chicken lr.ll\cn which is probably of
fibrous nature. These arc the proteins linked with a scp portion called h
gmup. The prosthetic group may he either a metal o a mmpnund On th.ummm \-:m acids,
these liberate the constituent amino acids as well as the prosthetic group.

Their lurther classilication is based on the natre of the prosihetic group preseat. The various
Sividinds am I inc cl , glycoprotins, b v s

leoproteins. (Instead of il ins, ch proteins etc., the terms metalloproteids,
chremoproteids ete., are sometimes used.)

I Metalloproteims. These are the proteins linked with vanious metals. These may be of stable
nature or may be more or less labile. Based on their reactivity with metal jons, the metalloproteing
may be classified into 3 groups:

I Meials strmgly bound by | Siderophilin, also called as transferrin, is an important
proveins, Some h““i‘ metal loprotein and constitutes about 30% of the total plasma
metals (Hg, Ag, Cu, Za) pratein. It has a molecular weight of about 90,000 and is ca-

‘e pable of binding 2 atoms of ron per mole. i faciliates iron

become strongly binded ey
with  proteins  like A - i it i
collagen. albumin, casein . Nan o o)

BER the bikeod of humans and other versbrates, This protein con-
etc.. through the —SH | yin sbout 90% of copper in serum. It has 2 mobecular weight
roddicals of the side chains. dihwllm,mdmﬂuUmdrwlwmoh
Some other proteins have
strong binding affinitics mmﬂlmmm.;mmnmum
for Fe (siderophilin® ) and acid units. It probably functions by reversibly releasing and
Cu (ceruloplasmin®*). In | binding copper at various sites in the body, whereby regula
these cases, the following | 108 copper absomption. In its deficiency, the Wilson's disease

) develops in man which is by hepatolenticular
panem of binding may be pri iy
present:
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—C=0,
| Fc
—N—0D°
1L Metals beund weakly by proteins. Ca belongs 1o this caregory. Here the binding rakes place
with the help of mdicals possessing the eleciron charge.
ML Metals which de pet couple with proteins. Na and K belong 1o this group. These form
compounds with nueleic acids where spparenily electrostatic honds are present.
2 Chromoproteins. These are proteins coupled with a colouned pigment. Such pigments have

also
is present in leaf cells in the form of o protein, the plastin. The plastin dissolves in water
as a colloid and is readily denatured .
e myoglobin, hemoglobin, kemocvanin. kemoervikrin, cviochromes. flavoprdeins. catalase.
i

3 p and Mucoproteins. These 3
glwp Gly:npmlﬂm coul.'uu small Ilmlllll DJ ‘Ef 1
[less than 4% ), where; o ) el

conlain comparatively higher IIIIDIII'IB {mare
than 4%,
eg. glycopricins— egg albumin, elasiase
cenan serwm globuling
and also cenain serum
ulburmis,
mucopreins— ovemiacoid (rom egg-
while, mucin from saliva
and Divscorea tubers,
wied from bone gy . 8
and tendowmucoid from  showing linked carbohydrales on its
tendon. wurtace. Elsslase is & probesse found n sarem.
Hote thal the oligosaccharide chaing have
These are proteins linked  gubstartial site sven for this proten, whaeh hae
\mlllplu:sphmkmd mainly acidic. » relatvely low lovel of gycoiyiatc

:mu.r.;.. cotein from milk and cvevitellin from egg 233 ; 1 254

5. Lipoproteins. Proeins forming complexes with lipids (cephalin, lecithin, clyo..
called lipoproteins; soluble in water but insoluble in organic solvents.

.., fipovitellin and lipovisellenin from egg yolk: lipoproteins of biood,

The lipoproteins are in reality the temporary lllmdulei n ll\epum nllrmdewl tlpudn
lh:mlll:meul'L plion o the site of utilization. The of I i fi
based on an I ition, L., the 'I}:rmnnuldmmymmun.
O this basis, the lipoproteins have been classified into g4 es (Table 10-2):

{a) Very high density lipopruteins (VHDLs). These have densities greater than 1.2]

(b1 High density lipoproteins (HDLs). These possess deasaty range of 1.063 10 1.21,

() Low density lipoproteins (LDLs). Their densitics range between 1.05 and 1063,

() Very low density lipoproteins { VLI.s ). Their density range b from 0,93 10 | .05,

Table 102 also lists the compositions of the fractions oated at the respective densities, along
with proposed functions.
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QIR Classification of lipoproteins hased on density

Mame Benslry range | Comporsivion by weight | Halflife Fumetion
dim bl placemes |
Wery high density =121 f2% prodenn = 5 dayn Phosphaodiped transpon
lipapratein 28% lipid Icontaim 8-13% of
serum phospholipids |
High deraity 1063 - 1210 | S0% protesn I-Sdays | Cheolesteral tramsport
lipeprotein SO lipwd Lipid tramspon
Low demuty 1.05 - | D63 | 221% proten 3 -5 davs Lipuel transpon
lipuprotein 12% wiglyceride lwon geninal abwence
0% phospholipids accompanied by
6% cholesteral imbestinal malabsorp-
ton amd distorted
shape of erythrocyie)
Wery low density 0.93 - 105 Largely protesn. J-dbouns | Tnghcenide tramport
lipaprotein Trighycerse and irelated 1o chylomicron
rhas phalipid: units
composition variable

(Adapted from Mailese MF. Clagenn C0. Philiips AT and McCarl RL 1979

b, Nocleap: These are 2 iming nucieic acid and prolein, esp.. profamines
and histones. These are usually the sali-ike compounds of proteins since the fwo components have
opposite charges and are bound 1o cach other by clectrostatic forces. They are present in auclear

subsiances as well as in the r These may be 3 d s the sites for the synthesis of
jproteins and enzymes.
'S nmirqmnrhu lmm ym and mym and als viruses Much may be regarded as large
from nuclei-nch 1al like plandular tissues:
nuclein.

. Derived Proteins.

These are derivatives of proteins resuliing from the action of heat, enzymes or chemical reagents,
Thas group also mcludes the arificially - pmﬁmai polypeplides.

L. Primary derived proteins. Th of proteins protein molecule
is nol altered matenially.
1. Proteans. in waier; appear as first p T y jon of acids, enzymes

oF waler on proteins.

e.x., edestan derived from edestin and myosan derived from myosin.

2. M ins o Infraproteins. Insoluble in water but soluble in dilue acids o alkalies:
produced by lm'lbclmmn{nﬂdw:lhhmmm at aboat 30—60°C.

e.g.., acid and alkali metapredeins,

3. Congulated Prodeins. Insoluble in water; produced by the action ol heat or aleohol on proteins.

g, coaguliied egpwhine.

1. Secondary derived proteins. These are derivatives of proteins in which the hydrolysis has
certainly occurred. The molecules are. as a rule, smaller than the onginal proteins.
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|. Protroses. Soluble in water: coagulable by heat: produced when hydrolysis procesds beyond
the level of metaprotcins: primary profeoses ar salied oul by balf sanration with (NH,), SO, and
by HNO, and picric acid are only by comyg
with {NH, ), 50, but are not precipitated by HNO, or picric acid.
... albimaose from albumin; globelowe from globulin.
2 Mhhhmlnﬂrmﬂmbjhﬂ produced by the action of dilute acids or

enzymes when hydrolysis proceeds ¥ neither Ery INH 3,50, nor
by HNOD, or picric acid.

3. Polypep These are inations of rwo of mor: amino acid units. In fact, the profeins
eare. ially long chain polypepric

Drawbacks. Although mdclym!poed.lkunm outlined ahove has cenain discrepancies:

| The classification is arbitrary.

2. The critenion of ity is not well as some gl F | are

also soluble in water.

3 Protamines and hisiones should have been kept under derived proteing

4, The group metaproteins is an amificial assemblage.

The twao {second and third ) systems of classification, descnibed above, may be merged mto one.
as shown on page 197

CLASSIFICATION BASED ON BIOLOGICAL FUNCTION

D pending upon their physical and chemical structune and kocation inside the cell,
perform vanous (unctions, As such diverse proteins may be grouped under following ul:gumu.
hased on the metabolic functions they perform (Table 10-3):

CIDEIED Classification of proteins an the basis of their biological functions

Claxs af proten Function Exampies
Eneymic projeins Biobngical catalysts Urease, Amylase, Catalas
Cytochrome T, Alcoho!
debydgenase 235/ 1254
Struciiral proteing Suengthening o protecting Collagen, Elawin, Kera
haologieal dctires
Transpon of carrier protcms. Transport of ioms of melecules | Myoglohan, Hemoglobin,
n the hody Ceruloplasmin. Lipoproteins

Mitncal and shrage proteins | Provade pulnlion o groswang Uvalbumin, Casein, Frenin
exmbryon amd stone wins

Contrsctile or motile peotcins | Function i ihe contracibe Acumn, Myoun, Tubalin
aysiem
Defense proteins Diefiend againa veher organiums. | Antibodies. Fibrmogen. Thromban
Regulaniry proteins Regulsic cellelss or meisbolic | lasalin, G proteins, Growih hormne
activities
T protcins Hydrly e for degrade | ensymes | Snake venen, Rucin

1. Enrymibe proteins. The most varied and most highly specialized proteins are those with catalytic
activity- the enzymes. Virtually, all the chemacal reactions of organic momolecules are catalyzed by
the eneymes. Nearly alf enzvires are glodular proteins. Chemcally, some eneymes are simple proteins.
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; _

i

=}

i et

g fenhislones fro
muche, mudein

Umselanlely im muer )
aviaglobilia, myesinagen,
hiadin, sein.

Irdein

|

bewciming, Iegumeling,
wsatbumin, lactalbmsin

pacsloysinbulin from

wnu,nmm'
mill whey

fiiachevhitiones of

FROTE
[ Sonuble i wniter)
lupeine, sabming
mucted, globin

b Alhambos

COMIUGATED

rvanluisly {m wasier)

Prigment in
ehichen feber

SIMPLE
\ninduble in water)
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contuining only eming acid residues; ahgﬂmmphxm cmmm!_am,upuemp'\
and a small nonprotei ic group) with Enzymes

c:-m]yunaneiynfleaﬂm Ummﬂmmmhse. i C, ale |...r--_-

same of the examples of enrymic prodeins.

2. Seructural profeins. The structural progeins are asually men 10 biochemical reactions. They
muaintain the rative form and position of the organs. The cell wall and primary fibrous consti iuents of
the cell have structural proteins. Codlugen, which has very high tensile strength. 15 the most abundant
jprotein of animals. It is found in connective bssue such as tendons, cariilage. matrix of bones and
comea of the cye. Leather is almost pure collagen. Ligaments contain elastin, 2 stractural protcin
capable of hing in two di i a ke rutin i almost the entire dry weight of hair,
woal, feathers, nails, claws, quills, scales, homs, hooves, ionoise shell and much of the ouler layer of
skin. The major companent of silk fibres and spider webs is fibrmdn. The wing hinges of some insecis
are made of resiilin, which has nearly perfect elastic properties,

3. Tramspart or carrier proieins. Cerain proteins, specially in the animals, are involved inthe
transport of many essential biological factors to various parts of the organisms, Hemaoglobin of
erythrocytes hinds O, as the blood passes through the lungs, carries i 0 the peripheral tissoes, and
there releases it to participate in the oxidation of autnents. The blood plasma contains lipoproteins,
which carry lipids from the liver to other organs. Other nmsoflrlmpur( p\:lﬂlsm present in the
plusma and of all org: P ransports copper
in blood.

4. Nutrient and storage proteins. Gvalinemin is the major protein of cggwhite. The mulk protein,
cusein stores amino acids. The seeds of many planis siore nutrient proteins, required for the growih of
the germinating seedlings, Ferriten, found in some hacteria and in plant and animal 1is-
fron,

5. Comtractile or motile proteins. Some proteins endow cells and organisms witl 23?)“f 1254

contract, 1o change shape, or 1o move about. Actin and myosin function in the contract,
skeletal muscle and also in many nonmuscle cells. Tichulin is the protein from which microfines m
LT

6. Ihefense proteins. Many proteins defend urlmmm invasion by other specics or prodect
lhcm(mnlnjmy"l‘he ikt tor gl i proteins. made by the

h of trall nuﬂl; hl!ll.wnmn(lﬂup profeins
l’lurn mher species, hﬁrmwn and thromhin, although enzymic. are blood-cloting proteins thal
prevent boss of blood when the vascular system (s injured.

7. Regulatory proteine. Some proteins help regulate cellular or physiological activity. Among
them are many hovmones, sach as tnsudin which regulates sugar metabolism, and growth hormone
which is required for bone growth. The cellular response 10 many hormonal signal is ofien mediated
by @ class of GTP-binding prowins called G profeins. Other regulatory proteins bind 1o DNA and
regulate the biosynthesis of enrymes and RNA molecules involved in cell division.

B, Toxle proteins. Some proteins act as toxic substances, such as smake venom, bacierial foxing
and toxic plant proteins like ricin. These toxic proteins also have defensive functions,

EGG PROTEINS

The cggs and milk arc as food by an apy partion of the global population.

Hence, the egg and milk proteins dewerve a special mention. Eggs comain 2 types of proteins : the egg.

white protein and egg yolk protein. The vanous components present in the egg white protein arc
Tisted in Table 104
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m Protein composition of cgg white

Puiein Percensuge
10-11% (on wel basi)
Tl K285 fon dry basis|
Ovalbumin 0% of total pruteins
Conalbumn L]
Ovomucak] 13%
Cilobulins.
Lysozyme 10y 6%

iy } =

1Gy)
Muscin b 3
Avidin 0.06%

(Adapied from Fevold HL 1951 )
When egg yolk is diluted with water. proteins precipitate. When the yolk is beated. the proteins

undergo heat denaturation and precipitate. Egg yolk contains 2 phosphoproteins, lipovitellin and
lipovatellenin, which differ from each other in the following characteristics -

Lipavitellin Lipavitellenm
Lipid concentration : 17- [8% 36-41% (mainly lecithins)
Phospheorus concentralion : | % 0.29%
Protein present : Yitellin Vilellenin

Egg yolk also contains water-soluble protein that does not precipitate on dilotion of the yolk.
This fraction is called fvetin. The emrymatic activity of yolk lies in this fraction.

‘Whole egg is an excellent food because it is a very nch source not oaly of protein and lipid but
also of most of the vitamins (except vitamin C) and most of the required minerals (except calcinm).

MILK PROTEINS

Milk {Fig. 10-2) contains about 0.6-L.7% protein which is not precipitated
on acdification 1o pH 4.7, This represents about 20% of the protein
contaned in skim milk. These whey profems are separaied into 2 fractions :
lactaibusmin and lactoglobulin,

The in 15 assigned 1o the fraction y acidifying milk
o a pH of 4.7 Ilumlmm‘m&tijw-lndINmm mlk
{0.3-0.6%). Caset be fusther p

again. It is of 3 types : @ Pand v. one another in their

weights, their rale of migration m an clectnic fickd and their phosphorus
conkenl.

REFERENCES
See list following Chapter 11,
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L. Calour and Taste. Proteins are coourless and
usually tasteless, These are homogencous and crystalline,

L Shape and Sine. As already discussed, the proieins
range in shape from simple crystallowd spherical structures
1o long fibrillar structures. Two distinet pattems of shape
have been recognized
A, CGlobular proteins—These are spherscal in shape
and eccur mainly in plants. esp., in seeds and in leaf cells,
These are bundies formed by folding and crumpling of
protein chains
£.8. peprin. edestin, insulin. fbonuclease
B. Fibrillar protcins—These are th
ellipsoidal in shape and occur generally in ani 239 n“ 1 254
Mant of the studies regarding profemn stnsciur,
conducted using these proseins.
x = wd e.2.. fibrinogen. myosm etc.
Camputer-generated model of the Each prowein molecuke is charsciensed for ils specific
prossia s size iFig. 11-1). For example
This anzyme protein helps in the
digastion of food Ingested by Fving (o} Hemoglobin has a diameter of 55 A,
e (b} Edestin has a diameter of 80 A.

(e} Catalase has dimensions of 80 « 64 % 54 A (of the
axes).
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(el Human fbrinogen has a diameter of 38 A and a length of 700 &4

le) Collagen is one of the longest proteins, with a length of 3,000 4.

In general, the protein molecules are always very large, 2= can be seen in the following
exumples

(a) Gliadin (from wheatl—Co H, 0, N 0,0, 5,

(B Zein trom eom}—Cr Hy N 04,8,

(€1 Casein {from milkh—CoHy 0N, 0., S P,

(e Beta-lactoglubulin | from KO Ho g N S

3. Moleculsr Weight. The extraordinary size, poor stability, specific solubality conditions
and high reactivity have rendered the determination of molecular weight of proeins as a difficult

task (Edsall, 1953). anmw«. the proteins generally have large molecular weights ranging between
1

5% 10 and 1% 107 (see Tabde 11-1). It might be noted that the values of molecular weights of
many proieins lie close 1o or multiples of 35,000 and 70.000. Previoasly, this was interpreted as
a regularity under the name Svedberg s mle. Also, it was then assumed that proteins are md
of units of molecular weight 17,500, This comesponds w0 about 145-150 amino acid residues.
since the average molecular weight of an aming acid residue amounts to about 115-120. The
discovery in recent times of oo many excepiions (o this rle. however. finally forced its shandvnment.

Scale

—

100m Na® 1 Glucose

baymit Hemaogloban
Py foie
P-Cobulin -Globulin
90,000 56,000
oy Lipaprotemn .
200000 By Lipoprotein

1. 300,000

Fibnmegen
400,000

Fie 111, Relatlve dimensions and molecalar weights of some of the protein molecules in the blood
(Afer acley JL. 1949
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The approximate number of amino acid residues in a simple protein having no prosthetic
group can be calculaied by dividing its molecular weight by 110, The average molecalar weight
of the 200 amino acids is abowt 138 But as the smaller amino achds predominate in most proteins,
hence the average molecular weight of an amino acid is nearer 128, Since a molecule of water
MW = [B) is climinated 1o produce cach peptide bond, the average molecular weight of the amino
achd residue is about 128 - 18 = 110, Table 11-1 also gives the number of amino acid resices
present in different proteins.
QIR ot £ Approximate moleculir weights ansd the isoslectric paints of

s bmpriant protiies

Protein Molecwlur | Number of Number of | Iuelecone
weight (LW) reridues chams | potet {pl)

L. Imwlin ibovine) 5733 51 2 54

2. Cytechome C 12500 [{0) — 98

3. Ribumuchease {bovine) 14,000 (2] I 1495

4. Lysocyme (eggwhite) 14,600 12 ] no

5. Myoglobin (hone) 16,700 153 ] 70

6. Chymotrypsim (bovine ) 22 500 4 1 -

7. Pepsin 38,500 - -

B, Ovalbumin (hen) 0,000 -_— -— 46

9. Zein 0000 — — -
10, Hemaghobin (human) 64,500 4 4 —

1. Serum albumm (haman) b4, 500 - 550 I

12, Hexokinase (yeast) B, 00} = Ko 4

13, yeiobuim (horse W | <120 . 24171254
14, Catalase 250,000 -_ -_—

L5, Edestin 300,000 — - 1)
I Fibrinogen 450,000 - — 55
17 Urense 450,000 — — 50
I8 Glutamate dehydmgenase (hovine} | 1,000,000 - R.300 = 40 -
1% Virus protein of TMV 0,000,000 -_ -— -

4. CUwelloidal Natwre, Because of their giant siee, the proteins exhibit many collodal
properties, such as :
1. Their diffusion rates are extremely slow.
IL They may produce considerable light-scaniering in solution, thus resulting in visible
turbidity (Tyndall effect).

5. Denaturstbhon. Denafuration refers to the changes in the properties of a protein. In
other words, it is the loss of bologic activity.  In many instances the process of denaturation is
followed by cosgulation— a process where denatured protein molecules tend 1o form large
aggregates and 1o precipitate from solution.

Denaturation may be brought about by a vanety of agents, both physical and chemical. The
physical agents include mechanical action (like shaking). heal treatment cooling and freezing
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operations, rubbing, high hydrostatic pressures, (5,000 to 10000 atm. ). ultraviolet rays, eic. The
chemical agenls, that cause denaturation. are many jonizing radiations {like X-rays, radsoacti
and ultrasonic radiations), organic solvents (acetone. alcohol), aromatic anions (salicylates), some
anionic detergents (like sodium dodecyl sulfale), eic. A common example of protein easily denatured
by shaking or heat is the albumin of eggwhite.
H,C—(CH,),,—CH,080 Na*
Sodigm dodeoy | sullate, SDS

It was suggested by W (1931) that denaturation leads mainly 10 the unfolding of the peptide
chain, thus causing disorganization of the internal structure of protein (Fig. 11-21 This is evidenced
by the fact that the denatured proteins are more casily hydrolyzed (Mirsky, 1935).

E:

Fig 11-1 Representation of densiuration of & protein
The process of dematuration breaks bonds

‘When the peptide chains or the profein molecules are unrolied. certain bonds. split and new
sites of bundles are exposed 1o the acton of certain proteclytic enrymes causing hydrolysis. Thus,
the H-bonds linking the 2 peptide chains are partly freed and the disulfide (—5—5—) boads also
linking the two peptide chains spht open to yield the free sulfhydryl (—SH) groups.

According to Putnam (1953). the proteins. on denaturation, undergo following changes -

I. Decrease in their solubility

2, Cessation of their biochemical activily as enzymes or hormones.

3. Decrease in size and shape of the molecule.

4. Increased activity of some radicals present in the molecale sich as —SH group of cyaeine,
—5—5— bond of cystine and phenclic group of tyrosine.

Further, on denaturation. new ionizable groups become available for acid-base titration
(Steinhardt and Zaiser, [955) and also there occurs a change in opuical roation in the direction of
increased levorotation {Simpson and Kawrmann, 1953) Dy ron also leads 1o al mn
surface tension and loss of antigenecity.

Some proteins. when denatured. cannot be brought back 1o their onginal staie. In that case

ion 1s as of i ible’ type. Om the other hand. denaturation in other
[proteins is of “reversibie’ type. For example, if wrypsin is exposed 1o a temperature of 30-90°C,
it denamres and when this solution is cooled ai 37°C, the solubility and the activity of this protein-
enzyme is l:gl.lm:d T\t process of regaining nmmni protein properties by a denatured protein
is called folding. During certain antibodies may cause a re-rolling
of the protein bululle--um mos of the orginal bonds are recovered (Pauling, 1940). The
recovery of the renatured profein is. however. never complete.

6. Amphoteric Nuture. Like amino acids, the proteins are amphoveric. Le., they act as
acids and alkahes both (Fig. 11-3), These migrate in an clecnc fickd and the direction of
migration depends upon the net charpe possessed by the molecube. The net charge is influenced
by the pH value. Each protein bas a fixed value of isoelecine point (pl) at which it will move in
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) i
H—C— NH, — H—C—NH, + H°
| Asadic behaviour |
COOH (&4 40
T R
H—C— NH, ol 2P H—C—NH] + Q~
ho
COOH Ranic behavions COOH

Fig. 11-% Amphoteric sature of amino scids (and of proteins)
un electric field (refer Table [1-1). Isoclectric poimi (or issionic paint) is the pH value at which
the number of cations is equal W that of anions. Thus, ai isoelectric point, the net eleciric charge
of a proicin is always zero. But the wotal charge oa the protein molecule (sum of positive and
negative charges) at this point is always maximam. Thus, the proteins are dipalar lons or internal
salts or switterions (German for “ion of both kinds™ | amphotenic 1ons) at pl and exist in solution
s
(HN") —R—1C00 ),

This general structure of amino acids, represented as an inner salt. was originally proposed by
M. Bjerrum in 1923, The formala depicts the carboxyl group as being dissociated while the amino
group s projunated,

At pH values lower than pi, the protein will have a net positive charge and, as 1 cation, will
migrate towands negative pole (cathode).  Swmalarly. at pH values higher than pl. the protemn will
have a net negative charge and, as an amon. will move towards positive pole (anode ).

It may be stated in general that those proteins having an excess of carbonyl groups will tend
Iohiv:alwu'pu‘whll:lhw:hvm!mmﬂmmwlﬂmﬂmlﬂulh@hﬂ
“The esmotic pressure and viscosity of the protein solution arc a minimum at the = *

point, Also ai the ispelectric poinl, proteins are found (o be least soluble and can b
. : . - ; 243 /1254

7. lon Binding Capacity. Being amphoteric in nature. the proteins can form s,
cations and anions based on their net charge. In fact, a mixture of differcnt proteins .
pH {except at pl) will include cations and anions both and the salts of protein-protein combinations
will be formed. This occurs in tissues since both acidic and basic proleins are present.

Many ions form insoluble salis with proseins and serve as excellem precipitating agents for
prateins, For example. anions of some acids like phosphatungstic, richloroacetic. picric elc.. form
insoluble salts with proteins when the latter behave as cations {acid side of their pi).

Heavy metals are used for precipitating prodeins on the alkaline side of their pl. the proteins
behaving as unions  [ons of Hg, Cu, Ag, Zn cic., are frequently used for this porpose. Many acid
dyes find practical use for colouring the insoluble prodeins like silk and wool.

. Solubility. The solubility of proteins is markedly influenced by pH.  Sodubiliry (s lewest
at iseelectric point and increases with increasing acidity or alkalinity. This s because when the
protein molecules exist as either carions or anions, repulsive forces between ions are high, since
all the molecules possess excess charges of the same sign. Thus, they will be more soluble than
in the isoelectnc state.

A “Saliing-in’ effect. Globulms are spanngly solubie in water bul their salability 15 greatly
increased by the addition of neutral salts like NaCl. This p is as
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“salting-in’ effext.

B. “Salting-out” cffect. Proteins are precipitated (rom aquesus solution by high concentrations
Dl'mﬂﬂlsnll! This is the ‘salung-oul’ process. Divalent and trivalent jons are more cffective
than jons. The salis used for this purpose are Na, 50, (NH,). 50, magnesium
salts and phwphane;.

C. Isoelectric precipilation, Some proteins like casein of milk. however, are readily precipitated
ut or near their isoclectric point. This process is, therefore. described as isoclecinc precipitation.

N, Uhptical Activity, All protein solutions rotale the plane of polanzed light to the lefi, i,
these are levoratotory. For example, the specific rowtion (o], for ovalbumin is near —30° over
the pH range between 3.5 and 11. However, at lower or higher pH values the rotation becomes
more negative, e.g., at pH 13, the |a], is abou —&0°. The rotanon is further mcreased by
subjecting proteins 1o high temperntures.

CHEMICAL PROPERTIES
A, HYDROLYSIS

Proteins are hydrolyzed by a vanety of hydmbytic agemts,

1. By acidic agents. Proteins, upon hydrolysis with conc.  HCl (6-12N) &t 100-110°C for
B 10 20 hrs, yield amino acids in the form of their hydrochlorides.  Undesirable side-effects of acid
hydrelysis include the following

{u) Tryptophan, serine and th inc are d d during acid b lysis and as such this
reaction is ool used for their isolation.
i ine are deamid; luum:uﬂlluwmln!y
Sehvaration 1o py 5 acid.
H -
oo = L
COoOH
o N COOH
H
Pymilidane S-carbonylic acid

(e Other amino acids may undergo imtermalecular dehvdrarion forming cyclic anhydndes or
diketopiperazines.

o H

g !

C N

- R—CH HC—R

\

N—c

Ol |

H 0
a diketpperanne

2. By alkaline sgents. Proteins may also be hydrolyzed with 2N NaOH. Alkaline hydrolysis
is, however, less used as it is highly disadvantgesus:
() It leads to the destruction of certain amino acids like arginane, cysteine, cystine, serine,
threonine etc.
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by I alse causes Jons of optical activity (or racemization) of the amine acils.

3. By proteolytlc enrymes. Under ively mild itions of and acidity.
certnin protelytic enzymes like pepsin and mypsin hylitﬂyzt the proteins. E.nzynu hydrolysis is
used Tor the [solation of cenain amino achds like tr Two imp backs with this
type of hydrolysis are:

{a) It requires profonged incubation.
(k) Hydrolyss is incomplete,
H. REAUTIONS INVOLVING COOH GROUP
1. Reaction with alkalies (Sal formation). The clrbn)d: group of amino acids can

release a H' ion with the formation of carbexylate (COO™ ) ions. These may be peutralised by
cations like Na® and Ca™ 10 form salts, Thus. amino acids react with alkalies 1o form sairs.

R—TH—CQOL Na ——» R—?ﬂ— COO-Na + H, 0
NH, NH,
Sodium salt of gluamic acid i ’ is used ially as a fl ing

agent. 11 imparis a meat-like flavour to soups, for example.

! di MSG) or ' In common porlance, or the Taste powder as
some people call i, has a long history of use in China. Like sugar or salt, it is regarded as a fairly
standard pant of cuisioe, It makes a2 great difference 1o the way the food tastes. M5G actually
represenis 4 new Laste - the meaty, broth-like taste, common to foods o diverse as steak, lobster and
tomate, Virually, al! proteins contain glutamates, including mother's milk. Most ghiamales. are
“bound’ and have no effect on the flavour but ‘free’ ghaamates increase food's palatibility, Every 100
& of Parmesan chewsa, for insance, contains 9,847 mg of bound and 1,200 mg of free ghtamaes.
Tomataes, peas, miat shiock and canned foods and snacks alwo have it Human bady carries about)
2 kg of glutamate in muscles, brain, organs and tssues. Owiental cooks have long added a Lirge
seaweed, Laminara japonica, to thew soup stocks to enhance that beothy Ravour. The seaweed
contains glutamate. MSG s used as a flavour enhancer not anly by food processors bul ako by
consumers a5 well a colinary experts in estaurants and hotels. In fact, M5G is one of the most
ubiquitous of all food additives and is a popular ingredient of Chinese cuiine. Consus "
containing oo much MSC has precipitated amacks of sweating, headaches and g7
disorders in individuals, sensitive 1o the chemical The disease characterized by the ab 245 f 1254
Is called Kwok's disease or the ‘Chinese Restaurant Syndronve (CRS). Kwok, 2 patte
described people experiencing numbness of the back of the neck, general weakness anw.
after eating in Chinese restaurants thence, its nomenclature), People with high blood pressun s,
abetain foods added with MSG,

L. Heactbon with aleshols (Esterification ). With alcobols, comesponding esrers are proviuced.
Tltmm 50 cbiained. are volatile in contrast o the free amino acids.

Emglu:a
The reaction was, I'Urdlefmllme.usuihyﬁlml F:uhn[urﬁlerwlaﬂwuf:mlma:ldﬁm
pure form from protein by the jon in vacuum of their cthyl esters.

3. Resction with amines. Amino acids react with amines to form amides.
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HN—R ——> n—-ri:H—Do—m—n- + HO
NH,

Aming acid Amine Amide Wager

€, REACTIONS INVOLVING NH, GROUP
1. Reaction with mineral scids iSalt formation . When either free amino acids or prodeins
are treated with mineral acids like HCL the ocid salts are formed.

R— CH— COOH R— CH— COOH
| + HO ——> |
NH, NH, HCl
Amsno 2cad Amino acid hydmchlonde

The basic amino acids, arginine and Bysine react with CO, in the presence of air 1o form
carhonale salis. Because of this property, these are usually stored and also sold in the form of their
monochiorides.

1 R with ddehyde. With K the Jvdroxy-methy! derivatives are
formed,  These derivatives are insoluble in water and resistant W attack by microorganisms.
Becuuse of this action, formaldehyde is the principal reagent in embalming fuids and is used in
harden and preserve cenain fibres {Aralac, Yicara) obtained from globular proteins,

R— CH— COOH o R— CH— COOH
| + H— C“ —_— |

NHH A NH— CH,OH

b il . monomethylol

dervatne
R— CH— COOH M n—li:ﬂ—cmu
+ H—C: i
NH— CH,0H __,3\0 m(%

dermaie
This reaction is the basis of the Sorensen tration method for determining the purity of the
indivadual nmino acids,
A Rewctbon with benraldehyde.  Schiff's bases are formed.
R— CH— COOH R— CH— COOH
| i > | + HO
#» Ojuc —ch, Nk
Schiff's base
4. Reaction with nitrous acid (Van Styke reaction). The amino acids react with HNO, 1o
liberate N, gus and 1o produce the comresponding a-hvdreny acids,

R—CH—COOH R— CH— COOH
: ! —_ | + Ny + HO
NH] OH
Amina acid Nitrous ackd a-hpdreny acid

“This reaction is characteristic of aliphatic primary amines and has been utilized by Van Slyke
{1912} as the basis for his "nirous acld” merhod Tor the estimation of amino acids by measuring
the volume of Ny gas liberated. The imino acids profine and hydroxyproline, however, do not
rexponed to this reaction.



222 FUNDAMENTALS OF BIOCHEMISTRY

5. Reaction with acylating agenis | Acylation).  Acylation is brought about by many acid
ehlorides (CH,.COCI, C,H,.COCH and acid anhydrides (CH,.CO—0—0OC.CH,, phthalic
anhydride). when amino acids in alkaline medium react with them.

R— CH— COOH R— CH— COOH
| + HCl
NH—OC.CH;
R— CH— COOH
o
¢
i
—> N + HO
b
0
Phehaloylaming acid

6. Reaction with FONB® or Sanger’s reagent. In mikdly
alkaline solution, FONB (1-fluore- 2, 4-dinirobenzenc) reacts | FDNB is abso called 25 DB
with o-amine acids w produce yellow eoloured derivative, DNB- 2 i peRpencl:

amimg acid,
R— |CH— COOH R— (IE'H— COOH
NHH "No, —_— N'l‘lNO,t HF
NO, NO,
Aming FDNB DANB- amioo acid Hydrogen
acid {Sanger's reagest) iyellow flooride

“This reaction is valuable in clucidation of protein struciure and has been success®

7. Reaction with dansyl chloride. The N-terminal amino acid of the protein i
with |-dimethylaminonaphihalene-3-sulfonyl chlonide (or dansy! chlonde) 1o form a
dansyl derivative.

NiCH,),
— R—I‘:H—le Q + HCI
NH——— 50,

Dansyl dervative

D, REACTIONS INVOLVING BOTH COOH AND NH, GROUPS

1. Reaction with triketohy drindene hydrate (Ninbydrin reaction . Nishydrin (= indane-
I, 2. 3, <rione hydrate} is a powerful oxidizing agent and causes oxidative decarboxylation of
w-aming acids producing €O, NH, and an aldehyde with one less carbon atom than the parent
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amina acid. The reduced ninhydrin (or hydrindantin} then reacts with the libersted NH, and o
mole of ninhydrin, foming blue-coloured Rubeman's comples.
o

L]
¢
OH R— CH—COOH
2 \C< + e
< “oH NH,
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i i

c c 9
\C-N—C/ + R—l'l_‘ll + €O, + 3H,0

c/ N

| |

4] OH

This reaction has been used by Van Slyke us o basis for quantitative estimation of o-aming
acids. Here the CO, produced may be measured manometrically. It is more specific than the
“nitrous acid’ method. This reaction is extremely sensitive and gives reliable resuls with small
amounts of material

Amines, other than ¢-amino acids, also react with ninhydrin forming 2 blue complex bat
without evolving CO,. The evolution of CO, is. thus, indicative of the presence of an u-amino
acid.  Proline and hydlmsypmlllw. however, produce yellow complexes rather than blue with
ninhydrin,

2. Meaction with phenyl lsocvanate. With phenyl isocvanate. hydantoic acid is formed
which in turn can be converted 10 hvdanroin.

R— CH—COOH R—CH—

ooc/‘-rt cHy, —> TH
NHH.._ . NH—OC
PR Phel i Pheeny ydasscic acid

|

R—CH—CO

+ 10
NH—OC—N—

Phenyl bydantois
24971254
X Reaction with phenyl mothiocyunate or Edman resgent.  Phenyl isothio.
reacts similarly with amino acids w produce thichydantoie acid.  On trestment with acids in
manhydroxylic solvents, the latier cychze to thinhydainten.

R—Kcﬂon cxpN—cn —> R—Tﬂ—mi

(Esdman reagem)
R—CH—CO

NH— SC— N— CH;
Pheny | thchydanton Wser
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This reaction has proved useful in the studies of pretein structure,

4. Reaction with ph With phosgene. N-carb hyedride is formed.
R—CH—-CO\
A0 —— 0 + 20
NH—CO
Phasgene Necarbonyanhydeide  Hydrochlons scad

Phosgene {synomms: carbonyl chioride, carbon axychloride, carbonic dichloride), an acidic
chioride, i a colourless gas and has 3 musty odow, resembling fresh mown hay or green com. it
liguefies at 8°C. Since it is heavier (3,43 tmes) than air, it was wed extensively in gas warfare in
Workd War |, and caused B0 of the deaths by gas in that conflict, Luckily, gas wartare was
sparingly usedd in Workd War I, thus reducing e number of casualties. Phosgene does. not ocour
in nature. |t was first synthesieed by Sie Humphrey Davy in 1812 by passing CO and chiorine
through charcoal; it is deadler than bath CO and T, as i kills ragidly in as low a concentration
a5 550 ppam. ﬁmwudmmqllcﬂmlﬁ!ﬂnpimmalmndmlndummw‘,
1984, me Mmin.:lmmummn chemical being used in the synthesis o

b ressing, aniline dyes, phammaceuticals, plastics
allillmndes_

£ Rescthon with carbon disuifide. With carbon disulfide, 2-rhin- 5. thiozolidone is produced.

R*-TH——COUIH R“CH—OO\
....... itSE=C=85 —» /0 + HS
| S NH—CS
Asmimns ackd Coarbam disulfice: FethaorS-thuntcdubone  Hydrugen slfide

E. REACTIONS INVOLVING R GROUP OR SIDE CHAIN

L. Wiwret vest. Compounds contamng peptide bonds produce 8 characteristic purple colour
when treated with an alkaline 0.2% copper sulfate solution (or biuret reagent). This reaction is
termed as “biuret reaction” since it s also given by the substance biuret.

o o

| |
HN—C—NH—C—NH,
Biuret.
The colour decpens as the number of peptide bonds is increased and the proteins produce a

deep blue-violet colour due to the probable formation of a coonlination comples whose structure
is given below:

4]

|

C——HN NH——
m(c an? O C>HH

i !

The test is, in fact, given by hiuret as well 05 any similar structure having 2 amide or peptide
bonds linked directly o through an ilermediate carbon siom. The required unit is thown below
between the two broken lines:
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This reactlon hos proved useful In the studies of proteln seruciuse
4. Heaction with phosgene. With phosgene, Necarborvamdride ix formed

Phasgene (synomms: carbonyl chionds, carbon oxyehlonide, carbunis dichlonde), an acidic
whborde, |+ 4 colouriess gas and his & musty odour, resembling fresh mown hay o gress com. i
liquefies at B2C. Since il is header (343 tmes) than as, it was used exensively in g warlar in
World War I, and camed 80% of the deaths by gas i that conilict. Luckily, g warfare was
sparingly used in World War U, thus reducing the number of casuafies. Phosgene does nol oocur
o atune, [ was find vynthesioeed By Si Humghrey Davy in 1812 by passing 00 and chbisine
throwgh charcoal; it i deadiier thar both CC and Cly as 1 kil ragidiy m as low o concentration
an 350 ppm. Phosgene was ale mmplicaied in the Bhopal iragedy that occred in ndia in December,
1964, Hw phwngene is .lhu an important inclusttial chemical bring used in the syothesis or

of b resing, aniline dyss, phanmaceticals, plastics

and insecticides,

5. Hewction with carben disullide. With carbon diselfide, 2-thin-3 -thiozolidone is produced,

R—CH—CO
0 +H
NH— 57 s
LabiSohioactidone Hydroges i

E. REACTIONS INVOLVING R GROUP OR SIDE O

HAIN
1. Biwrel test. Compounids containing pepide bonds produce o charscerisie pu 250 ; 1 254

when treated with an lkaline .2% copper sulfate solution (or biwret reagent). This ro
termed as “hiurel reaction’ since it 1s also given by the sabstance burel.
L+]
| I
HMN—C—NH—C—NH,
Bluret

The coloar deepens as the number of peptide bonds is incressed and the proteins produce a
deep bluc-vioket colour due to the probable formation of a coondination comples whose siructure

4 g

C —HN NH——C
_m‘)cu“(m_ SNH
i i

1N

The best is, Ia e, given by biuret ns well as any similar structure hoving 2 amide or peptide
bomds limked directly or through an inlermediate casbon atom.  The required wnil is shown below
herween the two hroken lines:
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Al proveins except dipeptides, therefore, respond to this reaction, This reaction i widely
waeid hoth 0y a gualitative tesl for the detection of proleins and & 1 quantitative measure of prolein
congentration.

L Xunihoprotelc test, Yelow colour develops on beiling proteins with cenc. HNO, due
s the presence of benzene ring. This reaction is due w the nitratton of the phenyl rngs (of
tyrogine, tryplophan and phesylalonine) o vield yellow sabstinution products, which um orange
upon midition of alkali

Nanibopeuteis Tesl
Prowin + HNO, ———— Trisirophenol + NOT
{= Fiene acid)

A Millow's test. Red cobour develops when proteins are heated with Hg.NO, in HNOz. The
renction i specific for fyosime and lakes plece hetwesn mercuric and mercurous nitrtes and
tyrosine residues of the protein.  Tryptaphan also responds 1o this reaction,

4. Hopkins—Cale test or Glyoxylic acid test.  Viclet nng develops on addition of cone,
H80, (36 N} s the junction of protein and glyexylic acid solmions. The 1ess is specific for
Iryptaphan,

5. Falin's tesi. Bloe colour develops with phos phomolybdotn gsiic achl i alkaline solution
due o the presence of phenol group. The test ks specific for frrosime.

e Sukuguchi fesl. Red colour develops with a-naphthol and sodium hypochlorie. The test
is applied for the detection of arginise.

7. Pauly test. Red colour develops with diazotized sulfanilic acid in alkaline solution. The
reaction 15 specific for nrosine and M:rrd'ur

8. Flrlich test. With p-ds by ldehyde in 12 N HCL, tryprophan develops a
hlue colour.

F. REACTIONS INVOLVING SH GROUP

1. Miroprusside iest. Red colour develops with sodium nitroprusside in diluie NH, OH.
The test is specific for cvsteine,

2. Sullivan test. Cysteine develops red colowr in the presence of sodium 1, 2-naphih-
agquinone-+-snlfonate and sodium hydosuifie,

The vanous colour reactions for different amino acids are summanzed in Table 11-1
m Calour reactions for specific sminoe acids

AN Tewr Reagent Colour Ao aeidlis)
L Bduset 1ot Alkaline Cu 50, soln. Wioder Pepiade boels
2 | Xanthopearcic test | Canc. HNO, Vellow Tyrasine

Tryptoptan

Phenylalaning
3| Milkan's jess HE NO, in HNO,; hest Rel Tymasine

Trypiophan




Enzyme



CONTENTS CHAPTER

& importance
Historical Resume
Momenclature and
Clossification
soenrymes of Borymes

Multienzyme Systermns
Biclegical Roles of Enzymes

Enzymes-I

Nomenclature and
Classification

O, IMPORTANCE
}
g, R Ligh i Life is an intricate meshwork involving a perfect
[ coordination of a vast majority of chemical reactions. Some
3 of these ions resull in synthesizing large molecul
It

others in cleaving large molecules and all of them either utilize
energy or liberate energy. All these reactions occur very
slowly at the low P and the pheric
pressures—the conditions under which living cells carry on
their life processes. Yet in the living cells these reactions
proceed a extremely high rates, This is due 1o the presence
of some catalysts produced and synthesized inside the body

of the The

lerm Cenzyme' Was |y, foop Kuhne intended for the
coined in 1878 by | e wneyme to apply to both
Friedrich  Wilbelm | yeast ferment and  the
Kuhne to designate | extracellular catalysts of more
these ‘binlogical | complex animals, e.g., pepsin
catalysts' that had ;‘: trypsin Pfﬂph‘-::iﬂﬂhlm
2 inition specifically b i

preniitly -m called that lower apr::l hi#b:mr:'nun of
‘ferments’. As they i

% he life are not so fundamentally
q‘l-nck_rn Iml:lll ol'. t dif f

The activity of an enzyme is occurring in the body,
respansible for the glow of the

luminescent jellyfish at left shown (D¢ cnzymes have been desipnated as the ) 358 ;“ 1 254

nature’s impatience”.
Fhe dnyrme "W“r:‘ Etmlyzes. ‘;: The name ‘enzyme’ (en” = in - zyme® = yeast) mennny
“Im"“'“‘“""l"“ by excygen in means ‘in yeast' This was referred 1o denote one of the mast
fm s = e thy ions wherein the production of ethyl alcohal
|Fred BavendamyPeter Amots]  and carbon dioxide through the agency of an enzyme, the
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Zymase, present in yeast takes pluce. This reaction is most popularly k leoholic fe i
Sumner and Myrbiick (1950) have beautifully defined the enzymes as “simple or combined proteins
acting s specific catalysts’. They are soluble, colloidal mal which are produced by living cells.

All enzymes are globular proteins with u complex 3-'D" structure, capable of binding substrate
molecules 1o a pant of their surface. They affect the kife of an organism 1o such an extent that life has
aptly been called as “an orderly function of enzymes. "

Asan unalogy, if one considers a living cell as a factory, the individual 'y might be compared
to the machines that work logether 1o cause the transformation of a raw material (like steel) into parts
of a finished produet (like an automobile).

Difference from catalysis. Like catalysts, the enzymes do not alter the chemical equilibrium
pointof areversible reaction but only the speed of the reaction is changed, They. however, differ from
catalysts in being the biological prod ie.. produced from the living cells. Morcover, the enzymes
are all protein and, unlike caalysts, cannot Last indefinitely in a reaction system since they, being
colloidal in nature, ofien become damaged or inactivated by the jons they catalyze. Henceforth,
they must be replaced Iy by funther synthesis in the body. Furthermore, unlike catalysis, most
individual enzymes are very specific in that they act either on a single or al the most on some structurally-
related substrates.

Difference from vitamins. All enzymes are profeinaceous in nature and differ from vilamins in
the fact that the laner are not synthesized by the animal cells, in contrast to the former.

Endoemyzmes and exoenyzmes. Most of the enzymes usually act within the cells in which they
are produced and hence are called | enzvmes or end 'y e.g. most of the plant

y As these enzy catalyze the holi jons of the cell, they are also referred 1o as
metabuolic enzymes. On the other hand, certin enzymes which are liberated by living cells, catalyze
useful reactions outside the cell in its environment and hence are known as extracellular eneymes or
EXGENEY IS, g, enzymes found in bacteria, fungi and some insectivores like Drosera and Nepenthes.

They act chiefly as digestive enzymes. catalyzing the breakdown of complex substances 1o simpler
ones which can readily be absorbed by the cell.

LOUIS PASTEUR (LT, 1822-1895)

Louis Pasteur, a French chemist and biologist, was bom on
December 27,1822 in Dole France into a family of poor tanners.
His father Joseph Pasteur was a sergent-major in Nepoleons amy
and his valour had earned him the Legion of Honour, Louis did
not seem to be particularly outstanding at school but was an
excellent antist and made numerous portraits of his family. He
studied at the Paris school, Ecole Nomale Superieure, a school
founded by Napalean to train prof and graduated as.a Ph.D.
in Sciences. In 1848, he achieved distinction in ofganic chemistry
far his discovery that tartaric acid, a C-4 compound, forms two different types of crystals
and successfully separated the two forms while looking through a microscope. He
farmulated a fundamental law : asymmetry differentiates the onganic world from the
mineral world. His work became the basis of a new science— stereachemistry. In January
1849, he became an Assistant Professor of Chemistry at the University of Strashorough
and soon after in May, 1849 married Marie | aurent, daughter of the University principal.
She often discussed his work, spurred his thinking and was one of the best scientific
collaborators. The couple had 5 children, but only 2 survived to adulthood. And in
September 1854, at the age of 32, he was appointed full-fledged Professor of Chemistry
and Dean at the University of Lille in Northern France.

Three years later (ie., in 1857), he was called back and appointed as Research
Director at the Ecole Normal on the Rue d*Ulm in Paris. As a researcher, he showed




suchas
ta) Trypsin from beel pancreas by John H. Northrop and Kunitz (1936)
() Catalase from beef liver by Sumner and Dounce (1937)
() RMase from beel pancreas by Kunitz [ 1940)
(ef) Pepsin from swine stomach by John H. Northrop (1246}
{e] DNase from beel pancreas by Kunitz ( 1950)

NOMENCLATURE AND CLASSIFICATION

With the increase inourk dge of logy. various systems have evolved o
nume and classify the enzymes, using one or the other criterion as the basis. However, many of the
enzymes were known hefore these systems of naming enzymes were adopted. The names of such

enzymes were nol changed under the new systems. [n this category belong | bromelin, chymotrypsin,

dinstase, emulsin. papain, pepsin, ptyalin, rennin, trypsin etc.

In fact, the at that time

A. Substrate acted upon by the enzyme. The sub
upon which an enzyme acts is called the substrate, Duclaux
{ 1883) named the enzymes by sdding the suffix -ase in the name
of the substrate catalyzed, For example, enzymes acting upon
curbehydrates were named as carbolvdrases, upon proteins as
proteinases. upon lipids as lipases, upon nucleic acids as
e fewses and so on. A few of the names were even more specific
like maltase (acting upen mallose), swcrase (upon sucrosel,
wrease (upon urew), fecithinase (upen lecithin), fyresinase (upon
yrosine) el

B. Type of reaction catalysed. The enzymes are highly
specific as o the reaction they catalyze. Hence, this has
necessilated their naming by adding the iufﬂx-a.w in lhe  name
of\h macuun fﬂreumple hrvdrenl

in Furope was that enzymes were
nat proteins, because of the
findings of the influential German
chemist Richard Willstatter
(Nobel Laureate, 1915), who, in
19205, reported that he could not
detect protein in purified enzyme
preparations from yeast. With
hindsight, it is realized that the
protein assays used m that era were
nat sensitive enough to detect the
small amounts present in
Willstitter's purified preparations.
The nongrotein nature of enzyme
was so enirenched in scientific

(i IV
i L

(dehydrog

hinking that decades passed
before  their polypeptidyl
: i

p&:xpﬁﬂﬂhm (phosphorylation) ete.

s
accepted.

Although these two systems are quite simple and easy 1o
follow, there are certain discrepancies present in them. The former
the type of the reaction catalyzed, whereas in the latter system no
nature of the substrate acted upon by the enzyme.

system does not take into account
idea can be derived regarding the

. Subsiraie scled upon and type of reaction catalyzed. The names of some enzymes give

clue of bath the substrate utilized and the type of reaction :mlyz.ed..
of the

succimc acid.

For example, _uw enzyn: SUCENC
1

nk'!mfmgrum calui)'mn the dehyds
an enEyme r.n.ujj'zmg

reaction involving L-glutamic acid.

. ‘mhummeumhumml Alwmymh.mhemmrmdluadduuthuufﬁxmm

2

the name of the d. viz.,

ucid mdmd.lmnllmdphale and also fumarsse that forms fumarate mm‘blyﬁml. malate.
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E. Chemical composition of the enzyme. Based on their
have been classified inw following three categories :
I, Enzyme molecul isting of protein onl

efc.

the

£.§.. PEpsin, trypsin, urease, papain. amylise

2. Engyme molecule containing a protein and 2

Zn™" nswlmn),nxgmuse{Mn *). tyrosinase [Cu *Jele.

5., carbonic

Enzyme muolecule containing a protein and o nonprotein erganic compound known as

prosthetic group— Tauber {1950} has further subdivided them, on the basis of the nature of

prosthetic group involved :
() Iron prophyrin enzymes— catalase, cytochrome ¢

peroxidase | and I,

()] Fhvoprmcmeaaynua—- glycine oxidase, pyruvate oxidase, hivamine.

miulase.

(¢] Diphesf =g Py

.A PEA

(el Enzymmirins other coenzymes— phosph
F. Substunce hydrolyzed and the group invelved.
1. Carbohy drate-hydrolyzing enzymes

yluse, amina

{a) Glycosidases—cellulase, amylase, sucrase, lactase, maltase

(&) P-glucorinidase
2. Protein-hydrolyzing enzymes
(@) Peplide bonds
L Endopeptidases
Animals— pepsin, trypsin, rennin
Plants—papain fiin, bromolin

1. pep PeP PEF
(b) Nonpeptide C—N linkages (amidases)
urease, arginase, glulaminase
Lipid-hyralyzing enzymes
lipases, esteruses, lecithinases
Other ester-hydrolyzing enzymes
(@) Phosphatases
{B) Cholinesterases
{¢) Chlcrophylluses
(d) Sulfatases
(e} Pectinesternses
() Methylases
[idation-reduction enzymes
hydrases, mutases, oxidases, dehydrogenases,
peroxidases

&, Miscelluneous enzymes

e ——————————
The |LLB. system is based on the

report of the Commission on
Enzymes, Intemational Union of
Biochemistry Sympasium, Vol 20,
Pergamon Press, New York, 1961,
ln fact, the international symbalic

of chemistry was

catalase, carbonic
trunspeptidase
€& Over-all chemical reaction taken into consideration.
Thz._hmmcal reaction tmlyud is the specific property uh:b
ane Syt ther. In 1961, J

Union qf'&urhrmsrr_\ {£.L.B.) used this criterion as o basis for

R el

nnsmally developed by |anes
Jax ob Berzelive, who proposed that
an element be identified by the
initial letter or first fwo letters of its
Latin narrw,
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the classification and naming of enzymes. Although complicated, the LU.B. system is precise,
descriptive and mformative.
The major features of this system of classification of enzymes are as follows
() The reactions and the enzymes catalyzing them are divided inte 6 major classes, each with 4
1o 13 subclasses.
(b} Each enzyme name has 2 pans—the first pan is the name of the substrate(s) and the second
parl which ends in the suffix -ase, indicates the type of reaction catalyzed.
() Additional information regarding the nature of the reaction, il needed, is given in parenthesis,

Fur example, the enzyme malate delivdrogenase cataly ees the Tollowing reaction
L-malate + NAD" ——  Pyruvate + CO, + NADH + H'
Thi Teas morw by ig as L-malate : NAD

{d) Each enzyme has been alloted a systemic code number called Enzyme Commission (E.C.}
number. The E.C. number for each enzyme consists of a series of numbers ot 4 places ; the
first place numbers representing the major class 1o which the enzyme belongs, the two median
numbers denoting the subclass and the sub-subclass of the enzyme within the major class,
The last place number or the fourth digit represents the serial number of the eneyme within

the sub-subclass. Thus E.C. 2.7.1.1 rep class 2 (a subclasy 7 (transfer of
phosphate). sub-subclass 1 lnnllmhdgmupuphusplmmrplnrl The final digit denotes
the enzyme, hexoki or ATP: D-h . This enzyme catalyzes

nwunnﬂndﬂnnspmhmmmmmﬁmmmﬁﬂglm

Henokinase

ATP + D-hexose ——  ADP + Hexose-6-phosphate
(e} Where no specific category has been created for an enzyme, it is listed with o final figure of
99 in order to leave space for new subdivisions. For example. 4.2.99 refers 1 “other carbon-

oxygen lyases,”
The b major classes of enzymes with i ples fi el are described
bebow :
L t)\lnlurﬁu‘tm T!llsclm comprises the enzymes which were earlier called dehydrogenases.
oxidases, i etc. The group, in fact, inchedes those enzymes
which hnng about oridati ducti ions between two sub Sand "

St Voo —— S # 5o

More precisely, they catalyze electron ransfer reactions. In this class are included the enzymes
cataly#ing oxidoreductions of CH—OH. C—=0, CH—CH, CH—NH, and CH—NH groups. Some
important subclasses are :

1.1 Enzymes acting on CH—OH group of electron donos. For example -

L.1.1.1 Alechol : NAD oxidoreductase

[common or trivial name, Alcohol dehydrogenase]

This enzyme catalyzes the [ollowing reaction :

Alcohol + NAD ———  Aldehyde or Ketone + NADH + H™

1.3 Enzymes acting on CH—CH of electron donor. For example

|322f:t-mmm=$“i;.m“ = 365/1254

[Acyl-CoA d:lr_rnkug:ml

Acyl-CoA + oxidized 2, 3-dehyd 1-CoA + reduced cytochrome ¢

1.9 Enzymes acting on the heme groups of electron donors. For example -

1.9.3.1 Cytochrome ¢ : O, oxidoreductase

[Cytochrome oxiduse]
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4. reduced cytochrome + 0, + 4H' ——— 4 oxidized cylochrome ¢ + 2H,0
111 Engymes acting on H,0, as electron acceplor. For example
11116 Hy0y: Hy0, oxidoreductase

4 Although not an oxidizing enryme,
iCaimlane] catalase s usually classified with
H,D«+H-O- == IH,0+0, axelases, bexawie it aetian is closely
IR which catalyze the transferof a | connected with physiclogical
" oxhidatson
;ruup{':!culu'dun gen ) between u puir of 5
and §” are called transferases,

5—G+5 —— 8+5—0

In these are included the enzymes catalyzing the transfer of one-carbon groups, aldehydic or
ketonic residues and acyl. glycosyl, alkyl, phosphorus or sulfur-containing groups. Some imponant
subclasses are :

2.3 Acyhransferases. For example :

21316 Acetyl-CoA - choline O-acetyliransierase

|Choline ncetyliransferase]

Acetyl-CoA + choline ——— CoA + O-acetyicholine
2.4 Glycos yliranslerases. For example :

2.4.1.1 @-1. 4-Glucan : orthophosphate glycosyl
[Phosphorylase]
(-1, 4-Glueosyl), + orthophosphate —— (u-1, 4-Gi ) 1 + 0-D-glucose- | -phaosp

2.7 Enzymes catalyzing the transfer of phosphorus-containing groups. For example :

2.7.1.1 ATF : D-hexose-b-phosphotrans ferase

[Hexokinasz]

ATP + Dohexase ———+ ADP 4 D-hexose-6-phosphate

A, Hydrulases. These catalyze the hydrolysis of their sub by adding
water across the bond they split. Thewbwlm include ester, glycosyl, ether, peptide. acid- mhyfhdc
C—C, halide and P—N bonds. Representative subclasses are :

3.1 Enzymes acting on ester bonds. For example :

1.1.1.3 Glycerol ester hydrolase

[Lipase]

A wiglyceride + H,O ——— A diglyceride + a fatty acid

3.2 Enzymes acting on glycosyl compounds. For example :

3.2.1.23 p-D-galactoside galactohydrolase

[B-galactosidase|

A [-D-galactoside + H,O —— An aleohol + D-galactose

3.4, Enzymes acting on peptide bonds

Here the classical trivial {pepsin, irypsin, thrombin, plasmi yhave been largely retained
due to their consistent long usage md also due to dublmn specificities which make systematic
nomenclaiure almost impractical at this time.

3.5 Enzymes acting on C—N bonds, other than peptide bands. For example

3.5.3.1 L-arginine ureohydrolase

{Ariginase]

L-arginine + Hy0 —— L-omithine + urea
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4. Lyases (= Dy | These are th which catalyze the removal of groups from
L by mechanisms other than hydrolysis. leaving double bonds.
X Y

| | ——> c=c+x—Y

In these are included the enzymes acting on C—C, C—0, C—N, C—5 and C—halide bonds.
Tmportant subclasses inchude -
4.1 Carbon-carbon lyases. For example :

411,27 Ketose-1_phosphate aldehyde-ly
[Aldolase]
A b sk - —

42 Cmbnu—om”:n Iyasu For example :
4,2.1.2 L-malate hydro-lyase
[Fumarase]
L-malate ——  Fumarate + H,0
4.3 Carbon-nitregen lyases. For example :
4.3.1.3 L-histidine ammonia-lyase
[Histidase |

L-histidine — Urocanate + NH,
5, lsomerunes. These catalyze i 1ons of optical, g W Or pasit ssomers by
intrumolecular rearrangement of soms or groups. Imporiant subclwses are @
5.1 Ravemases and epimerases. For example :
5,111 Alanine racemase
L-alanine ——— D-alanine
5.2 Cis-trans somerases. For example
520340 i eci
|Retinene isomerase|
Allr il ——t | -cis-reti
5.3 Intrumolecular oxidoreductases. For example
5319 D-gl -6 phasy ket
[Glucosephosphate isomerase]
D-gl 6-phosph » D-fructose-6-phosph
6. Ligases (rrxarr" = (o bind) or Synihelascs. These are Iln.' enzymes catalyzing the Iullmg
together of two compounds utilizing the energy made avai due 0 of a
pyrophosphate bond in ATP or a similar compound. This category includes enrymes -+
reactions forming C—0, C—8, C—N and C—C bonds. Important subsclasses are |
6.2 Enzgymes eatalyzing formation of C—S8 bonds. For example 36? ‘i 1254
6.2.1.1 Acetate : CoA ligase (AMP)
[Acetyl-CoA synthetase ]
ATP # acetate + CoA ——— AMP + pyrophosphate + acetyl-CoA
6.3 Enzymes catalyzing formation of C—N bonds. For example -
6.3.1.2 L-glutamate | ammonia ligase (ADP)
[Glutamine synthetase|
ATP 4+ L-glutamate + NH; —— ADP + orthophosphate + L-glutamine
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6.4 Enzymes catalyzing formation of C—C bonds. For example ;
6.4.1.2 Acetyl-CoA : CO, ligase (ADP)
[Acetyl-CoA carboxylase]
ATP + acetyl-CoA + CO, + H,0 —— ADP+ nﬂluﬂamplw.e + malonyl-CoA
To date, over 2,000 dilferent enzymes are known, of which the oxid and
hydrolases predominate, Because official names are often lengthy. the trivial names of enzymes are
generally used after initial identification,

ISOENZYMES OR ISOZYMES

Many enzymes oceur in more than one molecular form in the same species, in the same lissue
or even in the same cell. In such cases, the different forms of the enzyme catalyze the same reaction
hul since they possess dlffew kinetic properties and &Bl!erenl. mnn acid composition, they can

hini such as el
Sm.ll mulhpie forms af the enzymes are called lsoenzrymes or | loenzymes is in fact, the
are of widespread nature. Over a hundred l'!hﬂhhindllmatcm

enzymesmmwkmnmbeol’ ic nature and 1} o the Inte al Union of
occur in two or more molecular forms. Lactic defyd) LDH | Biochemisiry.

(E.C. No L.1.1.27). for example. is an enzyme wihch exists in 5

possible forms in various organs of most b LDH I the ibl idati

reduction reaction :
Lactate + NAD' === Pyruvate + NADH + H*

Two basically-different types of LDH are found :

{a) hean LOM. This predominates in the beart and is active at low levels of pyruvate. This has 4

identical subunits called H subunits (H for heart).

(b) muscle LDH. This 15 charactensuc of many skeletal muscles and maintaims its activity in

much higher concentrations of pyruvate. This also has 4 idenical subunits called M swbumits
(M For muscle) which are enzymatically inactive.

The two types of subunits, H and M, hn\': the same molecular weight (35,000) but differ in
amino acid ition and in 4 perties. The two subunits are produced by two
separale genes. LDH can be formed [rom Iwo l,pcs of polypeptide chains designated as H and M
subunits to yield a pure H tetramer and a pure M tetramer. Combinations of H and M subunits
will, bowever, produce 3 additional types of hybrid enzymes, thus making the wial number of
possible forms s Mive (refer Fig. 16-1). This is confirmed by the fact that when ﬂ! 2 subunits are
mixed in equal proporti a of 5 bands is chtained by el h . The 5 differemnt
LDH enzyme forms are designated as H,, HM, H.M,, HM, and M The various isoryme

forms of LDH differ significantly in the maximum activities ¥V __ . in m- Michaelis constamt Km
for their substrates, especially for pyruvate and in the d:gme of their allosteric inhibition by
pyruvale.

The relative concentrations of the LDH enzymes differ from one type of tissue to another,
and the relative composition is characteristic of the tissue. For example, LDH-1 plus LDH-2
makes up about 60% of the LDH of cardiac muscle, while LDH-4 plus LDH-5 constitutes about
80% of the LDH of liver. Thus, a diagnosis based on clevated serum LDH can be made more
specific with respect to the organ involved by an electrophoretic analysis of the LDH 1sozymes.
For example, the elevated serum level of LDH in a myocardial infarct is primarily due to an
increase in LDH-1 and LDH-2: while in liver discase the clevated serum LDH is primarily due
ta increases in LDH-4 and LDH-5.
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SST -

Pure M tetramer (M) Pure H tetramer (Hyh

¢ w B

Fig. 161, Possible combinations of H and \{lﬂ-ﬂlﬂhﬁkm

Damages to tissues and cell death both result in a release of Hlul d: d
cells into the blood. Therefore, the concentrations of these enrymes increase in the blood serum and
can serve as 8 valuable diagnostic aid in a number of diseases, including myocardial infarction,
pancreatitis, liver disease and prostatic cancer.

The serum concentrutions of 3 enzymes are ofien used m of
{MI). These are hosphoki (CPK), gl i (GOT), and
lactate dehydrogenase (LDHI In more than 95% ol' M1 patients, serum levels of GOT rise rapidly
and then return to nermal in 4—5 days. The serum levels of CPK characienistically rise and fall even
mre rapidly than GOT levels. However. the serum levels of LDH typically rise and fall more slowly.
reluming to normal levels in about 10 days.

There seems fo be an inferesting relation between LI and the physiological role of Might in
birds. In those birds grouped as shart flvers, over 90% muscle LDH is present in breast muscle. In
Tong fivers, breast muscle contains over 95% hean LDH which suggests ible relation

heart 1on, Those birds ¢l. das # frate fTvers contain mixiures of both heart LDH and
muscle LDH,
Other hy ples of i are maiic defydrog (MDH), hexoka esterase
and glveel delivdrogenase.
MULTIENZYME SYSTEMS

A few examples of complex enzyme sysiems are known 1o exist. These are not inde pendent
mulecules but ocour as aggregates in a mosaic pattern involving several different enzymes. Pyruvie
acid dehydrogenase of E. coli is one such example. This complex molecule has a molecular weight
4,800,000 and consists of 3 = 24 moles of py decarboxylase (90.000), 24 moles of

pyruvate decarboxylase (90.000), 24 moles of dihydrolipoic dehydrogenase (55.000) and 8 subunits
of lipoy | reductase transacetylase (120,000} Emhcmwm of rlns cumplucuym: is s0 arranged
as 1o provide an efficient coupling of the individ i by these enzy In other
words, the product of the first enzyme becomes the substrate of the second and sa on.

BIOLOGICAL ROLES OF ENZYMES

‘The enzymes find many applications in our daily life. Euymnur pmusws such as baking, htmng
and tanning have been known from antiquity. The Id apy
below

1. Wine manufacturing. Much of the early interest in enzymelogy was develo 369 ’,f 1254

like Pasteur, Payen and Persoz, who were associated with food, wine, and

Pasteur was perhaps best known to the French nation as the “saviewr of the
because his pasteunzation process salvaged an ailing industry beset with problems of microbial
contamination. Papain is used in brewing industry as a stabilizer for chill-proof beer, because
it removes small amounts of protein that cause turbidity in chilled beer.
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2. Cheese making. Since long the animal renmun {or remmer)

Rennin is a milk-curdling

is employed in making cheese. The enzyme rennet is
ohtained on a commercial scale from the fourth or true
stomach of the unweaned calves which are specifically
slaughtered for this purpose. One calfl produces only § 1o
10 gm of rennet. The enzyme helps i coagulating the
casein of milk, (‘munpm.mvuﬂuu‘uld benzoic
acid or sodium chiorid added to prevent
decomposition of the =nzyme preparations by hacteria,
An enzyme lipase is added 1o cheese for imparting flavour
o n Many vepeturians are unaware that Ihech.#emadt
i indi ins animal rennet, H an i

enzyme found in the stomach of
ruminant mammals and is
probably widely distributed
among other mammals. By
clotiing and precipstating milk
protesns, it apparently shows the
movernent of milk through the
stommach.  Human infants, who
lack rennin, digest milk peoteins
with acidic pepsin, jud as aduls
do. Rennin should not be

charitable trust concerned with the wellare of animals,
the Beauty Witheut Cruelty :nwt‘: has, \I‘Illl the Hp ol’
Aurey Dairy, Mumbsi, und
trials in cheese making using nonanimal rennet.

Candy making. A helps
granslaticn of sugars in soft-centred candies. Ancther

confused  with  another
phonetically similar enzyme
called renin which is produced
by the kidney. Renin catalyzes
the synthesis of angitensins
which cause vasoconstriction in
the kidneys, thereby causing
electrolyte and water redention in

enzyme, factaze prevents formation of lactose crystals | o pody
which would oth not allow the product
seem sandy in texture,

4. Bread whitening. Lipoxygenase i1s used for whitening the bread.

S, Clarifying fruii-juices. The enzymes are being used in provessing of fruil juices such as
apple juice and grape juice, The juices are clarified by adding a mixture of pectic enzymes
which hydrolyze the pectic substances causing turbidity.

6. Tenwderizing meal. Because hydroxyprolyl residues create bends in collagen helices. which
contribute (o the tough and rubbery texture often associated with cooked meat, treating the
meal with a protease (bromeluin or papain) prior (o its cooking hydrolyzes peptide bonds.
and thus tenderizes it

7. Desizing fabrics. The woven labrics are sized by applying starch 1o the warp (lengthwise)
threads (o sirengthen the yamn before weaving. But when these [abrics are printed or dyed.
the sizing should be removed. Desizing may be done by acids, alkalies or enzymes. Enzymatic
desizing is. however, preferred as it does not weaken the fabrics. Enzymes for this purpose
are obtained from a vanety of sources including bactenia. fungi and makh.

8. Destaining fabrics. In drycleaning. the stains due 1o glue, gelatin or starch are removed by
employing cerain enzymes. such as alcalase.

9. Dehairing hide. In the manufacture of leather. the hide is made free from hair. This is done
by employing pancreatic enzymes which hydrolyze the proteins of the hair follicles. thus
freeing the hair so that it may be easily scraped ofl from the hide.

1. Recovering silver. Pepsin is used lo diges! gelatin in the process of recovering silver from
photographic lms.

11, Correcting digestion. When the enzymes are present insufficiently in the body. certain
digestive disorders come up. These may be cured by supplying the lacking enzymes. Pepsin,
papaip and amyiases aid digestion in the siomach while pancrearic enzvines act in the
duodenum.

12, Wound healing. Protealviic enzymes from pig pancreas are used to alleviale shmim
bed sores and sloughing wounds, These act hy g of
man, MF!vmmzhelhngﬂmhmﬂ!mymmmnlymfwmmd

are the p such as e - ficin and rrvpsin.
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1% iy ring hiochemicals. Certai are wsed in climical analysis. For example, wricase
and wrease are employed in the determination of uric acid and urea respectively in blood.
Besides, sucrose and raffinose conlents in sugar mixtures are determined by polarimetry
hefure and after reating the solutions with the enzymes, sucrase and melibiase.

14, Dissolving blood clot. The enzy me wnekinase, which 1s manufactured from urine. is being
used effectively in Japan in the treatment of blood clot in brain, artery and other circulatory
diseases. A team of Soviet scientists led by Yevgeni Chazov, Director of the National
Cardiological Research Centre, Moscow, have, in 1982, developed an effective enzyme
strepiodekase, which can dissolve blood clots in vessels. The new enzyme is particularly
useful in preventing beart aftacks as clots are responsible for 9 out of 10 fatal cases of
cardiac arrests.

15, Changing the blood tvpe. In 1981, Prof. Ken Furukawa and his associates of the Gunma
University's Medical School, Japan have successfully employed several types of specific
enzymes in an epoch-making experiment (o freely change human blood types. They found
that the composition of polysacchanide on the surface of blood corpuscies determines each
person’s type of blood. DilTerent kinds of luwchmcknsnts of each blood type form on
the surface of RBCs due 10 the function of 1 synth . I the sugar is sep d from
the surfuce of RBCs by using a specific decomposition enzyme, type A blood and type B
blood can be reverted (o type O, the prototype of the two blood types. If this breakihrough
<un be put to practical use, it will fulfill 2 long-cherished dream of doctors (o administer
blood transfusions irrespective of the type of blood a patient has by merely changing the
patient’s blood type to maich the blood available.

16, Dia;nmhx hypertension. A new method called radio immunoassay procedure for

ing cases of b has been developed by Bhabha Atomic Research Centre

(BARC. In it the activity of renin, Iytic enzyme J by the kidneys, is calculased

firect] ¥ in-1 which is formed by the action of renin. Renin acts as
part of a complex feedback mhamm !m- regulating blood volume and pressure.
g surgery. A

rr;p:m as an adjunct o cataract lnlgu‘y has bﬂ:n CLINICAL IMPLICATIONS

developed in 1980 by Dr. Joseph Spina Jr. of A cataract is a clouding of eye lens

Philadelphia. With older techniques it required an  which can cause blindness. it is the

incision about 2.5 cm long in the white of the eye 1o most commen eye disease and comes

remave the clouded lens, Modern microsurgery has,  with age. The lens of the eye is made
however, reduced this cut 10 only 0.3 cm. But Dr. o protein and as time goes by, them

Spina’s method involves o still smaller cut wide ~0CCUrs denaturation process and the

encugh for a necdle 0,025 cn wide. The hollow m‘“‘""“"""“"_’""'?‘"

5 i % i at present, has 18 million blind
needle is used 1o inject 8 microscopic amount of le. ot of which 12 million are
trypsin, adigestive enzyme secreted by the pancress. o) nationts.

Trypsin digests and liquefies the semisolid interior
of the lens withoul harming ather parts of the eye.
Once ﬂr:uzyuthl:ﬁtll.h: lens—which 1akes from a I':wh:mlnuvnm;hl—ﬂtlm\u
removed by suction throug] Iallow needle. This el the necessity of

in the eye, the constant pnsisms 1n and out of the instruments and suturing. The lesser the lissue
s wounded, the quicker il recovers. This enzyme surgery for cataracts could be done as an
cutpatient operation. The patients would come in one day o have the enzyme injected and
refum the next day to have the catarsct removed.

18 Breaking down chemicals. Recently, in 1993, a group of scientists [rom the Netherlands
Ted by Han G. Brunner have found a tiny genetic defect that appears (o predispose some men
twward aggression, impulsiveness and violence. The afflicied persons often react 1o the most

NOMENCLATURE AND CLASSIFICATION OF ENZYMES 347

muldly stressful 1ons with agg b Cursing or diing the pu'wm they
drcmallmal'l‘hr hers have linked the at | behaviours o ions in the gene
e for the body s prods of axidase-a, an enzy itical for breaking

dnwnclmacalamdlaw Train cells to communicate. It is proposed that lacking the enzyme,

the bnjnaod’nlﬂnwd men end np with excess deposits of potential signalling molemkshhe
ine and line. Those surplus ¥ in turn,

often hostile conduct. The erratic behaviour is due to point mutation. The gene is on the X

chromesome, which explains why only males, with their single copy of the X chromosome,

can suffer from the m.ym deficiency. Women can serve as carriers of the penetic defect,

bt are ) d from its symp by their p ion of a second. good copy
nllhegm nmgonﬂm‘seeuud!(chmmmm: Amm&mnte:ufpmmuﬂhned
with this da s not known but b ther types of b

estimate that the illness is likely o be quite rare in the general population, i.e., no more than
one in 100,000 people.

19, Destroying acids. Sprouts are the natural health boosters. They are basically the young new
plants and are, in fact, the organic answer (o simple natural health. Almost any edible seed
«can be sproued. Far from being the invention of food faddists, sprouting dates back 1o 2939
B.C. in China. Sprouts are found in all shupes and colours and it is best 1o choose these from
legume plants. Sprouting greatly improves the safety and nutritional quality of all pulses,
seeds and grins. The enzymes which go into action dunng sprouting not only newtralize
trypsin-inhibiting factors but also destroy harmful acids like phytic acid. Phiytic acid. an
integral constituent of grains, tends to bind minerals. making them unavailable 1o the body.

20. Syrup I ing An i "meuamuuﬂlhﬂlsphyncaﬂycnlnp‘pndu’
covalently-bonded by chemical means to an insoluble matrix, e g.. glass beads,
or cellulose. Immobilization of an enzyme often greatly enhances its stability, whlcb makes
its prolonged catalytic life a valuable industrial trait. These days, immobilized glucose
ispmerase s being successfully used in the production of high-fructose corn syrup. esp.. in
the United States.

Table 16-1 outlines some of industr of This is a rapidly changing field,

and new applications of enzyme us.hnnlnsy Ippu.r all the ime,

m Same Applications of Enzymes

Enzyme Reaetion Sowree of enzvee  Applicetion
triad uppbicathus
ct-amylkase breaks down starch hacteria convens starch o ghucese in the
food indusiry

Gilucose (somerse converts glicose o Tungi produc tion of high frictoswe synips
fructose

Proteases digests proein hacteria washing powder

Rennin chots milk protein animal stomach cheese making

linings; baciena

Citalase aplits hydrogen peroxide  hacieria; unimal turns latex into foam rubber by
Into H,O + 0, livers producing gas

- golsctosidase hydrolyses lactoss fungi in dasry industry, hydrolyses

lactose 1 aulk or whey



deem a threat. The have linked th behaviours (o mutations in the gene
responsible for the body s production of ine ovickase-a. 20 enzyme critical for breaking
down chemicals that allow brain cells to communicate. hnspropmullhallachnglhemm
Ilwhmmsuflmlchdmcnmdupwnhn. b f g Eke

and irenali Tlmsl:snrplns i lnlllnL
often mulecnminct The erratic behaviour &dnelnpnnlulnm The gene is on the X
chromosome, which explains why only males, with their singl y of the X
cmmﬂerl’mlhemzymgdd’mm Wommmuumerso[ﬂnsm:dﬂeu
but are th d from its symp by thes ion of a sccond. good copy
ol'lklznc‘mungnnlh:n'mXchmume All:huughllnumb:rufpﬂm:ﬂlmu‘l
with this disease is not known but based on other types of hereditary disorders. the reseanchers
estimale that the illness is likely to be quite rare in the peneral population, i.r., no maore than
one in 100,000 people.

19. Destroying acids. Sprouts are the natural health b ‘They arc basically the young new
plants and are. in fact, the organic answer 1o simple natural health. Almost any edible seed
«can be sprouted. Far from being the i lion of loed faddists, ing dates hack o 2939

B.C.inChina. Sprouts are found in all shapes and colours and it is best 10 choose these from
legume plants. Sprouting greatly improves the safety and nutritional quality of all pulses,
seeds and grains. The enzymes which go into l.umdlmngspmmgnx oaly neutralize
trypsin-inhibiting factors but also destroy harmful acids like phytic acid. Phytic acid, an
integral constituent of grains, tends 10 bind minerals, making them unavailable wo the body.
. Syrup Factur iur. An i bilized enzyme is one that is physically entrapped or

y-b 'mman' luble matrix, e g, glass beads, polyacrylamide
or cellul ITmmohilization of greatly enh its stability, which makes
its prolonged catalytic life b valuable mduslnnl wail. These days, immobilized glicose

is being Iy used in the production of high-fructose com syrup, esp... in
the United Stares.
Table 16-1 outlines some of industrial applications of This is a rapidly changing ficld,
and new applications of enzyme technology appear all the time.
m Some Applications of Enzymes
Ensyme Reaction Kource of enyme  Application
Industriel applicatbom.
-y lase breaks down starch bacteria convens starch o glacose i the
fouml mdustry
Cilucose pomenise converts glicose 1o fungi prodoction of high fructose synips
fructose
Proteases ligesls prein hacteria washing posder
Rennin clots malk prosein animal stomach cheeswe making
limangs: bactena
Cunaliuse splits hydrogen peroxide  boacteria; andmal mirns latex into foam robber by
o HyO + O, livers prosducing gas
fi-gul. il drol luctse Tungh in dairy industry, hydeolyses

lactone in malk or w"
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Medical applications

L-asporginase removes L-asparagine bacteria {E colih cancer chemotherapy - particulasly
from fssues - this leukaemia
nutrient is needded for
meur growih

Lrokinase hreaks down blood clots  haman unne remurves blood clots, e, in hean
tiscase patrenls
Amalyticial apgebications
Cilucose axiduse anbdises gliscose fungh wsed b0 test for blood ghicose, e,
in Climistin ™ diabetics
Luciferase produces light marine hacteria: binds 1o particular chemicals
fireflies indicating their presence, © .. used
to detect hactenal contamination of
ol
Manipulative spplications
Lysoncyme breaks |-4 glycosidic hem egg white disrupts hecterial cell walls
bunds
Endonueleases breaks DNA into hacteria wsed in genetic manipulation
fragments techniques. ¢.g . gene transfer,

DNA Fimger printing.

REFERENCES
See list following Chapter 18 ,
PROBLEM
1. Which of the reactions listed below are catalyzed by an i lyase, hydrolase or

transferase 7
g} Protein ———Amino poids
th) Histidine ———Histamine + CO,
() Glucose + ATP ——» Glucose-6-phosphate + ADP
(d) Gilucose-6-phosphate —— Gilucose + H PO,
te) CH,COCOOH + 2H" ——— CH,CHOHCOOH
n m,mcoon — m,cuowo,
(g) 3-phosphogly 5 oo
() Tryplupl‘lul-—"l'l‘ypnnim: +C0,
(1} L-lysine —— D-lysine
i} Acetycholing ——— Acetic acid + choline
r i
k) H,C—C—CO0OH—— H,C—C—CO0H
| |
H OH
(N Glutaric acid + oxal ketogl + aspartic acid
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Il the enzymes arc essentially proteins and possess
properties charactenistic to these. Dixon and Webb
(1964) have stressed the protein nature of an enzyme
by defining it as “a protein with catalviic properties due o
its power of specific acivation™
Evidences Proving the Protein Nature of the Enzyvmes

el Elemeniary position. In their
composition, the enzymes sll:m the usual |'I'Dpl'l1.lnl!
of C. H, N and §, as found in the proteins. Some
crystalline enzymes, howeveralso contain minute
quantities of P or metal ions such as Cu™*, Mg™,
20" etc. On hydrolysis, the crystalline enzymes yield
Ihe amino acids.
ib1 Identical action of some cagymes aver olher
enaymes and he proleins. Enzymes are subjected
tothe action of those ensy mes which ane specifically
"""‘""“""""“‘”“’““"' meant for the breakdown of peptice bonds of preins,
Thi enzyrme comgrises wght ke subunits 3 ;
{one shown in the red and fho ofhars i (¢} Amphoteric nature. Like other proteins, the
yollow) and eight small subunis (one enzymes behave as ampholytes in an electric field
shown in Giue and ine others i whits). The The isoclectric point (ph) for various enzymes has
active sites lie n the large subunits i B Aok,
(el Denaturation. Enzymes, like other r
undergo denaturation. [f the crystal’
chymatrypan is subjecied w?n un 3?4 / 1254
some part of protein becomes de.
percentage of denatured protein is USBdn, oo
be equal o the per cent loss in enzymic activity. thus

M9

Ribbon mudol of the tlertiary
1.5
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proving a sori of comelation between the enzymes and the proteins...
te) Formation of antibodies. Many purified ERTYmICS. o injection into animal body, produce
the specific amibodies. Since have been shown to serve as antigens,
this cannot be trested as an evidence m support of the prodein nature of enzymes but simply
a Further support to i,
Chemically, the enzymes may be divided into I categories
1. Slmple-profein ensymes. These contain simple proteins anly «.g., urease, amyvlase, papain
elc.

. Complexv-protein enzymes. These contuin conjugated proteins e, they have a protein pan
called apoenyme (apo = away from) and a nonprotein pan called prosthenic proup isociated
with the protein unit. The two pans constitute what is called a holoenzvme. e.g.. catalase.,
avtechrome ¢ ele.

Tlm .u.tm\y ul' an mym: &epends on the Fact that the non- pmlem.::m pmalhe‘l.n. Eroup s
1 with the But group is loosely
bound to the proiein unil and can be wp.lrllnd by dialysis and yet mdaspn\nh]e for the entyme
activity. In that case, this dialyzable prosthetic group is called us 2 coeneyme or cofactor. Thus
Conjugated-protein enzyme === Protcin part + Prosthetic group
or

"=

Hol — + Ce

T They may he either attached 1o the
protein mndeulles. of muy be present in the cyoplasm. The coenzyme accoines for abour 1% of the
entire enzynie molecule. Sometimes, a distinction is made between coenzymes and colaclons © the
former ing ludes the organic prosthetic groups and the Latter the metal mlllealrh'y and Kilgour, 1966).

CHARACTERISTICS

The enzymes possess many out-
standing characteristics. These are
enumerated below :

1. Colloidal Nature. Enzyme

lecules are of giant size. Their
weighis range from | 2000 o over | million.
They are, therefore, very large compared
with the substrates or functional group they
act upon (Fig. 17-1)

Tuhas been observed thin the molecular
weights of many enzymes prove o be
approximately an a-fold muliple (where n
is an imteger) of 17.500 which is found 10
be an unit i most proteins (Table, 17-1).

C + hle. dialyzable organic

Water Substrate

On account of their large size. the
enzyme molecules possess extremely low
rates of diffusion and form collosdal sy stemis.
in water Being colloidal in nature, the
encymes are noadialyzable although seme

in the form of coenzyme.

70 nm

Fig. 17-1. Relative dimensions of a medivm-sized
enzyme molecule (MW 100,000 ; dismeter 7 nm) and &
typical subsirate molecule (MW 250 ; diameter 0.8 nm)
|Mote that the active site nocupies only 3 small fraction of
the surface anca of the enzyme molerube. Also shown for
companson is 3 water molecule |

1. Catalytic Nature or Effectiveness. An universal feature of all enzymatic reactions is the
virtuel cbaence of any side products, Therelore, just as hemoglobin is precisely tailored o transpon
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uxygt‘!l. an enryme is pm:dy daplnd L] mahu! a particular reaction. They act catalytically and

the rate of chemi in plant and animal tisswes. They do not normally
pariicipate in these reactions or irlhey do so, at the end of the reaction, they are recovered as such
without undergs any guali uanve change. This is the reason why they, in very small

amounls, uemplhhuf(xmlynn;ll! transformation of a large quantity of substrate. Thus, the
catalviic potency of enzvmes is exceedingly great.

m Molecular weight of sane enzymes

Enzyme Moleculor weight [
Pepin 35,500 2
Catalase 250,000 14
Urense 430,000 n

4 = an integer, which 15 a multiphe of 17,500

The catalytic power of an enzyme is
measured by the “turnover number” (a term
devised by Wechselzahl) or molecular sctivity
{aterm devised by Norman Arthur Edwards
and Kenneth Arnold Hassall, 1980) which is
defined as— the number of substrate molecules
converted info product per unit iime, wien the
enzyme is fully sanerated with subsirate. For
example, a single molecule of caralase can
convert 50,00,000 H,00, molecules mio H,O
and O, in a minute (Sumner and Somers, 1947}
The value of wmover number varies with
different enzymes and depends upon the
conditions in which the reaction is 1aking place. Fig. 17-1. Ribbon model of the tertiary structure of
However, for mosi enzymes, the turnover human carbonic ankyd
nunbers full berween § te 107 per second (refer  The @ belices are nepresemied as cylinders and cach srand
Table 17-2). The turmover number of 600,000 4B *4eet ¥ ¢ramn e on wrow powuor tords
sec” for carbonic anhydrase is one of the represents 3 27 ion that 1 coonbinaied by three His side
largest known. Carbonic anhydrase (Fig. 17+ chains (blwe). Note that the C-terminus is Tucked through
2) catalyzes the hydration of carbon dioxide the plane of a currounding loop of polypeptide chain so
1o produce 3,60,00,000 molecules of carbonic 1hat carbonic anhydrase is one of the rare native proleins
acid per minute. This catalyred reaction is & el P"J’"F“’:é::":': K k“['n, cral 1970
%101 times faster than the uncatalyzed one. = g

€O, + Hy0 Sabonssabdmee , y o,

m Maximum turnover numbers of some cosymes

o w376 /1254
iper
1. Lysoayme ns
2 Tryprophun synthetase 2
1 DNA pulymesase | 1%
4. Phosphoglucomutase 08
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5. Chymosrypsin o0
6. [ gulactosidase L3
7. Lactate dehydrogenase 1,000
8 Penicillinase 2000
9 flramylase 18,333
1 Acetybcholinesteruse 25,000
11, Carbonic anbydrase H00,000

A Specificity of Ensyme Action. With few exceptions, the eneymes are specific in their action.
Their specificity lies in the [act that they may act {u) on one specific ype of substrate molecuale or ()
on a group of structurally-related compounds or (c) on only one of the two optical isomers of a
compuound or (d) on only one of the two geometrical somers. Accordingly, four patierns of enzyme
specificity huve been recognized :

A, Absolute specificity. Some enzyme are capable of acting on only one substrate. For example.
arrease ncts only on urea to produce ammaonia and carbon dioxide.

Lv]
H,N— Ll
B ! Umme o 2NH, + CO,
H——0~——H

Similarly, carbonic anhydrase brings about the union of carbon dioxide with water o form

carbonic achl,
Carbonic anbrydrase
H0+C0, H,CO,

B. Group specificity. Some other enzymes apable of ing the reaction of a I
related group of compounds. For example. lactic dehydrog {LDH} catal; the i i
ul'pyru\ﬂr:mdlam:mdsnﬂdsuu[nnmbuo{uhﬂm‘ﬂv«lmm

Lactsc
dehydrogenase
CH,CO.CO0H + NADH +H =————= CH,.CHOH.COOH + NAD'
Pyruvic ach Lactic acid
Orplical specificity. The most striking aspect of specificity of is that a

enzyme will react with only ome of the two optical isomers., Foreumph arginase acls only o L
arginine and 00t oo its p-isomer. Similarly, v-amine acid ovidase oxwdizes the p-amino acids only 1o
the comesponding keto acids.

Although, the enzymes exhibil optical specificity, some h A the two
optical isomers of a compound. For example, alamine the i jon between
L-and p-alanine.

Alanine racemass

Lalmine =————
. fmmﬂ.r&:.l-lspﬁk&:h\ Some enrymes exhibit specificity towards the cix and rrans forms.
As an example, the 1 ton of fumnanic and malic acids :
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“\{m i (I)H
_Q‘ + HO —= Hooc—cm—(l‘—mnﬂ
H
Faman acid L-malic acid

It does nol react with maleic acid which is the cir isomer of fumaric acid or with o-malic acid.
The degree of specificity of the enzymes for substrate is usually high and sometimes virtually
absolute. Proteclytic enzymes, for instance, catalyze the hydrolysis of a peptide bond :
o

| I I
—rlu—cl:u—c—rlr—:fu—c— +HO= -rli—-clzu-onou +HN —ci-n—c—

H R H R H R, R,
Peptide Carbonyl Amino
component component

Many proteolytic enzymes (pepsin, irypsin. chymotrypsin} catalyze a different but related reaction.
namely the hydrolysis of an ester bond,

1
R —C—O—R, +HO0 = R,—ODGH + HO —R,
Alcokal
These ensymes vary maried‘lymthﬂrdesrunr ity Fnr‘----_nl- bilisin. a bacterial

enzyme, does ot discriminaie the nafure of the side l.hllli adjacent 1o the peptide bond to be cleaved.
Another enzyme pepsin prefers bonds involving the carboxyl and amino groups of dicarboxylic and
aromatic amino acids respectively. Since the bonds attached are usually located in the interior of the
protein substrate, pepsin is called an endepeptiduse.

Hydrolysis site

-N—cu—c N—cu—c---

ﬁi-

Trypain, likewise, is an :ndupcplldaﬂ: but i :sqnl.e speclﬁc in that it splits peptide bonds in which
carbox ylic group is contributed by either lysine or arginine only.

lly&dyﬂﬂiz
o
I -

gt 37871254 25
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Chymotrypsin preferentially splits peptide bonds in which the carboxyl group is from an aromatic
amine acid

Hydrolysis site

0 0
ﬁ I
H H R,

Thrombin, an enzyme mvolved in blood coagulation, is even more specific in that the side chain
on the carboxyl side of the susceptible peptide bond must be arginine whereas the one on the aming
side mus! be glycine.

Hydrolysis site

Specificity of thrombin
Alieration of enzyme specificity - The ificity of some 1s altered by ph

behaviour. Lactase synthetase (Fig. 17-3), for example, catalyzes the synthesis of lactose (a sngu
consisting of a galactose and a glucose residue) in the mammary glands. It consists of a catalytic
subunit and o modifier subunit. The caralviic subunis alone cannot synthesize lactose. Instead, it has
u different role of cutalyzing the h of gak to proteins that contain a covalently linked
carbohydrate chain. The modifier subunir aliers the specificity of the catalytic subunit so that it links
galactose t glucose to form luctose. The bevel of medilier subunit is under hormonal control. During
pregnancy, the catalytic subunit is formed in the mammary glands and very little modifier subuanit is

formed. But ot the time of childbirth { = p ition), the b | levels change sig ly and the
modifier subunit is synthesized in great quantities, thus resulting in the production of large amounts
of lactose.

O Glycoprotein

mf‘ (D) Caalytic subunit

-’M [ Moifier subunit
OO~

Lactose
Fig. 17-1 Alternation in enzyme specificity of lactose syntheiase
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There are. however. instances where one enzyme acis on more than one subsirate and conversely
1 substrate may also be catalyzed by more than one enzyme (Fig. | 7-4). For example,

b
' T
(e | G e, o] +
Sucrose
e S
[Fruckore | Glocone [Glacine] 352, | Fruciowe | + | Gloosa [Glactoe]
Raffi =
A
[Frocioe | Gcose ouiactone]  Metbiees, [ Frctose | Glocuss | + [Glactae]
Raffinose

Fig. 174, Enzyme specificity of sucrase and melibiase

sucrase acts on both sucrose ( @ disacchaside sugar, centaining one mole of glucose and fructose
each) and rffinose (a trisaccharide sugar, containing one mole each of glucese, fructose and galactose).
But in both these cases, the enzyme sucrase aitacks only the glucose-fructose linkage resulting in the
production of fructose and glucose (in the case of sucrose) or fructose and melibiose (in the case of

i Howew, T is al d upon by another enzyme, the melibiase. But this enzyme,
unlike sucrase, breaks up glucose galactose linkage so that at the end of the reaction sucrose and
galuciose are produced.

The coenzymes possess much less specificity. For example, among the hydrolases, NAD" and
NADP* act as common coenzymes. The relative pecificity of the in contrast 1o the
absolute specificity of the enzymes, can be visualired by comparing yme 1o hamamer,
used equally by various ap workers (i k b ker or electrici

Although some differences may occur in the nature of hammers (e.g., between NAD® and NADF* ;;
the apoenzyme worker is strictly specific, corresponding 1o the nature of the substrate concemed.

4. Thermolability (= Heat itivity),

R F s Atemperature difference of 10 5C has beo
Being mm in nature. the ENZYMEs A€ |, ooz Ih; ::sui t;e':mﬁuw the Iempﬂ::::
very sensitive to heat. The rale of an enzyme | sonsitivity of a biologscal function. This value, called
achon with nise p the raie | the quotient (0}, is determined (for
being frequently increased 2 1o 3 limes for a rise | temperalure intervals of exactly 10 °F

in temperature of 10°C, f.e.. the value of :Lfl:lsirl::rzl:; :l‘:‘;-::'::: 380 f 1254

temperature quotient or Qy,* is 2 1o 3. But a1
b R a the highet temperature by the vi,

highe [ coefficient does A

ki o vae Dl coeltt b |function ai the lower temperature.
b rupidly. Above | peaholic reactions have Q) values about 2 10 3.
60°C, the cnzymes coagulate and thus become | pyrely physical processes, such as difiusion, have
inacti because th i much [ower Q) values, usially close 1o 1

change in their chemical structure. The enzymes
of dry tissues like seeds and spores, however, can endure sull higher temperatures of about 100% 10
120°C.

356 FUNDAMENTALS OF BIOCHEMISTRY

The ubserved effect of lemperature on enzyme action is the net result of the effect of temperature
on the rate of enzyme action and their destruction as well, There will, thus, be obtained an optimum
temperature for the enzyme action (Fig. 17-5). The cruve AB rep the effect of temp on
action alone and the curve D, the temperaturs ffect on enzyme destruction. The chserved relation
between the tempe ratare and the rate of enzyme action will then be represented by the curve AE.

Tempernture =

Fig. 17-5. Graph representing the relatlon between temperature and the rate of enzyme sctivity
(After Dhcluny, 18831
If, however, the effect of increasing temperature (in terms of three ill-demarcated calegories of
low, medium and high) on enzyme activity is studied (Fig. 17-6), it muy be observed that the initial
velocity of the reaction (given by the shape of the curves at 1= 1) steadily increases with temperaure.
However. after a cenain temy is passed, th ion of activity comes earlier und earlier with
the result that less product is formed, There s, thus, a somewhat ill-defined optimum region of
temperature which is that at which the two factors of i f imitial rate and active life of
the enzyme are balanced 1o produce the most product in i reasonable time. It is ot easy 1o determine
the exact value for the optimumn temperature because it is some what vague concept, and will depend
on the length of time over which the measurements are made. However, the approximate values
obtained often show a distinet correlation with the body temperatures of the organisms from which
the enzyme came. Thus, mammalian enzymes ofien have optimum Lemperatures in the range 35—
45°C, while the enzymes from the bacteria that live in volcanic hot springs may have optima of 8(PC.

|
i

Time ————»
Fig. 176 Effect of lemperature (coupbed with time) on enzyme activity
In general, the optimum lemperature range for most enzymes varies between 30 and 45°C. For
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instanee, it is MPC hmrdmr Dmenrym m;blmtl
nrnlnmx sl h
Iry loss of encyme activity) at Lempamn between 45 and
S(PC (Fig, 17-1,

Al low temperatures, the catalytic activity of the enzyme i
i ithough thermal dk PR

Maximasm rate

:hring this period. D;:nu.inl lemperatures (o near of I;eluw 3
CPC although inactivale the enzyme but this is a reversible
type of change and the enzyme regains its catalyzing power

upon i ing the temyg o opti At higher

gh the catalytic activity of the enzyme

ye its i i Henceforth, all o 0 W s

lh:mqn:md:mndm-m’ydmmem h (]
eneyme activity with the rise in temperature is due W the fact Fig 17-7 Hypoﬁnlul temperature
thut the energy of molecule becomes greater which, in tom, activity profile of an enzyme
enhunces the inherent ivity of the and the freg of their It is because of
the high rate of enzyme d cton al increasing that an enzyme is stable for weeks at

0°C, for days at 10°C, for hours at 3°C but for fraction of seconds at 10°C.
The effect of heat also mainfests itself in the preservation of enzyme activity during storage. The
ix by refrig ar quick freezing. This has been shown

Best af enzyme prep

by Nord {1932} in the case of symase.
5 R ibility of a R The mmﬂ:dbﬂnﬂnglﬂxlmmmml

chemical reaction. The digestive enzymes catalyze the hyd . For

instance, lipase, which catalyzes the synthesis of fat from glycerol andfnny ﬂ:ld. can lhn bydrolyze

them into their component units.

H,C—OH

Hﬁ:—-ooc_c,,n,, +H—OH ZE5s  HC—OH + 3C,H, COOH
H,C—OH
11 mole) (3 moles) {1 mole) 13 moles )

Fig_ 17-£ shows the resulis of experiments on the action of lipase from castor on a fal, riolein.
The Ninal equilibrium mixture is the same whether one starts with the ester or with its individual

components.
The direction in which the reaction proceeds depends upon many factors like -

L
RS
§ —
E

o "0 i ) «“
Tieme fhour)

Fig. 17-8 Reversibility of action of lipase (from castor) on triekein
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{a) the pH of the cell sap,

(b} the presence of reacting substances. and

{ch the accumulation of end products.

It does net. however, necessarily follow that the same
enzyme invarably catalyzes both the synthesis and
degradation of a given kind of molecule. For instance.
uren is synthesized from arginine by the action of Lhe
enzyme, arginase bul is hydrolyzed by action of another
engyme, urease to produce ammonia and carbon dioxide.

fi. pH Sensitivity. The pH value or the H ion
concentration of the medivm controls the activity of an
enzyme Io a greal extent. This s mainly related 1o the
degree of dissociation, o the clectric charge of the
enzyme and, through this, to the formation of the enzyme- Pz 17-%. Hypotetical pH aetivity profile
substrate complex (2 discussion of which will follow in o pu cnnpme
the succeeding chapter). Each enzyme. thus, acts best in
a certain pH value which is specific to it and its activity slows down with any appreciable change
{increase or decreasc) in the M ion concentration. [n fact. the pH will affect the cfficiency of an
enzyme and usually there will be a pH at which the activity is 3t 3 maximum. The activity will fall off
on either side of this value. Fig. 17-9 depicis the effect of pH on an enzyme-catalyzed reaction.

m pH optima for various enrymes

Fruction maximusm
enzyme activily —=

SNo. Enzyme Optimum pH of Nature of the medium
the medium
[ Pepsin 1.5-16 Highly acidic
% Invertase 45 Acidic
i Lipase (stomach) 4.0-5.0 Acidic
4. Lipase (custor oil ) 47 Acidic
L. Lipase (pancreas) B0 Alkaline
6. Amylase (malt) 46-52 Acidic
T Amylase (pancreas) 6.7-70 Acidic—neutral
B Cellobiase 50 Acidie
9. Maltase 61-68 Acidic
1. Sucrase 62 Acidic
1. Catalase 70 Neutral
12, Urease 70 Neutral
13, Chalinesterase 70 Neutral
14, Ribonuclease 7.0-7.5 Neutral
15, Fumarnse TR Alkaline
16, Trypsin TH-8T Alkaline
17. Adenisine triphosphatase 9.0 Alkaline
18 Arginase {111} Highly alkaline
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Some optimum pH values for vanous enzymes Sal
are given in Table. 17-3. A perusal of the table Pepan Amylase
indicates that the approximare optimem pH value
for mast enzymes lies near nentroliy. This value
depends on many [actors such as -

(e} the nature of buffer system,

(b} the presence of other colloids,

activitors of inhibiors,

(c} the age of the cell tissue, and

{cf} the nature of the substrate.
Usually maximum enzyme activity is obtained at or
near the isoelectric point (pl) of the enzymes, Thus
tevprsin, whose pl value is 1001, shows
activity at pH range between 7 and 9. 1

The correclion between the enzymic activity
and the pH value for 3 enzymes has been graphically Fig. 17-10. Effect of pH on eaxyme action
represented in Fig, 17-10. 1 Madified from Friton and Simmands. 1938}

THREE DIMENSIONAL STRUCTURE OF THE ENZYMES

A :lnslnryhlllufmcmw the pnm fibres will deflect r.-ﬂp anid the resuliant image formed
on a photographic plate can give centain imy clues the of the crystal or the
fibres. This lechingue is called x-ray crystallography and has been widely used for the clucidation
of protein structure at micro level, X-ray crysillography has so far revealed the structure of many
enzymes, namely, riboanclease, lvsozyme, chymorrypsin, rypsin etc. The structure of four of them is
described below -

1. Ribonuclease (RNase)
Ribonuclease (Fig. 17-11). a small globular protein. is an enzyme secreted by the pancreas into the
small intestine, where it catalyzes the hydrolysis of certain bonds in dbonucleic acids present in

& & &8 E

-3

Fercentuge of wtal enryme activity

RS-
£

-

T e e

345678910 1012
pH

ingested food.
<5-5-bond
(40-95)
16572 T~y
384 /1254
~5-5-bond
(38110} F ysine
Fig. 17-1L of imed from x-ray o studies

Numbers refer 1o specific amino acd residucs.
iFrom Harper and Rodwell. 19731
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The molecule of ribonuclease is reniform (kidney-

shaped 1 and has dimensions of about 3.2, 2.8 and 2.2 am.
Iy . " Ribonuclease, like myoglobin, contains a tightly packed,

-y 7 W highly nenpolar interior, This ensyme-protein (as already

2 described on page 152) consists of a single polypeptide chain
Unfolding W % of 124 amina acid residues with lysine at the N-lerminal and
Ll Refoldia valine at the C-terminal (Hirs. Moore and Stein, [1960). I
e aptocthancl) N " has a moleculsr weight of 13,700, There are & cysteine
9 residues, thus apparemily forming 4 disulfide linkages- 26-

. K (] 34, 40-95, 58-110and 65-72. These serve io hold the terhary
AL structure firmly in place. ﬂmuvaimkilﬁ]m h=||x

o . structure ; many of its

which amounts 10 35% . Only 4 s of the helix, two each

m.n-umum Itrﬂmi—t"mdzs 35, are present. The chain assumes

ith a deep depression in the midklle
*""“'eﬂf”":‘fffﬂmk (With o gne side. The active site is believed to be on the edge of
this d ion and the residues forming the active site are

is reduced and unfolde with P-

e b 64,11, 12, 41,42, 4648 and 117-119. A phosphate ion is

remuval of these reagens, the protein mzddn!ﬂlymlhﬂ! active sn'.nﬂ*azym The

4 i aming acid residues 12 and 119 (both histidine) are nearest

(From. CJF Epstein, RF Goldberger and 102 the phosphate jon,

CH Anfinsen, 1963}, The bacterial enayme, subrilisin, cleaves the chain into 2
inuctive frugments - the shorter one (5-peptide) consisting of first 21 amino acids from N-terminal
and the longer one (5-protein) with remaining residues. On reunion of the two scgments, the enzyme
molecule regains its full activity upon treatment with 8 M urea and mercapioethanol. the native
ribonuclease molecule become reduced and enfolded. Afier removal of these reagents. the enzyme
undergoes spontaneous refolding (Fig. 17-12)

It is interesting to note that there is remarkable smlllan.ty in structure between the nbunuclcasu
from cows and bumans beings {Fig. 17-13). The struc alarity is often foll functional
similarity.

Bovine nibonuckease Human nboouclease

Fig, 1711, Ribben d of the ol rit ! from cows and buman belngs
Suruensrul similority ofien follows fanctional similarry

2 Lysozyme | = Muramidase |
Lysozyme (Figs. 17-12 and 17-13), another small globular protein, is an enzyme present in
tears, nasal mucus, gastric secretions, milk and egg white. Lysozyme is so named because it can
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Fig 1725, Specificity of rypein
Trypein cheaves on the carboayl side of arginine aml by sime srebors

To produce active trypsin, the cells that se the dodenum sscrele on enryme. entempepiidate
that hrydroly fes 8 unique bysine- soleucine peplide bond rypsinoges as the precursor cners the
duodenum from the pancreas. The wmall amosnd of rrypsin produced i tas way activates more
trypsinogen and the other rymogens. Thes, the formation of fryspin by enteropepridace is she moster
activaon tep

1t i £o be noted tat in all the theee enrymes described abave, the achive sie i present in the
groove of depression. The groove is, in fact, the ideal place o the active sile s it provides 2 nonpokar
microenvironment in which alone the van der Waal's forces and the hydrogen bond formanon cas

operale between the polar groups of the active site and the uibstrate In the case of an " exposed »
sate, on Uhe contrary. the water mudecules will imerfere with snch actvity
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Pl 17-20 Rake of the cutalytic trisd in ¢ hymotrypein
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CHARACTERISTICS AND 3 D STRUCTURE OF ENZYMES  3T1
From the nature of an enzyms depends
mich 00 the active site of the urynmnlecnk Apan [rom the vanous kinds of constiteen amémo

mdmlmmmuanm- s properties farther depend on the paern of *3-1° mm
i chain.

obding of i p
|b=n.1r~¢ site are hqlidr.-u in the growves.
REFERENCES

See list following Chapeer 18,

PROBLEMS

I, The sweet Laste of freshly pecked com is dee 1o the high level of sugar in the kernels. Siore-
bonsghit com iseveral days after picking) is not as sweet hecause about S0FE of the free sugar
of com i convened inio starch within one day of picking, To preserve the swectmen of
fresh corn, the husked can are inumered in boilmg water for 3 few minutes (“blanched™)
and then covbed in ookl water. Cum processed in this way and ssored i a freezer maistain
its sweetmess. What is the biochemical basis fior this procedure *

The emymatic activity of lysozyme is optimal st pH 9.2

100,

i
i
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*
£
H
4
2 4 [ii‘\ B o
'ﬂ!nﬂn:m:a(bm i i il catial for catalysis o™
and Asp™, Tk."“‘"ﬂv“ i of th S9and45,
Pl’lwmnﬂym}m‘ meﬂwmmmdhqmmﬂm
P Ty profile of bysoryme the
A Which of ing sLEkemEnls is i

{uh ey generally work very rapicly
b} they cam catalyze a reaction in hoth dircctions
1] they are mot used up during a reaction.
{afy they will bind one substrate only.
{#) they are proteins.
4 Why does 3 wound on wague heal Faster han those o other pars of the bedy *
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allosteric inhibitors shifi it 1o the right (1o lower
supuriion).

[Although eae can find a value of [S] on the
sigmoid-saturation curve at which 1, is half-maximal,
one cannot put the designation K, to it because the
enzyme does not follow the hyperbolic Michaelis-

Menten relatinnship. Instead. the s 0F Ky
s often wsed ol the subsaraie it
Biving imal velocity of
Iy an allosteric enzyme. | L
o L0 ]
Mechanisen of Kisetic Behiavious of Allasteric Fas: Kns sl [ﬁ’"
Enzymes
4
Two general il oy Fig. E;Ia_dmm‘imlﬂlulﬂﬂ,ld
Inactive und active forms of allosteric enzymes BaVE  euryme in which K, , is modulated without @
been proposed. change in V-

0 1=

Fig 182k Comparksen of the twe allsitoric madels
A Smple sequentlal model
A Concerted or symmetry modde|
tAdapred from Lubert Siryer, 1995)
A, Simple sequential model

Proposed by Daniel E. Koshland Ir. in 1966, the model envisages thal the allosleric enzyme can
exisl in oaly | change dually. Bisding of subsrate increases the probability
of the conf ional change. A change in one subunit makes a similar change in an
adjacent subunit, a5 well o the binding of & second subsirate molecule, more likely, There are more
potential intermediate states in rhh-mdel than in the other [symmetry ) model,

Consider an allosteric g of two identical subunits, each ive site
(Fig 18-26A). The T (iense) form has Tow i alfinity and the R (relased) form has IugJ| ulfinity for
substrute. In this model, the hinding of asbairate (o one of the subunits induces a T — R transition in
(hat subunit but not i the other. The affinaty of the other subunit for substrale is increased because the
suhunit interface has been altered by the binding of the first subsirate molecule.

400 FUNDAMENTALS OF BIOCHEMISTRY
o —— Allosteric

i-.nhbilnc ‘\\ ‘lclinlw
C797) : >
B g B | 5 X X

/ f \ { \ )
Lol | p—
T state R state

Fig, 18-27. Effect of ullosteric sctivalor and allosteric inhiblior on substrate binding
Motz that in the connecied madel, an allosteric inhibiior sishilizes the T wate, whereas an allosienic sctivator
stabelaecs the R stale,
B Concerted or Symmetry model
Froposed by Jacyues Monod and collzagues in 1965, the model envisages that an allosienic enzyme
can exist in still two conformations, sctive and inactive. ALl subunits arc in the x:iw furlu o all ure
inactive. Every substrate molecule that inds increases the y ol
ey Lhe uctive state.

In the concened madel. the binding of substrate 1o ong n(acuhuudum:mm tln pmbahill:y
that hoth switch from the T to the R form {Fig. 18-268). Thus, sym ¥
madel but not in the sequential model,

The effects of allosterie activators and inhibitors can be explained quite easily by the concerted
mdel, An allosteric inhibitor binds prefembly to the T form, whereas an allosteric activator binds
pnrmnl ity Du the R form (Fig. 18-27). Consequently, an allosteric inhibitor shifts e # — T

dlibrisn toward T, whe Hosteric aetivator shifts if toward B, The resull is
that an allosteric activator increases the binding of subsiruie 10 the enzyme, whereas an allesteric
Inhilitor decreases substrate binding.
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