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5.1 INTRODUCTION 

In Units 1 - 4 of Block 1, we described the cell aud its orga~lisation. You were then 
introduced to some important bionlolecules like carbohydrates and lipids and their 
significance in the functioning of the living system. Besides this, we also discussed 
nucleic acids and their role in the mechanism of heredity. In this unit you will be 
introduced to another important and complex class of biomolecules, known as proteins. 
These nlolecules are central to all biological processes and constitute half the dry mass of 
a cell. These tnolecules are made up of a-ami~lo acid5. We shall attempt to give you a 
broad view of how amino acid molecules join together into polypeptide chains, which in 
turn fonn the primary, secondary, tertiary and the quaternary structures of proteins. Thus, 
in this unit you will study the structural organisation of proteins, as a basis to understand 
their function as enzymes, which we shall describe in the next unit. 

Objectives 

After studyi~ig this unit, you should be able to: 

describe the che~uistry of ~no~lo~lleric structural units of proteins; the u-anlino acids 
and differentiate betweell different types of a~llirlo acids, 

explain how a~nino acids are covalently liilked together to fonn the li~iear polypeptide 
chain, known as the primary structure of protein, 

explain the basis of diversity of structure and function of proteins, due to different 
, allliiio acids present ill the priillary structure, 

describe the itnportallce of hydrogen bo~lditlg in the formation of the seco~ldary 
structure of proteins and explain the role of other no~lcovale~lt interactions in foldi~ig 
the chain to forin tertiary structure of proteins, and 

explain the arrangeinent of folded polypeptide chains into compact structures k~low~l 
as quaternary structure, using ~nyoglobin and hae~noglobi~l as examples and their 
futlctioil as oxygen carriers. 



5.2 BIOLOGICAL SIGNIFICANCE OF PROTEINS 
-IC 

The word protein, which nleatls "of prirne iimportance" was coined by the Gen11a11 
che~ilist G.T. Mulder in 1839, as he recognised their biological i~llportauce. They are 
foulid in all eukaryotic as well as prokaryotic cells and are the nlost abundant 
bioche~ilicals in human beings. Proteins are present in a cell i11 Inany fonla, perfonili~~g 
different tasks that rnair~tair~ life. For i~lstance, proteins in the fonn of ellzylnes act as 
catalysts which accelerate various chemical reactions in a living cell. We nlay mention 
here that life will not be possible without enzymes. Their role as such, is highly 
significant and will be described in detail in Unit 6 of this block. In addition to their role 
as enzymes, proteins perform other tasks which are no less essential. Along with lipids, 
they form the structural components of cell membranes. These molecules are responsible 
for structural support and also for the lilovenlent of the hunia~i body. Strong protein 
fibres, as connective tissue, bind skin and bone. Bones are moved by muscles, which are. 
in turn, made up of proteins that contract. These ~nolecules also move chro~nosomes in . 
cells and are involved in other motile and transport f u ~ l c t i o ~ ~ .  in the orgauism. For 
exa~ilple, hae~noglobin lnolecules carry oxygen fro111 lungs to the cells. I11 the blood 
proteins help in maintaining fluid balance and also transport lipids. They are also il part 
of the clotting process. As antibodies, they constitute the defence nlechanisnl of the body 
against infections. Some of them act as chenlical messengers in the form of horn~ones 
and neurotransmitters. Proteins also act as receptors, which recognise these chemical 
messengers. By binding to specific regions of DNA, some proteins also regulate gene 
expression. Further, proteins act as poisons, such as the venom of snakes or as toxins, 
such as the bacterial toxin which produces botulism in human beings. 

5.3 CHEMISTRY OF PROTEINS 

In this section we shall briefly discuss the average chemical composition and size of 
proteins. Besides this we shall mainly describe the chemistry of amino acids, which are 
the building blocks of proteins. 

Protei~ls are co~nposed of carbon, hydrogen, oxygen, nitrogen and iu most cases sulphur 
also. Although proteins vary a little in their sulphur content, they show a fairly uilifon~l 
compositio~i with regard to other elemeuts. Table 5.1 out l i~~es  the average e l e ~ ~ l e ~ ~ t a l  
co~iiposition of a protein. 

Table 5.1 : Average elemental composition of proteins 

Element Percent 

Ckrboo 

Hydrogen 

Oxygen 

Nitrogen 

Sulphur 

Proteins are extremely large molecules with ~nolecular weights in the range of 5000 to a 
few million. I11 Fig. 5.1 we have atte~ripted to show you the relative dinie~~sions of 
various protein ~nolecules in coinparison to those of glucose, which is a biomolecule, and 
to solne inorganic ions, such as sodiu111 and chloride ions. This large size of protein 
n~olecules gives then1 colloidal properties. Consequently they cannot pass through 
~nembranes of the cell and hence, presence of proteins in the urine warns us of possible 
i l ,~n~age to the kidney men~branes. 
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Fig. 5.1 : Comparative sizes of various protein molecules in comparison to sodium and chloride ions 
and glucose molecule 

Let us first describe the basic building blocks of a protein n~olecule. 

5.3.1 Amino Acids : Building Blocks of Proteins 
When we co~lsider that proteim, in the role of enzymes, catalyse thousa~lds of different 
biochemical reactions and in addition, also perform a multitude of other functions in the 
living organisnl, it is obvious that such diversity in their functions must result from an 
enormous variety of distinct structures. One of the aims of this unit is to explore the basis 
of this structural diversity and for this purpose, it is necessary to uilderstand the basic 
building blocks of proteins, the a-amino acids. Let us first try to recollect some basic 
filcts about i~mino acids. 

An amino acid is an organic acid molecule containing an amino (- NH2) group. For 
example, glycine, a sitnple ~ I I I ~ I I O  acid call be geiierated if one hydrogel1 atom on the 
carbon next to the carboxyl group in acetic acid is replaced by an a~l l i~ lo  group : 

H H 
I 

H- C- COOH 
I 

H2N- C-COOH 
I 

H 
I 
H 

Acetic Acid Clycine 

An a~lliilo acid is usually represented in its u~lio~lised fonn, to show the presence of both 
ilnlino and the carboxyl groups. However, it is the ionised form which predon~inates 
under physiological conditio~ls of pH (around 7). Thus an amino acid like glycine, c:in be 
represented in its unionised and ionised form as : 

H H 
I 

H2N- C - COOH HJN*-- i--COO- 
I 

H 
I 
H 

Glycine : unionised form Clycine : ioni~ed form 

Further, the carboil atom next to the carboxyl group is k~lowil as the a-carbon. Those 
amino acids which have their ainino group attached to this u-carbon, are known as the 
a-amino acids. The biologically significant amino acids are principally, a-anlino acids. 

All cr-amino acids have a collllnon structural motif. They have an amino group at one end 
and a carhoxyl group at the other, both being attached to the a-carbon ato~n,  which also 



carries a hydrogen atom. The fourth group on the a-carbon is known as the side chain 
and is denoted as R. In the simplest of a-amino acids i.e., glycine, the side chain is a 
hydrogen atom only. In olller a-amino acids, this side chain consists of more complex 
chemical groupings. All a-amino acids differ from each other in the nature of their side 
chains only. Thus, the general fonnula of an a-amino acid can be represented as : 

,., -a-Carbon atom 

Now let us describe the structure of important amino acids which are normally found in 
proteins. We shall also group these amino acids according to the nature of their side 
chains. 

5.3.2 Structure of the a-Amino Acids 

As we have mentioned earlier, amino acids differ froin one another with respect to the R 
groups i.e., the side chains, that are bonded to the a-carbon atom. Most living organisms 
contain twenty a-amino acids which constitute the vast variety of proteins. In Table 5.2 
we have listed these amino acids and illustrated the nature of their side chains. We shall 
be using the three letter abbreviations for these amino acids in this unit. In addition, one 
letter abbreviations are also in use. Both these abbreviations are shown in Table 5.2. You 
would observe from this table that amino acids can be categorised into three main types, 
on the basis of properties of their side chains. These are amiiio acids with nonpolar, 
uncharged polar and charged polar side chains, respectively. The no~lpolar group has 
geilerally an aliphatic or an aromatic side chain, whereas the uncharged polar types have 
side chaiils contai~liilg hydroxyl, amide or sulphydryl groups. The charged polar grGup 
can be categorised as acidic or basic, depending whether the side chain contains a 
carboxyl or a basic group. Though tyrosine and tryptophan have nonpolar side chains, 
they can also be put in the uncharged polar group. Their feeble polarity arises from the 
presence of - OH group in tyrosine side chain and - NH group in the tryptophan side 
chain. Polar side chains, whether charged or uncharged, have a strong tendency to 
inter :t with polar illolecules like water, which is the norn~al medium in which most of 
the proteins function. Nonpolar side chaiils on the other hand, shun water ~nolecules and 
tend to seek a  oilpo polar environment. This difference in i~lteractiotl of polar and nonpolar 
side chains with water, is of great significance for the folding of a linear protein chain 
into diverse structures, which are characteristic of different functions in the organism. 

Table 5.2 : Structures of amino acids normaily found in proteins 

Amino acid Abbreviation Structure of R (side chain) in 
H 0 
I II 

H~N+- c - c - 0- 
I 

-- - - 

Nonpolar R group 

GI yci ne 

Alanine 

Valine Val (V) 



Isoleucine 

Phenylalanine 

Tryptophan 

Tyrosine 

Methionine 

Proline 

Ile (I) -CH- CH2-CH3 
I 

Phe (F) - c H 2 0  

Met (M) -CH2--CH2-S-CH3 

. , 
C HZ (Complete structure) 

Polar, uncharged R group 

Serine Ser (S) -CH2-OH 

Threonine ( T) -CH-CH3 
I 



Biomoldes-I1 We shall now briefly describe the stereochemistry of amino acids. 

Optical Activity and Configuration of Amino Acids 

You would have observed that all the amino acids discussed above, with the exception of 
glycine, have a chiral or an asy~nmetric carbon atom, i.e., they have a carbon atom 
bonded to four different atoms or groups tetrahedrally. In case of amino acids under 
discussion, it is the a-carbon which is a chiral centre, and you may recall here that 
molecules containing chiral carbons can exhibit optical activity. Therefore, all amino 
acids, except glycine, are optically active, i.e., they can rotate plane polarised light either 
to right or to the left, and are designated as (+) and (-) isomers respectively. Now let us 
describe the configuration, i.e., the spatial arrangement of atoms or groups, at the 
a-carbon atom in the amino acids. As in the case of carbohydrates, the configuration at 
the chiral carbon is designated by the letters D and L. You may recall from Section 2.3 
that these notations are used after a coinparison with the configuration of glyceraldehyde. 

In the case of a-amino acids, the configuration at the a-carbon is compared to the 
configuration of glyceraldehyde, as,shown below: 

The Fischer projection formula of 
Lamino acids can he shown as: 

COOH CHO COOH COOH COOH 
I 

HO-C-H 
I 

h N - C - H  
I 

h N - C - H  
I 

%N-C-H 
I 
CH20H 

I 
R 

I I 
cH3 CH2 OH 

L-Glyceraldehyde L-AmIno acld L- Alanine L-Serlne 

CHO COOH 
I 

H-C-OH 
I 

H-C-NH, 
I I 

D-Glyceraldehyde D-Amino acid 

As depicted above, in L-amino acids the -NH2 group is on the left, and in the D form 
the -NH2 group is on the right side. All amino acids found in proteins have the 
L-configuration and are designated either as L(+) or L(-), depending on whether they 
rotate the plane polarised light to the right or to the left. Although D-amino acids do 
occur in nature, they are never present in proteins. In comparison, common carbohydrates 
generally occur in D-configuration. 

Out of the twenty amino acids listed in Table 5.2, some are referred to as "essential 
amino acids". Let us first discuss which of the amino acids are essential for our body. 

Essential Amino Acids 

Corn protein is low in lysine and 
tryptophan. Rice is low in lysine 
and threonine. Wheat is low in 
lysine. Vegetarian diet people 
must eat a combination of 
vegetables/pulses, so that they can 
get an adequate supply of essential 
amino acids and thusavoid protein, 
deficiency diseases. These 
diseases are commonly found in 
those places where a single plant, 
such as corn, is the only or major 
source of dietary protein. 

Amino acids are mainly components of protein molecules and free amino acids are not 
widely distributed in nature. Complete hydrolysis of all proteins produces the twenty 
L-a-amino acids, described in Table 5.2. Our body can synthesise only ten of these 
a~l l i~ lo  acids. The rest which cannot be sy~ithesised by humans, inust be supplied by our 
diet. The latter category of atnillo acids are k~lown as essential amino acids. A balanced 
diet containing both animal and plant proteins is generally recommended, because it 
provides all the essential amino acids. The dietary proteins are hydrolysed during 
digestion to release amino acids which are then reassembled into human proteins. The 
essential amino acids are luecine, isoleucine, lysine, methionine, phenylalanine, 
tryptophan, threonine, valine, histidine and arginine. The last two amino acids are 
essential only during infancy. Proteins that contain all the ten essential amino acids are 
called as adeqwate proteins. Milk and animal proteins are an excellent source of all 
atnino acids, whereas plant proteins lack one or more of the essential amino acids. 
However, the protein in soybeans is an exception, and is an adequate protein. 

\ We shall now describe the acid-base properties of amino acids. The atnino acid structure, 
which we have shown up to this stage, is how it would appear in an organic, nonpolar 



sol~ent .  You would certainly wonder as to how this molecule would appear in an aqueous 
solution i.e., in a polar medium, since the molecule contains an acidic as well as a basic 
group. So let us study the behaviour of an amino acid in a polar medium. 

Proteins 

Acid-Base Properties of Amino Acids 

Since proteins are composed of amino acids (we shall be describing more about this in 
Section 5.4), a knowledge about the acid-base properties of amino acids will help us in 
understanding some of the properties of proteins. We have already mentioned that all 
amino acids contain at least one carboxyl group and one amino group. Both the groups 
are capable of ionisation in an aqueous solution. Thus in water, amino acids can act as 
acids and bases. Molecules which exhibit this property are know11 as arnphoteric 
molecules. In other words this means an amphoteric substance call accept as well as 
donate a hydrogen ion (H'). At or around neutral pH, an amino acid forms a dipolar ion 
or a zwitterion, as the acidic carboxyl group donates a hydrogen ion and the basic amino 
group accepts one. 

H 
I 

R-C-COOH 

H 
I 

R - C - COO-. 

Unionised amino acid Ionised amino acid 
(zwitterion or dipolar ion) 

Thus a zwitterion has a positive as well as a negative charge within the same ~nolecule at 
neutral pH. As the normal biological environment in which amino acids are generally 
present, is aqueous medium at near neutral pH, they are found as zwitterions only, though 
we may continue to show these molecules in the unionised form in this unit for the sake 
of convenience. Now let us show some amino acids in their zwitterion form: 

I II I II 
H-C-C-OH H-C-C-0- 

I I 
NH2 , 

Glycine (unlonlsed) ..'~lycine (ionised, zwitterion) 

Nanine Methionine Serine 

You would have observed from the above that zwitterions have one positive and one Proteins and amino acids can he 

negative charge and are, thus, electrically neutral. Therefore, these dipolar ions do not by a process "'led 
electrophoresis. It involves placing migrate in an electric field. The pH at which amino acids (and also proteins) carry no 

of or a,nino acids 
net charge is called its isoelectric point (PI). For example, the isoelectric point for in an electric field at constant DH. 
glycine is pH 6.0, which means that at this pH, glycine will be in its zwitterion form. Molecules with a net charge will 

move towards the opposite 
Let US now describe briefly how the amino acid molecules (and consequently the electrodes, whereas the dipolar ions, 
proteins) behave in acidic or basic medium. These amphoteric compounds can react with a net zero charge will not 

kith an k i d  or a base to form a salt. For example, stuiy the reactiohs for zwitterion of migrate. 

alanine shown below: 
+--mc- ?H-NH, (anion) + 

HC1 CH3-CH-COO- + H+ - CH3- CH-COOH 
I 
NH: 

I 
NH; 

CH,-cH-COO' + OH- CH3-CH-COO-.* H20 
I I 
mS+ NH2 

R 

1 (cation) HOOC- CH-NHG- 
I 
R 

-OOC- CH-NH 9+ 
I I 

R 
dipolar ion 

1 (no migration) 



Blomo~Ccplt~-II We can observe from these reactions that addition of H+ or OH- to a zwitterion results in 
Pmeins have minimum solubility a net positive or a negative charge on the molecule. Thus depending on the pH of the 
" poiat and lhe aqueous solution, amino acids (as also the proteins) can exist in different ionic forms: 
e!ectrieeny neutral molecules can 
form segregates, thus tendering 
their removal from the solution 
quite cay .  This hes a practical 
utility in our day to day life. For 
rxawple, casein is a protein found 

H 0 H 0 H O  ' 

in w ' s  milk. It has an isoclectdc 
I 11 I 11 - OH- I 11 

R-C-C-OH R-C-C-0 R-C-C-O- 
point of pH 4.7. 'Ibe nonnal pH of I H + I 

NH 
I 

cow's milk is 6.3. In the cheese NH6 N H ~  
production process lactic acid, 
produced by bacteria, lowers the Acidic pH pH around Basic pH 
pH, which in turn' lowers the neutrality 
solubility of casein, thus causing (zwitterion) 

the milk to curdle. 

This property of amino acids (and hence the proteins) to behave as weak acids (due to 
- COOH group) or as weak bases (due to - NH2 group) is employed effectively in 
nature, as these molecules act as buffers in bodyfluids. Thus one of the important 

Substances which resist sudden functions served by proteins in the blood is to maintain its pH in the narrow range of 7.35 
changes in pH of a solution are to 7-45. 
known as bultcrs. Recall that 
salutionscontainingaweakacid We may mention here that only those amino acids with ionisable side chains (such as 
(e.g., acetic acid) and its salt 
(e.g., sodium acetate) function 

glvtamic acid or lysine) or amino acids at the extreme ends in the proteins with free 
as buffers. same is true for weak a-amino and a-carboxyl group, contribute to the acid-base properties of a protein 
bases had their salts. molecule. This is because the amino acids forming the polypeptide chain of proteiils (we 

'shall discuss this in subsection 5.3.3) do not have free a-amino and a- carboxyl groups, 
except at the two terminals of the polypeptide chain. Some of the side chains (R groups) 

p ~ ,  = - log K, which are capable of ionisation, will increase the number of ionised forms possible 
pH = - log [PI for that particular amino acid. This is highly important in the overall structure and 

function of proteins. The tendency of a group to ionise is expressed in terms of pK, 
value, which is analogous to that of pH. The lower the pH of a solution, the more acidic it 
is and larger is its hydrogen ion concentration. In a similar way, lower pKa value for an 
ionisable group implies stronger acidic nature of that group and thus more readily it will 
ionise. 

Before proceeding further attempt the following SAQs. 

SAQ 1 

Tick [ \/ ] mark the appropriate answer. 

Amino acids owe their variety to 

a )  their a-carboxyl group 

b) their differing molecular weights 

c) their a-amino group 

d) the nature of their side chains 

SAQ 2 

Tick [ 4 ] mark the appropriate answer. 

Amino acids are called amphoteric because 

a) they have a basic group 1 
b) they have an acidic group [ 1 
c) they have both acidic and basic groups [ 1 
d) none of the above 



Now let us descrik an important reaction of amino acids, which is the basis for the 
formation of proteins, which we shall study in the next sections. 

Formntion of the Peptide Bond 

is the most important reaction of amino acids and is a condensation reaction 
between two amino acid molecules, as shown: 

Peptide bond, d o  called 
amids linkape You will recall that 

amino acids shown here 
0 H 0 0 will actually be in 
I I I 11 ionised form. 

H~N-CH-C-@+ @-N- CH-C-OH 
I 1 -HZO 
R' R" R' R 

Amlno ackl Amlno add Amlno acld Amino acid 
rcsidue residue 

Peptide 

You would observe from the above reaction that peptide bond formation results in a 
linkage between the a-carboxyl group of one amino acid and the a-amino group of 
another amino acid molecule, with the elimination of a water molecule. The resultant 
molecule is known as a peptide and the constituent amino acids in it are called amino 
acid residues. The peptide bond can undergo hydrolysis with an acid or a base or with 
specific enzymes to give the constituent amino acids. 

Now let us know more about peptides. This will help you in leanling about the larger and 
complex macromolecules-proteins. 

5.3.3 Peptides 
From the preceding section you learnt that a peptide is formed by amino acid residues 
which are held by a peptide bond. Deknding upon the number of amino acid residues in 
a peptide, they are known as dipeptides,tripeptides, etc. For example, a dipeptide has 
two amino acid residues: 

Peptide bond 

0 0 v;\- 0 
I I  I I  ( I 1  \ II 

H2N-CHz-C-OH + H2N- CH-C-OH - H2N-CHz4iC-NHA CH-C-OH 
I  -HzO I 
CH3 CH3 

Similarly, a tripeptide results from the union of three amino acids and a tetrapeptide 
links together four amino acids. The structure of a typical tetrapeptide is shown below: 

Generally, peptides with more than 10 amino acid residues are known as polypeptides. 
We may mention here again that amino acids in a peptide are called residues, since they 
are residual portions of amino acids left after elimination of water molecules during the 
formation of peptide bonds. You should also note that a peptide is named from the amino 



Biomolecules-11 ' end, which is the end having free a-amino group. For example, in the above tetrapeptide 
the amino end (also called the N-terminal) is a glycyl residue. Similarly, the other end 
having a free a-carboxyl group is called the carboxyl end or C- terminal. In the above 
case, a lysine residue is at the C-terminal. This will be further clear from the tripeptide, 
arginylphenylalanylglycine, shown below: 

- 
II ri -C-NH-CH-C-NH-CH-C-OH Carboxyl end or 

N-terminal I I I C-terminal 

Tripeptide - Arginylphenylalanylglycine 

You must have also observed that it is ilnpractical to write the large structure of a 
peptide, especially of a polypeptide. In such cases, the structures Qn be easily 
represented by using the three letter or one letter abbreviations of lamino acids, shown in 
Table 5.2. 

Many peptides occur in nature, each performing a specific role in an organism. For 
example, vasopressin and oxytocin are two peptide honnones secreted by the pituitary 
gland in humans. Their structures are shown below: 

Vasopressin 

+ H3N-Gly-Leu-Pro-Cys-Asn-Gln- lle -Tyr-Cys-COO- 

L S-S1 

Cystcine is often found dimer In addition to the peptide linkages, both of these peptides also contain a disulphide 
which is bonded Ihrough a bridge between two cysteine residues. These peptides perform important biological 
disulphide bond and is known as 
cysthe : roles. Vasopressin helps in controlli~ig fluid balance in humans by promoting water 

reabsorption by kidneys, thereby controlling blood pressure by regulating the amount of 
dll~ph(d.- water in circulation in the body. Oxytocin prolnotes lactation. It is also used as a drug 

'i- ?.- ( ,+-$-I-. during child birth to induce labor. 

b* By this stage you have learnt how the building blocks of proteins, the amino acid 
@a molecules, are constructed into a polypeptide chain by the peptide bonds. Let us, 

therefore, describe the sthcture of proteins in the following sections. 

We shall be discussing the ' YOU can check your understanding of peptides by attempting the following SAQ. 
disulohide bond in Section 5.4. 

SAQ 3 

Draw the complete structure for the tripeptide Asp. Leu. Trp. 



Proteins 
5.4 STRUCTURE OF PROTEINS 

A protein is constructed primarily as a linear polymer of different amino acids, called the 
polypeptide chain, and we have already described the fonnation of a polypeptide. The 
distinction between a polypeptide and a protein is tenuous. But any naturally occumng 
polypeptide of molecular weight more than 5000 is generally called a protein. In other 
words, it implies that as the polypeptide chain grows into a biopolymer of molecular 
weight of thousands and more, the term protein becomes more appropriate to use. 
However, the enormously large size of proteins makes it obvious that they should have 
extremely complex structures. The structure of a protein molecule will determine its 
biological role and other properties. It has been found that every protein has a unique 
three dimensional shape. The complete structure, including specific shape of a protein 
molecule is discussed under four headings, also called levels of organisation. These are 
the primary, secondary, tertiary and quaternary structures, respectively. We shall now 
describe these structures. 

I f  the protein chain would consist 
of say 100 amino acids and each 

amino acid would happen to he 
identical, then only one paiticular 
type of protein would be possible. 
However, if each position in such 
a chain is occupied by any of the 
twenty amino acids listed in Table 
5.2, then the number ofstructurally 
different proteins will he of the 
order of 20lW or almost limitless. 
The enormity of this structur,al 
variation can easily explain the 
functional versatility of proteins. 

5.4.1 Primary Structure 
As mentioned above, a protein is assembled as a linear long chain-polymer of amino Since the amino and carboxyl 

acids, called the polypeptide. The number and sequence of amino acid residues from groups attached to the a- carbon of 

N-terminal to the C-terminal, which are linked linearly by the peptide bonds, is referred an amino acid are in 
repetitive amide linkages in the 

to as the primary structure of a protein molecule. In short, the complete covalent protein chain. except at the 
structure of the polypeptide constitutes the primary structure. For example, the extremitiesof the chain where they 

primary structure of glucagon, a protein which stimulates the conversion of glycogen to are free, it is only the side chains 

glucose in the body, is shown below: or the R groups which represent 
variations in the amino acids 
constituting a protein moleculr. 

His-Ser-Glu-GIy-Thr-Phe-Thi-Ser- Asp-Tyr-Ser- Lys-Tyr- Leu- Asp-Ser- Arg- Arg- Ala-GIu-Asp- Phe-Val -Glu-Trp-Leu-Met-  Abn-Thr 
t 10 20 2 9 

It is easy to realise that the sequence of amino acids in the protein chain would determine 
~ e ~ ~ ~ b i n c e ~ o l ~ ~ f ~ i ~ a m t i ~  

its physical, chemical and biological properties. Even a ~ninor chauge in the a~nino acid leucine of isoIrucine in 
sequence results in major effects on the properties of that protein. For exaniple, one of the protein chains. O n  its 

haemoglobin ~nolecule co~lsists of four polypeptide chains containing in all 574 a~nino return trip to lungs, after - 
acid residues. This lnolecule is present ill blood and carries oxygen. Changi~ig just olle Oxygen the tissues, 

aminoacid in one of the chains, results in a defective haemoglobi~i ~nolecule that is fou~td ~ m o ~ ~ ~ ~ v e  (Or m u t a n t )  
molecules 

in patients with sickle cell anemia. polymerise into large strands and 

In essence, the primary structure of a protein corresponds to the structural fonnula of an 
\ 

organic compound. However, the structural formula of a small organic compound 
conveys enough information about its chemical function, whereas knowledge of the 
primary structure of a protein gives no such clue. Linear sequences of amino acids, no 
matter how different, are one dimensional and hence cannot explain the stupe~ldous 
variety of protein functions. On the other hand, sequence of amino acids in a p~lypeptide 
chain of a protein, determines the co~nplexity of its folding pattern, which holds the 
secret of its functioa. We shall examine in the followi~ig sections the general pri~lciples 
that govern the folding of the polypeptide chains of proteins into more co~nplex 
structures. 

You should note that two strong covalent interactions, na~nely the peptide and the 
disulphide bonds, are involved in the integrity of the primary structure of a proteiu, i.e. o f  
the polypeptide chain. On the other hand, the folding of the polypeptide chain, i.e. the 
higher order structure of the protein, is stabilised by the collective effect of a large 
number of weak noncovalent interactions. Further, the folding patterns of the polypeptide 
chain depend on the geometry of the peptide bonds, which link the individual amino 
acids. We have already described the peptide bond in subsection 5.3.2. Let us now learn 
what influence this bond has on the protein folding. 

5.4.2 Planarity of the Peptide Bond 

clog up the smaller veins and 
capillaries. with devastating 
results. 

The polypeptide chains forming 

the primary structure oC proteins. 

fold to form higher order protein 
structures. 

The geometrical dimensions of the peptide bond impose certain restrictions on the . 

folding of the polypeptide chain. Pauling and Corey were the first to discover that the 



peptide linkage is planar. This is due to resonance between the two cano~lical forms of 
peptide group as shown below: 

Thus, due to delocalisation of electrons both C= 0 and C -N bonds of the peptide 
linkage have a partial double bond character and like any unsaturated system, the peptide 
linkage is capable of exhibiting geometric isomerism. It has been found to exist in the 
trans configuration (as the bulky a-carbons are farther from each other than they are in 
cis configuration). Another consequence of electron delocalisation is that all the atoms of 
the peptide linkage i.e., O,C,N,H lie in one plane. Further 0 and H atoms are in the trans 
position. 

The individual bonds constituting the peptide unit are, thus, torsionally rigid (this makes 
intrabond hydrogen bonding impossible). However, twisting of the peptide plane is still 
possible around the Ca- N and Ca- C bond axis, as shown in Fig. 5.2. 

Fig. 5.2 : A portion of a polypeptide chain showing the rotation of adjacent peptide planes and the 
corresponding angles of rotation about the bonds to the central a-carbon atom. 
41 - 9 - 186 corresponds to the fully extended polypeptide chain. 

The angles + and q indicate the rotational movement of the peptide planes around N -C, 
and C, C bonds respectively. When the chain is fully extended, the + and t# values are 
considered to be equal to 180'. As viewed from the central a-carbon, ally clockwise 
rotation of the peptide plane through 180' is assigned a positive value and any 
anticlockwise rotation is considered negative. Thus each peptide plane can twist and 
rotate around the a-carbon bonds. The relative angles of rotation will define the direction 
and type of folding of polypeptide chain. Some values for angles + and I# bring u~lbo~ided 

- atoms too close to each other, causing steric repulsions, and are consequently "not 
allowed". It is easy to realise that this would substantially restrict the number of 
conformations a polypeptide chain could have. 



We shall now describe the other covalent interaction, which is involved in stabilising the 
protein structures. This is known as the disulphide bond. 

Disulphide bonds or bridges are extremely important in stabilising higher order protein 
structures. This bond may connect two polypeptide chains through cysteine residues as shown 
below : 

\ / 
HN NH 
/ \ 

o=c _--. 
\ I' '\ /"=" 

C H - C H ~ - ( S - S ~  C H ~ - C H  
/ \'.- /' \ 

HN NH 
\ / 

/c=O 
o=c 

Disulphide 
\ 

Polypeptide bridge Polypeptide 
chain chain 

You will recall that the amino acid, cysteine contains a thiol group ( S H ) .  This group easily 
undergoes an bxidative reaction with another thiol group and results in a disulphide bond: 

Oxidation 
- S H +  HS- -S-S- 

Reduction 
Disulphide bond 

AS you can see this is a reversible reaction under reducing conditions. Disulphide bridges are 
relatively stable and can also com~ect different parts of the sanie polypeptide chain, as in 
vasopressin or oxytocin (subsection 5.3.3). In such cases, they itnpose sonle restrictions on 
the folding pattern of the polypeptide chains. At the sanle time, they inlpart stability to the 
tinally folded co~lt'onnation. 

Now let us describe the noncovalent interactio~tc which are also important in stabilising the 
protein structures. 

5.4.3 Importance of Weak Noncovalent Interactions in Protein Folding 

As we have already discussed, the primary structure of a polypeptide chain is nlaintained 
by covalent amide bonds, capable of withstanding rando~n then~ml 111otion. Another, 
cova le~~t  linkage that nlaintains il higher order protein structure is the disulphide bond. 
However, the folding of a polypeptide chain to f o n l ~  secondary, tertiary and quatenlary 
structures (we shall be descr ibi~~g the111 in next section) is ~r~ainly due to the cooperative 
action of a multitude of weak noncovalent interactions. Singly, these interactions are 
weak and easily disrupted by thermal motion. However, the cumulative effect of a large 
~lunlber of these interactions is considerable. These, acting in concert ~lotorily provide 
reasonable stability to higher order protein structures, but also confer OII then1 a degree of 
flexibility, so essential for biological function. 

The weak nollcovalent interactions that co~~tribute to the stability of protein structures 
have been identified as electrostatic forces, vall der Waals forces, hydrogen bonds a ~ ~ d  
hydrophobic interactions. We shall describe these forces briefly. You will find an 
estinlate of the energies involved in these interactions and the cov;rlent disulphide bonds 
in Table 5.3. 



Table 53 : Energies of noncovalent Interactions and of a disulphide bond 

Type of interaction or bond Interaction or bond energy (kJ mot1) 

~lectrostatic interactions 

Hydrogen bond 

van der Waals dispersion interactions 

Hydrophobic interactions 

12.5 - 20.9 

12.5 - 20.9 

1-5  

2.8 per CH2 group 

Disulphide bond 2(K) 

You will now briefly learn what electrostatic interactions are: 

The amino acid side chains of many proteins, such as those of lysine or glutamic acid, carry 
0 
II 

charged groups like -N+ H3 or - C- 0- at neutral pH. The attractive forces generated by the 

proximity of such charges on a polypeptide chain constitute the electrostatic bonds, which 
are also known as ionic bonds or salt bridges. 

Salt bridge 

Polypeptide c h h  of a 
pro* molecule 

This bond would thus contribute to the folding process of a polypeptide chain. As would be 
expected from an ionic bond, the interaction of a salt bridge is negligible at the interface of a 
protein molecule with water, where the dielectric constant would be very high. However, its 
contribution to stability is significant in the protein interior, which is relatively less accessible 
to water. 

Another weak interactioh involved in protein folding is van der Waals dispersion forces. 
This is due to the attractive force between uncharged molecules and comes into effect when 
two atonls approach each other so closely that their electron clouds penetrate each other. 
Though repulsive forces also develop, at van der Waals contact distance, the attractive forces 
predominate. Individually these dispelsion interactions are of very low energy, but their 
cumulative effect, when summed up over interacting protein surraces, is considerable and 
would be of great significance in the maintenance of the folded state of proteins. 

Now let us describe hydrogen bond, an important linkage in biological structure and function. 
It is a weak noncovalent interaction. 

Hydrogen bond results from an electrostatic interaction between a hydrogen atom bound 
covalently to an electronegative atoll1 like 0, N or S and a second electronegative atoll1 which 
has a lone pair of electrolls available. 



The H atom of - OH group acquires a partial positive character since the electron cloud is Proteins 

attracted more towards the electronegative oxygen. The positively charged H ?om thus In water hydrogen bonding arises 
interacts electrostatically with the unshared electron pair on the oxygen of the,C=O bond. between hydrogen atom of one 

molecule and the oxygen atom of 
This interaction is called the hydrogen bond. You would observe that the net effect of this molecule: 
linkage is sharing of a hydrogen atom between two electronegative atoms. The strength of the ,- ,+ ,- ,+ ,- ,+ 
hydrogen bond depends on the electronegativities of the two sharing atoms. The more 

-.-- O-H---O-H -.-- 0-H ---. 
electronegative these are, the stronger is the hydrogen bond. $+ (&+ /$+ 
In proteins hydrogen bonds result when hydrogen atoms are shared between the 

\ / 
Hydrogen bonda 

electronegative nitrogen and the carbonyl oxygen of peptide bonds, within the same or a m o ~ g  water molecules 

different polypeptide chains. They are also formed between the side chain - OH groups and 
the carbonyl group of another amino acid residue. 

Hydrogen bond 

OH ~ I I I I I I I ) O = C  

J 
Polypeptide chains of protein6 

The importance of hydrogen bonds in the stability of protein structures is, however, 
debatable. This is because water, which is the universal biological medium, forms hydrogen 
bonds with other water molecules, as well as with the appropriate groups on the polypeptide 
chain. Thus before the folding process starts, the amino acid side chains of proteins which are 
capable of forming hydrogen bonds, would form these linkages with water molecules first. 
During the folding of protein chains these hydrogen bonds with water molecules would have 
to be broken and new ones formed between protein side chains. Thus the stabilisation 
provided by hydrogen bonds in higher order protein structures, is the difference between the 
energy required to break the hydrogen bonds with water and the energy obtained in forming 
inter-residue hydrogen bo'nds, which is marginal. Nonetheless, their importance in protein 
folding arises due to their extremely large numbers. 

Let us now learn what a hydrophobic interaction means and what is its contribution towards 
stabilising proteins. 

Hydrogen atoms of aliphatic side chains of proteins, such as those of valine or isoleucine are 
attached to carbon and the electron pair forming the bond is equally shared between the two. 
Therefore, these hydrogen atoms do not carry any fractional positive charge. Because of this 
aliphatic side chains do not interact with water molecules via hydrogen bonds and are, 
therefore, called as nonpolar. When such nonpolar side chains are exposed to water, the 
hydrogen bonded network of water molecules gets disturbed. Water consists of a loose 
fluctuating cluster of hydrogen bonded molecules which constantly change their partners in 
hydrogen bonding. Since water molecules cannot interact with a nonpolar side chain 
immersed in it, they are forced to form more hydrogen bonds with each other, resulting in a 
highly ordered structure around the nonpolar side chains. This increase in local order results 
in a decrease in entropy of water locally, which is thermodynamically unfavourable. The 
nonpolar side chain is thus forced to avoid exposure to water and to seek interaction with its 
own kind in the interior of the protein n~olecule, resulting in the liberation of water molecules 
and consequent increase in the entropy of the system. The folding of the polypeptide chains 
thus proceeds in such a way that all the nonpolar side chains are squeezed into the interior 
close to each other and the polar and charged side chains are brought on to the surface of the 
molecule, where they can have favourable interaction with water molecules. The free energy 
gained by the transfer of a - CH2 group of a nonpolar side chain from aqueous surroundings 
to the protein interior is of the order of 2.8 kJ 11101-l. 



Non~olar or aromatic 

Polypeptide chain of 
a protein molecule 

Arolriatic amino acid residues, such a s  those belonging to phenylalanine, tyrosine o r  
tryptophan also tend to associate with one another in a stack like arrangement under the 
inquence of above hydrophobic interactions. Once the nol~polar  residues, either aliphatic o r  
aromatic, conie close together van der  Waals dispersio~i forces also collie into play, providilig 
further stabilisation to the folded structure. T h e  hydrophobic  interact ions p lay  a significant 
r o l e  in main ta in ing  t he  folded protein s tructures,  a l though n o  t r u e  bonds  exist  in these. 

W e  have s o  far described the prirrlary structure of  proteins and the various interactions which 
help to stabilise the folding of polypeptid,e chains into complex higher order protein 
structures. Having gained this knowledge, let us describe theifolding o f  the proteins into 
secondary, tertiary and quaternary structures. While discussing these higher order protein 
structures you will be  able t o  understand more clearly how formation of  these structures is 
dependent on  various noncovalent interactions and also on  the nature of the peptide bond. 

SAQ 4 

Tick [ \/ 1 mark the correct statement. I 

Electrostatic interaction between charges in proteins is highest 

a) just below the protein surface [ j 

b) a t  the protein surface I 1 

c)  in the protein interior [ 1 

d) none of the above 1 1 

5.4.4 Secondary Structure 

Extensive investigations by Pauling and Corey using X-ray diffraction studies led them to 
identify the most ordered and stable elements of protein folding called secondary  s t ruc tures .  
The secondary structure is basically the specific geometric arrangement o f  the amino acids. 
that results from amide linkages that are close to each other in the polypeptide chain of  a 
protein. You may recall from subsection 5.4.2, the planarity and trans configuration of  the 
peptide linkage. Subject to the structural restrictions imposed by these properties of the 
peptide unit and the need to maximise dispersion interactions between nonbonded atonts by 
close packing, Pauling and Corey built models of protein structures which would have 
niaximuni stability. These turned out to be the ones in which carbonyl oxygen and aniide 
nitrogen atoms o f  the polypeptide backbone were involved in the forniation of  linear 
hydmgen bonds. Two regularly repeating structures which satisfied these criteria o f  
niaxinium stability and mininium distortion were a helical structure called the a-hel ix and the 
p-pleated sheet. Although these two arrangements in the secondary structure were proposed 
o n  the basis of X-rdy diffrzrtion studies o n  small synthetic polypeptides and model building, 



they were later on  found to be present in various protein molecules. We shall now explain 
what an a-helix and a p-pleated sheet signify. 

The cr-helix 

The a-helical structure results from a particular pattern of rotation around the N - C, and ~ r ~ ' ~ ~ ~ ~ s ~ r i l l ~  Is he'ica' 

C,- C bonds of the polypeptide chain, which nleans the polypeptide chain can tun1 back 

under itself in a-spiral or  a helix. The a-helix is thus a tightly coiled structure that resembles a 
right handed screw or a circular staircase. This arrangement allows hydrogen bonds to form 
between the carbonyl group of one amino acid and the -NH- group, four amino acids 
ahead in the chain as  shown in Fig. 5.3. 

I 

Planar / 
peptide 
bond ? 

$7--. , /' 
Side c h a i ~ ~ s  
protrude 
from the 
helix 

I 

Fig. 5.3 : Tbe right handed a-helir a) shows the peptide groups as planes, with a-carbon atoms 
occupying junctions of successive planes.b) the helix, as generally represented in this unit 

You would observe that the hydrogen bonds are parallel to the axis of the 
helix and are aligned linearly for ~llaximurn strength. Besides, the side 
chains of the anlino acid residues protrude away froin the axis. Each 
co~l~ple te  turn of the helix co~~ta ins  about 3.6 a111i11o acids. In polypeptide 
chains composed of Lamino  acids, the right handed helix is n~ore  stable 
than the left handed helix. The cx-helical secondary structure is found in 
keratins, which are proteins that make up hairlfur, wool, claws, hooves 
and feathers. In keratins three cx-helices are wound together like the 
fibres in a rope and these helices are held together by disulphide bridges. 
The overall number of these disulphide bridges in~parts hardness and 
lesser flexibility to the keratins. 

Collagens, which are the 1110st abundant proteins in the body are' found in 
skin, bones, teeth, cartilage, tendons, blood vessels and co~lnective 
tissue. These proteins do not form a true a-helix but are present as a 
triple helix and three polypeptide chains in left handed helical 

The pitcb o f  the helix or the distance hetween two 
conformation are twisted together in a right handed fashion. This makes con,cutive turns is 540 pT. 
these collagen fibres quite strong. You lnay ask as to why collagens do 
not for111 a true a-helix. This is because of a large nuillher of proline 
resiilues in the polypeptide chain. Because of its cyclic structure 



(Table 5.2) proline interrupts the helix and tends to bend or k ink the polypeptide backbone. 
Besides this, the imino group involved in peptide link, for lack of hydrogen does not 
participate in hydrogen bonding with the carbonyl group. 

Let us now explain the configuratio~l of protein chains in the @-pleated 
sheets. 

p-pleated sheets 

In this arrangement the polypeptide chains are almost fully extended and 
hydrogen bonding occurs between close zigzagging parallel chain?. The 
direction of hydrogen bonding is perpendicular to the direction of the 
polypeptide chain, unlike in a-helix where it is in the same direction. In 
the @-pleated structure, the side chain groups extend above and below the 
pleated sheet. 

The @-sheets can have a parallel or antiparallel a r r ange i~~e i~ t  of the 
protein chains. In the parallel @- sheeti the polypeptide chains run in the 

The pitch in the helix of collagen chains is  about same direction from amino to carboxyl terminals whereas in the 
900 pm. Recall that in a true a-helix it is 540 pm. antiparallel p-sheets the chains run in opposite direction. The 
Lack of hydrogen bonding explains why the 
successive turns are not closely held. antiparallel sheet is more stable because hydrogen bonds in it are Illore 

linearly oriented. In the 6-structures several polypeptide chains 
The a-helix was discovered first and the f3-pleated sheet 
structure was the second secondary structure to be 
identified. l l a t  is  why it is known as  the p- structure. 

participate in the formation of sheets, which are in turn stacked on each other. However, these 
stacked sheet structures are not favoured by amino acids with bulky side chains. This is 
because of steric hindrance, as the side chains extend above and below the plane of the sheet. 
The p-sheet structures are present in silk. We may point out here that although a-helix and 
@-sheet structures are present in pure form in many proteins, the secondary structures of most 
proteins are mixtures of a-helix, p-sheets and region$ of protein chain known as random 
coil. The term "random coil" does not mean that the various atoms and groups may occupy 
any arbitrary position. Their positions are fixed. The 41 and I) angles of the amino acid 
residues in this region are also limited by the same considerations as described in subsection 
5.4.2. The term "random coilJJ denotes that the conformation of polypeptide chain in this 
region does not fit in with any of the regular and repetitive patterns described above. 



legion 

coil legions 

Another pattern present frequently in proteins, such as globular proteins, is p-a-fl 
arrangement, where an a-helical segment is flanked on both ends by segments of p-sheets: 

Fig.5.4 : Schematic representation of the p-a- p folding pattern of a protein. The a-helix is 
represented by the coiled structure md p-sheeb by the large arrows. The dashed 
lines a n  indicative of hydrogen bonds. 

In globular pmteirs the 
polypeptide chain can also fold 
back on itself, resulting in a 
change by 180' in thed:rection 
of the chain. These are know11 
as f3-turns. 

We may emphasise here that these secondary configurations impart structure dependent 
properties to the proteins. For example, fibrous proteins exemplified by a-keratin of hair 
or wool, silk fibroin and collagen are best examgles of structure dependent function in 
proteins. Thus wool fibre is flexible, extensible and elastic, properties which are 
obviously due to the a-helical structure of wool keratin. Silk fibre on the other hand is 

Silk is composed of tbr 
protein fibroin. which has a 
p- pleated sheet structurp. 



Proteins have been classified 
in several different ways. One 
of these classifications is 
based on the physical 
characteristic of the proteins 
and recognises them as 
globular proteins and fibrous 
proteins. Globular proteins 
are soluble in water i.e., form 
colloidal dispersions, are 
fragile and are involved in 
active functional work, such as 
catalysing biological reactions 
or transporting other 
substances. Examples are 
enzymes and haemoglobin. 
Fibrous proteins on the other 
hand are insoluble in water, 
are tough and are involved in 
structural or protective 
functions. Examples are 
keratins, collagen and silk. 

All enzymes are globular proteins. 

We have already described 
hydrogen bonding and other 
interactions in subsection 
5.4.3. 

unusually strong, but not extensible. These properties are derived from its p-sheet 
structures built from polypeptide chains which are already fully extended and, therefore, 
not extensible any further. Since the silk fibre is inade up of p-sheets stack& on each 
other and held together by van der Waals forces, it is very flexible. Similarly, the triple 
helical structure of collagen gives it rigidity, mechanical strength and resistance to 
stretching -properties ideal for a connective tissue protein. 

We have so far explained that the particular amino acid sequence constituting the 
polypeptide chain of a protein inolecule is known as its priinary structure. The particular 
conformation which this primary structure, i.e. the polypeptide backbone, assumes 
constitutes the secondary structure. This structure is influenced by the planarity of the 
peptide bond and is stabilised by hydrogen bonding. You will now learn that the way a 
protein inolecule, as constructed by its priinary and varying degrees of secondary 
structures, folds into a particular specific shape constitutes its tertiary structure. You 
will also learn that the forces which stabilise this structure are many in number. These 
forces have already been described in subsection 5.4.3. Let us now discuss the tertiary 
structure of the protein molecules. 

SAQ 5 

Tick [ 4 ] inark the correct answer. 

@sheets are present in pure form in 

a) silk fibroin [ 1 

b) a-keratin 1 

c) collagen [ 1 

d) none of the above [ 1 

5.4.5 The Tertiary Structure 

We have identified regularly repeating structural features such as a-helix and f3-sheets as 
being characteristic of fibrous proteins such as keratin, silk fibroin or collagen. In most 
of the other large number of proteins, including enzymes, the polypeptide chaiii is 
twisted, folded and packed illto a coinpact almost globular three diineiisioilal shape, 
which is known as the tertiary structure. In the tertiary structure stretches of secondary 
structure, such as a-helices and p-sheets, along with randomly coiled regions i.e., those 
without any particular order of the polypeptide chain, fold back on each other in three 
dimensions forming compact globular shaped structures. In these globular proteins the 
polypeptide chains are closely packed, leaving very few cavities, which are filled with 
water molecules. The formation of globular tertiary structure does not necessarily imply 
the presence of secoildary structural elements in these proteins, since folding to a 
compact globular shape call occur even in the abseiice of ally siyuficant secoildary 
structure. The varying degree of secondary structural elements, whenever they are present 
in the tertiary structures, have generally the same geometrical specifications as those in 
the fibrous proteins. Though soine slight deviatioils froin their 11ontCil ditlleilsiotls have 
been occasionally noticed. A feature of the tertiary structure is that segments of the 
protein chain far removed in sequence come very close together in its folded three 
dimensional structure. W e  have shown the three dimensional tertiary structure of two 
typical proteiils - tnyoglobi~i and adenylate kiiiase in Fig. 5.5. 

The folding of the entire protein molecule, i.e., the tertiary structure is stabilised by 
hydrogen bonding and hydrophobic interactions, which are principally responsible for the 
specificity of the folding. However, other interactioi~s, such as van der Waals dispersion 
forces do make a significant co~aributioi~, because anhno acid side chains are closely 
packed in globular proteins. A small contribution to the stability of the folded structure 
also comes from electrostatic forces, like the interaction between - COO- group of one 



Fig.5.5 : a) Myoglobin; you will observe that the molecule is predominantly made up of helicnl 
regions. b) Adenylate kinase; the molecule comprises a-helices and p-sheets. 
Helices have been shown as ribbons and sheets as arrows. 

amino acid residue and -Nq group of another. Disulphide bonds also provide further 

stability, as in some enzymes. In Fig. 5.6 we have given a schematic representation of a 
globular protein and represented the various types of forces which are involved in 
stabilising its tertiary structure. 

Hydrogen bonding f> yeliCal 

+Electrostatic nttraction 
Coordination between oppositely charged 

Sheet structure with metal ions. R mro - . . . . . . 

bonding among 
R side chains interactions among 

cluster of nonuolar 
R groups 

Fig.5.6 I Scbemntic representation of bonds md  forces that stabilise globular structure in proteins. 
Interactions identified with an asterisk uc present in all the globular proteins. Otber 
interadions may or may not be present. 

We may add here that in some proteins which require metal ions for their function, 
coordination with negatively charged side chain may be an important element in their 



Blomdce~lcs-11 stability. Similarly a nonpolar side chain may be found occasionally on the protein 
surface, exp~sed  to the solvent water. The function of such residues may lie'in binding to 

The state i.e., the tertiav other polypeptide chains to form quaternary structures or in binding to the hydrophobic 
structure of a protein that it interiors of various membranes or in binding to the nonpolar substrates of enzymes. In 
a~sumecundernOrmalconditiOns general, most of the polar groups in globular proteins lie on the surface, and most of the 
cf tempramre and pH, bas 

energy and most hydrophobic side chains lie inside the molecule. 
stable. This state is known as 
native codiprntiw. Proteins 
in native state can be easily YOU can now attempt the following SAQ and then proceed further. 
unfolded or denatured by 7 - 
extremes of a, heat or organic f SAQ 6 
solvents. Denaturation rwults in 
. uncoiling of the proteins into a 

random state with loss of Tick [ d ] mark the appropriate statement. 
biological activity. These 
denamring agents have a Globular proteins always contain 
disruptive effect on the hydrogen 
bonds, salt bridges and other a) some a-helices 
intemctiotls. The energy of 
stabilisation of native state is b) some p-sheets 
thus marginally higher in 
comparison to that of the c) some random-coil regions 
unfolded state. This is because 

I 

the ccmvenion of a random, 
highly disordered unfolded 
polypeptide chain into a highly 
ordered folded state of the native 
protein is disfavoured on 
entropic considerations. 

Many globular proteins are 
organised into structural 
dom.ins or lobes. These are 
themselves globular in nature 
and are linked by a strand of the 
polypeptide chain. Each domain 
or lobe has a specialised 
function. For example, in the - 

of the four chains that constitute 
it are made up of two distinct 
domains. One of these binds 
NAD which is a cohctor for the 
enzyme. The other lobe functions 
ns the catalytic domain and binds 
the substrate glyceraldehyde 
3-phosphate. Their structures are 
shown in Fig. 5.7. 

Fig. 5.7 : Domain structures h a subunit of the enzyme glyceraldehyde 3-phosphate dehydrogenase 
a) Tbe NAD binding domain with bound NAD b) Tbe cmtalytic domaln 

Quite often polypeptide chains of the same type or different types, each of them generally 
folded into a compact unit i.e., a tertiary structure, coalesce together to form a structural 
aggregate. This level of protein organisation is called as its quaternary stmcture. Let us 
now describe this highest level of protein structure. 



5.4.6 Quaternary Structure 
As we mentioned above, this level of protein organisation involves the association of two or 
more individual protein units, each with its own tertiary structure, into a complex and 
functional unit. This association of various protein subunits is known as the quaternary 
structure. With the exception of disulphide bond, the forces which hold these subunits 
together are the same as those present in the tertiary structure. 

The relationship between tertiary and quaternary structures can be best illustrated by Cooking besides denaturing 
myoglobin and haemoglobin. Myoglobin functions as an oxygen storage protein in the proteins in our food also denatures 

muscles whereas haemoglobin transports oxygen throughout the body. Myoglobin binds protein toxins and bacterial 
proteins, thus preventing food 

oxygen when O2 content in the cells is high and releases it when its level in the cell falls. poisoning. 
You will recall that myoglobin has tertiary level of protein organisation and we have already 
represented its structure in Fig. 5.5. It consists of a single polypeptide chain of 153 ainino 
acid residues organised into eight a-helical portions, which are connected by seven non- 
helical strands. These nonhelical strands help the a-helical portions to fold back on one 
another to form a compact globular structure. A nonprotein niolecule called haem, with an 
iron aton1 at its centre, is the oxygen binding site in the lnyoglobin molecule. It is located in a 
nonpolar cavity of myoglobin ~nolecule and bonded to a histidine ~~lolecule in the chain. 

The oxygen binding ability of haemoglobin is also due to the haem group. Haenioglobin is Fibrous proteins 1 as well as 
present in red blood cells where it binds oxygen and then transports it to tissues throughout globular proteins may he 
the body. This molecule has four polypeptide chains, each carrying a haeni group. Two of mmPosed only One Po1YPePtide 

chain or multiple chains. When the them are called a-chains, with 141 residues each, and the other two are called f3-chain.. with of than one 
146 residues each. The four polypeptide chains or subunits are held together by noncovalent ,bin, they are called oiigomcric 
interactions principally of hydrophobic type, and by van der Waals dispersion forces. About proteins a d  the individual chains 

one third of the interchain contacts consist of hydrogen bonds and electrostatic interactions, are lrnown as protomem Or 
subanits. 

which provide specificity for the folding process. We have represented the haemoglobin 
molecule in Fig. 5.8. 

Fig.5.8 a Comparison of the stractorrs of myoglobii and haemoglobin. Obsene the positions of 
the baem (Fe) groups and the close similarity in the fddiig pattern of the myoglobin 

, chain and that of the chain of haemoglobin 

You would have observed that the a and f3 chains of hairnoglobin resemble myoglobin a 
great deal and the four subunits, resembling myaglobin, associate to forni the haemoglobin 

L 

molecule. The evolution of myoglobin into haemoglobin appears to have been accompanied 



a and chain9 of haemoglobin 
hrve similar but distinct amino 

by replacement of the polar surface residues of myoglobin by nonpolar residues in the related 
a and fl chains of haernoglobin. Since the exposure of nanpolar residues to water would have 
lead to instability, a and chains are associated with each other in such a way as fo drive the 

a.id sequence. n e  fl-chain or nonpolar residues into the interior and to form the quaternary stmcture of haeinoglobin, 
cookins 8 a-belices which now acquires a new function, not present in the nlyoglobin molecule. We shall discuss 

whereas the a-chain or suhuoit 
contains only 7 a-helices. more about this function in the next subsection. 

The presence of a quaternary or oligomeric structure in a protein confers several 
advantages on it. For example, regulation of a protein function or acquisition of a new 
function is much better achieved when several subunits associate together to form the 
quaternary structure. Also the presence of dissimilar subuilits in a quaternary structure 
may permit variation in the specificity of a function, such as catalysis. An important 
reason for the presence of quaternary structures may be the survival of the species. There 
is a finite possibility of the biosyilthetic inachiilery of the cell coininittillg a mistake, 
leading to the formatioil of a faulty protein mnolecule, with a wrong anliilo acid in its 
sequence. In a single unit protein such a mistake in the sequknce may lead to a total loss 
of function with disastrous consequences for the species. However, in a multi subunit 
protein the malfuilction caused by one faulty subunit would be nonsignificant, if other 
subunits are nonnal. 

Thus quaternary structures are significant not only due to their complex structure related 
functions, but also in correcting the mistakes caused during biosynthetic process. Let us 
now briefly discuss the role of haemoglobin in the body. 

5.4.7 Haemoglobin as a Transport Protein 

You will recall froin subsection 5.4.6, that haelnoglobin binds and trailsports oxygeil in 
the whole body. This transport function of haemoglobin nlolecule is strongly dependent 
on its quaternary structure. You will find a comparison between the oxygen binding 
ability of a single unit tnyoglobin tnolecule and multi subuiut haelnoglobill in Fig. 5.9. 
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I Fig.5.9 : Diagram showing oxygen binding curves of myoglobin and haemoglobin 

You would observe that the oxygen binding curve of myoglobiil is simple, befitting its 
storage fut~ction. It is easily saturated with oxygen altd releases it only when the 
concentration of oxygen falls very low. The oxygen binding curve for haemoglobin on 
the other hand is sigmoidal, indicating that its binding ability increases as more and more 



oxygen inolecules bind to it. Further, haetnoglobin has low affinity for oxygen and gets 
saturated with it only in the lungs where oxygen pressure is high. But in the tissues where 
oxygen pressure is low, it would easily release its bound oxygen, thus fulfilling its role as 
an oxygen transporter. From the curve in Fig. 5.9 it would be clear that under the same 
conditions, inyoglobi~l would be still bound with oxygen. The behaviour of haemoglobin 
~nolecule can be explained on the basis that successive binding of O2 molecules to the 
baem groups triggers changes in the inter subunit alignments, increasing the oxygen 
affinity of re~naitung haern groups cotlsiderably. You will recall that there are four haetn 
groups in a haemoglobin molecule. It has been estimated that binding of oxygen to the 
fourth haem group is 400 times stronger than binding to the first haem group. 

SAQ 7 

Tick [ \/ ] mark the correct statement. 

Haemoglobin is evolutionarily related to 

b) adenylate kinase [ 1 

J) none of the above [ 1 

5.5 SUMMARY 

Proteins are large coinplex molecules with tnolecular weights ranging fro111 thousands 
to a few millio~~s. They perfonn a nlultitude of functioi~s essential to life. 

Basic structural units of proteins are the twenty a-amino acids, all with 
L-configuration. 

All these amino acids, with the exception of proline, have a common structural feature. 
They have the amino and carboxyl groups attached to the same carbon atom and are, 
therefore, called as a-amino acids. The a - ~ ~ r h o n  atom also carries a hydrogen atom 
and a fourth group known as the R-group or the side chain. The side chain is 
characteristic of each atnillo acid. 

j 

All anu~lo acids, except glyciile (in which R is a H atom), display optical activity. 

A protein is collstructed as a linear polytner of different alllino acids which are linked 
together by peptide bonds. These chains are known as polypeptide chains. 

Since each protein chain consists of hundreds of amino acids and each position in such 
a chain is occupied by ally of the twenty u-anunio acids with different 
pbysico-chenucal properties, the total uulnber of structurally different proteins that can 
exist is large, explaining in part the enonuous variety of functiolls that proteins are 
capable of. 

* 
The iorusable side chains of atnitlo acid residues it1 proteins contribute to their 
acid-base properties and also to tbeir buffering capacity. 

The complexity of the protein structure is best illustrated by resolviilg it into 
hierarchical levels of organisation, known as primary, seconrlary, tertiary and 
quaternary structures, each of which contributes to the formation of the next higher 
level. 

The number and sequence of amino acid residues, linked linearly by peptide bonds, is 
called the primary structure of proteins. 



Protein chains do not normally exist as random coils but assume precise three 
dimensional folding patterns which are dictated by amino acid sequence and 
influenced by various noncovalent interactions. 

Constrained by the planarity of the peptide linkage and hydrogen bonds between 

> C=O and - NH -groups of the polypeptide chain, col~tiguous regions of aprotein 
organise themselves illto repetitive ordered structural elements, such as a-helices or 
b-sheets, forming secondary structures in proteins. 

In many proteins polypeptide segmellts, with seco~~dary structural elements and 
colltlected by random coils of polypeptide chain, fold back on each other to assulne a 
compact glohular shape called the tertiary level of protein structure. In this structure. 
distant segments of the polypeptide chain come close to each other. 

The quaternary level of protein structure is illustrated by haemoglobin, an oxygen 
transport protein, in which four polypeptide chains of two different types associate 
together into an aggregate or oligon~eric structure. 

The transport futlction of hae~noglobill is strongly dependent on its quatenlary 
structure. 

The folding process involved in the formation of tertiary and quaternary structures are 
triggered principally by hydrophobic forces generated by the tendency of some amino 
acid side chains to avoid water and seek the interior of the proteiu molecule. The 
folded state is stabilised by van der Waals dispersion interactions and electrostatic 
forces. The specificity of the folding process is achieved by hydrogen bonds. 

5.6 TERMINAL QUESTIONS 

1. Describe so~neilnporta~lt functions of proteins. 

2. List ten amino acids, the side chains of which can participate in hydrogen bonding. 

3. What type of amino acids are responsible for the acid base behaviour of proteins? 

4. Explain why the peptide bond is planar? 

5. Describe the origin of hydrophobic forces. 

6. Describe briefly two repetitive arrallgelnents which co~~stitute the seco~ldary 
structures in proteins. 

7. Explain the advantages of quaternary structure in proteins. 

5.7 ANSWERS 

Self Assessment Questions 

3. You will recall that abbreviated fonns for peptides are written from N-tenninal to the 
C-tenuinal. Write the structures for these a~nino acids in their ullionised fonns and 
remove water molecules from the carboxyl and amnitlo groups of adjacent alnino 
acids, joining these ~rlolecules by peptide bouds: 



COOH CH 
/\ 

b CH3 CH3 
H 

Leu 'm 

CH, 
COOH CH 

Terminal Questions 

1. Protein inolecules as eiuymes, catalyse a large number of biochemical reactioils. 
Besides this they form structural elements in cells, are involved in various motile, 

/ ' 
2. The side chains of serine, threonine, asparagine, glutamine, aspartic acid, glutamic 

acid, cysteine, histidine, lysine and arginine can participate in hydrogen bonding as 

their side chains contain hydrogens attached to 0, N or S atoms or have a >C=O 
group ia their side chains. 

3. Amino acids with charged side chains, such as glutamic acid, aspartic acid, lysine, 
arginine, histidine, and amino acids at the N and C-terminals with free a-amino and 
a- carboxyl groups respectively, are respo~lsible for the acid-base behaviour of 
proteins. 

( 4. Peptide group resonates between its two anonical structures as shown below: 

Thus both > C= 0 group and the C -N bond have a double bond character. since 
rotation about the axis of a double bond is not possible, all the atoms of the pept 
linkage are forced to be coplanar. 



5 .  Hydrophobic forces arise because of the inability of nonpolar side chains of ainino 
acids to interact with water via hydrogen bonds. Water is thus forced to increase its 
own hydrogen bonded network, when exposed to these side chains. This results in a 
highly ordered structure in water, leading to decreased entropy and, therefore, 
thermody~lamic instability. Therefore, proteins fold spoi~taneously to transfer these 
ilonpolar side chains to their interior, so that water i~~olecules are liberated froin the 
hydrogen bonded network, entropy is increased and thennodyna~nic stability thus 
restored. 

6. a-Helix and S-pleated sheets are two repetitive arrangements present in secondary 
structure of proteins. In the a-helix, the polypeptide chain turns back under itself in a 
spiral which resembles a screw or a coiled spring. The side chains protrude away 
from the axis of the helix. In the fl-pleated sheet arrangement the polypeptide chains 
run parallel or antiparallel to each other and are almost fully stretched. The side chain 
in the p-sheets extend above and below the plane of the chains or sheets. The a-helix 
is stabilised by hydrogen bonds which are parallel to the axis of the helix, whereis in 
$-sheets the direction of hydrogen bonding is perpendicular to the direction of the 
polypeptide chains. 

7. Quaternary structure pennits the acquisition of new regulatory or catalytic fuilctio~ls 
not present in the original subunits forming the quaternary structure. It also leads to 
increased protein stability and has the ability to correct a malfunction caused by the 
presence of a faulty subunit. 


