
Replication 

UNIT 14 PROTEIN BIOSYNTHESIS 

1 Transcription 

RNA 

I Translation 

+ 
Polypeptide 

(portein) 

Structure 
14.1 Introduction 

0 bjectives 

14.2 Overview of Protein Synthesis 

14.3 Genetic Code 

14.4 Structure and Role of Ribosome 

14.5 Mechanism of Protein Synthesis 
Activation of  Amino Acids 

Initiation of  Polypeptide Chain Formation 
Elongation of  the Polypeptide Chain 

Termination of the Polypeptide Chain Formation 

14.6 Regulation of Protein Synthesis 

14.7 Antibiotics, Inhibition of Protein Biosynthesis 

14.8 Cancer Biochemistry 

14.9 Summary 

14.10 Terminal Questions 

14.11 Answers 

Genetic information is stored as 
the sequence of bases in DNA, 
rewritten into the sequence of 
nucleotides in RNA, and finally 
expressed as the sequence of 
amino acids in a polypeptide. 

14.1 INTRODUCTION 

In the units 4 and 5, you have learnt about nucleic acids and proteins. You must be familiar 
with their constituents, structures and functions. In this unit, we will learn how proteins are 
synthesised in the living organisms and the role of nucleic acids. 

DNA5 i.e. the genes, contain coded instructions for specific sequences of amino acids in 
various proteins. These are first "copied", i.e. transcribed, in the form of specific sequences 
of bases in a special RNA, called messenger RNA or mRNA. The latter combines with 
ribosomes where the coded instructions are decoded, i.e. "translated" into amino acid 
sequence in proteins with the help of another type of RNA, called transfer RNA or  tRNA. 
There are a large number of different tRNAs, each specific for one amino acid. These carry 
the amino acids to the ribosonles and align them properly in accordance with the coded 
message on mRNA. This is achieved by specific interaction of some bases on tRNA which 
form base-pairs with those on the mRNA. Relationship between the base sequence on 
mRNA and the amino acides specified by them is called geneticcode. The RNA specific 
synthesis of polypeptides and proteins is called "translation". This process is conlplex and 
requires the participation of a large nurnber of different macromolecules. 

In this Unit, we will first give an overview of protein s!.nthesis and then discuss the various 
stages in some detail. We will also briefly study how this process is regulated according to 
cell needs. This will be followed by a description of the molecular basis of the action of 
antibiotics. At tbe end we will study the biochenlistry of cancer. You are advised to go 
through Unit 4 agarn before proceeding on with this unit. 

Objectives 
After studying this unit, you should be able to 

describe the genetic code, 

explain the role of ribosomes, 

list the different steps in protein biosynthesis and describe their significance in the 
process, 

describe different factors and constraints governing the protein synthesis in a cell, 

explain the principle of antibiotic drug action, and 

describe cellular basis of cancer. 



14.2 OVERVIEW OF PROTEIN SYNTHESIS 

Protein synthesis occurs on ribosomes. Each ribosome particle consists of RNA molecules 
and about 52 different protein molecules and carries the enzymes system needed to form 
peptide bonds between a~nonio acids. Ribosomes provide a site for binding the mRNA and 
sites for bringing in and aligning the amino acids in preparation for their assembly into the 
finished polypeptide chain. Amino acids themselves are unable to interact with the 
ribosome and cannot recognise bases in the mRNA molecule. There exists a collection of 
"carrier molecules" described in the Unit 4, namely, the tRNA. These molecules contain a 
site for amino acid attachment and a region called the anticodon that recognises the 
appropriate base sequence (the codon) in the mRNA (Fig. 4.3 Unit 4). Proper selection of 
the amino acids for assembly is determined by the positioning of the tRNA molecules, which 
in turn is determined by hydrogen-bonding or base pairing between the anticodon of each 
tRNA molecule and the corresponding codon of the mRNA. When an amino acid is 
attached to a tRNA molecule, the tRNA is said to be aminoacylated or charged. This 
linking of an amino acid to its corresponding tRNA is catalysed by the enzyme 
aminoacyl-tRNA synthetase and requires ATP. For each amino acid, there is at  least one 
kind of tRNA and aminoacyl-tRNA synthe1a.e. 

Actual protein synthesis takes place in three stages: initiation, chain elongation, and 
termination. There are two sities on a ribosome for binding the charged tRNA molecule, 
called the P site and A site. The initiation involves the binding of the initiator tRNA 
(bearing methionine) to the start codon of mRNA on the P site of ribosome. This is 
followed by the binding of the appropriate aminoacyl-tRNA to the next codon of mRNA on 
the A site of ribosome. A peptide bond is then formed by transfer of the first amino acid 
(the one on the initator tRNA) to the second amino acid (the one attached to the tRNA in 
the A site). The first tRNA molecule, which is now free, is then ejected from the P site and 
the dipeptide amino acyl tRNA molecule shifts from the A site to the P site. The 
aminoacyl-tRNA corresponding to the third codon now binds the A site to start another 
round of elongation, which proceeds as described above. Termination occurs when a stop 
codon on the mRNA has occupied the A site. Then, the completed polypeptide chain is 
released from the ribsome. Before we study the protein biosynthesis in detail, let us learn 
about genetic code, and the structure and role of ribosome. 

Protein Biosyntbesis 

14.3 GENETIC CODE 

We have been using the t e r n  codons, anticodons, and codes in this unit and in previous 
units. It is now appropriate to define these terms more precisely. The genetic material is the 
DNA molecule (except in a few RNA viruses, where RNA is the genetic material). It has 
now been established that the genetic information is camed in the form of specific in 
sequences of bases (codon) in DNA. Different segments of DNA function as genes, i.ed 
code for specific proteins by specifying the sequence of amino acids. The relationship 
between the sequence of bases in DNA, or its RNA-transcript (i.e. messenger RNA), and 
the sequence of amino acids in proteins specified by them is called the genetic code. 

\ As you know already, proteins contain 20 different amino acids which are to be coded for by 
I the four bases present in a DNA molecule. It is obvious that,if a single base is to code for 

one amino acid, then only four amino acids can be coded for. Simple arithmetic shows that 
if a combination of two bases coded for one amino acid, the maximum number of such pairs 
is only sixteen (i.e 42). This is not adequate explanation for the twenty amino acids found in 
the proteins. Therefore it was realised that minimum code size would be triplet of bases. 
Number of different triplets made from four bases is sixty f m r  (i.e. 43, which are sufficient 
to code all the amino acids. Later on by genetic experiments, it was confirmed that indeed 
the genetic code is triplet of bases: three adjacent nucleotides specify an amino acid. The 
first codon to be identified was UUU which codes for phenylalanine. 

L The genetic code possesses certain characteristics such as non-overlapping and degeneracy. 
By non-overlapping we mean that any base can be part of one triplet (codon) and is not 
used in another codon. Thus, each base is "read" only once. 

1 2  2 rt-hA A r-h 
A G U ' C G  A G U  C G U  
u 

3 
overlapping condon non-overlapping condon 

Each amino acid is usually 
represented bya three-letter 
a b b r e v i a t i o n  
P h e n y l a l a n i n e =  P h e  
L e n c i n e =  L e u  
Methionine= Met; etc. 



Degeneracy refers to one amino acid being coded for by more than one triplet. Only 
methionine and tryptophan are coded for by a single triplet each which are, AUG and 
UGG, respectively. For all other amino acids, there are more than onf? triplet codons. It 
may stressed, hobever, that any triplet codes for a single amino acid only. Further more, a 
given triplet codes for the same amino acid in a11 the species. The only exceptions are in the 
protein biosynthesis in mitochondria where small differences are observed. Thus, the w d e  
is not universal but applicable to almost all species. It is referred to a s  the "standard" genetic 
code and is shown in Table 14.1. 

Table 14.1: 'Zbc "Standard" Genetic Code; Codon A s s i i c n t s  

Glutunic acid 

i 

Each amino acid i s  usually T h e  codon CT' i s  a signal codon for chain-termination. ! 
A U G  functions a s  a signal for chain initiation or starting point for translation. represented by a three-letter I 

abbreviation : Phenylalanine Note  that the codes  are given for messenger RNA.  In D N A .  U will be replaced by T.  
= P h e ;  L e n c i n e  = L e u ;  1 
Methionine = Met; etc. Today we know all codes for allamino acids (Table 14.1). Out of the 64 (43 = 64) possible 

triplets from four bases, only 61 triplets have been known to code for specific amino acids. 
The other three, namely, UAA, U A G  and UGA, d o  not code for any amino acide. These 
function as  chain terminator or  stop signals. The triplet A U G  (coding for rnethionine) also 
serves as  the initiator codon, i.e. for starting the synthesis,of a new polypeptide. Let us 
discuss these codons in some details. 



Initiation Codons Pmteh Biosyntbcsis 

mRNA is generally polycistro~c, i.e. it cames message for the synthesis of several different 
proteins. It is, therefore, necessary that it should also haw Start" and Stop" signals, so that 
message or information for each protein is well demaxcated and separated from that for 
another proteins. As shown in Table 14.1, such signals do exist in the genetic wde. The 
triplet AUG functions both as the codon for methionine, when it occurs in the interior of the 
message, and .also for chain initiation when it occurs in the beginning of the message. In the 
latter case, it codes for N-fonnyl methionine and not for free methionine. 

Trulyfunctional geneticunit, 
gene or cistron, is one that 
specifies the synthesis o f  one 
polypeptide chain. Recall 
that some proteins are made 
up o f  a single polypeptide 
chain whereas others mntain 
more than one  identical o r ,  
different such chains held 
t o g e t h e r  by noncovalent  
interactions (subunits). If 
the subunits are chemically 
d i f ferent ,  more  than o n e  
c i s t r o n s  a r e  required to  
~ p e c i f y  the mmplete protein. 

N-Formyl methionine (Fhkt) Mehionine (Met) 

There are two types of tRNAs for methionine, namely tRNAFMd and tRNAMd. They have 
the same anticodon but are specific for formyl-methionine and methionine, respectively. 
They combine with mRNA at AUG codon at the start and in the interior of the message, 
respectively. Because of this, eaeh nascent polypeptide chain has a methionine residue at the 
N-terminal. In some cases, the triplet GUG functions as the start signal. In eukaryotes, the 
initiating methio~ne is not fomylated. - 

Termination C d s n s  

Three triplets do not cod, ,or any amino acid. These are U_AA, WAG and UGA. They are 
called termination or stop or release or nonsense codons. These codons are not read by any 
aminoacyJ-tRNA (aa-tRNA) but instead are recogonized at the appropriate stage 

I (termination) in translation by specific proteins called release factors, consequently a 
I 

completed polypeptide is released. It has been observed that in some cases, the release 
codon works singly whereas in others two successive stop codons do the job of chain 
termination (Fig. 14.1). 

Human hemoglobin a chain mRNA 5' AAAUACCGUUAAGCU ... 
I 

E, Coli lactose repressor mRNA 5' GAAAGCGGCGAGUGACCGCAAGGCAAUUAA. 

MS2 "A" portein mRNA 5' CGGCUCUCUAGAUAGAGCCCUC AA... 
I 

MS2 Coat protein mRNA UCCGGCAUCUACUAAUAGACGCCG ... 

Fig. 14.1 : Tbe bold triplet indicates the terminationcodons. 
I 

SAQ 1 
Which of the following is not true of the genetic code? 

a) There are three nucleotides per codon 

b) Each wdon codes for only one kind of amino acid 

c) The codons are camed on mRNA 

d) There is just one codon for each type of amino acid. 

14.4 STRUCI'URE AND ROLE OF RIBOSOME 

The locus of protein biosynthesis are ribosomes. These are large complexes of protein and 
ribosomal RNA (rRNA) (Fig.14.2). They consist of two subunits - one 'large" and one 
"small", whose relative sizes are generally given in terms of thei; sedimentation coefficients, 17 



A ribsome is composed of 
t w o  irregular ly  s h a p e d  
subunits, which fit together 
snugly. The two subunits do 
move apart slightly during 
translation. 

The dalton is  a unit of mass 
nearlyequivalent to the mass 
of a single hydrogen atom, 
t h e  t e r m s  d a l t o n  a n d  
molecular weight are use 
interchangeable. 

or S values. The E. Coli ribosomes have a particle mass of approximately 2,s x 106daltons 
and sedimentation coefficient equal to 70s and their subunits are 50s and 30s. Subunits can 
befurther split into their constituent proteins and RNAs. The 30s subunit contains 21 
different proteins and a 16s RNA molecule. The 50s subunit contians 32 different proteins 
and two RNA molecules, 5 s  RNA and 23s RNA. Eukaryotic ribosomes are larger, namely 
@IS. These ha* subunits of 40S and 60s. Small subunit has one 18s RNA molecule and 33 
different protein. The larger subunit contians three RNA molecules (28S, 5.8s and 5s) and 
45 different proteins. .There is no functional difference between the prokaryotic ribosome 
and eukaryotic ribosome. 

Specific ribosomal proteins are directly involved in binding mRNA and tRNA. rRNA 
apparently does not participate directly in these binding sites but serves as a stmctual 
polymer holding the multiplier particles in a compactconfiguration. 

The ribosome has two binding sites for tRNA molecules, the A (aminoacyl) and P (peptidyl) 
sites; each extends over both subunits (see Figure 14.3). Together, they cover two 
neighbouring codons of mRNA. During translation, the A site on the ribosome binds an 
incbming aminoacyl-tRNA as specified by the codon currently occupying this site. This 
codon specifies the neld amino acid to be added to the growing peptide chain. The P site 
cadon is occupied by the growing chain peptidyl-tRNA. This tRNA carries the chain of 
aCminp acids that has already been synthesised. See Figure 14.4 for an illustration of the role 
of the A and P site in translation. 

5 S RNA 

---..- 
,--.--...*a 

...-.-... 3 
23 S RNA 

16 S RNA I 
21 Rottins 

Prokaryotic (E. Coli) ribsome 

------ ,.----= 
\--.------- *-....----s 

5 S RNA I L-.@--- \ 33 Proteins I 
I 28,s RNA 

45 Protoins 

Figure 14.2 : Ribosomal composition 

mRNA binding site 

binding 
site 

18 Figure 14.3 : The binding site o f a  ribosoma are locat'ed mainly on the large subn~i t .  



14.5 MECHANISM OF PROTEIN SYNTHESIS Protein Biospthesis 

We shall now describe the complex sequence of reactions in which tRNA, mRNA, The triplet base sequence at 
ribosomes, enzymes and proteins are involved. Thereare four broad steps in the synthesis of is direct ly  related to 
a orotein the amino acid carried by that 

tRNA molecule. 
i) activation of amino acid, 

ii) initiation of polypeptide chain formation 

iii) elongation of the polypeptide chain 

iv) termination of polypeptide chain formation 

The process is summarised in Figure 14.4 
InE. coli, initiation begins by 
t h e  a t t a c h m e n t  o f  
FMet-IRNA to the same alter 

14.5.1 Activation of Amino Acids submit o f  s ibosome (305), 
w h i c h  h a s  the  i n i t i a t o r  

Thermodynamically, peptides are less stable than free amino acids. Therefore, the latter p r o t e i n s  and m R N A  
must be "gctivated" by expenditure of energy so that the peptide synthesis becomes molecules already bonded 

thermodynamically feasible. Secondly, the amino acids have no specificity for the bases of 
mRNA codons therefore, they do not recognise them. In protein biosynthesis, both these 

Msthton~nc 

problems" are solved by attaching amino acids to their specific tRNAs. This reaction 
requires ATP and is referred to as activation of amino acids. The resultant amino 
acyl-tRNA (aa-tRNA) then participates in the protein biosynthesis. 3 ' - ~ ~ d  

Formation of aa-tRNA is catalysed by specific enzymes called aminoacyl-tRNA synthetases. 
This help in establishing an ester linkage betwen 3' - OH group of the terminal ribose of 
tRNA and amino acid. The overall reaction requires ATP and may be represented hs: 

..... 0 Complemcnuq 

I 
(annplrsl1.l) 

R I 
+ I (5'-CAU-3') A n ~ i c d m  4 & 
NH,-CH- COO-+ ATP + 

u A c  
- A U G  

OH OH 
5'-End 

C=O Codla 
Amino acid 3'-end of tRNA KNA 

0 
I 

R-CH-NH~ 
Complementary binding of  the 

Aminocyl-tRNA anticodon of  methiongl-tRNA 
( C A U )  to mRNA codon for 

The reaction is driven to completion by hydrolytic reltloval of pyrophosphate ion (PPi) methionine ( A U G ) .  Amino 
catalysed by inorganic pyrophosphatase. Thus, the activation of amino acids for protein acid at tachment  si leis  also 

shown. biosynthesis resembles that of fatty acids in the biosynthesis of fats (Unit 8). As in the latter, 
the activation of amino acids is also a two-step process with enzyme-bound aminoacyl-AMP 
as an intermediate. 

1) Activation of the aminoacid by the enzyme (aminoacyl tRNA synthetase) 
amino acyl- tRNA, 

Aminoacid + ATP . aa- AMP + PPi 
synthetase 

2). The transfer of the aminoacid from aa-AMP to the specific tRNA 
aminoacyl- tRNA 

aa- AMP + tRNA - aa- tRNA + AMP 
spthetase  

An aa-tRNA is also referred to as a "charged" tRNA. 

The initiating M ~ I - ~ R N A ~ "  
and F - M ~ I - ~ R N A ~ ~ "  are the 
only aminoacyl-tRNAs which 
go directly to the P site. All 
other aminoacyl-tRNA enter 
through the A s i te  o f  the 
ribosome. 

The aa-tRNA synthetases are remarkably specific, they recognize not only the correct amino 
acid from the cellular amino acid pnol containing amino acids with very similar structures 
(e.g. Ile, Val, Phe, Tyr, etc.),%ut also the appropriate tRNA molecule from the whole range I n i t i a t i o n  c o m p l e x  - an 
of tRNAs. The process is strikingly error-free. a g g r e g a t e  c o m p o s e d  o f  

rnRNA. an intact ribsorne, and 

14.5.2 Initiation of Polypeptide Chain Formation the initial aminoacyl I R N A  
adduct. 

The activated aminoacid, i.e., aminoacyl-tRNAs diffuse to the ribosonl,:~, which are the sites 
of polypeptide formation. The polypeptide synthesis never takes plar e in the solution but 
instead always requires ribosomes, that orient thc aa-tRNA and the nP.NA for accurate 
alignment in accordance with the genetic code. Methionine is invariaLly the peptide 
initiating residue in eukaryotes, and as N-formylniethionilic (FMet) in prokaryotes. 



Gtae E x p d o n  

Met 

4, 

anticodon 

Smaller 

mRNA 

Initiation complex forms 

moves to its condon site 

mRNA moves left 
relative to the ribsome. 

The first tRNA leaves. 
A site reexposed. 

Anticondon o f  aa3 
tRNA finds its 
condon on mRNA 

v 
' ,. 

Dipeptidyl unit joins by 
a peptide bond to aa3. 

(b) : The elongation steps in the synthesis of a polypeptide. The diprptidly unit, 
Met-aa,, formed by the process of (a) now has a third amino acid residue, 

aa,, added to it. 



The formyl group is introduced and removed enzymatically. In E. coli, initiation begins by 
the attachment of FMet-tRNA to the smaller submit of ribosome (30S), which has the 
initiator proteins and mRNA molecule already bonded, see Fig. 14.4 a. The mRNA 
molecule bonds to the P site, of the ribosome. At the P site, all of the necessary enzymes for 
translation are present. The anticodone of the FMet-tRNA (CAU) bonds to the codon 
(AUG) on the mRNA. To complete the initiation stage, the larger ribosomal unit bonqs to 
the wmplex and produces the initiation complex. Now the second aa-tRNA, unit, tRNA 
having aminoacyl p u p  aa, binds to the matching codon at site A, i.e. aminoacyl binding 
site. Consequently, the aminoacyl units lie side by side and peptide bond formation (chain 
elongation) starts. 

14.53 Elongation of the Polypeptide Chain 
The first charged tRNA, i.e. tRNA, transfers its amino acid (Met) to the aa, amino acid of 
the second charged tRNA (IRNAJ, forming an amide (peptide) bond. The process is 
catalysed by certain enzymes, called peptidyl transferases. The freed tRNA (tRNA,) on the 
P site leaves the mRNA and mRNA moves one codon over. The third charged tRNA 
(tRNA,) finds its antiwdon matching on the third d o n  over the A-site vacated by leftward 
movement of one codon. The elongation takes place by transferring the dipeptide Met-aa, to 
the aa, amino acid and mRNA shifts one codon leftward from A-site to P-site as the free 
tRNA (tRNAJ dissociates. The process is repeated over and owr  again till the required 
chain length is reached. 

f -  
5 0 s  \ 

CH3SCH2CH2CH 

o=c O=C 

rH rh 'rt i  
IRNA Met 

Methion+ The next 
unit on ~ t s  aminoacyl 
tRNA unit on tRNA 

CH-G 
I 

O=C 

rH 
A dipepddyl-tRNA 
unit . 

It is very important to realise at this point that the peptide chain grows stepwise with 
addition of a single amino acid starting with the amino tenninal and ending with the carboxyl 
terminal. The codons of mRNA are "read" from 5'- to the 3'-end. 

1 14.5.4 Termination of Polypeptide Chain Formation 

I Once the ribosome has moved down to one of the chain terminating d o n s  (nonsense 
codons), the polypeptide is released and the ribosome can be reused for synthesis of another 
  rot em of polypeptide chain. 

As the polypeptide chain leave the ribosome it assumts its unique secondary, tertiary and 
quaternary structures (Unit 5). 

Each strand of mRNA may be 
used to make multiple copies 
o f  a particular protein.  A 
number of ribosomes - as many 
lOor 20 usually bind to a single 
s t r a n d  o f  m R N A ,  e a c b  
r i b o s o m e  i n d e p e n d e n t l y  
producing a polypeptide. Tbe 
entire c o m p l e x  i s  called a 
polyribosome. 

Incoming ) ...... 3.. 
\I 

end 

A polyribsorne 



Gene Expression 

Simi lar  to lactose ,  their are 
c e r t a i n  c o m p o u n d s  w h i c h  
c a c % e s  a d e c r e a s e  i n  t h e  
amount  o f  certain e n z y m e s .  
S u c h  c o m p u n d s  a r e  c a l l e d  
corepressors. - 

Operon are composed o f  a grodp 
o f  s tructural  g e n e s  that a r e  
transcribed a s  a s ingle  massage 
p l u s  the ir  a s s o c i a t e d  control  
e l e m e n t s .  A n  o p e r o n  is 
controlled by a s ingle  repressor. 

Several details have been left out in this simplified description of protein biosythesis. For 
example, the role of various "initiation factors" in the formation of initial 
~ e t - t ~ ~ ~ * " ' - m R ~ ~ - r i b o s o m e  complex has not been described. Similarly details of 
GTP-requiring movement of ribosome along mRNA and release factors which bring about 
release of completed polypeptide chain have been omitted. Interested students may consult 
any advanced text book of biochemistry for these details. 

SAQ 2 
The elongation of polypeptide chain takes place at 

a) A-site b) P-site 

c) between A and P site d) both at A and P sites 

Requirements far various proteins in a living organisnl vary according to its physiological 
state and environments: Also, some proteila must be synthesised in larger amounts than 
others. Still others are synthesised mainly in response to the prevailing environments. 
.Wheu not requiwd, such proteins are either not sythcsised or their exceedingly small 
altlounts are fonned. It is said that the concenled gene is not expressed under these 
coaditions. 

Co~~centration of a+ protein in the cell depends on the rates of its synthesis and 
degradation. In this section, we will consider only the regulation of the rate of protein 
biosynthesis. As you must have learned by now, there are two major steps in protein 
biosynthesis process, namely, transcription (Unit 13) and translation (this unit). In 
prokaryotes, the co~~trol  operates mostly at the transcriptional level. In the eukaryotes, on 
the other hand, the protein biosynthesis is regulated ~nostly at the tra~lslational level. 
Changes in the transcriptional patterns in eukaryotes occur during cell defferentiation. 

A well 1u1ow11 example illustrating the principle of synthesis of proteins as and when 
required in prokaryotes is the induction of p-galactosidase (also called lactase) of 
Escl~ericliia coli. These bacteria grow very well in media containing glucose as the engery 
and carbon source. Under these conditioia, the bacteria synthesise very small amounts of 
0-galactosidasa. If the same bacteria are tran5ferred to a lactose containi~ig medium in the 
absence o f  glucose, they start sy~~thesising P-galactosidase and gmw equally well. Lactose 
is said to be an inducer ant1 (3-galactosidase an induciable enzyme as against others, e.g. 
glycolytic enzymes, which are synthesised under a11 conditions. The latter enzymes are 
called co~lstitutive enzymes. Induction of P-galactosidase is also causcd by other 
[j-galactosides, Most commonly used iuducer is isopropyl thioga1actoside.e Since it is not 
hydrolysed by the enzyme, its concentration remains constant in the growth medium. If the 
bacteria growing on lactose are harvested, washed and transferred to a glucose medium, the 
synthesis of P-galactosidase is again reduced to a minimal level. This ability of the bacteria 
to synthesise a s t t  of enzymes as and when required is i~nportant for the cellular economy 
and provides adaptiability to grow in a variety of environnlents and utilise the available 
nutrients. At the same time, the cell does not have to synthesise such proteins which are not 
required. An outliue of the nlechanis~n of this switchiilg on and off of the enzyme synthesis 
as per requirenleilts is given below. 

Several structural genes, i.e. gems specifying scparate polypeptide chain, are found to be 
co~ltinuously arrailged on the bacterial ribosome. Collectioil of these genes and their control 
elements, to be discussed below, is referred to as an "Operon", e.g. the lac operon in the 
aibove case. The lac operon is responsible for the synthesis of three enzymes, nail~ely 
P-galactosidase, galactoside pennease and thiogalactoside transacetylase. The 
corresponding three structural genes are continuously located and referred to as Z, Y and A 

k- Lac operon 

I( * .I, + A 
Regulatory Control Structure genes 

gene elements 

Fig. 14.5 : Genetic nlap of E.Coli lac operon, i.e. the genes encoding proteins of lactose metaholism and 
the control site which regulates thei expression. 



genes, respectively. They  a r e  immediately preceded by the control elements, namely the 0 
(operator) and  P (promotor)  genes. Together ,  these five genes constitute the lac operon  
which is responsible for the synthesis of proteins, mediating lactose metabolism and control 
thereof. Close to it lies another  gene - the regulatory o r  the "I" gene. (Fig. 14.5) 

The regulatory "I" gene produces its corresponding mRNA, called I-nlRNA which o n  
co~nbi i~a t ion  with ribosoll~es and t r a ~ l s l a t i o ~ ~  causes the synthesis of a specific protein called 
Repressor .  This  protein has a high affinity for, and  binds specifically to the 0 gene. T h e  
binding prevents transcription o f  the lac operon. Thus, the synthesis of  the lactose 
~ l~e tabol i s ln  is prevented (Fig. 14.6 a). This situation prevails in the absence of  a n  inducer, 
e.g. when the bacteria a r e  growing in glucose n ~ e d i u m .  When a n  inducer is present,  it binds 
specifically to the repressor to give rise to  a n  inducer-repressor complex. T h e  latter has  no 
affinity for the 0 gene. In the absence of  repressor binding to the operator  ( 0  gene), the 
structual genes .are transcribed to give lac-mRNA and regulating in the synthesis of  specific 
proteins (Fig. 14.6 b). 

J. Ribsome 
I-mRNA Reprossor Lac-mRNA I 

I-mRNA I Repressor binds to the 

+a 
operator and prevants 
the traacription of Z. Y and A gens 

Repressor 
Ribosome 

(a) A 

) -BO~O 4 ) B-galactosidase + 
Ribosome glactoside 

permease 
Inducer + 

I 

thigalactoside 
trmsacetylase Repressor inducer complex 

has no affinily for the 0 gens 

Fig. 14.6 : Expression of lac-operon of I?. (.'nil 
(a) in the absence of inducer and 
(b) in the presence of inducer. 

1 v 
I 

P 

I Note that the inducer-repressor il~teraction is reversible. 

I 111ducer + Repressor  ,- Inducer-repressor col l~plex 
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If the co~icentration of inducer decreases, the c o ~ l ~ p l e x  dissociates. Free repressor is able to 
hind to the operator and s w i ~ c h  off transcriptiol~ of the lac opemn. The bacterial luRNAs 
;Ire short  lived, average life s p a n  being 2-3 n ~ i n .  Therefore, the existing lac-IIIRNA is rapidly 
degraded and P-galactosidase synthesis is stopped in a couple of  n~inutes. 

R e g u l a t i o ~ ~  of  protein biosynthesis in eukaryotes is Illore corllplicated. A s  ~ l ~ e ~ ~ t i o n e d  above, 
it operates  at  the t r a ~ ~ s l a t i o l ~  level. It involves reversible activation/deactivation of  initiation 
factors which a r e  required for starting the synthesis o f a  ~ ~ e w p o l y p e p t i d e  chain. This  
regulation is achieved by phosphorylatitn~ and dephosphorylatio~~ of the initiation factor, in a 
s i ~ ~ l i l a r  nlilnner as  described under reg la t ion  of enzyme activity by reversible covalent 
~uodification of the erlzyltle protein. Atlothep inechanisn~, which operates 111ostly at 
cnlbryonic stage, i~lvolves "luasking" of  ~ I R N A  by associated with s o n ~ e  protein and 
collsequellt stoppage of i h  translation. 
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Gene E q m s a o n  

T h e  protein b i a y n t h e s i s  i s  
the integral part o f  the life 
o f  any organism. In a way if  
protein synthesis i s  s o m e  how 
stopped the organism cannot 
sustain life any  longer. This  
fact h a s  b e e n  exp lo i ted  in 
some antibiotics ntion. 

14.7 ANTIBIOTICS INHIBITION OF PROTEIN 
BIOSYNTHESIS 

An antibiotic is defined as a compound produced by a micro-organism that inhibits the 
growth and metabolism of other micro-organism at  small concentration. Antibiotics have 
been widely used both c l i ~ c a l l y  and as research reagents for unravelling the detail of protein 
synthesis and DNA and RNA synthesis. Table 14.2 lists a few out of hundreds of antibotics 
that prohibit protein synthesis in bacteria. Some of them have only limited clinical 
usefiilness because they also inhibit the growth of animal cells and hence are toxic to both 
bacterium and host. 

Table 142: Antibiotic inhibitnm of  prolein synthesis 1 

Antibiotic Action 

Streptomycin 

Tetracycline 

Inhibits initiation and causes misreading of mRNA 
(procaryotes) 

Binds to the 30s subunit and inhibits binding of 
aminoacyl-tRNAs (proca ryotes) 

Chloramphenicol* Inhibits the peptidyl transferase activity of the 50s 
ribosomal subunit (procaryotes) 

Cycloheximide* Inhibits the peptidyl transferase activity of the 60s ' 

ribosomal subunit (eucaryotes) 

~ r y t h r o m ~ c i n  Binds to the 50s subunit and inhibits translocation 
(procaryotes) 

Puromycin* Causes premature chain termination by acting as an analog 
of aminoacyl-tRNA (procaryotes and eucaryotes) 

* Also active in host. 

Streptomycin 

Streptomycin, for example interferes with the binding of Met-tRNA to the P site and thereby 
inhibits the initiation of synthesis of a polypeptide chain. It also leads to a misreading of 
mRNA. This brings about inhibition of initiation and elongation steps. The frequent error 
incorporated is the insertion of isoleucine (AUU) 4 place of phenylalanine (UUU). 

Tetracycline too inhibits the aiiiinoacyl - t m A  binding to the riboso~ne inhibiting the 
polysome formation and protein synthesis. 



Initiation Codons Protein Biosptbcsis 

mRNA is generally polycistro~c, i.e. it carries message for the synthesis of several different 
proteins. It is, therefore, necessary that it should also haw "start"and "stopnsignals, so that 
message or infonnation for each protein is well demarcated and separated from that for 
another proteins. As shown in Table 14.1, such signals do exist in the genetic code. The 
triplet AUG functions both as the codon for methionine, when it occurs in the interior of the 
message, and .also for chain initiation when it occurs in the beginning of the message. In the 
latter case, it codes for N-formyl methionine and not for free methionine. 

Truly functional genetic unit, 
gene or cistron, is  one that 
specifies the synthesis o f  one 
po lypept ide  chain.  Recall 
that s o m e  proteins are made 
u p  o f  a s ingle  polypeptide 
chain whereas others contain 
more than o n e  identical o r :  
d i f f erent  such cha ins  held 
t o g e t h e r  b y  n o n c o v a l e n t  
interactions (subunits). If 
the subunits are chemically 
d i f f e r e n t ,  m o r e  than o n e  
c i s t r o n s  a r e  r e q u i r e d  t o  
specify the complete protein. 

N-Formyl methionine (FMet) Muhionine (Met) 

There are two types of tRNAs for methio~ne, namely ~ R N A ~ "  and ~RNA~" .  They have 
the same anticodon but are specific for formyl-methionine and methionine, respectiwly. 
They wmbine with mRNA at AUG wdon at the start and in the interior of the message, 
respectively. Because of this, eaeh nascent polypeptide chain has a methionine residue at the 
N-terminal. In some cases, the triplet GUG €unctions as the start signal. In eukaryotes, the 
initiating methionine is not formylated. - 

Termination Co<'ans 

Three triplets do not cod- ,or any amino acid. These are UAA, UAG and UGA. They are 
called termination or stop or release or nonsense codoos. These codons are not read by any 
aminoacyl-tRNA (aa-tRNA) but instead are recogoni~ed at the appropriate stage 
(termination) in translation by specific proteins called release factors, wrqsequently a 
completed polypeptide is released. It has been observed that in some cases, the release 
codon works singly whereas in others two successive stop codons do the job of chain 
termination (Fig. 14.1). 

Human hemoglobin a chain mRNA 5'AAAUACCGUUAAGCU ... 
E. Coli lactose repressor mRNA 5' GAAAGCGGCGAGUGACCGCAAGGCAAUUAA. 

MS2 "A" portein mRNA 5' CGGCUCUCUAGAUAGAGCCCUCAA ... 
MS2 Coat protein mRNA UCCGGCAUCUACUAAUAGACGCCG ... 

Fig. 14.1 : The bold triplet indicates the terminationcodons. 

SAQ 1 
Which of the following is not true of the genetic code? 

a) There are three nucleotides per wdon 

b) Each wdon codes for only one kind of amino acid 

c) The codons are carried on mRNA 

d) There is just one codon for each type of amino acid. 
- 

14.4 STRUCI'URE AND ROLE OF RIBOSOME 

The locus of protein biosynthesis are ribosomes. These are large complexes of protein and 
ribosomal RNA (rRNA) (Fig.14.2). Theyconsist of two subunits -one 1arge"and one 
"small", whose relative sizes are generally given in terms of their sedimentation coefficients, 



Gene E r p d o n  or  S values. The E. Coli ribosomes h a w  a particle mass of approximately 2.5 x 106daltons 
and sedimentation coefficient equal to 70s  and their subunits are 50s  and 30s. Subunits can 

A is of  beTurther split into their constituent proteins and RNAs. The 30s subunit contains 21 
two irregular ly  s h a p e d  different proteins and a 16s  RNA molecule. The 50s  subunit contians 32 different proteins 
subunits. which fit t o e t h e r  and two RNA molecules, 5 s  RNA and 23s RNA. Eukaryotic ribosomes are larger, namely 

two subunits do 80s. These h a w  subunits of 40s and 60s. Small subunit has one 18s  R N A  molecule and 33 
move apart slightly during 
translation. different protein. The larger subunit contians three RNA molecules (28S, 5.8s and 5s) and 

45 different proteins. .There is no functional difference between the prokaryotic ribosome 
and eukaryotic ribosome. 

Specific ribosomal proteins are directly involved in binding mRNA and tRNA. rRNA 
apparently does not participate directly in these binding sites but serves as a structual 
polymer holding the multiplier particles in a compact configuration. 

T~~ dalton is a unit of mass The ribosome has two binding sites for tRNA molecules, the A (aminoacyl) and P (peptidyl) 
near~yeguivs~ent to the mass sites; each extends over both subunits (see Figure 14.3). Together, they cover two 
of a single hydrogen atom, neighbouring codons of mRNA. During translation, the A site on the ribosome binds an 
l h  t e r m s  d a l t  a n d  incbming aminoacyl-tRNA as  specified by the codon currently occupying this site. This 
molecular weight are use 
intercbaogeable. codon specifies the next amino acid to be added to the growing peptide chain. The P site 

codon is occupied by the growing chain peptidyl-tRNA. This tRNA carries the chain of 
a4mino acids that has already been synthesised. See Figure 14.4 for an illustration of the role 
of the A and P site in translation. 
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Figure 14.3 : Tbe binding site of a ribosoma are local'ed mainly on the large submit. 




























