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The tRNA molecules are between 75 and 95 ribonucleotides in length. Although the exact
sequence varies, all tRNA show a similar secondary structure called “cloverleaf structure”.
The principal feature of the tRNA cloverleaf are an acceptor stem, three stem-loops (ΨU
loop, D loop and anticodon loop) and a fourth variable loop.

The acceptor stem is formed by the pairing between the 5’ and 3’ ends of the tRNA
molecule and is the site of the attachment of amino acid. The 5’CCA3’ sequence at the
extreme 3’ end of the molecule in a single stranded region that protrudes from this
double strand stem.

The ΨU loop is so named because of the characteristic presence of the unusual base ΨU
in the loop. The modified base is often found within the sequence 5’TΨUCG3’.

The D loop takes its name from the characteristic presence of dihydrouridines in the loop.

The anticodon loop contains a three-nucleotide-long sequence called anticodon that is
responsible for recognizing the codon by base pairing with the mRNA. The anticodon is
always bracketed on the 3’ end by a purine and on its 5’ end by uracil.

The variable loop lies in between the anticodon loop and the ΨU loop and it varies in size
from 3 to 21 bases.

tRNAs as adaptor 

molecules





Charging of tRNAs

The phenomenon of translation includes three steps
like that of replication and transcription: initiation,
elongation and termination. However, before
initiation, translation includes an additional step
termed as charging of the tRNA that involves
addition of an amino acid to the acceptor arm of a
tRNA.



Role of tRNA synthetases in charging 

process

The enzymes that are essential for this reaction are

collectively known as aminoacyl-tRNA synthetases. All of

these enzymes attach an amino acid to a tRNA in two

enzymatic steps. The 1st step is called adenylylation in

which AMP becomes added to an amino acid with the

concomitant release of PPi. The energy for this step comes

from the hydrolysis of PPi by phosphatase. The 2nd step is

called tRNA charging in which amino acid is transferred

from amino acid-AMP complex to 3’ end of the tRNA with

the release of AMP.





Types of tRNA synthetases

There are two classes of tRNA synthetases: class I enzymes attach

amino acid to the 2’-OH group of terminal adenine nucleotide of

the tRNA and are generally monomeric. Class II enzymes attach

amino acid to the 3’-OH group of the terminal adenine nucleotide

of the tRNA and are generally dimeric or tetrameric. Most species

have at least 20 different aminoacyl-tRNA synthetases in each cell

since there are 20 different amino acids. Because most amino

acids are specified by more than one codon, it is common for one

synthetase to recognize and charge more than one tRNA.

Nevertheless, the same tRNA synthetase is responsible for

charging all tRNAs for a particular amino acid. However, an

aminoacyl-tRNA synthetase can never attach more than one kind

of amino acid to a given tRNA.





The tRNA synthetases face two important
challenges:
1st, they must recognize the correct set of tRNAs
for a particular amino acid.
2nd, they must charge all of the iso-accepting
tRNAs (a group of tRNAs that bind same amino
acid is termed as iso-accepting tRNA group) with
the correct amino acid. Both processes must be
performed with high fidelity.

Problems faced by tRNA

synthetases



A tRNA synthetase enzyme recognize a group of iso-
accepting tRNA or a single tRNA by exploiting certain
features of acceptor stem and anticodon loop. Each enzyme
selects the correct amino acid for charging a group of tRNAs
or a tRNA by exploiting the size, shape and functional group
of an amino acid. In addition to this, the enzyme have a
editing pocket that allows it to proofread the product of the
adenylylation reaction. So, the charging of a tRNA with
correct amino acid is assured at two levels: in the initial
binding and adenylylation of the amino acid and then in
editing of the adenylylated amino acid.

Overcoming of the problems by tRNA

synthetases



The ribosome is the macromolecular machine that directs the synthesis of

proteins. It is composed of two subassemblies of RNA and protein known as

the large and small subunits. In prokaryotes, the large subunit (50S) contains

a 5S rRNA, 23S rRNA and 31 L proteins, whereas the small subunit (30S)

contains a single 16S rRNA and 21 S proteins. The large subunit has peptidyl

transferase activity which is responsible for the formation of the peptide

bonds between amino acids and the small subunit have a decoding center in

which charged tRNAs read or decode the codon units of the mRNA. Each

time a protein is synthesized, the two subunits of ribosome undergo a

sequence of association and dissociation events, which is known as the

ribosome cycle. The ribosome has three binding sites for the tRNAs: A-site for

aminoacylated tRNA, P-site for peptidyl tRNA and E-site for deacylated tRNA.

Both the large and small subunits contribute to the A- and P-sites, whereas

only large subunit contributes to the E-site.

Ribosome as a protein 

factory





Distinction between initiation AUG and internal AUG 

codons

The distinction between an initiating AUG codon and an internal
AUG codon is straightforward. In bacteria, the two types of tRNA
specific for methionine are designated as tRNAfMet and tRNAMet.
The amino acid incorporated in response to initiating AUG codon
is N-formyl methionine. It arrives at the ribosome as N-
formylmethionyl-tRNA (fMet-tRNAfMet), which is formed in two
successive reactions. First, methionine is attached to tRNAfMet by
the Met-tRNA synthetase. Next, a transformylase transfers a
formyl group from N10-formyltetrahydrofolate to the amino group
of the Met residue. The transformylase is more selective than the
Met-tRNA synthetase. It is specific for Met residues attached to
tRNAfMet, presumably recognizing some unique structural feature
of that tRNA. By contrast, Met-tRNAMet inserts methionine in
interior position in a polypeptide chain.







In the 1st step, the 30S ribosomal subunit binds two initiation factors, IF-1

and IF-3. The mRNA then binds to the 30S ribosomal subunit. For

translation to be successfully initiated, the correct positioning of the 30S

ribosome over the start AUG codon of the mRNA is critical because it

establishes the reading frame for the translation of mRNA. This correct

positioning of 30S ribosome over initiation AUG codon involves base pairing

interaction between the RBS (often called Shine-Dalgarno sequence) of

mRNA and 16S rRNA molecule of 30S ribosome subunit. This consensus RBS

of mRNA is purine rich sequence and complementary to a pyrimidine rich

sequence at 3’-end of 16S rRNA. This mRNA-rRNA interaction positions

small ribosomal subunit on the mRNA such that the start codon AUG will be

in P-site when the large subunit joins the complex. Thus, the particular AUG

codon from which protein synthesis initiates is distinguished from other

AUG codons by its proximity to the Shine-Dalgarno sequence in the mRNA.

1st step of initiation





In the 2nd step, IF-2-GTP complex and initiating

fMet-tRNAfMet bind with 30S ribosomal subunit

including IF-1 and IF-3. The anticodon of this tRNA

now pairs correctly with mRNA’s initiating AUG

codon. This complex is now called the 30S

initiation complex.

2nd step of 

initiation



In the last step, the 50S ribosomal subunit binds with 30S initiation

complex to form the 70S initiation complex. When the start codon and

anticodon base pair, the small subunit undergoes a conformational

change, which results in the release of IF-3. In the absence of IF-3, the

large subunit is free to bind to small subunit with its cargo of IF-1, IF-2,

mRNA and fMet-tRNAi
fMet. In particular, IF2 acts as an initial docking site

of the large subunit and this interaction subsequently stimulates the

GTPase activity of IF2-GTP. As the IF2-GDP complex has reduced affinity

for the ribosome and initiator tRNA, it is dissociated as well as IF1 from

the ribosome. Thus, the net result of initiation is the formation of an

active, intact 70S ribosome assembled at the start site of mRNA with

the initiating tRNA in the P-site and an empty A-site. The ribosome-

mRNA complex is now ready to accept a charged tRNA in the A-site and

commence polypeptide synthesis.

Final step of initiation





In the 1st step, an aminoacylated tRNA binds

with GTP-bound EF-Tu. The resulting

aminoacyl-tRNA-EF-Tu-GTP complex binds to

the A-site of the 70S initiation complex. After

codon-anticodon interaction, GTP is

hydrolyzed and EF-Tu-GDP complex is

released from the 70S ribosome.

1st step of elongation





In the 2nd step, a peptide bond is formed between the two

amino acids bound by their tRNAs to the A-site and P-site on

the ribosome. This occurs by the transfer of the initiating N-

formylmethionyl group from its tRNA to the amino group of

the second amino acid bound with its tRNA in A-site. The α-

amino group of the amino acid in the A-site acts as a

nucleophile, displacing the tRNA in the P-site to form the

peptide bond. This reaction produces a dipeptidyl-tRNA in

the A-site and now uncharged tRNAfMet remains bound to the

P-site. The enzymatic activity that catalyzes the peptide bond

formation has historically been referred to as peptidyl

transferase activity, which is contributed by the 23S rRNA of

large ribosomal subunit.

2nd step of elongation





In the final step of elongation (termed as translocation), the

ribosome moves one codon toward the 3’end of the mRNA. This

movement shifts the dipeptidyl-tRNA from A-site to the P-site and

the deacylated (uncharged)-tRNA from P-site to the E-site, from

where deacylated tRNA is released from ribosome into the

cytosol. The A-site is now empty and ready for an incoming

aminoacyl-tRNA to initiate another elongation cycle. The

translocation process requires another elongation factor EF-G

(translocase). Like EF-Tu, EF-G also binds GTP and this EF-G-GTP

complex by mimicking the EF-Tu-GTP complex bind to the A-site

and presumably displace the peptidyl-tRNA from A-site to P-site.

The energy for this movement (from A to P site) is provided by

hydrolysis of GTP bound with EF-G and the resulting EF-G-GDP

complex is dissociated from the ribosome.

Last step of elongation





EF-Tu and EF-Ts are catalytic proteins that are used once for each

round of tRNA loading onto the ribosome, peptide bond formation

and translocation. After GTP hydrolysis, both proteins must release

their bound GDP and bind a new molecule of GTP. For EF-G, this is a

simple process because GDP has a low affinity for EF-G than does GTP.

Thus, after GTP hydrolysis, GDP and Pi are released and the unbound

EF-G rapidly binds a new molecule of GTP. In case of EF-Tu, another

elongation factor EF-Ts is needed. EF-Ts acts as a GTP exchange factor

for EF-Tu. After EF-Tu-GDP is released from the ribosome, a molecule

of EF-Ts binds to EF-Tu by displacing GDP. Then, GTP binds to the

resulting EF-Tu-EF-Ts complex, causing its dissociation into free EF-Ts

and EF-Tu-GTP. Finally, EF-Tu-GTP binds a molecule of charged tRNA,

regenerating the EF-Tu-GTP-aminoacyl-tRNA complex, which is once

again ready to deliver a charged tRNA to the ribosome.

Recycling of the elongation 

factors



Termination of translation is signaled by the presence of
one of the three termination codons (UAA, UAG and UGA)
in the mRNA, immediately following the final encoded
amino acid. These nonsense codons are not read by any
tRNA but instead recognized by specific proteins known as
release factors or termination factors (RF1, RF2 and RF3).
RF1 recognizes UAA and UAG, RF2 recognizes UAA and
UGA whereas RF3 binds GTP and enhances the effect of
RF1 and RF2.

Termination of 

translation



The RF1 and RF2 belong to class I release factors that recognize the stop codons

and trigger hydrolysis of the peptide chain from the tRNA in the P-site. The RF3

belongs to class II release factors that stimulate the dissociation of the class I

factors from the ribosome after release of the polypeptide chain. Once RF1 or

RF2 occupies A-site by mimicking tRNA and recognizes a termination codon. The

presence of RF1/RF2 with a nonsense codon in the A-site creates a 70S

ribosome-RF1/RF2-RF3-GDP-termination signal complex that transforms the

ribosomal peptidyl transferase into a hydrolase. Thus, peptidyl transferase

hydrolyzes the ester bond linking the polypeptidyl chain to its tRNA and transfer

the polypeptide chain to a water molecule rather than to an aminoacyl-tRNA.

After the release of polypeptide chain, a change in the conformation of the

ribosome and class one release factor stimulates RF3 to exchange its bound

GDP for a GTP. The binding of GTP to RF3 leads to the displacement of RF1 or

RF2 and the formation of a high affinity interaction with the large ribosomal.

This interaction stimulates the hydrolysis of GTP and release of RF3-GDP

complex from the ribosome. All class I RFs have a conserved GGQ motif that

help in the hydrolytic mechanism.

Role of release factors





After the release of the polypeptide chain and the
release factors, the ribosome is still bound to the
mRNA and two deacylated tRNAs in the P-site and
A-site. To participate in a new round of protein
synthesis, the tRNAs and mRNA must be removed
from the ribosome and the ribosome must
dissociates into its large and small subunits.
Collectively, these events are referred to as
ribosome recycling.

Recycling of ribosome



In prokaryotic cells, a factor known as ribosome recycling factor

(RRF) cooperates with EF-G and IF3 to recycle ribosome after

polypeptide release. The RRF binds to empty A-site where it mimics

a tRNA. RRF also recruits EF-G-GTP to the ribosome, that intern

stimulates the release of the uncharged tRNAs in the P-site and E-

site in a process mimicking EF-G stimulated polypeptide elongation.

Once the tRNAs are removed, EF-G-GDP and RRF are released from

the ribosome along with the mRNA. IF3 may also participate in the

release of mRNA and is required to separate the two ribosomal

subunits from each other. The final outcome of these events is a

small ribosomal subunit bound to IF3 (but not tRNA or mRNA) and

a free large subunit. The released ribosome can now participate in

a new round of translation.

Ribosome recycling 

factors





Protein synthesis is very expensive……it uses a large

fraction of all ATP equivalents that are available in a cell.

For each amino acid added to a polypeptide chain, four

phosphoanhydride bonds are cleaved: one molecule of

ATP is hydrolyzed during activation of amino acid, one

molecule of GTP is hydrolyzed during initiation process

and two molecules of GTP are hydrolyzed during chain

elongation.

Energy budget of protein 

synthesis


