
PROTEIN METABOLISM



Proteins are the end products of most information 
pathways. 

A typical cell requires thousands of different proteins at 
any given moment. 

These must be synthesized in response to the cell’s 
current needs, transported (targeted) to their 
appropriate cellular locations, and degraded when no 
longer needed.



Eukaryotic protein synthesis involves more than 70 
different ribosomal proteins; 20 or more enzymes to 
activate the amino acid precursors; a dozen or more 
auxiliary enzymes and other  protein factors for the 
initiation, elongation, and termination of polypeptides; 
perhaps 100 additional enzymes for the final processing 
of different proteins; and 40 or more kinds of transfer 
and ribosomal RNAs. 

Overall, almost 300 different macromolecules cooperate to 
synthesize polypeptides.

Protein synthesis can account for up to 90% of the 
chemical energy used by a cell for all biosynthetic 
reactions.



Every prokaryotic and eukaryotic cell contains from 
several to thousands of copies of many different proteins 
and RNAs. 

The 15,000 ribosomes, 100,000 molecules of protein 
synthesis–related protein factors and enzymes, and 
200,000 tRNA molecules in a typical bacterial cell can 
account for more than 35% of the cell’s dry weight.

A polypeptide of 100 residues is synthesized in an 
Escherichia coli cell (at 37 °C) in about 5 seconds. 

Synthesis of the thousands of different proteins in a cell is 
tightly regulated, so that just enough copies are made to 
match the current metabolic circumstances.



1. The Genetic Code



In the early 1950s, Zamecnik and his colleagues designed a 
set of experiments to investigate where in the cell 
proteins are synthesized. 

They injected radioactive amino acids into rats and, at 
different time intervals after the injection, removed the 
liver, homogenized it, fractionated the homogenate by 
centrifugation, and examined the subcellular fractions for 
the presence of radioactive protein.

When hours or days were allowed to elapse after injection 
of the labelled amino acids, all the subcellular fractions 
contained labelled proteins.



However, when only minutes had elapsed, labelled protein 
appeared only in a fraction containing small ribonucleo-
protein particles. 

These particles, were therefore identified as the site of 
protein synthesis from amino acids, and later were 
named ribosomes.

They found that amino acids were “activated” when 
incubated with ATP and the cytosolic fraction of liver 
cells.

The amino acids became attached to a heat-stable soluble 
RNA of the type that had been discovered and 
characterized and later called transfer RNA (tRNA), to 
form aminoacyl-tRNAs.



How the genetic information encoded in the 4-letter 
language of nucleic acids could be translated into the 20-
letter language of proteins. 

A small nucleic acid could serve the role of an adaptor, one 
part of the adaptor molecule binding a specific amino 
acid and another part recognizing the nucleotide 
sequence encoding that amino acid in an mRNA.

This idea was soon verified. 

The tRNA adaptor “translates” the nucleotide sequence of 
an mRNA into the amino acid sequence of a polypeptide. 

The overall process of mRNA-guided protein synthesis is 
often referred to simply as translation.



The genetic code was cracked using artificial mRNA 
templates

At least three nucleotide residues of DNA are necessary to 
encode each amino acid. 

The four code letters of DNA (A, T, G, and C) in groups of 
two can yield only 42 = 16 different combinations, 
insufficient to encode 20 amino acids. Groups of three, 
however, yield 43 = 64 different combinations.

A codon is a triplet of nucleotides that codes for a specific 
amino acid. 



Overlapping versus nonoverlapping genetic codes

In a nonoverlapping code, codons (numbered consecutively) do not 
share nucleotides. 

In an overlapping code, some nucleotides in the mRNA are shared by 
different codons. 

In a triplet code with maximum overlap, many nucleotides, such as the 
third nucleotide from the left (A), are shared by three codons. 

In an overlapping code, the triplet sequence of the first codon limits the 
possible sequences for the second codon.



Translation occurs in such a way that these nucleotide triplets 
are read in a successive, nonoverlapping fashion. 

A specific first codon in the sequence establishes the reading 
frame, in which a new codon begins every three nucleotide 
residues.

A key question: what were the three-letter code words for 
each amino acid?

In 1961 Nirenberg and Matthaei incubated synthetic 
polyuridylate, poly(U), with an E. coli extract, GTP, ATP, 
and a mixture of the 20 amino acids in 20 different tubes, 
each tube containing a different radioactively labelled 
amino acid. 



Because poly(U) mRNA is made up of many successive 
UUU triplets, it should promote the synthesis of a 
polypeptide containing only the amino acid encoded by the 
triplet UUU.

A radioactive polypeptide was indeed formed in only one of 
the 20 tubes, the one containing radioactive phenylalanine.

Therefore concluded that the triplet codon UUU encodes 
phenylalanine.

Polycytidylate, poly(C), encodes a polypeptide containing 
only proline (polyproline), and polyadenylate, poly(A), 
encodes polylysine. 

Polyguanylate did not generate any polypeptide in this 
experiment.



The synthetic polynucleotides used in such experiments 
were prepared with polynucleotide phosphorylase, which 
catalyzes the formation of RNA polymers.

Using a variety of artificial mRNAs made by 
polynucleotide phosphorylase from different starting 
mixtures of ADP, GDP, UDP, and CDP, investigators 
soon identified the base compositions of the triplets 
coding for all the amino acids.



In 1964 Nirenberg and Leder achieved another 
experimental breakthrough. 

Isolated E. coli ribosomes would bind a specific 
aminoacyl-tRNA in the presence of the corresponding 
synthetic polynucleotide messenger.

Even trinucleotides could promote specific binding of 
appropriate tRNAs, so these experiments could be 
carried out with chemically synthesized small 
oligonucleotides.

With this technique researchers determined which 
aminoacyl-tRNA bound to about 50 of the 64 possible 
triplet codons. For some codons, either no aminoacyl-
tRNA or more than one would bind.



Khorana developed chemical methods to synthesize 
polyribonucleotides with defined, repeating sequences of 
two to four bases. 

The polypeptides produced by these mRNAs had one or a 
few amino acids in repeating patterns.

The copolymer (AC)n, for example, has alternating ACA 
and CAC codons: ACACACACACACACA. 

The polypeptide synthesized on this messenger contained 
equal amounts of threonine and histidine. 

Given that a histidine codon has one A and two Cs, CAC 
must code for histidine and ACA for threonine.



Consolidation of the results, permitted the assignment of 
61 of the 64 possible codons. 

The other three were identified as termination codons.

Effect of a termination codon in a repeating tetranucleotide

Termination codons (pink) are encountered every fourth codon in three 
different reading frames (shown in different colours).

Dipeptides or tripeptides are synthesized, depending on where the 
ribosome initially binds.



Meanings for all the triplet codons were established by 1966 and 
have been verified in many different ways.

”Dictionary” of amino acid 
code words in mRNAs

The codons are written in the 
5’→3’ direction. 

The third base of each codon (in 
bold type) plays a lesser role in 
specifying an amino acid than 
the first two. 

The three termination codons are 
shaded in pink, the initiation 
codon AUG in green. 

All the amino acids except Met 
and Trp have more than one 
codon. 

In most cases, codons that specify 
the same amino acid differ only 
at the third base.



Codons are the key to the translation of genetic 
information, directing the synthesis of specific proteins.

Several codons serve special functions.

The initiation codon AUG is the most common signal for 
the beginning of a polypeptide in all cells, in addition to 
coding for Met residues in internal positions of 
polypeptides.

The termination codons (UAA, UAG, and UGA), also 
called stop codons or nonsense codons, normally signal 
the end of polypeptide synthesis and do not code for any 
known amino acids.



An amino acid may be specified by more than one codon, 
so the code is described as degenerate.

Although an amino acid may have two or more codons, 
each codon specifies only one amino acid. 

The degeneracy of the code is not uniform.

Whereas methionine and tryptophan have single codons, 
for example, three amino acids (Leu, Ser, Arg) have six 
codons, five amino acids have four, Ile has three, and 
nine amino acids have two.



Degeneracy of the genetic code



The genetic code is nearly universal.

Amino acid codons are identical in all species examined so 
far.

All life forms have a common evolutionary ancestor, 
whose genetic code has been preserved throughout 
biological evolution.



Wobble allows some tRNAs to recognize more than one 
codon

The difference between the codons that specify one amino 
acid, usually lies at the third base position (at the 3’ end).

For example, alanine is coded by the triplets GCU, GCC, 
GCA, and GCG. 

The codons for most amino acids can be symbolized by 
XYG or XYC.

The first two letters of each codon are the primary 
determinants of specificity, a feature that has some in-
teresting consequences.

A U



Transfer RNAs base-pair with mRNA codons at a three-base 
sequence on the tRNA called the anticodon.

The first base of the codon in mRNA (read in the 5’→3’
direction) pairs with the third base of the anticodon.

Pairing relationship of codon and 
anticodon

Alignment of the two RNAs is 
antiparallel. 

The tRNA is shown in the 
traditional cloverleaf configura-
tion.



If the anticodon triplet of a tRNA recognized only one codon
triplet, cells would have a different tRNA for each amino acid 
codon. 

This is not the case, however, because the anticodons in some 
tRNAs include the nucleotide inosinate, which contains the 
uncommon base hypoxanthine.

Inosinate can form hydrogen bonds with three different 
nucleotides (U, C, and A), although these pairings are much 
weaker than the hydrogen bonds of Watson-Crick base pairs 
(G ≡ C and A=U).

Pairing relationship of 
codon and anticodon

Three different codon pairing 
relationships are possible 
when the tRNA anticodon
contains inosinate.



Examination of these and other codon-anticodon pairings 
led Crick to conclude that the third base of most codons
pairs rather loosely with the corresponding base of its 
anticodon.

Crick proposed a set of four relationships called the 
wobble hypothesis:

1.

The first two bases of an mRNA codon always form strong 
Watson-Crick base pairs with the corresponding bases of 
the tRNA anticodon and confer most of the coding 
specificity.



2.

The first base of the anticodon determines the number of 
codons recognized by the tRNA. 

When the first base of the anticodon is C or A, base pairing is 
specific and only one codon is recognized by that tRNA.

When the first base is U or G, binding is less specific and two 
different codons may be read.

When inosine (I) is the first nucleotide of an anticodon, three 
different codons can be recognized − the maximum number 
for any tRNA.



3.

When an amino acid is specified by several different codons, 
the codons that differ in either of the first two bases require 
different tRNAs.

4.

A minimum of 32 tRNAs are required to translate all 61 
codons (31 to encode the amino acids and 1 for initiation).

The genetic code tells us how protein sequence 
information is stored in nucleic acids and provides some 
clues about how that information is translated into 
protein.



Summary for „The Genetic Code” I.
• The particular amino acid sequence of a protein is 

constructed through the translation of information 
encoded in mRNA. This process is carried out by 
ribosomes.

• Amino acids are specified by mRNA codons consisting of 
nucleotide triplets. Translation requires adaptor 
molecules, the tRNAs, that recognize codons and insert 
amino acids into their appropriate sequential positions 
in the polypeptide.

• The base sequences of the codons were deduced from 
experiments using synthetic mRNAs of known 
composition and sequence.



• The codon AUG signals initiation of translation. The 
triplets UAA, UAG, and UGA are signals for 
termination.

• The genetic code is degenerate: it has multiple code 
words for almost every amino acid.

• The standard genetic code words are universal in all 
species, with some minor deviations in mitochondria 
and a few single-celled organisms.

• The third position in each codon is much less specific 
than the first and second and is said to wobble.

Summary for „The Genetic Code” II.



2. Protein Synthesis



The synthesis of polymeric biomolecules can be 
considered in terms of initiation, elongation, and 
termination stages.

Two additional stages: activation of precursors before 
synthesis and postsynthetic processing of the completed 
polymer. 

Protein synthesis follows the same pattern. 

The activation of amino acids before their incorporation 
into polypeptides and the posttranslational processing of 
the completed polypeptide play particularly important 
roles in ensuring both the fidelity of synthesis and the 
proper function of the protein product.



Components required for the five major stages of 
protein synthesis in E. Coli



Protein biosynthesis takes place in five stages

Stage 1: Activation of Amino Acids 
For the synthesis of a polypeptide with a defined sequence, 

two fundamental chemical requirements must be met: 

(1) the carboxyl  group of each amino acid must be activated 
to facilitate formation of a peptide bond, and 

(2) a link must be established between each new amino acid 
and the information in the mRNA that encodes it. 

Both these requirements are met by attaching the amino acid 
to a tRNA in the first stage of protein synthesis. 

Attaching the right amino acid to the right tRNA is critical. 

This reaction takes place in the cytosol.



Each of the 20 amino acids is covalently attached to a specific 
tRNA at the expense of ATP energy, using Mg2+-dependent 
activating enzymes known as aminoacylt-RNA synthetases. 

When attached to their amino acid (aminoacylated) the tRNAs
are said to be “charged.”

Stage 2: Initiation 
The mRNA bearing the code for the polypeptide to be made 

binds to the smaller of two ribosomal subunits and to the 
initiating aminoacyl-tRNA.

The large ribosomal subunit then binds to form an initiation 
complex. 

The initiating aminoacyl-tRNA base-pairs with the mRNA 
codon AUG that signals the beginning of the polypeptide. 

This process, which requires GTP, is promoted by cytosolic
proteins called initiation factors.



Stage 3: Elongation 
The nascent polypeptide is lengthened by covalent 

attachment of successive amino acid units, each carried 
to the ribosome and correctly positioned by its tRNA, 
which base-pairs to its corresponding codon in the 
mRNA. 

Elongation requires cytosolic proteins known as elongation 
factors. 

The binding of each incoming aminoacyl-tRNA and the 
movement of the ribosome along the mRNA are 
facilitated by the hydrolysis of GTP as each residue is 
added to the growing polypeptide.



Stage 4: Termination and Release
Completion of the polypeptide chain is signalled by a 

termination codon in the mRNA. 
The new polypeptide is released from the ribosome, aided by 

proteins called release factors.
Stage 5: Folding and Posttranslational Processing

In order to achieve its biologically active form, the new 
polypeptide must fold into its proper three-dimensional 
conformation.

Before or after folding, the new polypeptide may undergo 
enzymatic processing, including removal of one or more 
amino acids (usually from the amino terminus); addition of 
acetyl, phosphoryl, methyl, carboxyl, or other groups to 
certain amino acid residues; proteolytic cleavage; and/or 
attachment of oligosaccharides or prosthetic groups.



The ribosome is a complex supramolecular machine

Each E. coli cell contains 15,000 or more ribosomes, 
making up almost a quarter of the dry weight of the cell.

Bacterial ribosomes contain about 65% rRNA and 35% 
protein; they have a diameter of about 18 nm and are 
composed of two unequal subunits with sedimentation 
coefficients of 30S and 50S and a combined 
sedimentation coefficient of 70S. 

Both subunits contain dozens of ribosomal proteins and at 
least one large rRNA.



Nomura and colleagues demonstrated that both ribosomal 
subunits can be broken down into their RNA and protein 
components, then reconstituted in vitro. 

Under appropriate experimental conditions, the RNA and 
protein spontaneously reassemble to form 30S or 50S 
subunits nearly identical in structure and activity to 
native subunits.

The bacterial ribosome is complex, with a combined 
molecular weight of 2.7 million.



The 50S and 30S bacterial subunits, 
split apart to visualize the surfaces 
that interact in the active ribosome. 

The structure on the left is the 50S 
subunit, with tRNAs (purple, mauve, 
and gray); the tRNA anticodons are 
in orange. 

Proteins appear as blue wormlike 
structures; the rRNA as a blended 
space-filling representation designed 
to highlight surface features, with 
the bases in white and the backbone 
in green. 

Ribosomes



Ribosomes

The structure of the 30S subunit. 

Proteins are yellow and the rRNA white. 

The part of the mRNA that interacts with the tRNA
anticodons is shown in red. 

The rest of the mRNA winds through grooves or 
channels on the 30S subunit surface.



Ribosomes

A model of a complete active bacterial ribosome.



Ribosomes
Structure of the 50S bacterial ribosome subunit.

The active site for peptide bond formation (the peptidyl transferase
activity), deep within a surface groove and far away from any protein, is 
marked by a bound inhibitor, puromycin (red).



Ribosomes

Summary of the composition and 
mass of ribosomes in prokaryotes 
and eukaryotes. 

Ribosomal subunits are identified by 
their S (Svedberg unit) values, 
sedimentation coefficients that 
refer to their rate of sedimentation 
in a centrifuge.



The ribosomal subunits are huge RNA molecules. 

In the 50S subunit, the 5S and 23S rRNAs form the 
structural core. 

The proteins are secondary elements in the complex, 
decorating the surface.

There is no protein within 18 Å of the active site for 
peptide bond formation. 

The high-resolution structure thus confirms, the ribosome 
is a ribozyme.



The two irregularly shaped ribosomal subunits fit together 
to form a cleft through which the mRNA passes as the 
ribosome moves along it during translation.

The 55 proteins in bacterial ribosomes vary enormously in 
size and structure. 

Molecular weights range from about 6,000 to 75,000. 

Most of the proteins have globular domains arranged on 
the ribosome surface.

Some also have snakelike protein extensions that protrude 
into the rRNA core of the ribosome, stabilizing its 
structure.



The ribosomes of eukaryotic cells are larger and more 
complex than bacterial ribosomes, with a diameter of 
about 23 nm and a sedimentation coefficient of about 
80S. 

They also have two subunits, which vary in size among 
species but on average are 60S and 40S. Altogether, 
eukaryotic ribosomes contain more than 80 different 
proteins.

Ribosomal structure and function are strikingly similar in 
all organisms and organelles.



Transfer RNAs have characteristic structural features

Transfer RNAs are relatively small and consist of a single 
strand of RNA folded into a precise three-dimensional 
structure.

The tRNAs in bacteria and in the cytosol of eukaryotes 
have between 73 and 93 nucleotide residues, 
corresponding to molecular weights of 24,000 to 31,000.

Cells have at least one kind of tRNA for each amino acid; 
at least 32 tRNAs are required to recognize all the amino 
acid codons, but some cells use more than 32.

Yeast alanine tRNA (tRNAAla), the first nucleic acid to be 
completely sequenced, contains 76 nucleotide residues, 
10 of which have modified bases.



Comparisons of tRNAs from various species have revealed 
many common denominators of structure. 

Eight or more of the nucleotide residues have modified 
bases and sugars, many of which are methylated
derivatives of the principal bases. 

Most tRNAs have a guanylate (pG) residue at the 5’ end, 
and all have the trinucleotide sequence CCA(3’) at the 3’
end.

The hydrogen-bonding pattern of all tRNAs forms a 
cloverleaf structure with four arms; the longer tRNAs
have a short fifth arm, or extra arm.

In three dimensions, a tRNA has the form of a twisted L.



Nucleotide sequence of yeast tRNAAla

It is shown in the cloverleaf 
conformation in which intra-
strand base pairing is maximal. 

The following symbols are used 
for the modified nucleotides 
(shaded pink): Ψ, pseudo-
uridine; I, inosine; T, ribo-
thymidine; D, 5,6-dihydro-
uridine; m1I, 1-methylinosine; 
m1G, 1-methylguanosine; m2G, 
N2-dimethylguanosine.



Nucleotide sequence of yeast tRNAAla

Blue lines between parallel 
sections indicate Watson-Crick 
base pairs. 

The anticodon can recognize 
three codons for alanine (GCA, 
GCU, and GCC).

The presence of two G=U base 
pairs, signified by a blue dot to 
indicate non-Watson-Crick pair-
ing.



General cloverleaf secondary structure of tRNAs

The large dots on the backbone 
represent nucleotide residues; the 
blue lines represent base pairs.

Characteristic and/or invariant resi-
dues common to all tRNAs are 
shaded in pink. 

Transfer RNAs vary in length from 
73 to 93 nucleotides. 

Extra nucleotides occur in the extra 
arm or in the D arm. 



General cloverleaf secondary structure of tRNAs

At the end of the anticodon arm is the 
anticodon loop, which always 
contains seven unpaired nucleotides. 

The D arm contains two or three D 
(5,6-dihydrouridine) residues, depen-
ding on the tRNA. 

In some tRNAs, the D arm has only 
three hydrogen-bonded base pairs.

Pu, purine nucleotide; Py, pyrimidine
nucleotide; G*, guanylate or 2’-O-
methylguanylate.



Three-dimensional structure of yeast tRNAPhe deduced
from x-ray diffraction analysis

The shape resembles a twisted L. (a) Schematic diagram with the various 
arms.

(b) A space-filling model, with the same colour coding. 
The CCA sequence at the 3’ end (orange) is the attachment point for the 

amino acid.



The amino acid arm can carry a specific amino acid 
esterified by its carboxyl group to the 2’- or 3’-hydroxyl 
group of the A residue at the 3’ end of the tRNA. 

The anticodon arm contains the anticodon. 

The other major arms are the D arm, which contains the 
unusual nucleotide dihydrouridine (D), and the TΨC 
arm, which contains ribothymidine (T), not usually 
present in RNAs, and pseudouridine (Ψ), which has an 
unusual carbon–carbon bond between the base and 
ribose.

The D and TΨC arms contribute important interactions for 
the overall folding of tRNA molecules, and the TΨC arm 
interacts with the large-subunit rRNA.



Stage 1: Aminoacyl-tRNA synthetases attach the 
correct amino acids to their tRNAs

During the first stage of protein synthesis, taking place in 
the cytosol, aminoacyl-tRNA synthetases esterify the 20 
amino acids to their corresponding tRNAs. 

Each enzyme is specific for one amino acid and one or 
more corresponding tRNAs. 

Most organisms have one aminoacyltRNA synthetase for 
each amino acid. 

For amino acids with two or more corresponding tRNAs, 
the same enzyme usually aminoacylates all of them.



The structures of all the aminoacyl-tRNA synthetases of E. 
coli have been determined. 

Researchers have divided them into two classes based on 
substantial differences in primary and tertiary structure 
and in reaction mechanism; these two classes are the 
same in all organisms.

The reaction catalyzed by an aminoacyl-tRNA synthetase
is

amino acid + tRNA + ATP aminoacyl-tRNA + AMP + PPi
Mg2+



Amino acid

5’-Aminoacyl adenylate
(aminoacyl-AMP)

aminoacyl-AMP aminoacyl-AMP

transesterification

aminoacyl-tRNS

class I 
aminoacyl-tRNS

synthetase

class II 
aminoacyl-tRNS

synthetase

Aminoacylation of tRNA
by aminoacyl-tRNA

synthetases

Step (1) is formation of an 
aminoacyl adenylate, 
which remains bound to 
the active site. 

In the second step the 
aminoacyl group is 
transferred to the tRNA. 

The mechanism of this 
step is somewhat 
different for the two 
classes of aminoacyl-
tRNA synthetases.



Amino acid

5’-Aminoacyl adenylate
(aminoacyl-AMP)

aminoacyl-AMP aminoacyl-AMP

transesterification

aminoacyl-tRNS

class I 
aminoacyl-tRNS

synthetase

class II 
aminoacyl-tRNS

synthetase

For class I enzymes, (2a) 
the aminoacyl group is 
transferred initially to the 
2’-hydroxyl group of the 
3’-terminal A residue, 
then (3a) to the 3’-
hydroxyl group by a 
trans-esterification reac-
tion. 

For class II enzymes, (2b) 
the aminoacyl group is 
transferred directly to the 
3’-hydroxyl group of the 
terminal adenylate.



This reaction occurs in two steps in the enzyme’s active 
site. 

In step (1) an enzyme-bound intermediate, aminoacyl
adenylate (aminoacyl-AMP), forms when the carboxyl 
group of the amino acid reacts with the -phosphoryl
group of ATP to form an anhydride linkage, with 
displacement of pyrophosphate. 

In the second step the aminoacyl group is transferred from 
enzyme-bound aminoacyl-AMP to its corresponding 
specific tRNA. 

The course of this second step depends on the class to 
which the enzyme belongs.



The resulting ester linkage between the amino acid and the 
tRNA has a highly negative standard free energy of 
hydrolysis (ΔG’° = −29 kJ/mol). 

The pyrophosphate formed in the activation reaction 
undergoes hydrolysis to phosphate by inorganic 
pyrophosphatase. 

Thus two high-energy phosphate bonds are ultimately 
expended for each amino acid molecule activated, 
rendering the overall reaction for amino acid activation 
essentially irreversible:
amino acid + tRNA aminoacyl-tRNA + AMP + 2 Pi

ΔG’° = −29 kJ/mol

Mg2+



General structure of 
aminoacyl-tRNAs

The aminoacyl group is 
esterified to the 3’ position 
of the terminal A residue.

The ester linkage that both 
activates the amino acid and 
joins it to the tRNA is 
shaded pink.



Proofreading by Aminoacyl-tRNA Synthetases:
The aminoacylation of tRNA accomplishes two ends: (1) 

activation of an amino acid for peptide bond formation and 
(2) attachment of the amino acid to an adaptor tRNA that 
ensures appropriate placement of the amino acid in a 
growing polypeptide. 

The identity of the amino acid attached to a tRNA is not 
checked on the ribosome, so attachment of the correct 
amino acid to the tRNA is essential to the fidelity of protein 
synthesis.

Discrimination between two similar amino acid substrates has 
been studied in detail in the case of Ile-tRNA synthetase, 
which distinguishes between Val and Ile, amino acids that 
differ by only a single methylene group (−CH2−).



Ile-tRNA synthetase favors activation of isoleucine (to form 
Ile-AMP) over valine by a factor of 200.

Yet valine is erroneously incorporated into proteins in 
positions normally occupied by an Ile residue at a 
frequency of only about 1 in 3,000. 

How is this greater than tenfold increase in accuracy brought 
about? 

Ile-tRNA synthetase, has a proofreading function.

In the case of Ile-tRNA synthetase, the first filter is the initial 
binding of the amino acid to the enzyme and its activation 
to aminoacyl-AMP. 

The second is the binding of any incorrect aminoacyl-AMP 
products to a separate active site on the enzyme; a substrate 
that binds in this second active site is hydrolyzed.



The R group of valine is slightly smaller than that of 
isoleucine, so Val-AMP fits the hydrolytic (proofreading) 
site of the Ile-tRNA synthetase but Ile-AMP does not. 

Thus Val-AMP is hydrolyzed to valine and AMP in the 
proofreading active site, and tRNA bound to the synthetase
does not become aminoacylated to the wrong amino acid.

In addition most aminoacyl-tRNA
synthetases can also hydrolyze 
the ester linkage between 
amino acids and tRNAs in the 
aminoacyl-tRNAs.

This hydrolysis is greatly 
accelerated for incorrectly 
charged tRNAs.



Interaction between an Aminoacyl-tRNA Synthetase and 
a tRNA:

An individual aminoacyl-tRNA synthetase must be specific 
not only for a single amino acid but for certain tRNAs as 
well.

Some nucleotides are conserved in all tRNAs and therefore 
cannot be used for discrimination.

Researchers have identified nucleotide positions that are 
involved in discrimination by the aminoacyl-tRNA
synthetases. 

These nucleotide positions seem to be concentrated in the 
amino acid arm and the anticodon arm.



Nucleotide positions in 
tRNAs that are recognized 

by aminoacyl-tRNA
synthetases

Some positions (blue dots) are 
the same in all tRNAs and 
therefore cannot be used to 
discriminate one from 
another. 

Other positions are known 
recognition points for one 
(orange) or more (green) 
aminoacyl-tRNA syntheta-
ses.



Stage 2: A specific amino acid initiates protein synthesis

Protein synthesis begins at the amino-terminal end and 
proceeds by the stepwise addition of amino acids to the 
carboxyl-terminal end of the growing polypeptide.

The AUG initiation codon thus specifies an amino-
terminal methionine residue. 

Although methionine has only one codon, (5’)AUG, all 
organisms have two tRNAs for methionine.

One is used exclusively when (5’)AUG is the initiation 
codon for protein synthesis. 

The other is used to code for a Met residue in an internal 
position in a polypeptide.



In bacteria, the two types of tRNA specific for methionine
are designated tRNAMet and tRNAfMet. 

The amino acid incorporated in response to the (5’)AUG 
initiation codon is N-formylmethionine (fMet). 

It arrives at the ribosome as N-formylmethionyl-tRNAfMet

(fMet-tRNAfMet), which is formed in two successive 
reactions. 

First, methionine is attached to tRNAfMet by the Met-tRNA
synthetase:

Met + tRNAfMet + ATP → Met-tRNAfMet + AMP + PPi



Next, a transformylase transfers a formyl group from N10-
formyltetrahydrofolate to the amino group of the Met 
residue:

N10-Formyltetrahydrofolate + Met-tRNAfMet

tetrahydrofolate + fMet-tRNAfMet

The transformylase is more selective than the Met-tRNA
synthetase; it is specific for Met residues attached to 
tRNAfMet.

Met-tRNAMet inserts methionine in interior positions in 
polypeptides.



Addition of the N-formyl group to the amino group of 
methionine by the transformylase prevents fMet from 
entering interior positions in a polypeptide while also 
allowing fMet-tRNAfMet to be bound at a specific ribosomal 
initiation site that accepts neither Met-tRNAMet nor any other 
aminoacyl-tRNA.

In eukaryotic cells, all polypeptides 
synthesized by cytosolic ribosomes
begin with a Met residue (rather than 
fMet), but, again, the cell uses a 
specialized initiating tRNA that is 
distinct from the tRNAMet used at 
(5’)AUG codons at interior positions 
in the mRNA.



Stage 3: Peptide bonds are formed in the elongation stage

The third stage of protein synthesis is elongation.

Elongation requires (1) the initiation complex, (2) 
aminoacyl-tRNAs, (3) a set of three soluble cytosolic
proteins called elongation factors (EF-Tu, EF-Ts, and 
EF-G in bacteria), and (4) GTP. 

Cells use three steps to add each amino acid residue, and 
the steps are repeated as many times as there are residues 
to be added.



Elongation step 1: binding of an incoming aminoacyl-
tRNA

In the first step of the elongation cycle, the appropriate 
incoming aminoacyl-tRNA binds to a complex of GTP-
bound EF-Tu. 

The resulting aminoacyl-tRNA-EF-Tu–GTP complex binds to 
the A site of the 70S initiation complex. 

The GTP is hydrolyzed and an EF-Tu–GDP complex is 
released from the 70S ribosome.

The EF-Tu–GTP complex is regenerated in a process 
involving EF-Ts and GTP.



First elongation step in bacteria: binding 
of the second aminoacyl-tRNA

The second aminoacyl-tRNA enters the A 
site of the ribosome bound to EF-Tu
(shown here as Tu), which also contains 
GTP. 

Binding of the second aminoacyl-tRNA to 
the A site is accompanied by hydrolysis 
of the GTP to GDP and Pi and release of 
the EF-Tu–GDP complex from the 
ribosome. 

The bound GDP is released when the EF-
Tu–GDP complex binds to EF-Ts, and 
EF-Ts is subsequently released when 
another molecule of GTP binds to EF-Tu. 

This recycles EF-Tu and makes it available 
to repeat the cycle.



Elongation step 2: peptide bond formation

A peptide bond formed between the two amino acids bound 
by their tRNAs to the A and P sites 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, now in the A site. 

The -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 
the now “uncharged” (deacylated) tRNAfMet remains 
bound to the P site.

The enzymatic activity that catalyzes peptide bond formation 
has historically been referred to as peptidyl transferase.

We now know that this reaction is catalyzed by the 23S 
rRNA, adding to the known catalytic repertoire of 
ribozymes.



Second elongation step in bacteria: 
formation of the first peptide bond

The peptidyl transferase catalyzing this 
reaction is the 23S rRNA ribozyme. 

The N-formylmethionyl group is 
transferred to the amino group of the 
second aminoacyl-tRNA in the A site, 
forming a dipeptidyl-tRNA. 

At this stage, both tRNAs bound to the 
ribosome shift position in the 50S 
subunit to take up a hybrid binding 
state. 

The uncharged tRNA shifts so that its 3’
and 5’ ends are in the E site. 

Similarly, the 3’ and 5’ ends of the 
peptidyl tRNA shift to the P site. 

The anticodons remain in the A and P 
sites.



Elongation step 3: translocation
In the final step of the elongation cycle, translocation, the 

ribosome moves one codon toward the 3’ end of the mRNA.
This movement shifts the anticodon of the dipeptidyl-tRNA, 

which is still attached to the second codon of the mRNA, from 
the A site to the P site, and shifts the deacylated tRNA from 
the P site to the E site, from where the tRNA is released into 
the cytosol. 

The third codon of the mRNA now lies in the A site and the 
second codon in the P site. 

Movement of the ribosome along the mRNA requires EF-G 
(also known as translocase) and the energy provided by 
hydrolysis of another molecule of GTP.

A change in the three-dimensional conformation of the entire 
ribosome results in its movement along the mRNA.



Third elongation step in bacteria: 
translocation

The ribosome moves one codon
toward the 3’ end of the mRNA, 
using energy provided by 
hydrolysis of GTP bound to EF-G 
(translocase).

The dipeptidyl-tRNA is now entirely 
in the P site, leaving the A site open 
for the incoming (third) aminoacyl-
tRNA. 

The uncharge tRNA dissociates from 
the E site, and the elongation cycle 
begins again.



The ribosome, with its attached dipeptidyl-tRNA and mRNA, 
is now ready for the next elongation cycle and attachment 
of a third amino acid residue.

For each amino acid residue correctly added to the growing 
polypetide, two GTPs are hydrolyzed to GDP and Pi as the 
ribosome moves from codon to codon along the mRNA 
toward the 3’ end.

The polypeptide remains attached to the tRNA of the most 
recent amino acid to be inserted. 

This association maintains the functional connection between 
the information in the mRNA and its decoded polypeptide 
output.



The ester linkage between this tRNA and the carboxyl 
terminus of the growing polypeptide activates the terminal 
carboxyl group for nucleophilic attack by the incoming 
amino acid to form a new peptide bond.

As the existing ester linkage between the polypeptide and 
tRNA is broken during peptide bond formation, the linkage 
between the polypeptide and the information in the mRNA 
persists, because each newly added amino acid is still 
attached to its tRNA.

The elongation cycle in eukaryotes is quite similar to that in 
prokaryotes.

Eukaryotic ribosomes do not have an E site; uncharged tRNAs
are expelled directly from the P site.



Proofreading on the ribosome:

The proofreading mechanism on the ribosome establishes only 
that the proper codon-anticodon pairing has taken place. 

The identity of the amino acid attached to a tRNA is not 
checked on the ribosome. 

If a tRNA is successfully aminoacylated with the wrong 
amino acid (as can be done experimentally), this incorrect 
amino acid is efficiently incorporated into a protein in 
response to whatever codon is normally recognized by the 
tRNA.



Stage 4: Termination of polypeptide synthesis requires 
a special signal

Elongation continues until the ribosome adds the last 
amino acid coded by the mRNA. 

Termination, the fourth stage of polypeptide synthesis, is 
signaled by the presence of one of three termination 
codons in the mRNA (UAA, UAG, UGA), immediately 
following the final coded amino acid. 

Mutations in a tRNA anticodon that allow an amino acid to 
be inserted at a termination codon are generally 
deleterious to the cell.



In bacteria, once a termination codon occupies the 
ribosomal A site, three termination factors, or release 
factors − the proteins RF-1, RF-2, and RF-3 −
contribute to 

(1) hydrolysis of the terminal peptidyl-tRNA bond;

(2) release of the free polypeptide and the last tRNA, now 
uncharged, from the P site; 

(3) dissociation of the 70S ribosome into its 30S and 50S 
subunits, ready to start a new cycle of polypeptide 
synthesis. 



RF-1 recognizes the termination codons UAG and UAA, 
and RF-2 recognizes UGA and UAA. 

Either RF-1 or RF-2 binds at a termination codon and 
induces peptidyl transferase to transfer the growing 
polypeptide to a water molecule rather than to another 
amino acid.



Termination of protein synthesis in 
bacteria 

Termination occurs in response to a 
termination codon in the A site. 

First, a release factor, RF (RF-1 or RF-2, 
depending on which termination codon
is present), binds to the A site.

This leads to hydrolysis of the ester 
linkage between the nascent polypeptide 
and the tRNA in the P site and release of 
the completed polypeptide. 

Finally, the mRNA, deacylated tRNA, 
and release factor leave the ribosome, 
and the ribosome dissociates into its 30S 
and 50S subunits.



Energy cost of fidelity in protein synthesis
Synthesis of a protein true to the information specified in its 

mRNA requires energy. 

Formation of each aminoacyl-tRNA uses two high-energy 
phosphate groups. 

An additional ATP is consumed each time an incorrectly 
activated amino acid is hydrolyzed by the deacylation
activity of an aminoacyl-tRNA synthetase, as part of its 
proofreading activity. 

A GTP is cleaved to GDP and Pi during the first elongation 
step, and another during the translocation step. 

Thus, on average, the energy derived from the hydrolysis of 
more than four NTPs to NDPs is required for the formation 
of each peptide bond of a polypeptide.



This represents an exceedingly large thermodynamic “push”
in the direction of synthesis: at least 4×30.5 kJ/mol = 122 
kJ/mol of phosphodiester bond energy to generate a peptide 
bond, which has a standard free energy of hydrolysis of only 
about −21 kJ/mol. 

The net free-energy change during peptide bond synthesis is 
thus −101 kJ/mol. 

Proteins are information-containing polymers. 

The biochemical goal is not simply the formation of a peptide 
bond but the formation of a peptide bond between two 
specified amino acids. 



Each of the high-energy phosphate compounds expended in 
this process plays a critical role in maintaining proper 
alignment between each new codon in the mRNA and its 
associated amino acid at the growing end of the 
polypeptide.

This energy permits very high fidelity in the biological 
translation of the genetic message of mRNA into the amino 
acid sequence of proteins.



Rapid translation of a single message by polysomes
Large clusters of 10 to 100 ribosomes that are very active in 

protein synthesis can be isolated from both eukaryotic and 
bacterial cells.

Adjacent ribosomes in the cluster, is called a polysome.

The connecting strand is a single molecule of mRNA that is 
being translated simultaneously by many closely spaced 
ribosomes, allowing the highly efficient use of the mRNA.

In bacteria, transcription and translation are tightly coupled. 

Messenger RNAs are synthesized and translated in the same 
5’→3’ direction. 

Ribosomes begin translating the 5’ end of the mRNA before 
transcription is complete.



Polysome

Four ribosomes translating a 
eukaryotic mRNA molecule 
simultaneously, moving from the 
5’ end to the 3’ end and 
synthesizing a polypeptide from 
the amino terminus to the 
carboxyl terminus.



Coupling of transcription and translation in bacteria

The mRNA is translated by ribosomes while it is still being 
transcribed from DNA by RNA polymerase. 

This is possible because the mRNA in bacteria does not have to be 
transported from a nucleus to the cytoplasm before encountering 
ribosomes.



In eukaryotic cells, newly transcribed mRNAs must leave the 
nucleus before they can be translated.

Bacterial mRNAs generally exist for just a few minutes before 
they are degraded by nucleases.

The short lifetime of mRNAs in bacteria allows a rapid 
cessation of synthesis when the protein is no longer needed.



Stage 5: Newly synthesized polypeptide chains undergo 
folding and processing

In the final stage of protein synthesis, the nascent 
polypeptide chain is folded and processed into its 
biologically active form.

The linear, or one-dimensional, genetic message in the 
mRNA is converted into the three-dimensional structure 
of the protein. 

Some newly made proteins, do not attain their final 
biologically active conformation until they have been 
altered by one or more processing reactions called 
posttranslational modifications.



Amino-terminal and carboxyl-terminal modifications

The first residue inserted in all polypeptides is N-
formylmethionine (in bacteria) or methionine (in 
eukaryotes). 

The formyl group, the amino-terminal Met residue, and often 
additional amino-terminal residues may be removed 
enzymatically in formation of the final functional protein. 

In as many as 50% of eukaryotic proteins, the amino group of 
the amino-terminal residue is N-acetylated after translation. 

Carboxyl-terminal residues are also sometimes modified.



Modification of individual amino acids 
The hydroxyl groups of certain Ser, Thr, and Tyr residues of 

some proteins are enzymatically phosphorylated by ATP 
the phosphate groups add negative charges to these 
polypeptides.

For example, the milk protein casein has many phosphoserine
groups that bind Ca2+. 

Calcium, phosphate, and amino acids are all valuable to 
suckling young, so casein efficiently provides three 
essential nutrients.

Extra carboxyl groups may be added to Glu residues of some 
proteins.

Monomethyl- and dimethyllysine residues occur in some 
muscle proteins and in cytochrome c.



Some modified amino acid residues

Phosphorylated amino acids

A carboxylated amino acid Some methylated amino acids



Attachment of carbohydrate side chains
The carbohydrate side chains of glycoproteins are attached 

covalently during or after synthesis of the polypeptide.

Addition of prosthetic groups
Many prokaryotic and eukaryotic proteins require for their 

activity covalently bound prosthetic groups. 

Two examples are the biotin molecule of acetyl-CoA
carboxylase and the heme group of hemoglobin or 
cytochrome c.

Proteolytic processing 
Many proteins are initially synthesized as large, inactive 

precursor polypeptides that are proteolytically trimmed 
to form their smaller, active forms.



Formation of disulfide cross-links 

After folding into their native conformations, some proteins 
form intrachain or interchain disulfide bridges between 
Cys residues.

The cross-links formed in this way help to protect the native 
conformation of the protein molecule from denaturation in 
the extracellular environment, which can differ greatly 
from intracellular conditions and is generally oxidizing.



Protein synthesis is inhibited by many antibiotics and 
toxins

Protein synthesis is a central function in cellular 
physiology and is the primary target of many naturally 
occurring antibiotics and toxins.

These antibiotics inhibit protein synthesis in bacteria.

Natural selection has favoured the evolution of compounds 
that exploit minor differences in order to affect bacterial 
systems selectively, such that these biochemical weapons 
are synthesized by some microorganisms and are 
extremely toxic to others. 

Nearly every step in protein synthesis can be specifically 
inhibited by one antibiotic or another.



Puromycin’s structure is very similar to the 3’ end of an 
aminoacyl-tRNA, enabling it to bind to the ribosomal A site 
and participate in peptide bond formation, producing 
peptidyl-puromycin.

Tetracyclines inhibit protein synthesis in bacteria by blocking 
the A site on the ribosome.

Chloramphenicol inhibits protein synthesis by bacterial 
ribosomes by blocking peptidyl transfer.

Cycloheximide blocks the peptidyl transferase of 80S 
eukaryotic ribosomes but not that of 70S bacterial ribosomes.

Streptomycin, a basic trisaccharide, causes misreading of the 
genetic code.

Diphtheria toxin inactivating eukaryotic elongation factor
eEF2.



Summary for „Protein synthesis” I.

• Protein synthesis occurs on the ribosomes, which consist of 
protein and rRNA. Bacteria have 70S ribosomes, with a 
large (50S) and a small (30S) subunit. Eukaryotic 
ribosomes are significantly larger (80S) and contain more 
proteins.

• Transfer RNAs have 73 to 93 nucleotide residues, some of 
which have modified bases. Each tRNA has an amino 
acid arm with the terminal sequence CCA(3) to which an 
amino acid is esterified, an anticodon arm, a TC arm, and 
a D arm; some tRNAs have a fifth arm. The anticodon is 
responsible for the specificity of interaction between the 
aminoacyl-tRNA and the complementary mRNA codon.



• The growth of polypeptides on ribosomes begins with 
the amino-terminal amino acid and proceeds by 
successive additions of new residues to the carboxyl-
terminal end.

• Protein synthesis occurs in five stages.
1. Amino acids are activated by specific aminoacyl-tRNA

synthetases in the cytosol. These enzymes catalyze the 
formation of aminoacyl-tRNAs, with simultaneous 
cleavage of ATP to AMP and PPi. The fidelity of protein 
synthesis depends on the accuracy of this reaction, and 
some of these enzymes carry out proofreading steps at 
separate active sites. In bacteria, the initiating aminoacyl-
tRNA in all proteins is N-formylmethionyl-tRNAfMet.

Summary for „Protein synthesis” II.



2. Initiation of protein synthesis involves formation of a 
complex between the 30S ribosomal subunit, mRNA, 
GTP, fMet-tRNAfMet, three initiation factors, and the 50S 
subunit; GTP is hydrolyzed to GDP and Pi.

3. In the elongation steps, GTP and elongation factors are 
required for binding the incoming aminoacyl-tRNA to the 
A site on the ribosome. In the first peptidyl transfer 
reaction, the fMet residue is transferred to the amino 
group of the incoming aminoacyl-tRNA. Movement of the 
ribosome along the mRNA then translocates the 
dipeptidyl-tRNA from the A site to the P site, a process 
requiring hydrolysis of GTP. Deacylated tRNAs
dissociate from the ribosomal E site.

Summary for „Protein synthesis” III.



4. After many such elongation cycles, synthesis of the 
polypeptide is terminated with the aid of release factors. At 
least four high-energy phosphate equivalents (from ATP 
and GTP) are required to generate each peptide bond, an 
energy investment required to guarantee fidelity of 
translation.

5. Polypeptides fold into their active, three-dimensional 
forms. Many proteins are further processed by 
posttranslational modification reactions.

Many well-studied antibiotics and toxins inhibit some 
aspect of protein synthesis.

Summary for „Protein synthesis” IV.



3. Protein Targeting and 
Degradation



The eukaryotic cell is made up of many structures, 
compartments, and organelles, each with specific 
functions that require distinct sets of proteins and 
enzymes. 

These proteins are synthesized on ribosomes in the cytosol, 
how are they directed to their final cellular destinations?

The signal sequence directs a protein to its appropriate 
location in the cell and, for many proteins, is removed 
during transport or after the protein has reached its final 
destination.

Most proteins have an amino-terminal signal sequence that 
marks them for translocation into the lumen of the ER.



The carboxyl terminus of the signal sequence is defined by 
a cleavage site, where protease action removes the 
sequence after the protein is imported into the ER. 

Signal sequences vary in length from 13 to 36 amino acid 
residues, but all have the following features:

(1) about 10 to 15 hydrophobic amino acid residues; 
(2) one or more positively charged residues, usually near the 

amino terminus, preceding the hydrophobic sequence; 
(3) a short sequence at the carboxyl terminus (near the 

cleavage site) that is relatively polar, typically having 
amino acid residues with short side chains (especially 
Ala) at the positions closest to the cleavage site.

Proteins with these signal sequences are synthesized on 
ribosomes attached to the ER.



Protein degradation is mediated by specialized systems 
in all cells

Protein degradation prevents the buildup of abnormal or 
unwanted proteins and permits the recycling of amino 
acids. 

The half-lives of eukaryotic proteins vary from 30 seconds 
to many days. 

Most proteins turn over rapidly relative to the lifetime of a 
cell, although a few (such as hemoglobin) can last for the 
life of the cell (about 110 days for an erythrocyte). 

Rapidly degraded proteins include those that are defective 
because of incorrectly inserted amino acids or because of 
damage accumulated during normal functioning.



Defective proteins and those with characteristically short 
half-lives are generally degraded by selective ATP-
dependent cytosolic systems. 

A second system in vertebrates, operating in lysosomes, 
recycles the amino acids of membrane proteins, 
extracellular proteins, and proteins with characteristically 
long half-lives.

In E. coli, many proteins are degraded by an 
ATPdependent protease.

The protease is activated in the presence of defective 
proteins or those slated for rapid turnover; two ATP 
molecules are hydrolyzed for every peptide bond 
cleaved.



Once a protein has been reduced to small inactive peptides, 
other ATP-independent proteases complete the 
degradation process.

The ATP-dependent pathway in eukaryotic cells is quite 
different, involving the protein ubiquitin.

One of the most highly conserved proteins known, (76 
amino acid residues) is essentially identical in organisms 
as different as yeasts and humans.

Ubiquitin is covalently linked to proteins slated for 
destruction via an ATP-dependent pathway.



Ubiquitinated proteins are degraded by a large complex 
known as the 26S proteasome.

Ubiquitin-dependent proteolysis is as important for the 
regulation of cellular processes as for the elimination 
of defective proteins. 

Many proteins required at only one stage of the 
eukaryotic cell cycle are rapidly degraded by the 
ubiquitin-dependent pathway after completing their 
function.



Summary for „Protein Targeting and Degradation”

• After synthesis, many proteins are directed to particular 
locations in the cell. One targeting mechanism involves 
a peptide signal sequence, generally found at the amino 
terminus of a newly synthesized protein.

• All cells eventually degrade proteins, using specialized 
proteolytic systems. Defective proteins and those slated 
for rapid turnover are generally degraded by an ATP-
dependent system. In eukaryotic cells, the proteins are 
first tagged by linkage to ubiquitin, a highly conserved 
protein. Ubiquitin-dependent proteolysis is carried out 
by proteasomes, also highly conserved, and is critical 
to the regulation of many cellular processes.


