
Protein Metabolism

The genetic Code
Protein Synthesis (Translation)



The Genetic Code

A codon is a triplet of nucleotides that codes for 
a specific amino acid. Translation occurs in such 
a way that these nucleotide triplets are read in a 
successive, non- overlapping fashion. A specific 
first codon in the sequence establishes the 
reading frame, in which a new codon begins 
every three nucleotide residues. 
There is no punctuation between codons for 
successive amino acid residues. 



The amino acid sequence of a protein is defined
by a linear sequence of contiguous triplets. In 
principle, any given single-stranded DNA or 
mRNA sequence has three possible reading
frames. Each reading frame gives a different
sequence of codons, but only one is likely to 
encode a given protein. 
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FIGURE 27–4 The triplet, nonoverlapping code. Evidence for the 
general nature of the genetic code came from many types of experi-
ments, including genetic experiments on the effects of deletion and 
insertion mutations. Inserting or deleting one base pair (shown here in 
the mRNA transcript) alters the sequence of triplets in a nonoverlap-
ping code; all amino acids coded by the mRNA following the change 
are affected. Combining insertion and deletion mutations affects some 
amino acids but can eventually restore the correct amino acid se-
quence. Adding or subtracting three nucleotides (not shown) leaves 
the remaining triplets intact, providing evidence that a codon has 
three, rather than four or five, nucleotides. The triplet codons shaded 
in gray are those transcribed from the original gene; codons shaded in 
blue are new codons resulting from the insertion or deletion mutations.
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FIGURE 27–5 Reading frames in the genetic code. In a triplet, nonoverlapping code, all mRNAs have three potential reading 
frames, shaded here in different colors. The triplets, and hence the amino acids specified, are different in each reading frame.

encodes a polypeptide containing only proline (polypro-
line), and polyadenylate, poly(A), encodes polylysine. 
Polyguanylate did not generate any polypeptide in this 
experiment because it spontaneously forms tetraplexes 
(see Fig. 8–20d) that cannot be bound by ribosomes.
 The synthetic polynucleotides used in such experi-
ments were prepared with polynucleotide phosphory-
lase (p. 1085), which catalyzes the formation of RNA 
polymers starting from ADP, UDP, CDP, and GDP. This 
enzyme, discovered by Severo Ochoa, requires no tem-
plate and makes polymers with a base composition that 
directly reflects the relative concentrations of the 
nucleoside 59-diphosphate precursors in the medium. If 
polynucleotide phosphorylase is presented with UDP 
only, it makes only poly(U). If it is presented with a 
mixture of five parts ADP and one part CDP, it makes a 
polymer in which about five-sixths of the residues are 
adenylate and one-sixth are cytidylate. This random 
polymer is likely to have many triplets of the sequence 
AAA, smaller numbers of AAC, ACA, and CAA triplets, 
relatively few ACC, CCA, and CAC triplets, and very few 
CCC triplets (Table 27–1). Using a variety of artificial 
mRNAs made by polynucleotide phosphorylase from 
different starting mixtures of ADP, GDP, UDP, and 
CDP, the Nirenberg and Ochoa groups soon identified 
the base compositions of the triplets coding for almost 
all the amino acids. Although these experiments 
revealed the base composition of the coding triplets, 
they usually could not reveal the sequence of the bases.

KEY CONVENTION: Much of the following discussion deals 
with tRNAs. The amino acid specified by a tRNA is indi-
cated by a superscript, such as tRNAAla, and the amino-
acylated tRNA by a hyphenated name: alanyl-tRNAAla or 
Ala-tRNAAla. ■

A codon is a triplet of nucleotides that codes for a spe-
cific amino acid. Translation occurs in such a way that 
these nucleotide triplets are read in a successive, non-
overlapping fashion. A specific first codon in the 
sequence establishes the reading frame, in which a 
new codon begins every three nucleotide residues. 
There is no punctuation between codons for successive 
amino acid residues. The amino acid sequence of a pro-
tein is defined by a linear sequence of contiguous trip-
lets. In principle, any given single-stranded DNA or 
mRNA sequence has three possible reading frames. 
Each reading frame gives a different sequence of 
codons (Fig. 27–5), but only one is likely to encode a 
given protein. A key question remained: what were the 
three-letter code words for each amino acid?

 In 1961 Marshall Niren-
berg and Heinrich Matthaei 
reported the first break-
through. They incubated syn-
thetic 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 labeled 
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 radio-
active polypeptide was indeed formed in only one of the 
20 tubes, the one containing radioactive phenylalanine. 
Nirenberg and Matthaei therefore concluded that the 
triplet codon UUU encodes phenylalanine. The same 
approach soon revealed that polycytidylate, poly(C), 

Marshall Nirenberg
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The language of nucleic 
acids in translated into the 
language of proteins

Nucleic acids have a 4 
letter language

Proteins have a 20 letter 
language
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If 3 RNA bases code 
for 1 amino acid, RNA 
could code for 43 = 64 
amino acids. More 
than enough coding 
capacity for 20 amino 
acids

Code is redundant for 
most amino acids
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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 code 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. 
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• Striking feature of the genetic code is that an 
amino acid may be specified by more than one 
codon, so the code is described as degenerate. 
This does not suggest that the code is flawed: 
although an amino acid may have two or more 
codons, each codon specifies only one amino 
acid. 

• The genetic code is nearly universal. With the 
intriguing exception of a few minor variations in 
mitochondria, some bacteria, and some single-
cell eukaryotes, amino acid codons are identical 
in all species examined so far. 
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the codon) 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 (wobble) nucleotide of an anticodon, 
three different codons can be recognized—the 
maximum number for any tRNA. These 
relationships are summarized in Table 27–4.

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 wobble (or third) base of the codon contributes 
to specificity, but, because it pairs only loosely with its 
corresponding base in the anticodon, it permits rapid dis-
sociation of the tRNA from its codon during protein syn-
thesis. If all three bases of a codon engaged in strong 
Watson-Crick pairing with the three bases of the antico-
don, tRNAs would dissociate too slowly and this would 
limit the rate of protein synthesis. Codon-anticodon inter-
actions balance the requirements for accuracy and speed.

The Genetic Code Is Mutation-Resistant
The genetic code plays an interesting role in safeguarding 
the genomic integrity of every living organism. Evolution 
did not produce a code in which codon assignments 

which contains the uncommon base hypoxanthine (see 
Fig. 8–5b). Inosinate can form hydrogen bonds with 
three different nucleotides (U, C, and A; Fig. 27–8b), 
although these pairings are much weaker than the 
hydrogen bonds of Watson-Crick base pairs GqC and 
APU. In yeast, one tRNAArg has the anticodon (59)ICG, 
which recognizes three arginine codons: (59)CGA,
(59)CGU, and (59)CGC. The first two bases are identi-
cal (CG) and form strong Watson-Crick base pairs with 
the corresponding bases of the anticodon, but the third 
base (A, U, or C) forms rather weak hydrogen bonds 
with the I residue at the first position of the anticodon.
 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; to use his picturesque word, the 
third base of such codons (and the first base of their 
corresponding anticodons) “wobbles.” 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 (reading in the 
59S39 direction; this pairs with the third base of 
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FIGURE 27–8 Pairing relationship of codon and anticodon. (a) Align-
ment of the two RNAs is antiparallel. The tRNA is shown in the traditional 
cloverleaf configuration. (b) Three different codon pairing relationships 
are possible when the tRNA anticodon contains inosinate.

TABLE 27–4   How the Wobble Base of the Anticodon 
Determines the Number of Codons a tRNA 
Can Recognize

1. One codon recognized:

 Anticodon (39) X2Y2 C (59) (39) X2Y2 A (59)
  – – – – – –
  – – – – – –
  – – – – – –
 Codon (59) X92Y92G (39) (59) X92Y92U (39)

2. Two codons recognized:

 Anticodon (39) X2Y2 U (59) (39) X2Y2G (59)
  – – – – – –
  – – – – – –
  – – – – – –
 Codon (59) X92Y92A

G  (39) (59) X92Y92C
U (39)

3. Three codons recognized:

 Anticodon (39) X2Y2 I  (59)
  – – –
  – – –
  – – –

 Codon (59) X92Y92
A
U
C

  (39)

Note: X and Y denote bases complementary to and capable of strong Watson-Crick base 
pairing with X9 and Y9, respectively. Wobble bases—in the 39 position of codons and 59 
position of anticodons—are shaded in white.
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When several different
codons specify one
amino acid, the 
difference between
them usually lies at the 
third base position (at
the 3’ end). (I=Inosine)



the third base of most codons pairs rather
loosely with the corresponding base of its
anticodon; the third base of such codons (and 
the first base of their corresponding anticodons)  
is called “wobbles.” 
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the codon) 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 (wobble) nucleotide of an anticodon, 
three different codons can be recognized—the 
maximum number for any tRNA. These 
relationships are summarized in Table 27–4.

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 
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to specificity, but, because it pairs only loosely with its 
corresponding base in the anticodon, it permits rapid dis-
sociation of the tRNA from its codon during protein syn-
thesis. If all three bases of a codon engaged in strong 
Watson-Crick pairing with the three bases of the antico-
don, tRNAs would dissociate too slowly and this would 
limit the rate of protein synthesis. Codon-anticodon inter-
actions balance the requirements for accuracy and speed.
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The genetic code plays an interesting role in safeguarding 
the genomic integrity of every living organism. Evolution 
did not produce a code in which codon assignments 
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three different nucleotides (U, C, and A; Fig. 27–8b), 
although these pairings are much weaker than the 
hydrogen bonds of Watson-Crick base pairs GqC and 
APU. In yeast, one tRNAArg has the anticodon (59)ICG, 
which recognizes three arginine codons: (59)CGA,
(59)CGU, and (59)CGC. The first two bases are identi-
cal (CG) and form strong Watson-Crick base pairs with 
the corresponding bases of the anticodon, but the third 
base (A, U, or C) forms rather weak hydrogen bonds 
with the I residue at the first position of the anticodon.
 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; to use his picturesque word, the 
third base of such codons (and the first base of their 
corresponding anticodons) “wobbles.” 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 (reading in the 
59S39 direction; this pairs with the third base of 
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FIGURE 27–8 Pairing relationship of codon and anticodon. (a) Align-
ment of the two RNAs is antiparallel. The tRNA is shown in the traditional 
cloverleaf configuration. (b) Three different codon pairing relationships 
are possible when the tRNA anticodon contains inosinate.

TABLE 27–4   How the Wobble Base of the Anticodon 
Determines the Number of Codons a tRNA 
Can Recognize

1. One codon recognized:

 Anticodon (39) X2Y2 C (59) (39) X2Y2 A (59)
  – – – – – –
  – – – – – –
  – – – – – –
 Codon (59) X92Y92G (39) (59) X92Y92U (39)

2. Two codons recognized:

 Anticodon (39) X2Y2 U (59) (39) X2Y2G (59)
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 Anticodon (39) X2Y2 I  (59)
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Note: X and Y denote bases complementary to and capable of strong Watson-Crick base 
pairing with X9 and Y9, respectively. Wobble bases—in the 39 position of codons and 59 
position of anticodons—are shaded in white.
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• wobble hypothesis: 
1. The first two bases of a mRNA codon always

form strong Watson-Crick base pairs with the 
corresponding bases of the tRNA anticodon
and confer most of the coding specificity. 
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• wobble hypothesis: 
2. The first base of the anticodon (reading in the 

5’è3’ direction; this pairs with the third base of 
the codon) determines the number of codons
recognized by the tRNA. 

The Genetic Code
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the codon) 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 (wobble) nucleotide of an anticodon, 
three different codons can be recognized—the 
maximum number for any tRNA. These 
relationships are summarized in Table 27–4.
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the first two bases require different tRNAs.
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Watson-Crick pairing with the three bases of the antico-
don, tRNAs would dissociate too slowly and this would 
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actions balance the requirements for accuracy and speed.
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did not produce a code in which codon assignments 
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hydrogen bonds of Watson-Crick base pairs GqC and 
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the corresponding bases of the anticodon, but the third 
base (A, U, or C) forms rather weak hydrogen bonds 
with the I residue at the first position of the anticodon.
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most codons pairs rather loosely with the corresponding 
base of its anticodon; to use his picturesque word, the 
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confer most of the coding specificity.
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TABLE 27–4   How the Wobble Base of the Anticodon 
Determines the Number of Codons a tRNA 
Can Recognize

1. One codon recognized:

 Anticodon (39) X2Y2 C (59) (39) X2Y2 A (59)
  – – – – – –
  – – – – – –
  – – – – – –
 Codon (59) X92Y92G (39) (59) X92Y92U (39)

2. Two codons recognized:

 Anticodon (39) X2Y2 U (59) (39) X2Y2G (59)
  – – – – – –
  – – – – – –
  – – – – – –
 Codon (59) X92Y92A

G  (39) (59) X92Y92C
U (39)

3. Three codons recognized:

 Anticodon (39) X2Y2 I  (59)
  – – –
  – – –
  – – –

 Codon (59) X92Y92
A
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Note: X and Y denote bases complementary to and capable of strong Watson-Crick base 
pairing with X9 and Y9, respectively. Wobble bases—in the 39 position of codons and 59 
position of anticodons—are shaded in white.
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(APOBEC) family of enzymes, which includes the 
related activation-induced deaminase (AID) enzymes. 
Both groups of deaminase enzymes have a homologous 
zinc-coordinating catalytic domain.
 A well-studied example of RNA editing by deamina-
tion occurs in the gene for the apolipoprotein B compo-
nent of low-density lipoprotein in vertebrates. One form 
of apolipoprotein B, apoB-100 (Mr 513,000), is synthe-
sized in the liver; a second form, apoB-48 (Mr 250,000), 
is synthesized in the intestine. Both are encoded by an 
mRNA produced from the gene for apoB-100. An APO-
BEC cytidine deaminase found only in the intestine 
binds to the mRNA at the codon for amino acid residue 
2,153 (CAA 5 Gln) and converts the C to a U to create 
the termination codon UAA. The apoB-48 produced in 

frame of the transcript. Figure 27–10 shows the added 
U residues in the small part of the transcript that is 
affected by editing. Note that the base pairing between 
the initial transcript and the guide RNA involves a num-
ber of GPU base pairs (blue dots), which are common 
in RNA molecules.
 RNA editing by alteration of nucleotides most com-
monly involves the enzymatic deamination of adenosine 
or cytidine residues, forming inosine or uridine, respec-
tively (Fig. 27–11), although other base changes have 
been described. Inosine is interpreted as a G residue 
during translation. The adenosine deamination reac-
tions are carried out by adenosine deaminases that act 
on RNA (ADARs). The cytidine deaminations are car-
ried out by the apoB mRNA editing catalytic peptide 

FIGURE 27–10 RNA editing of the transcript of 
the cytochrome oxidase subunit II gene from 
Trypanosoma brucei mitochondria. (a) Inser-
tion of four U residues (red) produces a revised 
reading frame. (b) A special class of guide 
RNAs, complementary to the edited product, 
act as templates for the editing process. Note 
the presence of two GPU base pairs, signified 
by a blue dot to indicate non-Watson-Crick 
pairing.
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FIGURE 27–11 Deamination reactions that result in RNA editing. (a) The 
conversion of adenosine nucleotides to inosine nucleotides is catalyzed 

by ADAR enzymes. (b) Cytidine-to-uridine conversions are catalyzed by 
the APOBEC family of enzymes.
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• wobble hypothesis: 
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
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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 ami-
noacyl-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 Ribosome Recycling Completion of 
the polypeptide chain is signaled by a termination 
codon in the mRNA. The new polypeptide is released 
from the ribosome, aided by proteins called release fac-
tors, and the ribosome is recycled for another round of 
synthesis.

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. 

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 infor-
mation 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, not on the ribosome. 
Each of the 20 amino acids is covalently attached to a 
specific tRNA at the expense of ATP energy, using 
Mg21-dependent activating enzymes known as aminoacyl-
tRNA 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 synthesized 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 

FIGURE 27–13 An overview of the five stages of protein synthesis. 1 
The tRNAs are aminoacylated. 2 Translation initiation occurs when an 
mRNA and an aminoacylated tRNA are bound to the ribosome. 3 In 
elongation, the ribosome moves along the mRNA, matching tRNAs to 
each codon and catalyzing peptide bond formation. 4 Translation is 

terminated at a stop codon, and the ribosomal subunits are released 
and recycled for another round of protein synthesis. 5 Following synthesis, 
the protein must fold into its active conformation and ribosome compo-
nents are recycled.
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 Number of  Total number Protein Number and
Subunit different proteins of proteins designations type of rRNAs
30S 21 21 S1–S21 1 (16S rRNA)

50S 33 36 L1–L36* 2 (5S and 23S rRNAs)

*The L1 to L36 protein designations do not correspond to 36 different proteins. The protein originally designated L7 is in fact a modified 
form of L12, and L8 is a complex of three other proteins. Also, L26 proved to be the same protein as S20 (and not part of the 50S subunit). 
This gives 33 different proteins in the large subunit. There are four copies of the L7/L12 protein, with the three extra copies bringing the 
total protein count to 36.

TABLE 27–6   RNA and Protein Components of the E. coli Ribosome

elements in the complex, decorating the surface. Second 
and most important, there is no protein within 18 Å of 
the active site for peptide bond formation. The high-
resolution structure thus confirms what Harry Noller 
had predicted much earlier: the ribosome is a ribozyme. 
In addition to the insight that the detailed structures 
of the ribosome and its subunits provide into the mecha-
nism of protein synthesis (as elaborated below), they 
have stimulated a new look at the evolution of life (Box 

27–2). The ribosomes of eukaryotic cells 
have also yielded to structural analysis 
(Fig. 27–14b).
 The bacterial ribosome is complex, 
with a combined molecular weight of ,2.7 
million. The two irregularly shaped ribo-
somal subunits fit together to form a cleft 
through which the mRNA passes as the 
ribosome moves along it during translation 
(Fig. 27–14a). The 57 proteins in bacterial 
ribosomes vary enormously in size and 
structure. Molecular weights range from 

 The dawn of a new millennium brought with it the 
elucidation of the first high-resolution structures of bac-
terial ribosomal subunits by Thomas Steitz, Ada Yonath, 
Venki Ramakrishnan, Harry Noller, and others. This 
work yielded a wealth of surprises (Fig. 27–14a). First, 
a traditional focus on the protein components of ribo-
somes was shifted. The ribosomal subunits are huge 
RNA molecules. In the 50S subunit, the 5S and 23S rRNAs 
form the structural core. The proteins are secondary 

Venkatraman Ramakrishnan Thomas A. Steitz Ada E. Yonath

FIGURE 27–14 The structure of ribosomes. Our understanding of ribo-
some structure has been greatly enhanced by multiple high-resolution 
images of the ribosomes from bacteria and yeast. (a) The bacterial ribo-
some (derived from PDB ID 2OW8 and PDB ID 1VSA). The 50S and 30S 

subunits come together to form the 70S ribosome. A cleft between them 
is where protein synthesis occurs. (b) The yeast ribosome has a similar 
structure with somewhat increased complexity (derived from PDB ID 
3O58 and PDB ID 3O2Z).
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and simpler than bacterial ribosomes. Nevertheless, ribo-
somal structure and function are strikingly similar in all 
organisms and organelles.

Transfer RNAs Have Characteristic Structural Features
To understand how tRNAs can serve as adaptors in 
translating the language of nucleic acids into the lan-
guage of proteins, we must first examine their structure 
in more detail. Transfer RNAs are relatively small and 
consist of a single strand of RNA folded into a precise 
three-dimensional structure (see Fig. 8–25a). 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. Mitochondria 
and chloroplasts contain distinctive, somewhat smaller 
tRNAs. 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 (some recognize more than 
one codon), but some cells use more than 32.
 Yeast alanine tRNA (tRNAAla) was the first nucleic 
acid to be completely sequenced, by Robert Holley in 
1965. It contains 76 nucleotide 
residues, 10 of which have modi-
fied bases. Comparisons of 
tRNAs from various species have 
revealed many common struc-
tural features (Fig. 27–17). 
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 59 end, and all have the tri-
nucleotide sequence CCA(39) at the 39 end. When 
drawn in two dimensions, the hydrogen-bonding pat-
tern 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 (Fig. 27–18).
 Two of the arms of a tRNA are critical for its adap-
tor function. The amino acid arm can carry a specific 
amino acid esterified by its carboxyl group to the 29- 
or 39-hydroxyl group of the A residue at the 39 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 T!C 
arm, which contains ribothymidine (T), not usually 
present in RNAs, and pseudouridine (!), which has an 
unusual carbon–carbon bond between the base and 
ribose (see Fig. 26–22). The D and T!C arms contribute 
important interactions for the overall folding of tRNA 
molecules, and the T!C arm interacts with the large-
subunit rRNA.
 Having looked at the structures of ribosomes and 
tRNAs, we now consider in detail the five stages of pro-
tein synthesis.

Bacteria

Archaea

Eukaryotes

FIGURE 27–15 Conservation of secondary structure in the small subunit 
rRNAs from the three domains of life. The red, yellow, and purple indi-
cate areas where the structures of the rRNAs from bacteria, archaea, and 
eukaryotes have diverged. Conserved regions are shown in green.

Bacterial ribosome
70S

Mr 2.7 ! 106

Eukaryotic ribosome
80S

Mr 4.2 ! 106

50S 60S

Mr 1.8 ! 106

5S rRNA
(120 nucleotides)
23S rRNA
(3,200 nucleotides)
36 proteins 

Mr 2.8 ! 106

5S rRNA
(120 nucleotides)
28S rRNA
(4,700 nucleotides)
5.8S rRNA
(160 nucleotides)
47 proteins

30S 40S

Mr 0.9 ! 106

16S rRNA
(1,540 nucleotides)
21 proteins

Mr 1.4 ! 106

18S rRNA
(1,900 nucleotides)
33 proteins

FIGURE 27–16 Summary of the composition and mass of ribosomes in 
bacteria 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 S values are not additive when sub-
units are combined, because S values are approximately proportional to 
the 2/3 power of molecular weight and are also slightly affected by shape.

Robert W. Holley, 
1922–1993
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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 ester-
ify 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 
aminoacyl-tRNA 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 synthe-
tases of E. coli have been determined. Researchers 
have divided them into two classes (Table 27–7) based 
on substantial differences in primary and tertiary struc-
ture and in reaction mechanism (Fig. 27–19); these 
two classes are the same in all organisms. There is no 

FIGURE 27–17 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 residues common 
to all tRNAs are shaded in light red. Transfer RNAs vary in length from 
73 to 93 nucleotides. Extra nucleotides occur in the extra arm or in the 
D arm. 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, depending on the tRNA. In some tRNAs, 
the D arm has only three hydrogen-bonded base pairs. Symbols are: Pu, 
purine nucleotide; Py, pyrimidine nucleotide; !, pseudouridylate; G*, either 
guanylate or 29-O-methylguanylate.

FIGURE 27–18 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 identified in Figure 27–17 

shaded in different colors. (b) A space-filling model, with the same color 
coding (PDB ID 4TRA). The CCA sequence at the 39 end (purple) is the 
attachment point for the amino acid.

 Class I Class II
 Arg Leu Ala Lys

 Cys Met Asn Phe

 Gln Trp Asp Pro

 Glu Tyr Gly Ser

 Ile Val His Thr

Note: Here, Arg represents arginyl-tRNA synthetase, and so forth. The classification applies 
to all organisms for which tRNA synthetases have been analyzed and is based on protein 
structural distinctions and on the mechanistic distinction outlined in Figure 27–19.

TABLE 27–7   The Two Classes of Aminoacyl-tRNA 
Synthetases
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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 ester-
ify 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 
aminoacyl-tRNA 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 synthe-
tases of E. coli have been determined. Researchers 
have divided them into two classes (Table 27–7) based 
on substantial differences in primary and tertiary struc-
ture and in reaction mechanism (Fig. 27–19); these 
two classes are the same in all organisms. There is no 

FIGURE 27–17 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 residues common 
to all tRNAs are shaded in light red. Transfer RNAs vary in length from 
73 to 93 nucleotides. Extra nucleotides occur in the extra arm or in the 
D arm. 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, depending on the tRNA. In some tRNAs, 
the D arm has only three hydrogen-bonded base pairs. Symbols are: Pu, 
purine nucleotide; Py, pyrimidine nucleotide; !, pseudouridylate; G*, either 
guanylate or 29-O-methylguanylate.

FIGURE 27–18 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 identified in Figure 27–17 

shaded in different colors. (b) A space-filling model, with the same color 
coding (PDB ID 4TRA). The CCA sequence at the 39 end (purple) is the 
attachment point for the amino acid.

 Class I Class II
 Arg Leu Ala Lys

 Cys Met Asn Phe

 Gln Trp Asp Pro

 Glu Tyr Gly Ser

 Ile Val His Thr

Note: Here, Arg represents arginyl-tRNA synthetase, and so forth. The classification applies 
to all organisms for which tRNA synthetases have been analyzed and is based on protein 
structural distinctions and on the mechanistic distinction outlined in Figure 27–19.

TABLE 27–7   The Two Classes of Aminoacyl-tRNA 
Synthetases
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• Stage 1: Activation of amino acids_1
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 aminoacyl-tRNA synthetase for 
each amino acid. For amino acids with two or more 
corresponding tRNAs, the same enzyme usually 
aminoacylates all of them. 

Protein Synthesis
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3# OOH of the 3#-terminal A residue of tRNA, 
generating the aminoacyl-tRNA product.

Transesterification moves 
aminoacyl group to 3# OOH 
of the same tRNA residue, 
generating the aminoacyl-
tRNA product.

MECHANISM FIGURE 27–19 Aminoacylation 
of tRNA by aminoacyl-tRNA synthetases. 
Step 1 is formation of an aminoacyl adenyl-
ate, which remains bound to the active site. In 
the second step the aminoacyl group is trans-
ferred to the tRNA. The mechanism of this 
step is somewhat different for the two classes 
of aminoacyl-tRNA synthetases (see Table 
27–7). For class I enzymes, {2a  the aminoacyl 
group is transferred initially to the 29-hydroxyl 
group of the 39-terminal A residue, then 
{3a  to the 39-hydroxyl group by a transesteri-
fication reaction. For class II enzymes, {2b  the 
aminoacyl group is transferred directly to the 
39-hydroxyl group of the terminal adenylate.
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of tRNA by aminoacyl-tRNA synthetases. 
Step 1 is formation of an aminoacyl adenyl-
ate, which remains bound to the active site. In 
the second step the aminoacyl group is trans-
ferred to the tRNA. The mechanism of this 
step is somewhat different for the two classes 
of aminoacyl-tRNA synthetases (see Table 
27–7). For class I enzymes, {2a  the aminoacyl 
group is transferred initially to the 29-hydroxyl 
group of the 39-terminal A residue, then 
{3a  to the 39-hydroxyl group by a transesteri-
fication reaction. For class II enzymes, {2b  the 
aminoacyl group is transferred directly to the 
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Proofreading by aminoacyl-tRNA synthetases:
• 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. 

Protein Synthesis
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as the “second genetic code,” reflecting its critical role 
in maintaining the accuracy of protein synthesis. The 
“coding” rules appear to be more complex than those in 
the “first” code.
 Figure 27–21 summarizes what we know about 
the nucleotides involved in recognition by some 
aminoacyl-tRNA synthetases. Some nucleotides are 
conserved in all tRNAs and therefore cannot be used 
for discrimination. By observing changes in nucleotides 
that alter substrate specificity, researchers have identi-
fied nucleotide positions that are involved in discrimi-
nation by the aminoacyl-tRNA synthetases. These 
nucleotide positions seem to be concentrated in the 
amino acid arm and the anticodon arm, including the 
nucleotides of the anticodon itself, but are also located 
in other parts of the tRNA molecule. Determination of 
the crystal structures of aminoacyl-tRNA synthetases 
complexed with their cognate tRNAs and ATP has 
added a great deal to our understanding of these inter-
actions (Fig. 27–22).
 Ten or more specific nucleotides may be involved in 
recognition of a tRNA by its specific aminoacyl-tRNA syn-
thetase. But in a few cases the recognition mechanism is 
quite simple. Across a range of organisms from bacteria to 
humans, the primary determinant of tRNA recognition by 
the Ala-tRNA synthetases is a single GPU base pair in the 

overall process. The few aminoacyl-tRNA synthetases 
that activate amino acids with no close structural relatives 
(Cys-tRNA synthetase, for example) demonstrate little or 
no proofreading activity; in these cases, the active site for 
aminoacylation can sufficiently discriminate between the 
proper substrate and any incorrect amino acid.
 The overall error rate of protein synthesis (,1 mis-
take per 104 amino acids incorporated) is not nearly as 
low as that of DNA replication. Because flaws in a pro-
tein are eliminated when the protein is degraded and 
are not passed on to future generations, they have less 
biological significance. The degree of fidelity in protein 
synthesis is sufficient to ensure that most proteins con-
tain no mistakes and that the large amount of energy 
required to synthesize a protein is rarely wasted. One 
defective protein molecule is usually unimportant when 
many correct copies of the same protein are present.

Interaction between an Aminoacyl-tRNA Synthetase and a tRNA: 
A “Second Genetic Code” An individual aminoacyl-tRNA 
synthetase must be specific not only for a single amino 
acid but for certain tRNAs as well. Discriminating 
among dozens of tRNAs is just as important for the 
overall fidelity of protein biosynthesis as is distinguish-
ing among amino acids. The interaction between amino-
acyl-tRNA synthetases and tRNAs has been referred to 

(a) (b)

3!

3!5!

5!

Amino acid arm

Amino acid arm

TwC arm

TwC arm

Extra arm

Anticodon arm

Anticodon arm
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FIGURE 27–21 Nucleotide positions in tRNAs that are recognized by 
aminoacyl-tRNA synthetases. (a) Some positions (purple 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 (blue) aminoacyl-tRNA synthetases. Structural features other 

than sequence are important for recognition by some of the synthetases. 
(b) (PDB ID 1EHZ) The same structural features are shown in three dimen-
sions, with the orange and blue residues again representing positions 
recognized by one or more aminoacyl-tRNA synthetases, respectively.
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orange and blue regions are the parts of tRNAs that are recognized by 
aminoacyl-tRNA synthetases with the correspondent amino acid 



Initiation_1: The AUG initiation codon 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. The amino acid incorporated in 
response to the (5’)AUG initiation codon is N-
formylmethionine (fMet). 

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

N10-Formyltetrahydrofolate 1 Met-tRNAfMet ¡
tetrahydrofolate 1 fMet-tRNAfMet

The transformylase is more selective than the Met-
tRNA synthetase; it is specific for Met residues attached 
to tRNAfMet, presumably recognizing some unique struc-
tural feature of that tRNA. By contrast, Met-tRNAMet 
inserts methionine in interior positions in polypeptides.

N-Formylmethionine
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H O

S

CH2

CH2

CH3

C
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H

 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 ribo-
somal 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 ini-
tiating tRNA that is distinct from the tRNAMet used at 
(59)AUG codons at interior positions in the mRNA. Poly-
peptides synthesized by mitochondrial and chloroplast 
ribosomes, however, begin with N-formylmethionine. 
This strongly supports the view that mitochondria and 
chloroplasts originated from bacterial ancestors that 
were symbiotically incorporated into precursor eukary-
otic cells at an early stage of evolution (see Fig. 1–38).
 How can the single (59)AUG codon determine 
whether a starting N-formylmethionine (or methionine, 
in eukaryotes) or an interior Met residue is ultimately 
inserted? The details of the initiation process provide 
the answer.

The Three Steps of Initiation The initiation of polypeptide 
synthesis in bacteria requires (1) the 30S ribosomal 
subunit, (2) the mRNA coding for the polypeptide to be 
made, (3) the initiating fMet-tRNAfMet, (4) a set of three 
proteins called initiation factors (IF-1, IF-2, and IF-3), 
(5) GTP, (6) the 50S ribosomal subunit, and (7) Mg21. 
Formation of the initiation complex takes place in three 
steps (Fig. 27–25).
 In step 1 the 30S ribosomal subunit binds two 
initiation factors, IF-1 and IF-3. Factor IF-3 prevents 
the 30S and 50S subunits from combining prematurely. 
The mRNA then binds to the 30S subunit. The initiating 
(59)AUG is guided to its correct position by the Shine-
Dalgarno sequence (named for Australian researchers 
John Shine and Lynn Dalgarno, who identified it) in the 

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, as 
determined by Howard Dintzis in 1961 (Fig. 27–24). 
The AUG initiation codon thus specifies an amino-ter-
minal methionine residue. Although methionine has 
only one codon, (59)AUG, all organisms have two tRNAs 
for methionine. One is used exclusively when (59)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.
 The distinction between an initiating (59)AUG 
and an internal one is straightforward. In bacteria, the 
two types of tRNA specific for methionine are designated 
tRNAMet and tRNAfMet. The amino acid incorporated 
in response to the (59)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 (which in E. coli aminoacylates both 
tRNAfMet and tRNAMet):

Methionine 1 tRNAfMet 1 ATP ¡
Met-tRNAfMet 1 AMP 1 PPi

4 min

Amino terminus Carboxyl terminus

Direction of chain growth 

7 min

16 min

60 min
146

Residue number
1

FIGURE 27–24 Proof that polypeptides grow by addition of amino acid 
residues to the carboxyl end: the Dintzis experiment. Reticulocytes (im-
mature erythrocytes) actively synthesizing hemoglobin were incubated 
with radioactive leucine (selected because it occurs frequently in both the 
!- and "-globin chains). Samples of completed ! chains were isolated 
from the reticulocytes at various times afterward, and the distribution 
of radioactivity was determined. The dark red zones show the portions 
of completed !-globin chains containing radioactive Leu residues. At 4 
min, only a few residues at the carboxyl end of !-globin were labeled, be-
cause the only complete globin chains with incorporated label after 4 min 
were those that had nearly completed synthesis at the time the label was 
added. With longer incubation times, successively longer segments of the 
polypeptide contained labeled residues, always in a block at the carboxyl 
end of the chain. The unlabeled end of the polypeptide (the amino termi-
nus) was thus defined as the initiating end, which means that polypep-
tides grow by successive addition of amino acids to the carboxyl end.
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N10-formyltetrahydrofolate to the amino group of the 
Met residue:

N10-Formyltetrahydrofolate 1 Met-tRNAfMet ¡
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allowing fMet-tRNAfMet to be bound at a specific ribo-
somal 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 ini-
tiating tRNA that is distinct from the tRNAMet used at 
(59)AUG codons at interior positions in the mRNA. Poly-
peptides synthesized by mitochondrial and chloroplast 
ribosomes, however, begin with N-formylmethionine. 
This strongly supports the view that mitochondria and 
chloroplasts originated from bacterial ancestors that 
were symbiotically incorporated into precursor eukary-
otic cells at an early stage of evolution (see Fig. 1–38).
 How can the single (59)AUG codon determine 
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in eukaryotes) or an interior Met residue is ultimately 
inserted? The details of the initiation process provide 
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synthesis in bacteria requires (1) the 30S ribosomal 
subunit, (2) the mRNA coding for the polypeptide to be 
made, (3) the initiating fMet-tRNAfMet, (4) a set of three 
proteins called initiation factors (IF-1, IF-2, and IF-3), 
(5) GTP, (6) the 50S ribosomal subunit, and (7) Mg21. 
Formation of the initiation complex takes place in three 
steps (Fig. 27–25).
 In step 1 the 30S ribosomal subunit binds two 
initiation factors, IF-1 and IF-3. Factor IF-3 prevents 
the 30S and 50S subunits from combining prematurely. 
The mRNA then binds to the 30S subunit. The initiating 
(59)AUG is guided to its correct position by the Shine-
Dalgarno sequence (named for Australian researchers 
John Shine and Lynn Dalgarno, who identified it) in the 

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, as 
determined by Howard Dintzis in 1961 (Fig. 27–24). 
The AUG initiation codon thus specifies an amino-ter-
minal methionine residue. Although methionine has 
only one codon, (59)AUG, all organisms have two tRNAs 
for methionine. One is used exclusively when (59)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.
 The distinction between an initiating (59)AUG 
and an internal one is straightforward. In bacteria, the 
two types of tRNA specific for methionine are designated 
tRNAMet and tRNAfMet. The amino acid incorporated 
in response to the (59)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 (which in E. coli aminoacylates both 
tRNAfMet and tRNAMet):
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FIGURE 27–24 Proof that polypeptides grow by addition of amino acid 
residues to the carboxyl end: the Dintzis experiment. Reticulocytes (im-
mature erythrocytes) actively synthesizing hemoglobin were incubated 
with radioactive leucine (selected because it occurs frequently in both the 
!- and "-globin chains). Samples of completed ! chains were isolated 
from the reticulocytes at various times afterward, and the distribution 
of radioactivity was determined. The dark red zones show the portions 
of completed !-globin chains containing radioactive Leu residues. At 4 
min, only a few residues at the carboxyl end of !-globin were labeled, be-
cause the only complete globin chains with incorporated label after 4 min 
were those that had nearly completed synthesis at the time the label was 
added. With longer incubation times, successively longer segments of the 
polypeptide contained labeled residues, always in a block at the carboxyl 
end of the chain. The unlabeled end of the polypeptide (the amino termi-
nus) was thus defined as the initiating end, which means that polypep-
tides grow by successive addition of amino acids to the carboxyl end.
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Bacteria uses an enzyme called transformylase
to transfer a formyl group to Met (AUG.)

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. 
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mRNA. This consensus sequence is an initiation signal 
of four to nine purine residues, 8 to 13 bp to the 59 side 
of the initiation codon (Fig. 27–26a). The sequence 
base-pairs with a complementary pyrimidine-rich 
sequence near the 39 end of the 16S rRNA of the 30S 
ribosomal subunit (Fig. 27–26b). This mRNA-rRNA 
interaction positions the initiating (59)AUG sequence 
of the mRNA in the precise position on the 30S subunit 
where it is required for initiation of translation. The 
particular (59)AUG where fMet-tRNAfMet is to be bound 
is distinguished from other methionine codons by its 
proximity to the Shine-Dalgarno sequence in the 
mRNA.
 Bacterial ribosomes have three sites that bind 
tRNAs, the aminoacyl (A) site, the peptidyl (P) 
site, and the exit (E) site. The A and P sites bind to 
aminoacyl-tRNAs, whereas the E site binds only to 
uncharged tRNAs that have completed their task on 
the ribosome. Both the 30S and the 50S subunits con-
tribute to the characteristics of the A and P sites, 
whereas the E site is largely confined to the 50S sub-
unit. The initiating (59)AUG is positioned at the P site, 
the only site to which fMet-tRNAfMet can bind (Fig. 
27–25). The fMet-tRNAfMet is the only aminoacyl-tRNA 
that binds first to the P site; during the subsequent 
elongation stage, all other incoming aminoacyl-tRNAs 
(including the Met-tRNAMet that binds to interior AUG 
codons) bind first to the A site and only subsequently 
to the P and E sites. The E site is the site from which 
the “uncharged” tRNAs leave during elongation. Factor 
IF-1 binds at the A site and prevents tRNA binding at 
this site during initiation.
 In step 2 of the initiation process (Fig. 27–25), the 
complex consisting of the 30S ribosomal subunit, IF-3, 
and mRNA is joined by both GTP-bound IF-2 and the 
initiating fMet-tRNAfMet. The anticodon of this tRNA 
now pairs correctly with the mRNA’s initiation codon.
 In step 3 this large complex combines with the 50S 
ribosomal subunit; simultaneously, the GTP bound to 
IF-2 is hydrolyzed to GDP and Pi, which are released 
from the complex. All three initiation factors depart 
from the ribosome at this point.
 Completion of the steps in Figure 27–25 produces a 
functional 70S ribosome called the initiation com-
plex, containing the mRNA and the initiating fMet-
tRNAfMet. The correct binding of the fMet-tRNAfMet to 
the P site in the complete 70S initiation complex is 
assured by at least three points of recognition and 
attachment: the codon-anticodon interaction involving 
the initiation AUG fixed in the P site, interaction 
between the Shine-Dalgarno sequence in the mRNA and 
the 16S rRNA, and binding interactions between the 
ribosomal P site and the fMet-tRNAfMet. The initiation 
complex is now ready for elongation.

Initiation in Eukaryotic Cells Translation is generally similar 
in eukaryotic and bacterial cells; most of the significant 
differences are in the number of components and in 

FIGURE 27–25 Formation of the initiation complex in bacteria. The com-
plex forms in three steps (described in the text) at the expense of the 
hydrolysis of GTP to GDP and Pi. IF-1, IF-2, and IF-3 are initiation factors. E 
designates the exit site, P the peptidyl site, and A the aminoacyl site. Here 
the anticodon of the tRNA is oriented 39 to 59, left to right, as in Figure 
27–8 but opposite to the orientation in Figures 27–21 and 27–23.
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mRNA. This consensus sequence is an initiation signal 
of four to nine purine residues, 8 to 13 bp to the 59 side 
of the initiation codon (Fig. 27–26a). The sequence 
base-pairs with a complementary pyrimidine-rich 
sequence near the 39 end of the 16S rRNA of the 30S 
ribosomal subunit (Fig. 27–26b). This mRNA-rRNA 
interaction positions the initiating (59)AUG sequence 
of the mRNA in the precise position on the 30S subunit 
where it is required for initiation of translation. The 
particular (59)AUG where fMet-tRNAfMet is to be bound 
is distinguished from other methionine codons by its 
proximity to the Shine-Dalgarno sequence in the 
mRNA.
 Bacterial ribosomes have three sites that bind 
tRNAs, the aminoacyl (A) site, the peptidyl (P) 
site, and the exit (E) site. The A and P sites bind to 
aminoacyl-tRNAs, whereas the E site binds only to 
uncharged tRNAs that have completed their task on 
the ribosome. Both the 30S and the 50S subunits con-
tribute to the characteristics of the A and P sites, 
whereas the E site is largely confined to the 50S sub-
unit. The initiating (59)AUG is positioned at the P site, 
the only site to which fMet-tRNAfMet can bind (Fig. 
27–25). The fMet-tRNAfMet is the only aminoacyl-tRNA 
that binds first to the P site; during the subsequent 
elongation stage, all other incoming aminoacyl-tRNAs 
(including the Met-tRNAMet that binds to interior AUG 
codons) bind first to the A site and only subsequently 
to the P and E sites. The E site is the site from which 
the “uncharged” tRNAs leave during elongation. Factor 
IF-1 binds at the A site and prevents tRNA binding at 
this site during initiation.
 In step 2 of the initiation process (Fig. 27–25), the 
complex consisting of the 30S ribosomal subunit, IF-3, 
and mRNA is joined by both GTP-bound IF-2 and the 
initiating fMet-tRNAfMet. The anticodon of this tRNA 
now pairs correctly with the mRNA’s initiation codon.
 In step 3 this large complex combines with the 50S 
ribosomal subunit; simultaneously, the GTP bound to 
IF-2 is hydrolyzed to GDP and Pi, which are released 
from the complex. All three initiation factors depart 
from the ribosome at this point.
 Completion of the steps in Figure 27–25 produces a 
functional 70S ribosome called the initiation com-
plex, containing the mRNA and the initiating fMet-
tRNAfMet. The correct binding of the fMet-tRNAfMet to 
the P site in the complete 70S initiation complex is 
assured by at least three points of recognition and 
attachment: the codon-anticodon interaction involving 
the initiation AUG fixed in the P site, interaction 
between the Shine-Dalgarno sequence in the mRNA and 
the 16S rRNA, and binding interactions between the 
ribosomal P site and the fMet-tRNAfMet. The initiation 
complex is now ready for elongation.

Initiation in Eukaryotic Cells Translation is generally similar 
in eukaryotic and bacterial cells; most of the significant 
differences are in the number of components and in 

FIGURE 27–25 Formation of the initiation complex in bacteria. The com-
plex forms in three steps (described in the text) at the expense of the 
hydrolysis of GTP to GDP and Pi. IF-1, IF-2, and IF-3 are initiation factors. E 
designates the exit site, P the peptidyl site, and A the aminoacyl site. Here 
the anticodon of the tRNA is oriented 39 to 59, left to right, as in Figure 
27–8 but opposite to the orientation in Figures 27–21 and 27–23.
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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 (Fig. 27–29), the 
appropriate incoming aminoacyl-tRNA binds to a com-
plex 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.

Elongation Step 2: Peptide Bond Formation A peptide bond 
is now 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 

FIGURE 27–27 Initiation of protein synthesis in eukaryotes. The five 
steps are described in the text. Eukaryotic initiation factors mediate the 
association of first the charged initiator tRNA to form a 43S complex and 

then the mRNA (with the 5! cap shown in red) to form a 48S complex. The 
final initiation complex is formed as the 60S subunit associates, coupled 
with the release of most of the initiation factors.

FIGURE 27–28 Circularization of the mRNA in the eukaryotic initiation 
complex. The 39 and 59 ends of eukaryotic mRNAs are linked by the 
eIF4F complex of proteins. The eIF4E subunit binds to the 59 cap, and the 
eIF4G protein binds to the poly(A) binding protein (PABP) at the 39 end of 
the mRNA. The eIF4G protein also binds to eIF3, linking the circularized 
mRNA to the 40S subunit of the ribosome.
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Factor Function
Bacterial
IF-1  Prevents premature binding of 

 tRNAs to A site

IF-2  Facilitates binding of fMet-tRNAfMet 
 to 30S ribosomal subunit

IF-3  Binds to 30S subunit; prevents 
  premature association of 50S 

subunit; enhances specificity of P 
site for fMet-tRNAfMet

Eukaryotic
eIF1  Binds to the E site of the 40S 

  subunit; facilitates interaction 
between eIF2-tRNA-GTP ternary 
complex and the 40S subunit

eIF1A  Homolog of bacterial IF-1; prevents 
  premature binding of tRNAs to 

A site

eIF2  GTPase; facilitates binding of 
  initiating Met-tRNAMet to 40S 

ribosomal subunit

eIF2B*, eIF3  First factors to bind 40S subunit; 
 facilitate subsequent steps

eIF4F  Complex consisting of eIF4E, eIF4A, 
 and eIF4G

eIF4A  RNA helicase activity; removes 
  secondary structure in the mRNA 

to permit binding to 40S subunit; 
part of the eIF4F complex

eIF4B  Binds to mRNA; facilitates scanning 
 of mRNA to locate the first AUG

eIF4E  Binds to the 59 cap of mRNA; part of 
 the eIF4F complex

eIF4G  Binds to eIF4E and to poly(A) 
  binding protein (PABP); part of 

the eIF4F complex

eIF5*  Promotes dissociation of several 
  other initiation factors from 40S 

subunit as a prelude to association 
of 60S subunit to form 80S 
initiation complex

eIF5b  GTPase homologous to bacterial 
  IF-2; promotes dissociation of 

initiation factors prior to final 
ribosome assembly

*Not shown in Figure 27–27.

TABLE 27–8   Protein Factors Required for Initiation of 
Translation in Bacterial and Eukaryotic Cells

FIGURE 27–29 First elongation step in bacteria: binding of the second 
aminoacyl-tRNA. The second aminoacyl-tRNA (AA2) enters the A site of 
the ribosome bound to GTP-bound EF-Tu (shown here as Tu). 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. Accommodation involves a change in the second tRNA confor-
mation that pulls its aminoacyl end into the peptidyl transferase site.
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eIF1  Binds to the E site of the 40S 
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between eIF2-tRNA-GTP ternary 
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  initiating Met-tRNAMet to 40S 

ribosomal subunit

eIF2B*, eIF3  First factors to bind 40S subunit; 
 facilitate subsequent steps

eIF4F  Complex consisting of eIF4E, eIF4A, 
 and eIF4G

eIF4A  RNA helicase activity; removes 
  secondary structure in the mRNA 

to permit binding to 40S subunit; 
part of the eIF4F complex

eIF4B  Binds to mRNA; facilitates scanning 
 of mRNA to locate the first AUG

eIF4E  Binds to the 59 cap of mRNA; part of 
 the eIF4F complex

eIF4G  Binds to eIF4E and to poly(A) 
  binding protein (PABP); part of 

the eIF4F complex

eIF5*  Promotes dissociation of several 
  other initiation factors from 40S 

subunit as a prelude to association 
of 60S subunit to form 80S 
initiation complex

eIF5b  GTPase homologous to bacterial 
  IF-2; promotes dissociation of 

initiation factors prior to final 
ribosome assembly

*Not shown in Figure 27–27.

TABLE 27–8   Protein Factors Required for Initiation of 
Translation in Bacterial and Eukaryotic Cells

FIGURE 27–29 First elongation step in bacteria: binding of the second 
aminoacyl-tRNA. The second aminoacyl-tRNA (AA2) enters the A site of 
the ribosome bound to GTP-bound EF-Tu (shown here as Tu). 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. Accommodation involves a change in the second tRNA confor-
mation that pulls its aminoacyl end into the peptidyl transferase site.
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second codon in the P site. Movement of the ribosome 
along the mRNA requires EF-G (also known as translo-
case) 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 move-
ment along the mRNA. Because the structure of EF-G 
mimics the structure of the EF-Tu–tRNA complex (Fig. 
27–31b), EF-G can bind the A site and presumably dis-
place the peptidyl-tRNA.
 After translocation, the ribosome, with its attached 
dipeptidyl-tRNA and mRNA, is ready for the next elonga-
tion cycle and attachment of a third amino acid residue. 
This process occurs in the same way as addition of the 
second residue (as shown in Figs 27–29, 27–30, and 
27–31). For each amino acid residue correctly added to 
the growing polypeptide, two GTPs are hydrolyzed to 
GDP and Pi as the ribosome moves from codon to codon 
along the mRNA toward the 39 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 infor-
mation in the mRNA and its decoded polypeptide output. 
At the same time, 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 (Fig. 27–30). As the existing ester linkage between 

FIGURE 27–30 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 39 and 59 ends are in the E site. Similarly, the 39 and 59 
ends of the peptidyl tRNA shift to the P site. The anticodons remain in 
the P and A sites. Note the involvement of the 29-hydroxyl group of the 
39-terminal adenosine as a general acid-base catalyst in this reaction.

amino acid, now in the A site (Fig. 27–30). The !-amino 
group of the amino acid in the A site acts as a nucleo-
phile, 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 tRNAs then 
shift to a hybrid binding state, with elements of each 
spanning two different sites on the ribosome, as shown 
in Figure 27–30.
 The enzymatic activity that catalyzes peptide bond 
formation has historically been referred to as peptidyl 
transferase and was widely assumed to be intrinsic to 
one or more of the proteins in the large ribosomal sub-
unit. We now know that this reaction is catalyzed by the 
23S rRNA, adding to the known catalytic repertoire of 
ribozymes. This discovery has interesting implications 
for the evolution of life (see Box 27–2).

Elongation Step 3: Translocation In the final step of the 
elongation cycle, translocation, the ribosome moves 
one codon toward the 39 end of the mRNA (Fig. 
27–31a). 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 
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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 bacteria. Three eukaryotic elongation factors 
(eEF1!, eEF1"#, and eEF2) have functions analogous 
to those of the bacterial elongation factors (EF-Tu, 
EF-Ts, and EF-G, respectively). Eukaryotic ribosomes 
do not have an E site; uncharged tRNAs are expelled 
directly from the P site.

Proofreading on the Ribosome The GTPase activity of EF-Tu 
during the first step of elongation in bacterial cells (Fig. 
27–29) makes an important contribution to the rate and 
fidelity of the overall biosynthetic process. Both the 
EF-Tu–GTP and EF-Tu–GDP complexes exist for a few 
milliseconds before they dissociate. These two intervals 
provide opportunities for the codon-anticodon interac-
tions to be proofread. Incorrect aminoacyl-tRNAs nor-
mally dissociate from the A site during one of these 
periods. If the GTP analog guanosine 59-O-(3-thiotriphos-
phate) (GTP#S) is used in place of GTP, hydrolysis is 

FIGURE 27–31 Third elongation step in bacteria: translocation. (a) The 
ribosome moves one codon toward the 39 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 uncharged tRNA later dissociates from the E 
site, and the elongation cycle begins again. (b) The structure of EF-G 
mimics the structure of EF-Tu complexed with tRNA. Shown here are 
(left) EF-Tu complexed with tRNA (PDB ID 1B23) and (right) EF-G com-
plexed with GDP (PDB ID 1DAR). The carboxyl-terminal part of EF-G 
mimics the structure of the anticodon loop of tRNA in both shape and 
charge distribution.

c27ProteinMetabolism.indd Page 1133  18/10/12  11:31 AM user-F408c27ProteinMetabolism.indd Page 1133  18/10/12  11:31 AM user-F408 /Users/user-F408/Desktop/Users/user-F408/Desktop

(a)

GTP hydrolysis
Pi

fMet

P AE

AUG
UAC

3!
5!

AA2

fMet

PE

AUG
UAC

3!
5!

AA2

EF-G GTP

EF-G GTP

EF-G GDP

EF-G GDP

P AE

AUG
UAC

3!

5!

AA2

fMet

P AE

AUG
UAC

3!

5!

AA2

fMet

(b)

EF-Tu

tRNA

EF-G

GDP

27.2 Protein Synthesis 1133
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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.
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to that in bacteria. Three eukaryotic elongation factors 
(eEF1!, eEF1"#, and eEF2) have functions analogous 
to those of the bacterial elongation factors (EF-Tu, 
EF-Ts, and EF-G, respectively). Eukaryotic ribosomes 
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fidelity of the overall biosynthetic process. Both the 
EF-Tu–GTP and EF-Tu–GDP complexes exist for a few 
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provide opportunities for the codon-anticodon interac-
tions to be proofread. Incorrect aminoacyl-tRNAs nor-
mally dissociate from the A site during one of these 
periods. If the GTP analog guanosine 59-O-(3-thiotriphos-
phate) (GTP#S) is used in place of GTP, hydrolysis is 
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ribosome moves one codon toward the 39 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 uncharged tRNA later dissociates from the E 
site, and the elongation cycle begins again. (b) The structure of EF-G 
mimics the structure of EF-Tu complexed with tRNA. Shown here are 
(left) EF-Tu complexed with tRNA (PDB ID 1B23) and (right) EF-G com-
plexed with GDP (PDB ID 1DAR). The carboxyl-terminal part of EF-G 
mimics the structure of the anticodon loop of tRNA in both shape and 
charge distribution.
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 Ribosome recycling leads to dissociation of the 
translation components. The release factors dissociate 
from the posttermination complex (with an uncharged 
tRNA in the P site) and are replaced by EF-G and a 
protein called ribosome recycling factor (RRF; Mr 
20,300). Hydrolysis of GTP by EF-G leads to dissociation 
of the 50S subunit from the 30S–tRNA–mRNA complex. 
EF-G and RRF are replaced by IF-3, which promotes 
the dissociation of the tRNA. The mRNA is then 
released. The complex of IF-3 and the 30S subunit is 
then ready to initiate another round of protein synthesis 
(Fig. 27–25).

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 proofread-
ing activity. A GTP is cleaved to GDP and Pi during the 
first elongation step, and another during the transloca-
tion 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 thermody-
namic “push” in the direction of synthesis: at least 4 3 
30.5 kJ/mol 5 122 kJ/mol of phosphodiester bond 
energy to generate a peptide bond, which has a stan-
dard free energy of hydrolysis of only about 221 kJ/mol. 
The net free-energy change during peptide bond syn-
thesis is thus 2101 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 poly-
peptide. 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. Electron micrographs show a fiber 
between adjacent ribosomes in the cluster, which is 
called a polysome (Fig. 27–33a). The connecting 
strand is a single molecule of mRNA that is being trans-
lated 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 trans-
lated in the same 59S39 direction. Ribosomes begin 
translating the 59 end of the mRNA before transcription 
is complete (Fig. 27–33b). The situation is quite different 
in eukaryotic cells, where newly transcribed mRNAs 
must leave the nucleus before they can be translated.

FIGURE 27–32 Termination of protein synthesis in bacteria. Termina-
tion occurs in response to a termination codon in the A site. First, a re-
lease 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, which dissociates into its 30S and 
50S subunits, aided by ribosome recycling factor (RRF), IF-3, and energy 
provided by EF-G–mediated GTP hydrolysis. The 30S subunit complex 
with IF-3 is ready to begin another cycle of translation (see Fig. 27–25).

RF-3 has not been firmly established, although it is 
thought to release the ribosomal subunit. In eukaryotes, 
a single release factor, eRF, recognizes all three termina-
tion codons.
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lated in the same 59S39 direction. Ribosomes begin 
translating the 59 end of the mRNA before transcription 
is complete (Fig. 27–33b). The situation is quite different 
in eukaryotic cells, where newly transcribed mRNAs 
must leave the nucleus before they can be translated.

FIGURE 27–32 Termination of protein synthesis in bacteria. Termina-
tion occurs in response to a termination codon in the A site. First, a re-
lease 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, which dissociates into its 30S and 
50S subunits, aided by ribosome recycling factor (RRF), IF-3, and energy 
provided by EF-G–mediated GTP hydrolysis. The 30S subunit complex 
with IF-3 is ready to begin another cycle of translation (see Fig. 27–25).

RF-3 has not been firmly established, although it is 
thought to release the ribosomal subunit. In eukaryotes, 
a single release factor, eRF, recognizes all three termina-
tion codons.

c27ProteinMetabolism.indd Page 1135  18/10/12  11:31 AM user-F408c27ProteinMetabolism.indd Page 1135  18/10/12  11:31 AM user-F408 /Users/user-F408/Desktop/Users/user-F408/Desktop

Peptidyl-tRNA
link hydrolyzed

Release
factor
binds

—COO!

P
AE

UAG

3"5"

RF

UAG

P

UAG

3"5"

–GDP
+

RRF

RRF

Components
dissociate

RF

RF
A

E

3"5"

–GTP IF-3

Pi

EF-G

EF-G

IF-3

Termination

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



• Large clusters of 10 to 100 ribosomes that are 
very active in protein synthesis can be isolated
from both eukaryotic and bacterial cells. The 
cluster is called a polysome. 
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mRNA is converted into the three-dimensional structure 
of the protein. Some newly made proteins, bacterial, 
archaeal, and eukaryotic, do not attain their final biologi-
cally active conformation until they have been altered by 
one or more processing reactions called posttransla-
tional modifications.

Amino-Terminal and Carboxyl-Terminal Modifications The first 
residue inserted in all polypeptides is N-formylmethionine 
(in bacteria) or methionine (in eukaryotes). However, the 
formyl group, the amino-terminal Met residue, and often 
additional amino-terminal (and, in some cases, carboxyl-
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.

Loss of Signal Sequences As we shall see in Section 27.3, 
the 15 to 30 residues at the amino-terminal end of some 
proteins play a role in directing the protein to its ulti-
mate destination in the cell. Such signal sequences 
are eventually removed by specific peptidases.

Modification of Individual Amino Acids The hydroxyl groups 
of certain Ser, Thr, and Tyr residues of some proteins 
are enzymatically phosphorylated by ATP (Fig. 
27–34a); the phosphate groups add negative charges to 
these polypeptides. The functional significance of this 
modification varies from one protein to the next. For 
example, the milk protein casein has many phosphoser-
ine groups that bind Ca21. Calcium, phosphate, and 
amino acids are all valuable to suckling young, so casein 
efficiently provides three essential nutrients. And as we 
have seen in numerous instances, phosphorylation-
dephosphorylation cycles regulate the activity of many 
enzymes and regulatory proteins.
 Extra carboxyl groups may be added to Glu resi-
dues of some proteins. For example, the blood-clotting 
protein prothrombin contains a number of !-carboxy-
glutamate residues (Fig. 27–34b) in its amino-terminal 
region, introduced by an enzyme that requires vitamin 
K. These carboxyl groups bind Ca21, which is required 
to initiate the clotting mechanism.
 Monomethyl- and dimethyllysine residues (Fig. 
27–34c) occur in some muscle proteins and in cyto-
chrome c. The calmodulin of most species contains one 
trimethyllysine residue at a specific position. In other 
proteins, the carboxyl groups of some Glu residues 
undergo methylation, removing their negative charge.

Attachment of Carbohydrate Side Chains The carbohydrate side 
chains of glycoproteins are attached covalently during or 
after synthesis of the polypeptide. In some glycoproteins, 
the carbohydrate side chain is attached enzymatically 
to Asn residues (N-linked oligosaccharides), in others 
to Ser or Thr residues (O-linked oligosaccharides) (see 
Fig. 7–30). Many proteins that function extracellularly, 
as well as the lubricating proteoglycans that coat mucous 

 Bacterial mRNAs generally exist for just a few minutes 
(p. 1084) before they are degraded by nucleases. In order 
to maintain high rates of protein synthesis, the mRNA for 
a given protein or set of proteins must be made continu-
ously and translated with maximum efficiency. 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 poly-
peptide chain is folded and processed into its biologically 
active form. During or after its synthesis, the polypeptide 
progressively assumes its native conformation, with the 
formation of appropriate hydrogen bonds and van der 
Waals, ionic, and hydrophobic interactions. In this way 
the linear, or one-dimensional, genetic message in the 

FIGURE 27–33 Coupling of transcription and translation in bacteria. 
(a) Electron micrograph of polysomes forming during the transcription of a 
segment of DNA from E. coli. Each mRNA is being translated by many ribo-
somes simultaneously. The nascent polypeptide chains forming on the ri-
bosomes are difficult to see under the spreading conditions used to prepare 
the samples shown in these electron micrographs. The arrow marks the ap-
proximate beginning of the gene that is being transcribed. (b) Each 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 ri-
bosomes. In this schematic diagram the ribosomes are depicted as smaller 
than the RNA polymerase. In reality the ribosomes (Mr 2.7 3 106) are an 
order of magnitude larger than the RNA polymerase (Mr 3.9 3 105).
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glutamate residues (Fig. 27–34b) in its amino-terminal 
region, introduced by an enzyme that requires vitamin 
K. These carboxyl groups bind Ca21, which is required 
to initiate the clotting mechanism.
 Monomethyl- and dimethyllysine residues (Fig. 
27–34c) occur in some muscle proteins and in cyto-
chrome c. The calmodulin of most species contains one 
trimethyllysine residue at a specific position. In other 
proteins, the carboxyl groups of some Glu residues 
undergo methylation, removing their negative charge.

Attachment of Carbohydrate Side Chains The carbohydrate side 
chains of glycoproteins are attached covalently during or 
after synthesis of the polypeptide. In some glycoproteins, 
the carbohydrate side chain is attached enzymatically 
to Asn residues (N-linked oligosaccharides), in others 
to Ser or Thr residues (O-linked oligosaccharides) (see 
Fig. 7–30). Many proteins that function extracellularly, 
as well as the lubricating proteoglycans that coat mucous 

 Bacterial mRNAs generally exist for just a few minutes 
(p. 1084) before they are degraded by nucleases. In order 
to maintain high rates of protein synthesis, the mRNA for 
a given protein or set of proteins must be made continu-
ously and translated with maximum efficiency. 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 poly-
peptide chain is folded and processed into its biologically 
active form. During or after its synthesis, the polypeptide 
progressively assumes its native conformation, with the 
formation of appropriate hydrogen bonds and van der 
Waals, ionic, and hydrophobic interactions. In this way 
the linear, or one-dimensional, genetic message in the 

FIGURE 27–33 Coupling of transcription and translation in bacteria. 
(a) Electron micrograph of polysomes forming during the transcription of a 
segment of DNA from E. coli. Each mRNA is being translated by many ribo-
somes simultaneously. The nascent polypeptide chains forming on the ri-
bosomes are difficult to see under the spreading conditions used to prepare 
the samples shown in these electron micrographs. The arrow marks the ap-
proximate beginning of the gene that is being transcribed. (b) Each 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 ri-
bosomes. In this schematic diagram the ribosomes are depicted as smaller 
than the RNA polymerase. In reality the ribosomes (Mr 2.7 3 106) are an 
order of magnitude larger than the RNA polymerase (Mr 3.9 3 105).

c27ProteinMetabolism.indd Page 1136  18/10/12  11:31 AM user-F408c27ProteinMetabolism.indd Page 1136  18/10/12  11:31 AM user-F408 /Users/user-F408/Desktop/Users/user-F408/Desktop

5!
50S 30S

5!

5!

Direction of
translation

Direction of transcription

(b)

(a)
RNA
polymerase

Incoming
ribosomal
subunits

Polysome

Polysome

DNA

DNA

Polysomes

mRNA

0.5 mm

In bacteria, transcription and translation are tightly coupled. 
Messenger RNAs are synthesized and translated in the same 5è’3’ direction. 

Protein Synthesis



Polypeptide folds as it 
emerges from the 

ribosome 

What determines how a 
protein folds? 

The amino acid 
sequence



A protein may be moved to an organelle 
or out of the cell



Post-translational modifications




