5.6 Stepwise Synthesis of Proteins
on Ribosomes

The previous sections have introduced two of the major participants in
protein synthesis: mMRNAs and aminoacyl-tRNAs. Here we first describe
the third key player in protein synthesis — the rRNA-containing ribosome
— before taking a detailed look at how all three components are brought
together to carry out the biochemical events leading to the formation of
polypeptide chains by ribosomes. The complex process of translation can
be divided into three stages — initiation, elongation, and termination —
which we consider in order. We focus our description on translation in
eukaryotic cells, but the mechanism of translation is fundamentally the
same in all cells.

Ribosomes Are Protein-Synthesizing
Machines

In simple terms, the ribosome serves both as a scaffold to facilitate the
binding aminoacyl-tRNAs to sequential codons in the mRNA and as an
enzyme to catalyze the peptidyl transfer reaction for the stepwise
formation of peptide bonds in the growing polypeptide chain. The
ribosome is responsible for all protein synthesis and is the most abundant
RNA-protein complex in the cell. Elongation of polypeptides occurs at a
rate of 3 to 5 amino acids added per second, so that although small



proteins may be made in a minute or less, the formation of very large
proteins such as titin, a muscle protein of about 30,000 amino acid
residues, takes 2—3 hours. The ribosome must therefore be precise, and it
must be persistent.

With the aid of the electron microscope, ribosomes were first discovered
as small, discrete, RNA-rich particles found to be most abundant in those
cells most active in protein synthesis. However, their direct role in protein
synthesis was not recognized until reasonably pure ribosome preparations
were obtained. In vitro radiolabeling experiments with such preparations
showed that radioactive amino acids were first incorporated into growing
polypeptide chains associated with ribosomes before appearing in finished
proteins.

Although there are differences between the ribosomes of bacteria, archaea,
and eukaryotes, the great structural and functional similarities between
ribosomes from all species reflect the common evolutionary origin of the
most basic constituents of living cells. A ribosome is composed of three
(in bacteria and archaea) or four (in eukaryotes) distinct rRNA molecules
and as many as 80 proteins, organized into a large subunit and a small
subunit (Figure 5-34 and Table 5-2). The ribosomal subunits and the rRNA
molecules are commonly designated in Svedberg units (S), a measure of

the sedimentation rate of macromolecules centrifuged under standard
conditions — essentially, a logarithmic measure of size. The small
ribosomal subunit contains a single rRNA molecule, referred to as small
rRNA. The large subunit contains a molecule of large rRNA and one
molecule of 5S rRNA, plus an additional molecule of 5.8S rRNA in



eukaryotes. The lengths of the rRNA molecules, the numbers of proteins in
each subunit, and consequently, the sizes of the subunits differ between
bacterial and eukaryotic cells (see Table 5-2). The assembled ribosome is
70S in bacteria and 80S in vertebrates.
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FIGURE 5-34 Structure of the bacterial ribosome. Model of the Thermus thermophilus

ribosome viewed along the interface between the large (50S) and small (30S) subunits. The
16S rRNA and proteins in the small subunit are dark gray. RNA is depicted as a tube model



and protein surfaces are shown. The 23S rRNA and proteins in the large subunit are light

gray, and the 5S rRNA is an intermediate shade of gray. The surface of the ribosome is

made partially transparent to display the positions of bound tRNAs. Note that the ribosomal

proteins are located primarily on the surface of the ribosome.

[Data from A. Korostelev et al., 2006, Cell 126:1065-1077, PDB ID 4v4i.]

Description

The illustration shows 50 s (top) and 30 s (bottom) ribosomal subunits with t R N A.

The sites of t R N A are represented in different colors. E, green; P, yellow; A, blue. A
polypeptide (light green) is attached to the P site of the t R N A. m R N A (red) from 5
prime to 3 prime direction represented in the form of a tube is attached to E P A.

TABLE 5-2 « Ribosome Components

Common core E. coli S. cerevisiae Human
] 2.0 MDa 2.3 MDa 3.3 MDa 4.3 MDa
g 34 proteins 54 proteins 79 proteins 80 proteins
g 3 rRNAs 3 rRNAs 4 rRNAs 4 rRNAs
508 608 608
E 19 proteins 33 proteins 46 proteins 47 proteins
2 | 23S rRNA: 2843 bases 23S rRNA: 2904 bases 25S rRNA: 3396 bases* 28S rRNA: 5034 bases*
g‘ 5.85 rRNA: 158 bases* 5.8S rRNA: 156 bases*
5s rRNA: 121 bases 55 rRNA: 121 bases 55 rRNA: 121 bases 55 rRNA: 121 bases
§ 308 408 408
§ 15 proteins 21 proteins 33 proteins 33 proteins
\g 165 rRNA: 1458 bases 165 rRNA: 1542 bases 18S rRNA: 1800 bases 185 rRNA: 1870 bases

*5.8S rRNA in eukaryotes is base-paired to 255 or 285 rRNA.

Data from G. Yusupov and M. Yusupov, Ann. Rev. Biochem., 2014, 83:467.

Description

The table has four columns and ten rows. The column headers are common core,

E.coli, S. cerevisiae, and human. The row entries are as follows. Row 1: Common core,

2.0 Mega Dalton; E.coli, 2.3 Mega Dalton; S. cerevisiae, 3.3 Mega Dalton; human, 4.3

Mega Dalton. Row 2: Common core, 34 proteins; E.coli, 54 proteins; S. cerevisiae, 79

proteins; human, 80 proteins. Row 3: Common core, 3r R N A’s; E.coli, 3rR N A’s; S.

©2021 W. H.Freeman and Company
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cerevisiae, 4 r R N A’s; human, 4 r R N A’s. Row 4: Common core, large subunit;
E.coli, 50 S; S. cerevisiae, 60 S; human, 60 S. Row 5: Common core, 19 proteins;
E.coli, 33 proteins; S. cerevisiae, 46 proteins; human, 47 proteins. Row 6: Common
core, 23 Sr R N A: 2843 bases; E.coli, 23 St R N A: 2904 bases; S. cerevisiae, 25 Sr
R N A: 3396 bases asterisk, 5.8 Sr R N A: 158 bases asterisk; human, 28 Sr R N A:
5034 bases asterisk, 5.8 Sr R N A: 156 bases asterisk. Row 7: Common core, 5SrR N
A: 121 bases; E.coli, 5 Sr R N A: 121 bases; S. cerevisiae, 5Sr R N A: 121 bases;
human, 5 Sr R N A: 121 bases. Row 8: Common core, small subunit; E.coli, 30 S; S.
cerevisiae, 40 S; human, 40 S. Row 9: Common core, 15 proteins; E.coli, 21 proteins;
S. cerevisiae, 33 proteins; human, 33 proteins. Row 10: Common core, 16 Sr R N A:
1458 bases; E.coli, 16 Sr R N A: 1542 bases; S. cerevisiae, 18 Sr R N A: 1800 bases;
human, 18 Sr R N A: 1870 bases. Note: Asterisk, 5.8 Sr R N A in eukaryotes is base-
paired to 25 Sor 28 Sr R N A. Source: Data from G. Yusupov and M. Yusupov, Ann.
Rev. Biochem., 2014, 83:467.

The sequences of the small and large rRNAs from thousands of organisms
are now known. Although the primary nucleotide sequences of these
rRNAs vary considerably, the same parts of each type of rRNA contain
complementary sequences that can form internally base-paired segments,
indicating that they all share the same core structure. Since every
organism has ribosomes, differences between their rRNA sequences have
proven to be the most reliable means to determine the evolutionary
distances between organisms. Even today, when whole genome sequences
are often available, phylogenetic comparisons usually begin with the
sequence of the respective rRNA genes.

The three-dimensional structures of bacterial and yeast ribosomes (see
Figure 5-35) and of the large subunit of an archaeal ribosome have been
determined by x-ray crystallography. The structures of human (see Figure
5-35d) and plant ribosomes have also been determined by cryoelectron



microscopy. The structure of the rRNAs in the common core, where
MRNAs and tRNAs are bound and where peptide bond formation is
catalyzed, is similar in all three domains of life. However, archaeal rRNAs
and proteins are more similar to those of eukaryotic ribosomes than to
those of bacterial ribosomes, reflecting their later divergence from a
common ancestor (see Figure 1-1). For the most part, the multiple
ribosomal proteins are much smaller than the rRNAs and associate with
the surface of the ribosomes. Although the number of protein molecules in
ribosomes greatly exceeds the number of RNA molecules, RNA
constitutes about 60 percent of the mass of a bacterial ribosome and about
50 percent of the mass of a human ribosome. Eukaryotic ribosomes are
generally similar to bacterial ribosomes but are larger because of
eukaryote-specific insertions of RNA segments into regions of the
common core rRNAs as well as the presence of a larger number of
proteins (see Figure 5-35 and Table 5-2). Basic aspects of protein synthesis
are thought to be similar among all three domains of life, although

initiation of translation in eukaryotes, discussed later, is more complex
and subject to additional mechanisms of regulation.

(a) The common core (b) Bacteria (c) Lower eukaryotes (d) Higher eukaryotes
(T. thermophilus) (S. cerevisiae) (H. sapiens)
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FIGURE 5-35 Comparison of the common core structure at the center of ribosomes
from all domains of life and bacterial, yeast, and human ribosomes. (a) RNA in the



common core structure is shown in light blue and protein domains common to all ribosomes
are shown in pink. Additions to the common core structure are shown in dark blue for RNA
and red for proteins in ribosomes from T. thermophilus (b) and S. cerevisiae (c). (d) Human
ribosome structure from cryoelectron microscopy. A tRNA visible in the E site is shown in
green.

[Parts (a, b, ¢) Data from G. Yusupova and M. Yusupov, 2014, Annu. Rev. Biochem. 83:467;
data for (d) from H. Khatter et al., 2015, Nature 520:640; PDB ID 4ug0.]

Description

The illustration labeled A, B, and C shows the X-ray crystallography images of
ribosomes and proteins in common core, bacteria (Thermus thermophilus), and lower
eukaryotes (Saccharomyces cerevisiae) at 2, 2.3, and 3.3 Mega Dalton, respectively.
The illustration labeled D shows the cryoelectron microscopy image of ribosomes in
higher eukaryotes (Homo sapiens) at 4.3 Mega Dalton.

Ei The most therapeutically effective antibiotics target processes in

babterial cells that are essential for life and are fundamentally different
between bacterial and mammalian cells. Because ribosomes satisfy both
criteria, the bacterial ribosome has been a major target for the
development of new antibiotics. The high-resolution structures of
ribosomes are providing new insights into the mechanism by which many
antibiotics inhibit bacterial protein synthesis without affecting the
function of mammalian ribosomes. These insights are providing important
clues for the design and synthesis of new antibiotics. Such research is
desperately needed as the occurrence of bacteria resistant to currently
available antibiotics becomes increasingly more common, especially in

hospitals, where antibiotic-resistant bacteria are under positive selection.
H



Methionyl-twrnare Recognizes the AUG
Start Codon

As noted earlier, the AUG codon for methionine functions as the start
codon in the vast majority of mRNAs. A critical aspect of translation
Initiation is to begin protein synthesis at the start codon, thereby
establishing the correct reading frame for the entire mRNA. Both bacteria
and eukaryotes contain two different methionine tRNAs: tRNAM®* can
initiate protein synthesis, and tgR N AMet can incorporate methionine only
into a growing protein chain. The same aminoacyl-tRNA synthetase
(MetRS) charges both tRNAs with methionine, but only Met-tRNAM¢*
(i.e., activated methionine attached to tRNAM¢) can bind at the
appropriate site on the small ribosomal subunit, the P site, to begin
synthesis of a polypeptide chain. The regular pet-tRNAMet, and all other
charged tRNAs, bind only to the A site, as described later. tRNAs enter the
exit or E site after transferring their covalently bound amino acids to the
growing polypeptide chain.

Eukaryotic Translation Initiation
Usually Occurs at the First AUG
Downstream from the 5 End of an
MRNA

During the first stage of translation, the small and large ribosomal
subunits assemble around an mRNA that has a Met-tRNAM¢t correctly



positioned at the start codon in the ribosomal P site. In eukaryotes, the
assembly of this complex is mediated by a special set of proteins known as
eukaryotic translation initiation factors (elFs). As each individual

component joins the complex, it is guided by interactions with specific
elFs. Several of the initiation factors bind GTP, and the hydrolysis of GTP
to GDP functions as a switch to ensure that the assembly pathway
proceeds in an orderly and irreversible fashion. By coupling of assembly
to the essentially irreversible step of GTP hydrolysis ensures that, once
formed, the appropriate complexes are stable.

The current model for initiation of translation in vertebrates is depicted in
Figure 5-36. Large and small ribosomal subunits released from a previous
round of translation are kept apart by the binding of elFs 1, 1A, and 3 to
the small 40S subunit (Eigure 5-36, top). The first step of translation
initiation is formation of a 43S preinitiation complex. This preinitiation
complex is formed when the 40S subunit with elFs 1, 1A, and 3 associates
with elF5 and a ternary (three-part) complex consisting of the
Met-tRNAMet and elF2 bound to GTP (Eigure 5-36, steps |1| and |2|). The
initiation factor elF2 alternates between association with GTP and GDP; it
can bind Met-tRNAM®* only when it is associated with GTP. Cells can
inhibit protein synthesis by phosphorylating a serine residue on the elF2
bound to GDP; the phosphorylated complex is unable to exchange the
bound GDP for GTP and cannot bind Met-tRNAM®t, so protein synthesis
cannot occur.
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FIGURE 5-36 Initiation of translation in eukaryotes. The current model of eukaryotic
initiation involves eight steps. Step |1]: An elF2 ternary complex forms when elF2-GTP
binds a tRNA?’iEt- Step |2|: When a ribosome dissociates at the termination of translation,
the 40S subunit is bound by elF1, elF1A, and elF3. A 43S preinitiation complex forms
when this subunit associates with an elF2 ternary complex and elF5. Step |3]: An mRNA is
activated when a multisubunit elF4 complex binds: subunit elF4E binds to the 5’ cap, and
subunit elF4G binds multiple copies of the cytoplasmic poly(A)-binding protein (PABPC)
bound to the mRNA poly(A) tail. For simplicity, binding of only one PABPC to elF4G is
shown. Then elF4B, which stimulates elF4A helicase activity, also joins this circular
complex in which both the mRNA g’ cap and poly(A) tail are associated with the elF4
complex. Step |4]: The 43S preinitiation complex binds an elF4-mRNA complex. Step |5]:
The RNA helicase activity of subunit elF4A unwinds any RNA secondary structure at the g
end of the mRNA as the 40S subunit scans in the 5/ _ 3 direction until it recognizes the
initiation codon. For simplicity, elF4E is diagrammed as releasing from the remainder of the
elF4 complex, but in reality, it remains associated, forming a loop in the mRNA between
the 5 cap and the scanning elF4 complex. Step |6]: Recognition of the initiation codon
causes elF5 to stimulate hydrolysis of elF2-bound GTP. This switches the conformation of
the scanning complex to a 48S initiation complex with the anticodon of tRNAf“iet base-
paired to the initiator AUG in the 40S-subunit P site. Step |7|: The 60S subunit joins the
40S subunit, leading to the release of most of the earlier-acting elFs as elF5B-GTP binds to
elF1A in the ribosomal A site. The released elF4 complex and elF4B associate with the 5/
cap and PABPC as shown in step |3] to prepare for interaction with another 43S
preinitiation complex. For simplicity, this association is not shown. Step |8]: Correct
association of the 40S and 60S subunits results in hydrolysis of elF5B-bound GTP, release
of elF5B-GDP and elF1A, and formation of the 80S initiation complex with tRNA?‘“IEt
base-paired to the initiation codon in the ribosomal P site. See R. J. Jackson et al., 2010,
Nat. Rev. Mol. Cell Biol. 11:113.

Description
The steps involved in the initiation of translation in eukaryotes are as follows:

Step 1: e | F 2 ternary complex formation.

Step 2: 43 S complex formation.




Step 3: m R N A activation.
Step 4: Attachmentto m R N A.
Step 5: 5 prime to 3 prime scanning.

Step 6: Initiation codon recognition hydrolysis of e | F 2 bound G T P and inorganic
phosphate release.

Step 7: Subunit joining and factor displacement.

Step 8: Hydrolysis of e | F5 B bound G T P and release ofeIF5Bandel F1 A.

The mRNA to be translated is bound by the multisubunit elF4 complex,
which interacts with both the 5’ cap and the cytoplasmic poly(A)-binding
protein (PABPC) bound in multiple copies to the mRNA poly(A) tail. Both
interactions are required for translation of most mRNAs. This binding
results in the formation of a circular complex (Eigure 5-36, step |3). The
elF4 cap-binding complex consists of several subunits with different
functions. The elF4E subunit binds the 5 cap on mMRNAs (see Eigure 5-
13). The large elF4G subunit binds cooperatively to several PABPC
proteins bound to the mRNA poly(A) tail and also forms a scaffold to
which the other elF4 subunits bind. The mRNA-elF4 complex then
associates with the preinitiation complex through an interaction between
elFAG and elF3 (step (4]).

The initiation complex slides along, or scans, the associated mMRNA, with
elF4A, stimulated by elF4B, unwinding the RNA secondary structure by
using energy from ATP hydrolysis (step |5]). Scanning stops when the
tRNAMet anticodon recognizes the start codon, which is the first AUG



downstream from the 5’ end in most eukaryotic mRNAs. Recognition of
the start codon leads to hydrolysis of the GTP associated with elF2, an
irreversible step that prevents further scanning, resulting in formation of
the 48S initiation complex (step |6]). This commitment to the correct
initiation codon is facilitated by elF5, an elF2 GTPase-activating protein
(GAP, see Figure 3-35). Selection of the initiating AUG is facilitated by
specific surrounding nucleotides called the Kozak sequence, for Marilyn
Kozak, who defined it: (5")ACCAUGG (3'). The A preceding the AUG (in
bold) and the G immediately following it are the most important
nucleotides affecting translation initiation efficiency:.

Association of the large (60S) subunit with the small subunit, which is
mediated by elF5B bound to GTP, results in displacement of many of the
initiation factors (step | 7). Correct association between the ribosomal
subunits results in hydrolysis of the elF5B-bound GTP to GDP and the
release of elF5B-GDP and elF1A (step |8]), completing the formation of
an 80S initiation complex. Coupling of the ribosome subunit—joining
reaction to GTP hydrolysis by elF5B allows the initiation process to
continue only when the subunit interaction has occurred correctly. It also
makes this an irreversible step, so that the ribosomal subunits do not
dissociate until the entire mMRNA is translated and protein synthesis is
terminated.

The eukaryotic protein-synthesizing machinery begins translation of most
cellular mRNAs within about 100 nucleotides of the 5'-capped end, as just
described. However, some cellular mRNAs contain an internal ribosome

entry site (IRES) located far downstream from the 5’ end. It is thought that



cellular IRESs form RNA structures that interact with a complex of elF4A
and elF4G, which then associates with elF3 bound to a 40S subunit with
elF1 and elF1A. This assembly then binds an elF2 ternary complex to
assemble an initiation complex directly on a neighboring AUG codon. In
addition, translation of some viral RNAs, which lack a 5’ cap, is initiated
at viral IRES sequences. These RNAs fall into different classes depending
on how many of the standard elFs are required for initiation. In the case of
cricket paralysis virus, the  200-nt-long IRES folds into a complex
structure that interacts directly with the 40S ribosomal subunit and leads
to initiation without any of the elFs or even the initiator Met-tRNAM¢".

During Chain Elongation Each
Incoming Aminoacyl-tRNA Moves
Through Three Ribosomal Sites

The correctly positioned ribosome—Met-tRNAM® complex is now ready to
begin the task of stepwise addition of amino acids by in-frame translation
of the mRNA. As is the case with initiation, a set of specialized proteins,
termed translation elongation factors (EFEs), is required to carry out this

process of chain elongation. The key steps in elongation are the entry of
each succeeding aminoacyl-tRNA with an anticodon complementary to the
next codon, the formation of a peptide bond, and the movement, or
translocation, of the ribosome one codon at a time along the mRNA.

At the completion of translation initiation, as noted already, Met-tRNAM®
is bound to the P site on the assembled 80S ribosome (Eigure 5-37, top).



This region of the ribosome is called the P site because the tRNA
chemically linked to the growing polypeptide chain is located here. The
second aminoacyl-tRNA is brought into the ribosome as a ternary complex
in association with EF1a-GTP and becomes bound to the A site, so named
because it is where aminoacyl-tRNAs bind (step |1/). EF1a-GTP bound to
various aminoacyl-tRNAs diffuse into the A site, but the next step in
translation proceeds only when the tRNA anticodon base-pairs with the
second codon in the coding region. When that occurs properly, the GTP in
the associated EF1a-GTP is hydrolyzed. The hydrolysis of GTP promotes a
conformational change in EFla that leads to release of the resulting
EF1a-GDP complex and tight binding of the aminoacyl-tRNA in the A site
(step |2]). This conformational change also positions the aminoacylated 3’
end of the tRNA in the A site close to the 3’ end of the Met-tRNAM¢* in the
P site. GTP hydrolysis, and hence tight binding, does not occur if the
anticodon of the incoming aminoacyl-tRNA cannot base-pair with the
codon at the A site. In this case, the ternary complex diffuses away,
leaving an empty A site that can associate with other aminoacyl-tRNA—-
EF1a-GTP complexes until a correctly base-paired tRNA is bound. Thus
GTP hydrolysis by EF1a is another proofreading step that allows protein
synthesis to proceed only when the correct aminoacyl-tRNA is bound to
the A site. This phenomenon contributes to the fidelity of protein
synthesis.
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FIGURE 5-37 Chain elongation in eukaryotes. Once the 80S ribosome with Met-
tRINA; Met in the ribosome P site is assembled (top), a ternary complex bearing the
second amino acid (aaq} coded by the mRNA binds to the A site (step |1}). Following a
conformational change in the ribosome induced by hydrolysis of GTP in EF1a-GTP (step
2]), the large rRNA catalyzes peptide bond formation between Met; and aaz (step |3|).
Hydrolysis of GTP in EF2-GTP causes another conformational change in the ribosome that
results in its translocation one codon along the mRNA and shifts the unacylated tRNAif"l‘*"f
to the E site and the tRNA with the bound peptide to the P site (step |4|). The cycle can
begin again with binding of a ternary complex bearing aas to the now open A site. In the
second and subsequent elongation cycles, the tRNA at the E site is ejected during step |2
as a result of the conformational change induced by hydrolysis of GTP in EF1a-GTP.

Description
The steps involved in the elongation of translation in eukaryotes are as follows:

Step 1: Entry of aminoacyl t R N A at A site.
Step 2: G T P hydrolysis and ribosome conformational change.
Step 3: Peptide bond formation.

Step 4: Translocation.

With the initiating Met-tRNAM** at the P site and the second aminoacyl-
tRNA tightly bound at the A site, the a-amino group of the second amino
acid reacts with the activated (ester-linked) methionine on the initiator
tRNA, forming a peptide bond (Figure 5-37, step |3; see Figure 5-29).
Since the vast majority of cellular catalysts are protein enzymes, it was
long assumed that the catalyst for peptide transfer would be one of the
ribosomal proteins. It therefore came as quite a surprise when the high-
resolution crystal structure of the bacterial large ribosomal subunit



revealed that no proteins lie near the site of peptide bond synthesis and
that the peptidyltransferase reaction was likely catalyzed by the large
rRNA. The catalytic ability of the large rRNA in bacteria has been
demonstrated by carefully removing the vast majority of the protein from
large ribosomal subunits. The nearly pure bacterial 23S rRNA can catalyze
a peptidyltransferase reaction between analogs of aminoacyl-tRNA and
peptidyl-tRNA. The 2'-hydroxyl of the terminal A of the peptidyl-tRNA in
the P site also participates in catalysis.

Following peptide bond synthesis, the ribosome translocates a distance
equal to one codon along the mRNA. This translocation step is monitored
by hydrolysis of the GTP in eukaryotic EF2:GTP. Once translocation has
occurred correctly, the bound GTP is hydrolyzed, another irreversible
process that prevents the ribosome from moving along the RNA in the
wrong direction or from translocating an incorrect number of nucleotides.
As a result of conformational changes in the ribosome that accompany
proper translocation and the resulting GTP hydrolysis by EF2, tRN A, Met,
now without its activated methionine, is moved to the E (exit) site on the
ribosome; concurrently, the second tRNA, now covalently bound to a
dipeptide (a peptidyl-tRNA), is moved to the P site (Eigure 5-37, step [4)).
Translocation thus returns the ribosome conformation to a state in which
the A site is open and able to accept another aminoacyl-tRNA complexed
with EF1a-GTP, beginning another cycle of chain elongation.

Repetition of the elongation cycle depicted in Figure 5-37 adds amino
acids one at a time to the carboxyl terminus of the growing polypeptide, as
directed by the mRNA sequence, until a stop codon is encountered. In



subsequent cycles, the conformational change that occurs in step |2| ejects
the unacylated tRNA from the E site. As the nascent polypeptide chain
becomes longer, it threads through a channel in the large ribosomal
subunit, exiting at a position opposite the side that interacts with the small
subunit (Figures 5-34).

In the absence of the ribosome, the three-base-pair RNA-RNA hybrid
between the tRNA anticodons and the mRNA codons in the A and P sites
would not be stable; RNA-RNA duplexes between separate RNA
molecules must be considerably longer to be stable under physiological
conditions. However, multiple interactions between the large and small
rRNAs and the general domains of tRNAs (e.g., the D and TYCG loops,
see Figure 5-32) stabilize the tRNAs in the A and P sites, while other
RNA-RNA interactions sense correct codon-anticodon base pairing,
ensuring that the genetic code is read properly. Then, interactions between
rRNAs and the general domains of all tRNAs result in the movement of
the tRNAs between the A, P, and E sites as the ribosome translocates along
the mRNA one three-nucleotide codon at a time.

Translation Is Terminated by Release
Factors When a Stop Codon Is
Reached

The final stages of translation, like initiation and elongation, require
highly specific molecular signals that decide the fate of the mMRNA-
ribosome—peptidyl-tRNA complex. Two types of eukaryotic protein



release factors (REs) have been discovered. The first, eRF1, whose shape
is similar to that of tRNAs, acts by binding to the ribosomal A site and
recognizing stop codons directly. Like some of the initiation and
elongation factors discussed previously, the second release factor, eRF3, is
a GTP-binding protein. The eRF3-GTP complex acts in concert with eRF1
to promote cleavage of the peptidyl-tRNA bond, thus releasing the
completed protein chain and terminating translation (Figure 5-38). The
peptidyl-tRNA bond of the tRNA in the P site is not cleaved until one of
the three stop codons is correctly recognized by eRF1, another example of

a proofreading step in protein synthesis.
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FIGURE 5-38 Termination of translation in eukaryotes. \When a ribosome bearing a
nascent protein chain reaches a stop codon (UAA, UGA, UAG), release factor eRF1 enters
the A site together with eRF3-GTP. Hydrolysis of the bound GTP is accompanied by
cleavage of the peptide chain from the tRNA in the P site and ejection of the tRNA in the E
site, forming a post-termination complex. The ribosomal subunits are separated by the
action of the ABCEL ATPase together with elF1, elF1A, and elF3. The 40S subunit is
released bound to these elFs, ready to initiate another cycle of translation (see Figure 5-36).

Description
The steps involved in the termination of translation in eukaryotes are as follows:

Step 1: Stop codon recognition.
Step 2: G T P hydrolysis and peptide release.

Step 3: Ribosome recycling.

Release of the completed protein leaves a free tRNA in the P site and the
MRNA still associated with the 80S ribosome, to which eRF1 and
eRF3-GDP are still bound in the A site. In eukaryotes, ribosome recycling
occurs when this post-termination complex is bound by a protein called
ABCEL, which uses energy from ATP hydrolysis to separate the subunits
and release the mRNA and tRNA in the P site. Initiation factors elF1,
elF1A, and elF3, which are also required for separation of the subunits,
load onto the 40S subunit, making it ready for another round of initiation
(see Eigure 5-36, top). In reality, a free mRNA is never released, as
diagrammed in Eigure 5-25 for simplicity. Rather, the mRNA has other
ribosomes associated with it in various stages of elongation, PABPC bound
to the poly(A) tail, and the elF4 complex associated with the 5’ cap, ready
to associate with another 43S preinitiation complex (see Eigure 5-36).



In addition to these functions in protein synthesis, ribosomes also
associate transiently with protein chaperones that assist in folding the
polypeptide chain as it emerges from the ribosome surface (see Figure 3-
19). As we will see in Chapter 13, ribosomes that synthesize proteins
destined to be inserted into the endoplasmic reticulum (ER) associate with
a ribonucleoprotein complex called SRP (signal recognition particle) that
arrests protein synthesis until the nascent polypeptide encounters
specialized channels for insertion into the ER. SRP also assists with the
insertion and threading of these proteins through these ER channels when
protein synthesis is permitted to resume.

Polysomes and Rapid Ribosome
Recycling Increase the Efficiency of
Translation

Translation of a single eukaryotic mRNA molecule to yield a typically
sized protein takes 1 to 2 minutes. Two phenomena significantly increase
the overall rate at which cells can synthesize a protein: the simultaneous
translation of a single mMRNA molecule by multiple ribosomes, and rapid
recycling of ribosomal subunits after they disengage from a stop codon.
Simultaneous translation of an mRNA by multiple ribosomes is readily
observable in electron micrographs and by sedimentation analysis,
revealing mMRNA molecules attached to multiple ribosomes bearing
nascent growing polypeptide chains. These structures, referred to as
polyribosomes or polysomes, were seen to be circular in electron
micrographs of some tissues.



Subsequent studies with purified initiation factors explained the circular
shape of polyribosomes and suggested the mechanism by which ribosomes
recycle efficiently. These studies revealed that multiple copies of the
cytoplasmic poly(A)-binding protein (PABPC) interact with both an
MRNA poly(A) tail and the elF4G subunit of elF4. Since the elF4E
subunit of elF4 binds to the cap structure on the 5’ end of an mMRNA, the
two ends of an mMRNA molecule are bridged by the intervening proteins,
forming circular mRNA (Eigure 5-39a). Because the two ends of a
polysome are relatively close together, ribosomal subunits that disengage
from a stop codon are positioned near the 5’ end, facilitating reinitiation
by the interaction of the 40S subunit and its associated initiation factors
with elF4 bound to the 5’ cap. The circular pathway depicted in Figure 5-
39D is thought to enhance ribosome recycling and thus increase the
efficiency of protein synthesis.

(a) (b) e .
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Part (a) Courtesy of Alan Sachs and Sandra Wells.
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EXPERIMENTAL FIGURE 5-39 Circular structure of mRNA increases translation
efficiency. Eukaryotic mRNA forms a circular structure owing to interactions of three
proteins. (a) In the presence of purified yeast poly(A)-binding protein [PABP; there is only
one PABP in S. cerevisiae, rather than a nuclear (PABPN) and cytoplasmic (PABPC) protein
as in higher eukaryotes], elF4E, and elF4G, eukaryotic mRNAs form circular structures,



visible in this force-field electron micrograph. In these structures, protein-protein and
protein-mRNA interactions form a bridge between the 5’ and 3’ ends of the mRNA. (b)
Model of protein synthesis on circular polysomes and recycling of ribosomal subunits.
Multiple individual ribosomes can simultaneously translate a eukaryotic mRNA, shown here
in a circular form stabilized by interactions between proteins bound at the 3’ and g’ ends.
When a ribosome completes translation and dissociates from the g end, the separated
subunits can rapidly find the nearby 5’ cap [:m?G]l and PABPC-bound poly(A) tail and

initiate another round of synthesis.

GTPase-Superfamily Proteins
Function in Several Quality-Control
Steps of Translation

We have now seen that one or more GTP-binding proteins participate in
each stage of translation. These proteins belong to the GTPase
superfamily of switch proteins that cycle between a GTP-bound form and
a GDP-bound form (see Figure 3-35). Usually correct execution of some
preceding assembly step is required to trigger hydrolysis of the bound
GTP. The hydrolysis of bound GTP to bound GDP is essentially
irreversible and causes a conformational change in the GTPase itself, thus
ensuring that the next interdependent assembly step associated with
translation proceeds rapidly, unidirectionally, and with high fidelity. As the
details of translation have been worked out, two distinct but not mutually
exclusive functions of GTP hydrolysis have been identified. The first is to
make an assembly event unidirectional by locking associated proteins into
place once components have come together in the correct manner. A good
example of this is successful association of the large and small ribosomal



subunits coupled to hydrolysis of GTP by elF5B (Figure 5-36, step |8)).
Recall that if the correct complex does not form, elF5B-GTP does not
hydrolyze the GTP and the complex is unstable, free to diffuse apart and
try again. When the precise alignment of the subunits required for
elongation occurs, elF5B hydrolyzes the GTP to GDP, locking the correct
complex in place. Energy released from the high energy -y bond in GTP
drives the reaction in one direction. A second function of GTP hydrolysis
IS to create an additional step by which the correct fit for a molecular
association can be checked to increase the fidelity of translation. The best
example of such a proofreading activity occurs during the crucial process
of matching the correct aminoacyl-tRNA with the next available codon in
an mRNA. An initial match is made when the anticodon of an aminoacyl-
tRNA in complex with EF1a-GTP docks with the codon in the A site. Then
as a distinct step, hydrolysis of EF1a-GTP to EF1a-GDP occurs only after
correct base pairing between anticodon and codon is confirmed. GTP
hydrolysis causes a conformational change in EF1a that results in the
release of its bound tRNA, allowing the aminoacylated 3’ end of the
charged tRNA to move into the position required for peptide bond
formation (see Figure 5-37, step |2|). In effect, the base pairing between
anticodon and codon is checked twice; first in the initial selection of an
amino acyl-tRNA and again in a step coupled to hydrolysis of EF1a-GTP.
Molecular simulations estimate that this second proofreading step
increases the fidelity of translation about 15-fold.

Nonsense Mutations Can Be Bypassed
by Suppressing tRNA Mutations



As we have seen, a mutation that converts a codon normally encoding an
amino acid into a stop codon will lead to premature termination of
translation. Nonsense mutations, as they are called, result in a truncated
protein that is usually nonfunctional. In genetic studies with the bacterium
E. coli, it was discovered that the effect of a nonsense mutation can be
suppressed by a second mutation in a tRNA gene. This occurs when the
sequence in a tRNA gene that encodes the anticodon is changed to a triplet
that is complementary to a stop codon. If, for example, a nonsense
mutation in a gene converted a UCG (serine) codon into a UAG (stop)
codon, the stop may be read often enough to produce some full-length
protein if the anticodon of a tRNA were changed to CUA, which can base-
pair with the UAG stop codon. One way to do this would be to mutate the
gene for trwAT¥* in a way that changes its anticodon from GUA to CUA.
Importantly, the mutant gy A T¥* can still be recognized by the tyrosine
aminoacyl-tRNA synthetase, since the anticodon sequence is not a
necessary feature for recognition by the corresponding aminoacyl-tRNA
synthetase. Cells that have both the original nonsense mutation and the
second mutation in the anticodon of the {rnA™¥* gene consequently can
insert a tyrosine at the position of the mutant stop codon, allowing protein
synthesis to continue past the original nonsense mutation. This mechanism
is not highly efficient, so translation of normal mRNAs with a UAG stop
codon terminates at the normal position in most instances. If enough of the
protein encoded by the original gene with the nonsense mutation is
produced to provide its essential functions, the effect of the first mutation
is said to be suppressed by the second mutation in the anticodon of the
tRNA gene.



This mechanism of nonsense suppression is a powerful tool in genetic
studies of bacteria. For example, it allows us to isolate mutant bacterial
viruses that cannot grow in normal cells but can grow in cells expressing a
nonsense-suppressing tRNA because the mutant virus has a nonsense
mutation in an essential gene. Such mutant viruses grown on nonsense-
suppressing cells can then be used in experiments to analyze the function
of the mutant gene by infecting normal cells that do not suppress the
mutation and analyzing what step in the viral life cycle is defective in the
absence of the mutant protein.

KEY CONCEPTS OF SECTION 5.6

Stepwise Synthesis of Proteins on Ribosomes

« Bacterial, archaeal, and eukaryotic ribosomes — the large ribonucleoprotein
complexes on which translation occurs — consist of a small and a large subunit. Each
subunit contains numerous different proteins and one major rRNA molecule (small or
large). The large subunit also contains one accessory 5S rRNA in bacteria and
archaea and two accessory rRNAs in eukaryotes (5S and 5.8S).

« Analogous rRNAs from many different species fold into quite similar three-
dimensional structures containing numerous stems and loops, as well as binding sites
for proteins, mRNAs, and tRNAs. Much smaller ribosomal proteins are associated
with the periphery of the rRNAs.

« Of the two methionine tRNAs found in all cells, only one [tRNA-.MEt) functions in
initiation of translation.

» Each stage of translation — initiation, chain elongation, and termination — requires
specific protein factors, including GTP-binding proteins that hydrolyze their bound
GTP to GDP when a step has been completed successfully.

« During initiation, the ribosomal subunits assemble near the translation start site in an
MRNA molecule on which a tRNA carrying the amino-terminal methionine
(Met-tRNA; M¢t) has base-paired with the start codon (see Figure 5-36).

« Chain elongation entails a repetitive four-step cycle: loose binding of an incoming
aminoacyl-tRNA to the A site on the ribosome; tight binding of the correct
aminoacyl-tRNA to the A site accompanied by release of the previously used tRNA




from the E site; transfer of the growing polypeptide chain to the incoming amino acid
catalyzed by large rRNA,; and translocation of the ribosome to the next codon,
thereby moving the peptidyl-tRNA in the A site to the P site and the now unacylated
tRNA in the P site to the E site (see Figure 5-38).

In each cycle of chain elongation, the ribosome undergoes two conformational
changes monitored by two GTP-binding proteins. The first of these proteins (EF1a)
permits tight binding of the incoming aminoacyl-tRNA to the A site and ejection of a
tRNA from the E site, and the second (EF2) monitors translocation.

Termination of translation is carried out by two types of termination factors: those that
recognize stop codons and those that promote hydrolysis of peptidyl-tRNA (see
Figure 5-39). Once again, correct recognition of a stop codon is monitored by a
GTPase (eRF3).

The efficiency of protein synthesis is increased by the simultaneous translation of a
single mRNA by multiple ribosomes, forming a polyribosome or polysome. In
eukaryotic cells, protein-mediated interactions bring the two ends of a polyribosome
close together, thereby promoting the rapid recycling of ribosomal subunits, which
further increases the efficiency of protein synthesis (see Figure 5-39b).




