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After the ribosome structure: How does
translocation work?
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ABSTRACT

Structures of the ribosomal large and small subunits have been solved to atomic resolution by X-ray crystallography. These
structures provide a new foundation to address the complex process of protein biosynthesis by the ribosome. Translocation of
the tRNA–mRNA complex is one of the most fascinating tasks performed by the ribosome. The impact of the crystal structures
in understanding the molecular mechanism of translocation is highlighted in this review.

As recently as the mid-1990s, obtaining high-resolution
structure of the ribosome was considered to be an impos-
sible dream. Today, it is feasible for anybody with a personal
computer to download and view atomic resolution struc-
tures of both ribosomal subunits (Ban et al. 2000; Schluen-
zen et al. 2000, 2001; Wimberly et al. 2000). Additionally,
structures of the complete ribosome incorporating tRNA
and mRNA have been solved at 5.5-Å resolution (Yusupov
et al. 2001). This amazing change of events has provided a
much-needed structural framework and has revolutionized
the field. The remaining challenge is to understand the
functional significance of the ribosome structure. One of
the most remarkable events during the elongation phase of
protein synthesis is the iterative movement of the tRNAs
and the associated mRNA through the ribosome. The mo-
lecular basis for translocation and mRNA-reading-frame
maintenance are largely unknown. Translocation is cata-
lyzed by an elongation factor (EF-G in Escherichia coli) and
involves precise and coordinated movement of large mol-
ecules (mRNA and two tRNAs) over long distances (∼ 50 Å)
in the ribosome. Furthermore, the ribosome is a dynamic
machine that undergoes dramatic conformational changes
during translocation. Therefore, in this post-crystal-struc-
ture era, the most interesting challenge for ribosome re-
search is to uncover the mechanism of translocation.

Models for translocation

Ribosomes contain three tRNA-binding sites: the aminoacyl
site (A site), the peptidyl site (P site), and the exit site (E
site). Following peptide-bond formation, the ribosome has
a deacylated tRNA in the P site and a peptidyl tRNA in the
A site (Fig. 1). The A site needs to be vacated in order to
bind the next aminoacyl tRNA to the ribosome. According
to the hybrid states model for translocation (Moazed and
Noller 1989), movement of tRNA is proposed to occur in
two steps: In the first step, which occurs spontaneously after
the peptidyl transferase reaction, the acceptor ends of the
deacylated tRNA and the peptidyl tRNA move relative to
the large subunit from the P and A sites to the E and P sites,
respectively, while their anticodon ends remain bound to
the small subunit, resulting in P/E and A/P hybrid states
(Fig. 1C). In the second step, which is EF-G-dependent, the
anticodon arms of the two tRNAs move relative to the small
subunit from the P and A sites to the E and P sites, respec-
tively (Fig. 1D). At the end of translocation, deacylated
tRNA is in the E site (E/E state), peptidyl tRNA is in the P
site (P/P state), and EF-G–GDP dissociates from the ribo-
some.

Interestingly, the peptidyl tRNA in the A/P hybrid state
does not react with puromycin, an antibiotic analog of A-
site tRNA, indicating that it is functionally distinct from the
P/P state attained after translocation. Furthermore, an EF-G
mutant lacking domain I (the GTP-binding domain) can
partially translocate peptidyl tRNA from the A/P state to a
puromycin-reactive state (Borowski et al. 1996). Thus, the
spontaneous translocation of the acceptor ends of deacyl-
ated and peptidyl tRNA relative to the 50S large subunit is
incomplete in the absence of EF-G. More recently, crystal-
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lographic evidence has been obtained for another pretrans-
location intermediate that contains the peptidyl tRNA ana-
log bound to the 50S-subunit A site after peptide-bond
formation (Fig. 1B; Schmeing et al. 2002). Therefore, the
peptidyl transferase reaction and the spontaneous 50S
translocation are not coupled but occur sequentially during
the elongation cycle of protein synthesis. It is possible that
there are additional transient intermediate states of trans-
location that remain to be discovered.

An alternative model for translocation called �–� was
proposed by Nierhaus and colleagues (Dabrowski et al.
1998). They observed that the characteristic protection pat-
tern of phosphorothioate-substituted tRNAs bound to the
ribosomal A and P sites does not change upon transloca-
tion. This indicates that the tRNAs maintain their interac-
tions with the respective ribosomal sites during transloca-
tion. Therefore, in addition to the swapping of contacts
between tRNAs and the ribosomal sites during transloca-
tion as proposed by the hybrid states model, some of the
contacts with tRNA may be preserved by a movable ribo-
somal domain that resets itself during A-site occupation.
More studies are urgently needed to determine how this
process is orchestrated by the ribosome.

Interaction of tRNA and mRNA
with the ribosome

One of the immediate benefits of the
crystal structures was the detailed in-
formation now available about ribo-
somal components that constitute
the classical A, P, and E sites (for re-
view, see Noller et al. 2001). The
three tRNAs bind in the interface
cavity, which is rich in rRNA ele-
ments from both the subunits. The
anticodon arms of all three tRNAs
bind to the 30S subunit and interact
with several 16S rRNA residues and
small subunit proteins. Interestingly,
16S rRNA bases 530, 1492, and 1493,
located in the 30S-subunit A site, un-
dergo a conformational change to
contact the codon–anticodon mini-
helix, providing new insights into the
molecular basis for decoding (Ogle et
al. 2001). The D-stem, elbow, and ac-
ceptor arm of A-, P-, and E-site
tRNAs interact with 23S rRNA and
proteins present in the large subunit
(Yusupov et al. 2001). The acceptor
ends of A- and P-site tRNAs are close
to each other and contact the pepti-
dyl transferase region, which is, re-
markably, composed exclusively of
23S rRNA (Nissen et al. 2000). In

contrast, the acceptor arm of the E-site tRNA is oriented
away from the A- and P-site tRNAs and is close to the L1
stalk of the 50S subunit (Yusupov et al. 2001).

The mRNA loops around the head and shoulder of the
30S subunit enclosing positions −15 to +15 within the ri-
bosome (Yusupova et al. 2001). The Shine-Dalgarno se-
quence of the mRNA base-pairs with the complementary
sequence present in the 3�-end of 16S rRNA, forming a
helix that is located between the head and the platform on
the solvent side of the 30S subunit. Positions −1 to +7 of the
mRNA are exposed in the interface cavity, while the up-
stream and downstream sequence of the mRNA pass
through tunnels formed by the head and shoulder of the
small subunit. These tunnels may undergo conformational
changes that permit the mRNA to move during transloca-
tion (Frank and Agrawal 2000; Schluenzen et al. 2000).
Translocation of certain tRNAs can occur in the absence of
mRNA template, indicating that mRNA–ribosome interac-
tions are not critical for this process. However, during
translocation, the tRNA–mRNA complex has to break con-
tacts with the ribosome and establish a new set of interac-
tions in the next site. This may be achieved in a step-wise
fashion, wherein parts of the A- and P-site tRNAs break

FIGURE 1. Revised hybrid states model for translocation (Moazed and Noller 1989). (A) Ribo-
some with a peptidyl tRNA in the P/P state (stem–loop structure in magenta) and an aminoacyl
tRNA in the A/A state (stem–loop structure in green). Colored circles represent an amino acid
attached to the 3�-end of the tRNA. (B) After peptide-bond formation, deacylated tRNA is in the
P/P state and peptidyl tRNA extended by one amino acid is in the A/A state (Schmeing et al. 2002).
(C) The acceptor ends of the deacylated tRNA and the peptidyl tRNA are spontaneously trans-
located relative to the 50S subunit, resulting in P/E and A/P hybrid states, respectively. (D) EF-G
moves the anticodon ends of the deacylated tRNA and peptidyl tRNA relative to the 30S subunit,
resulting in E/E and P/P states, respectively. (E,F) Approximate position of EF-G relative to the 30S
(Wimberly et al. 2000) and 50S (Ban et al. 2000) crystal structures viewed from the interface side.
The docking of the EF-G crystal structure (AEvarsson et al. 1994) on the ribosomal subunits is
based on data from directed hydroxyl radical probing (Wilson and Noller 1998a) and cryo-EM
(Agrawal et al. 1998) studies.
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their interaction in one site and form new contacts in the
next site.

Consistent with this idea, modifications to the 3�-accep-
tor arm of the P-site tRNA that reduce E-site affinity also
inhibit translocation (Lill et al. 1989). Ribose 2�-hydroxyl
groups at positions 71 and 76 of P-site tRNA are important
for translocation (Feinberg and Joseph 2001). These 2�-
hydroxyl groups contact 23S rRNA elements in the 50S-
subunit E site (Yusupov et al. 2001), which indicates that
movement of the acceptor arm of P-site tRNA into the
large-subunit E site is a prerequisite for EF-G-dependent
translocation of the anticodon arms relative to the small
subunit.

Surprisingly, an anticodon stem–loop analog of tRNA
(ASL) is translocated from the ribosomal A site, implying
that interactions between the ribosome and the D-stem,
elbow, and acceptor stem of A-site tRNA are not critical for
translocation (Joseph and Noller 1998). In the absence of
an ASL in the A site, the P-site tRNA and the associated
mRNA are not translocated, indicating that interactions in-
volving the ASL and the 30S-subunit A site play an essential
role in translocation. Interestingly, the ribose 2�-hydroxyl
groups at positions 33, 35, and 36 in the A-site ASL are
important for translocation (Phelps et al. 2002). The ribose
2�-hydroxyl groups at positions 35 and 36 contact the uni-
versally conserved 16S rRNA bases G530, A1492, and
A1493, indicating that the fundamental mechanism for de-
coding and translocation may be related and similar in all
organisms.

However, the translocation rate of an A-site-bound ASL
is considerably slower compared with peptidyl tRNA, the
physiological substrate (S. Studer, J. Feinberg, and S. Jo-
seph, unpubl.). Therefore, interactions between the D-stem,
elbow, and acceptor stem of A-site tRNA and the ribosome
are likely to play a role in increasing the efficiency of trans-
location. Indeed, peptidyl tRNA with an A76G mutation in
the 3�-CCA end inhibits translocation from the A site to the
P site, demonstrating the importance of the rest of the
peptidyl tRNA for translocation (Virumae et al. 2002).

Interaction of EF-G with the ribosome

Elongation factor G (EF-G) consists of five structural do-
mains (AEvarsson et al. 1994; Czworkowski et al. 1994), and
it shows striking similarity with the elongation factor Tu
(EF-Tu) · GTP–tRNA ternary complex in overall shape and
charge distribution (Nissen et al. 1995). EF-G interacts with
the 50S subunit near the base of the L7/L12 stalk and with
the sarcin-ricin stem–loop region of 23S rRNA (Skold 1983;
Moazed et al. 1988). Both these regions are close to each
other in three dimensions in the crystal structures. EF-Tu
(Moazed et al. 1988) and initiation factor 2 (IF2; Cameron
et al. 2002) also protect nucleotides in the sarcin-ricin
stem–loop region, which is consistent with the idea that
these factors interact in a similar fashion with the ribosome.

Directed hydroxyl radical probing (Wilson and Noller
1998a) and independent cryo-EM studies (Agrawal et al.
1998) of EF-G · GDP stabilized on the ribosome with fu-
sidic acid placed EF-G in the interface cavity with domain 5
of EF-G close to the base of the L7/L12 stalk, whereas do-
main 1 (G domain) contacts the sarcin-ricin region (Fig.
1E,F). Interestingly, domain 4 of EF-G reaches into the
decoding region of the 30S subunit. The position of EF-G in
the ribosome is similar to the location of the EF-Tu ternary
complex observed by cryo-EM (Stark et al. 1997). The G
domain of EF-Tu is near the sarcin-ricin region of the ri-
bosome, and the anticodon arm of tRNA in the ternary
complex is in the 30S decoding region. The similarity in
size, shape, and orientation on the ribosome (especially of
domain 4 of EF-G and the anticodon arm of tRNA in the
ternary complex) has fueled speculation that the two factors
may use a similar mechanism to perform different tasks on
the ribosome.

Pre-steady-state kinetics analysis showed that GTP-hy-
drolysis by EF-G precedes and greatly accelerates transloca-
tion (Rodnina et al. 1997). The molecular mechanism for
coupling the energy released from GTP hydrolysis to me-
chanical movement is unclear. Remarkably, ribosomes can
translocate the tRNA–mRNA complex at a slow rate even in
the absence of EF-G and GTP-hydrolysis (for review, see
Spirin 1985). This implies that EF-G merely acts as a catalyst
and that all the components for translocation are already
present within the ribosome.

Quantitative kinetics analysis of binding and of GTP-
hydrolysis by wild type and EF-G mutants has provided
valuable information about the functional steps in translo-
cation. Mutation of a single amino acid at position 583 in
the tip of domain 4 of EF-G inhibits translocation by >100-
fold without affecting factor binding, GTP-hydrolysis, and
release of inorganic phosphate (PPi; Savelsbergh et al.
2000). Similarly, deletion of domain 4 from EF-G causes a
1000-fold reduction in translocation rate, without affecting
factor binding or GTPase activity in the ribosome (Rodnina
et al. 1997). Domain 4 in EF-G may couple GTP-hydrolysis
to tRNA movement. An EF-G mutant that was conforma-
tionally restricted by an engineered disulfide bond between
domains 1 and 5 shows ∼ 104-fold inhibition in transloca-
tion, indicating that conformational flexibility of EF-G is
important for translocation (Peske et al. 2000).

Inhibition of translocation

Antibiotic inhibitors of translocation may work by prevent-
ing EF-G or the ribosome (see below) from undergoing
structural changes. Viomycin, a potent inhibitor of trans-
location, binds between the two subunits (Moazed and Nol-
ler 1987; Powers and Noller 1994) and may block the rela-
tive movement of the two subunits. Thiostrepton binds to
the 1060 region of 23S rRNA near the base of the L7/L12
stalk in the large subunit (Rosendahl and Douthwaite
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1994). The L7/L12 stalk is thought to undergo conforma-
tional changes that are important for translocation
(Agrawal et al. 1999). Because EF-G also binds to the same
region of 23S rRNA, it is possible that thiostrepton stabilizes
a conformation in 23S rRNA that inhibits EF-G binding
(Cameron et al. 2002) or tRNA movement (Rodnina et al.
1999). In contrast to the above two inhibitors, fusidic acid
allows EF-G-dependent GTP-hydrolysis and tRNA move-
ment but blocks the dissociation of EF-G–GDP from the
ribosome. Complexes of the translocation inhibitor spec-
tinomycin or hygromycin B with the 30S subunit have been
solved by X-ray crystallography. Spectinomycin binds to the
minor groove of helix 34 of 16S rRNA and may block con-
formational changes in the 30S head region that are impor-
tant for translocation (Carter et al. 2000). Hygromycin B
binds to the upper part of helix 44 in 16S rRNA (Brodersen
et al. 2000), a region that has been implicated to move
during translocation (Frank and Agrawal 2000; VanLoock
et al. 2000). Hygromycin B may inhibit translocation by
preventing movement of helix 44. Understanding the
mechanism of translocation inhibitors may help in the ra-
tional design of novel antibiotics that target the ribosome.

Ribosome dynamics during translocation

The ribosome is not static but undergoes large-scale con-
formational changes during translocation (for review, see
Wilson and Noller 1998b). Small-angle neutron scattering
studies showed that the shape of the 30S subunit changes
and the intersubunit distance increase upon translocation
(Serdyuk et al. 1992). In addition, conformational changes
in the 70S are triggered by a switch in helix 27 of 16S rRNA,
thereby affecting the accuracy of translation (Lodmell and
Dahlberg 1997; Gabashvili et al. 1999). This conformational
switch may also play a role during translocation. Lead cleav-
age experiments indicate that the peptidyl transferase region
in 23S rRNA undergoes periodic structural changes during
translocation (Polacek et al. 2000). More recently, tantaliz-
ing clues to the nature of these changes were obtained from
cryo-EM studies. Ribosomal complexes with EF-G stably
bound using GTP analogs, thiostrepton or fusidic acid, were
analyzed and conformational changes were observed in
EF-G and in both the large and small subunits (Frank and
Agrawal 2000; Stark et al. 2000). The two subunits undergo
a ratchet-like movement relative to each other during trans-
location. Changes were observed close to the mRNA chan-
nel, in the upper part of helix 44 in 16S rRNA, and in the
intersubunit bridges (B1a, B1b, and B1c) that connect the
30S subunit head with the 50S subunit (Frank and Agrawal
2000). The role of ribosomal proteins in translocation must
not be overlooked. Some of the intersubunit bridges are
composed of ribosomal protein, and they also interact with
tRNA and mRNA (Yusupov et al. 2001). The intersubunit
bridges may play an important role during translocation by

coordinating the movement of the tRNAs relative to the two
subunits.

Clearly, high-resolution structures of the intermediate
steps are essential for understanding the mechanism of
translocation. In the meantime, available crystal structures
will serve as the framework for designing and interpreting
biochemical and genetic experiments that are focused on
the functional characterization of this complex process.
Combining high-resolution crystallographic data with cryo-
EM studies and molecular dynamics simulation will also
prove powerful in understanding ribosome dynamics dur-
ing translocation. Now that we have joyfully peered under
the hood of this exquisite molecular machine, the exciting
new frontier of understanding the structural basis of trans-
location awaits.
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