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Abstract

The ribosome is a complex macromolecular machine that translates the message encoded in the
messenger RNA and synthesizes polypeptides by linking the individual amino acids carried by the
cognate transfer RNAs (tRNAs). The protein elongation cycle, during which the tRNAs traverse the
ribosome in a coordinated manner along a path of more than 100 A, is facilitated by large-scale
rearrangements of the ribosome. These rearrangements go hand in hand with conformational changes
of tRNA as well as elongation factors EF-Tu and EF-G — GTPases that catalyze tRNA delivery and
translocation, respectively. This review focuses on the structural data related to the dynamics of the
ribosomal machinery, which are the basis, in conjunction with existing biochemical, kinetic, and
fluorescence resonance energy transfer data, of our knowledge of the decoding and translocation
steps of protein elongation.

1. Introduction

The ribosome is a molecular machine responsible for translating the information carried by the
messenger RNA (MRNA) into a sequence of amino acids, which are linked to form a
polypeptide chain and eventually a protein. Translation is a dynamic process during which the
ribosome and all of its functional ligands undergo conformational changes following various
induced-fit mechanisms. Characterization of these changes and their functional significance is
accomplished by a combination of cryo-electron microscopy (cryo-EM) and single-molecule
fluorescence resonance energy transfer (SmFRET), drawing from the rich trove of X-ray
structures solved in the past decade.

The work cycle during which a new amino acid is added to the growing polypeptide chain,
referred to as elongation cycle, is a repetitive multistep process encompassing aminoacyl-tRNA
(aa-tRNA) selection, peptide bond formation, and mRNA-tRNA translocation (Fig. 1). This
process requires a fine balance between rate and fidelity (Johansson et al. 2008;Zaher & Green,
2009). It has been estimated that proteins are synthesised in vivo at a rate of 15-20 amino acids
per second, with an estimated error rate of below ~10~# (Bouadloun et al. 1983). The ribosome
achieves this balance by working in coordination with EF-Tu and EF-G during the aa-tRNA
delivery and tRNA translocation steps, respectively.

The ribosome is formed by a small and a large subunit, referred to as 30S and 50S, respectively,
in prokaryotes (40S and 60S in eukaryotes). Despite this difference in size, the centrally located
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functional sites of the ribosome are highly conserved in all domains of life, as the structural
variations (due to the presence of additional proteins and the so-called RNA expansion
segments) are predominantly located at the periphery of the ribosome. While the small subunit
is responsible for the decoding of the mRNA, monitoring the codon—-anticodon interaction in
the aminoacyl (A) site, the large subunit provides the proper environment (located at the
peptidyl transferase center, or PTC) for the transfer of the polypeptide from the P-site tRNA
to the aminoacyl group on the A-site tRNA. The mRNA is positioned around the neck of the
small subunit such that it displays a 135° kink between adjacent codons (Yusupova et al.
2001), a conformation that enables the simultaneous base-pairing with the tRNAs in the A and
P sites.

The following account gives a brief overview of the main steps in the course of the elongation
cycle on which this article is focused (see Noller et al. 2002; Ogle & Ramakrishnan, 2005;
Ninio, 2006; Frank et al. 2007; Korostelev et al. 2008; Steitz, 2008). In the initiation of protein
synthesis, the ribosomal subunits, mMRNA, and the initiator tRNA (fMet-tRNA™eY are brought
together, guided by initiation factors, to form an elongation-competent ribosome. Once this
initiation complex bearing an fMet-tRNA™et in the P site is formed (Fig. 1a), the first
elongation cycle starts with the incorporation of the first aa-tRNA into the ribosome (Fig.
1b). In the initial binding state, referred to as A/T state, this aa-tRNA is in a ternary complex
with the GTPase EF-Tu (eEF1A in eukaryotes) and GTP. When a Watson—Crick codon—
anticodon match is recognized by the ribosome, a signal is transmitted to EF-Tu that triggers
GTP hydrolysis and thereby causes the dissociation of EF-Tu from the ribosome. The
subsequent accommodation of the 3’ acceptor arm of the tRNA in the PTC of the large subunit
leads to a rapid peptide bond transfer (Fig. 1c).

After peptide bond formation, the resulting pre-translocational ribosome contains a peptidyl-
tRNA in the A site and a deacylated tRNA in the P site. At this stage, the A- and P-site tRNAs
sample hybrid configurations, referred to as A/P and P/E, respectively, in which the anticodon
stem loops (ASLSs) of the tRNAs reside in the A and P sites of the small subunit, whereas the
acceptor ends interact with the P and E sites of the large subunit (Fig. 1d). The transition from
the classic to the hybrid state of the ribosome (i.e., Fig. 1c, d) is accompanied by a large
conformational change, the ratchet-like rotation. Binding of the GTPase EF-G (eEF2 in
eukaryotes) catalyzes the translocation of the mMRNA-tRNA complex (Fig. 1e). The concerted,
precise movement of tRNA and mRNA is essential for translation, as any error in this process
would result in the loss of the reading frame. All three steps of the elongation cycle (decoding,
peptide bond transfer, and translocation) are repeated until the complete MRNA sequence has
been read and a stop codon marking termination is sensed by the small subunit’s decoding
center. A comparison of the positions and orientations of the tRNAs in the course of the
elongation cycle, as determined from cryo-EM density maps by fitting of the X-ray structure,
is shown in Fig. 2.

This review will specifically focus on what we have learned thus far about the dynamic
interactions among the ribosome, tRNA, and elongation factors in the course of the elongation
cycle, especially by means of cryo-EM, but also by another important emerging source of
dynamic information, SmFRET. Questions about the detailed mechanism of decoding
succinctly formulated by Ogle and Ramakrishnan (2005), although still unresolved, appear in
a new light thanks to new high-resolution cryo-EM studies (Lebarron et al. 2008; Li et al.
2008; Schuette et al. 2009; Villa et al. 2009a). Advances in the understanding of MRNA-tRNA
translocation have been particularly dramatic, showing a remarkable convergence of data from
SmFRET with dynamic changes visualized by cryo-EM (Agirrezabala et al. 2008; Cornish et
al. 2008; Frank et al. 2007; Julian et al. 2008; Kim et al. 2007; see Korostelev et al. 2008).
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2. The decoding process: aa-tRNA selection and the A/T state

For the maintenance of fidelity in the decoding of the aa-tRNA, the cognate codon has to be
recognized correctly by the anticodon, leading to the incorporation of the tRNA, while incorrect
pairings must lead to rejection. The structural basis for decoding is the recognition of the
complementary Watson—Crick base-pairing between the codon of the mRNA and the anticodon
of the tRNA, through the mechanism described by Ramakrishnan and coworkers (Ogle et al.
2001). The discrimination between cognate and noncognate aa-tRNAs (i.e., more than two
mismatches with bases in the codon) can rely on the difference in stability of the codon—
anticodon base-pairing as the difference in free energy of binding is sufficiently large.
However, the difference in thermodynamic stability between cognate and near-cognate (i.e.,
just one mismatch with bases in the codon) is too small to be able to account for the accuracy
of decoding (Sugimoto et al. 1986; Freier et al. 1986; Meroueh & Chow, 1999; Almlof et al.
2007).

To explain this paradox, a kinetically driven discrimination mechanism has been postulated to
be involved in tRNA selection. Accordingly, the recognition of a cognate aa-tRNA and its
incorporation into the ribosome is achieved not in one but two steps, initial selection and
proofreading, separated by an irreversible step of GTP hydrolysis (Fig. 3) (Hopfield,
1974;Ninio, 1975;Thompson & Stone, 1979;Ruusala et al. 1982). A two-step selection
mechanism allows the ribosome to sample the energy landscape twice, resulting in enhanced
selectivity.

Subsequent research has led to a more refined kinetic model. The high level of accuracy does
not originate solely from differences in dissociation rates (k_, and k7 in our diagram), as
originally proposed. Instead, pre-steady-state kinetic studies demonstrated that the
discrimination between cognate and near-cognate tRNAs relies mainly on differences between
the cognate and near-cognate case in GTPase activation (k3) and tRNA accommodation (ks)
rates. The rates for GTPase activation (during initial selection) and accommaodation (during
proofreading) are much higher for the cognate than for the near-cognate species (Pape et al.
1999; Rodnina & Wintermeyer, 2001; Gromadski & Rodnina, 2004; Cochella & Green,
2005; Gromadski et al. 2006). In summary, such a double-checking mechanism during
decoding, in which both the initial selection and proofreading steps contribute to a similar
extent to the overall selection accuracy, in conjunction with high kinetic efficiency of the
cognate species, ensures the high accuracy in tRNA selection that is essential for the faithful
expression of the genetic information.

In structural terms, the differences in forward rates between the cognate and near-cognate case
are due to an induced-fit mechanism, i.e., differences in the rate-limiting conformational
changes in ribosome and tRNA complex generated by the codon—-anticodon match. According
to this view (see Ogle & Ramakrishnan, 2005), the structural changes required to allow the
final incorporation of aa-tRNA are not taking place unless a cognate aa-tRNA is encountered.
Important breakthroughs toward understanding the induced-fit mechanism have recently been
made by means of X-ray crystallography and cryo-EM. We will first describe the relevant
crystal structures of the 30S subunit from Thermus thermophilus. Next, we will discuss
published cryo-EM structures of different 70S ribosome-bound kirromycin-stalled ternary
complexes (aa-tRNAEF-TusGTP) for both Escherichia coli and T. thermophilus, which are
in the postcodon recognition, GTPase-activated state. We will end this section by presenting
a model for the decoding mechanism that attempts to integrate the aforementioned structural
data with biochemical, kinetic, and sSmFRET data.
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2.1 X-ray crystallography of the 30S subunit: interactions at the decoding site

Before the emergence of X-ray data, different experimental approaches already pointed out
the importance of three universally conserved bases of the small subunit 16S rRNA, G530,
A1492, and A1493, which were found to be involved in the interaction with the incoming aa-
tRNA (Bowman et al. 1971; Senior & Holland, 1971; Noller & Chaires, 1972; Moazed &
Noller, 1986; Fourmy et al. 1996; Yoshizawa et al. 1999; Noller, 2006). However, a more
conclusive understanding regarding the interactions at the decoding site was not achieved until
high-resolution X-ray structures of the 30S subunit were obtained (Ogle et al. 2001, 2002).
Structures of the 30S subunits obtained from crystals of T. thermophilus soaked with ASLs
and mRNA showed that the nucleotides G530, A1492, and A1493 effectively monitor the
geometry of the codon—anticodon helix: binding of cognate ASL in the A site induces bases
A1492 and A1493 to flip out of the internal loop of helix 44 and base G530 to rotate from a
syn to an anti conformation (Fig. 4b, ¢). These data showed that A-minor contacts are formed
between the three bases A1492, A1493, and G530 and the minor groove of the short helix
formed by cognate codon-anticodon interaction. These contacts are not stabilized unless the
minor groove has Watson—Crick base-pairing geometry.

Unlike the first two base pairs, the geometry of the third (wobble) base pair between the codon
and the anticodon was found not to be closely monitored by the ribosome, explaining why
noncanonical base pairs are often permitted at the third position. Hand in hand with the action
of the monitoring bases goes a more global reconfiguration of head and shoulder domains,
referred to as domain closure. During this reconfiguration, the shoulder domain (comprised of
S12 and the G530 loop from h18) connects to h44 at the decoding center through the codon—
anticodon helix.

The response of the subunit to the binding of a near-cognate ASL is strikingly different from
that in the cognate situation (Ogle et al. 2002). Here, bases G530 and A1492 do not change
their original positions, and only A1493 is partially flipped out upon near-cognate ASL binding
(Fig. 4d). In addition, domain closure is not observed in the near-cognate case.

2.2 Incorporation of the ternary complex to the ribosome and the nature and origin of the
distorted A/T tRNA conformation

While crystallography of the 30S subunit thus provided very detailed information on the
interactions of MRNA and the ASL of tRNA at the decoding site, the structural dynamics of
the aa-tRNA incorporation into the ribosome remained largely obscure. Cryo-EM has provided
essential insights into the tRNA selection process, by describing one of the intermediates during
this process, the 70S ribosome bound with the cognate Phe-tRNAPNeEFTusGDP ternary
complex (Stark et al. 2002; Valle et al. 2002, 2003a). Stalling was achieved by using
kirromycin, an antibiotic that impedes the selection mechanism immediately following GTP
hydrolysis by EF-Tu, but before dissociation of the aminoacylated acceptor end of the tRNA
from the protein. Kirromycin binds directly to EF-Tu at the interface of its three domains
(Parmeggiani & Nissen, 2006). The ternary complex aa-tRNA*EFTusGTP with cognate aa-
tRNA binds tightly to the ribosome in the presence of the antibiotic, becoming trapped in the
so-called kirromycin-stalled A/T state. The analysis of this complex is of particular relevance
here because the antibiotic stalls the factor in the GTPase-activated configuration but before
the conformational changes leading to EF-Tu release (Rodnina et al. 1995).

The cryo-EM maps (Fig. 5) revealed that the aa-tRNA molecule adopts a bent, twisted
conformation when in the A/T site of the ribosome. The location of the kink between the
anticodon- and D-stem loop regions was narrowed down to positions 44, 45, and 26 (Valle et
al. 2003a). This distortion was suggested to be a key element of the cognate versus near-cognate
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aa-tRNA selection mechanism, as it could set the threshold for triggering the GTPase activity
of EF-Tu and thus hold the key to kinetic discrimination (Yarus et al. 2003).

From this analysis, it became evident that Phe-tRNAP"® (and probably all aa-tRNAs; see
below), as a flexible molecule with intrinsic instability, is tailored for dynamic interactions
with the ribosome from the initial binding, through the selection and proofreading phases, to
the final accommodation into the A site. According to the manual expert-guided fitting used
by Valle et al. (2003a), later confirmed by molecular dynamics flexible fitting (MDFF) of a
higher-resolution map of the same complex (Trabuco et al. 2008; Villa et al. 2009a),
accommodation involves the relaxation of the A/T tRNA distortion localized at positions 44,
45, and 26, coupled to a ~45° untwisting rotation around the ASL.

The entire process of cognate aa-tRNA selection can be described in terms of the actions of a
molecular spring (Valle et al. 2003a): from a relaxed, low-energy conformation (i.e., before
its interaction with the ribosome), to a high-energy conformation (the distorted, A/T
conformation), and then back to the relaxed conformation (as it is accommodated into the
ribosome’s A site). However, as the cryo-EM ribosome results were from a single type of aa-
tRNA (namely Phe-tRNAPe) in the A/T state, the question remained whether the observed
deformation and the implied molecular spring mechanism are a universal feature of aa-tRNAs
or merely a feature due to the intrinsic properties of the Phe-tRNAPMe studied.

To address this question, two additional ribosome complexes stalled during the aa-tRNA
selection process, bearing Trp-tRNAT'P and Leu-tRNALEY, were recently analyzed by cryo-
EM (Li et al. 2008). Examination of these new structures strongly suggests that the overall
mechanism of initial aa-tRNA selection by the programmed ribosome is the same for all species
of aa-tRNA during the selection process, as virtually identical structural perturbations of the
tRNA are observed in all three complexes, representing two out of the three existing classes
of aa-tRNA. The high preservation of this high-energy conformation is perhaps surprising,
considering the differences in sequence, size, amino acid the tRNA is charged with or
considering the presence of chemically different nucleoside modifications at homologous
positions. Particularly interesting is Leu-tRNALeU! whose variable stem-loop is unusually long
(14 nucleotides) but is apparently not used as a discriminating element in the selection.

The results also show identically positioned anticodons and 3' CCA-ends in the three tRNAsS,
and suggested that the slight differences in the conformations of EF-Tu, the GAC, the D and
T loops of the aa-tRNAs reflect structural adjustments to ensure that the positioning of
anticodons and CCA-ends at the respective functional sites of the ribosome are conserved.
Indeed, these small variations may be related to the different kinetic rates obtained for these
three distinct aa-tRNAs during the decoding process (Gromadski & Rodnina, 2004; Cochella
& Green, 2005; M. Ehrenberg, personal communication).

Using flexible fitting of X-ray coordinates into the cryo-EM maps of the three separate 70S<EF-
Tu-tRNA-GTP ternary complexes, Li et al. (2008) further suggested that protein S12 may play
a direct role in establishing a communication path between codon-anticodon interaction site
on the 30S ribosomal subunit and activation of EF-Tu-dependent GTP hydrolysis on the 50S
ribosomal subunit side (Fig. 6). The pivotal role of S12 in tRNA selection was already
suggested by Ogle and Ramakrishnan (2005). The resulting atomic models showed that
nucleotide 1491 of h44 interacts directly with Lys43 of protein S12 in each of the complexes.
In addition, amino acids 78-80 of S12 are in close contact with nt 69 of the aa-tRNA, a position
near EF-Tu (Fig. 6a). These common features allowed Li and coworkers (2008) to define a
bonding network that connects the anticodon, the two sites of S12, and the CCA arm. The
contact of S12 to the CCA arm of the aa-tRNA, which is present in the EF-Tu-bound state but
absent after the aa-tRNA has been accommaodated into the A site (Fig. 6b), could be essential
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for the propagation of the signal that is required to be conveyed from the 30S subunit decoding
site to the GTPase EF-Tu.

In two recent articles, Villa et al. (2009a) and Schuette et al. (2009) have confirmed the
existence of the aforementioned pronounced conformational distortion for Phe-tRNAPh bound
to the ribosome in the A/T state. While Villa et al., employing a novel MDFF procedure
(Trabuco et al. 2008), obtained an atomic model closely resembling the one described by Valle
et al. (2003a), already outlined above, Schuette et al. (2009) used rigid-body fitting and
obtained a model in which the main conformational change is localized in the elbow region.
It is unlikely that these differences originate in the difference in species — E. coli versus T.
thermopbhilus, respectively — since both the sequences and functional states of the ribosomes
closely match. Most likely, the difference in tRNA structure inferred is the result of the limited
resolution of the maps and the different fitting methods used.

One of the unresolved questions is the origin of the conformational change from the known
structure of tRNA within the unbound ternary complex to its structure within the ribosome-
bound complex. Valle et al. (2003a) and Frank et al. (2005) proposed that the change in
conformation precedes and actually enables probing codon-anticodon interaction and that it
is triggered by a contact with the ribosome, while Schuette et al. (2009) postulate that there is
no ribosome-induced conformational change before codon—anticodon interaction and that a
nearly correct steric engagement in the initial approach might result from conformational
fluctuations of the tRNA. Valle et al.’s original proposal, involving helix 69 of the 23S rRNA
as pivotal contact, was considerably weakened by the discovery that ribosomes with helix 69
deleted still translate with virtually unchanged fidelity (Ali et al. 2006; R. Green, personal
communication). On the other hand, the hypothesis spelled out by Schuette et al. that the
pronounced steric difficulties in codon—anticodon interaction might be overcome as a result of
chance fluctuations occurring with sufficient frequency commensurate with physiological
translation rates, has not been closely examined.

A study addressing this question by MD simulations (Villa et al. 2009b) has now shown that
aa-tRNA in the context of the ternary complex has a distinct dynamic behavior with a
pronounced mode of bending in the region identified by Valle et al. (2003a), toward a
conformation that facilitates codon—anticodon contact. Thus, Schuette et al.’s hypothesis of
spontaneous deformation toward a geometry that permits codon—anticodon interaction has
gained plausibility, and the present results confirm the localization of the instability around
positions 44, 45, and 26, in line with Yarus’ earlier mutation results (Smith & Yarus, 1989a,
1989b; Schultz & Yarus, 1994a, b).

2.3 The mechanism of GTPase activation

The guanine nucleotide binding proteins, or GTPases, are molecular switches that alternate
between active and inactive states. Activation involves the exchange of GDP by GTP, a
reversible process mediated by nucleotide exchange factors. In the case of EF-Tu (eEF1A in
eukaryotes), while EF-Ts (eEF-1Ba in eukaryotes) is responsible for exchanging GDP for GTP,
the GTPase activity is controlled by the ribosome. It has been demonstrated that the low
intrinsic GTPase activity of EF-Tu is enhanced 10°-fold by the ribosome (Pape et al. 1998).

Several structures of EF-Tu have been solved in different binding states by X-ray
crystallography (Abel et al. 1996; Berchtold et al. 1993; Kjeldgaard et al. 1993; La Cour et
al. 1985; Polekhina et al. 1996; Song et al. 1999), in the presence of different antibiotics
(reviewed by Parmeggiani & Nissen, 2006), as well as in complexes with tRNAs (Nissen et
al. 1995, 1999; Kristensen, O., Nissen, P. & Nyborg, J., unpublished data; PDB: 10B2). These
structures show that EF-Tu is composed of three domains: nucleotide-binding domain I
(GTPase or G domain), which is highly conserved among all GTPases (Bourne et al. 1991;
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Hilgenfeld, 1995), and domains Il and I11. While the acceptor arm of the tRNA interacts
primarily with domain 111, the 3’ CCA-end resides in the crevice between domains | and I1.
Upon GTP hydrolysis, the major variability in domain I is localized in the two conserved loops,
Switch | (residues 40-62, E. coli numbering) and Switch Il (residues 80-100). This
rearrangement of the switch regions causes a drastic reorientation of domain | with respect to
domains Il and 111 in the GDP state, which leads to the disruption of the tRNA binding surface
as the affinity to the aa-tRNA is greatly diminished (Dell et al. 1990).

For several GTPases, the mechanism of GTP hydrolysis is well known. In the case of many
heterotrimeric GTPases, conserved arginine and glutamine residues which are located,
respectively, in the switch regions | and I, are known to stabilize the transition state for the
hydrolysis (Vetter & Wittinghofer, 2001). EF-Tu presents the conserved arginine residue
(position 58) and a histidine residue (position 84) in a position homologous to that of the
catalytic glutamine. Indeed, several studies have brought evidence for the importance of
residues Arg58 and His84 in the GTPase activity of EF-Tu (Cool & Parmeggiani, 1991;
Knudsen et al. 1995; Scarano et al. 1995; Zeidler et al. 1995; Daviter et al. 2003).

During GTP hydrolysis, the gamma-phosphate is directly attacked by a water molecule. In
many GDP- and GTP-bound EF-Tu structures the nucleophilic water is protected by a
hydrophobic gate formed by the side-chains of 11e60 and Val20. Neither His84 nor Arg58 is
able to interact with the water to stabilize the transition state. In contrast, in one of the structures,
the GDP-aurodox-bound form (Vogeley et al. 2001), the hydrophobic gate is open and His84
is oriented toward the nucleotide-binding site, suggesting a mechanism for activation.
However, the fact that GTPase activation by aurodox may proceed by a distinct path; that the
ternary complex was not bound to the ribosome and that aurodox-promoted GTP hydrolysis
rates are relatively low, the significance of these results was limited (Daviter et al. 2003).

Recent results obtained by MDFF (Trabuco et al. 2008) of a high-resolution cryo-EM density
map have demonstrated that the changes induced by the ribosome are indeed similar to those
described in the aurodox-bound form of free EF-Tu (Villa et al. 2009a). The experimental
density map provided sufficient resolution (67 A) to visualize the conformational changes that
facilitate the hydrolysis (Fig. 7). The structure shows that the sarcin—ricin loop (SRL;
nucleotides 2646-2674 of the 23S rRNA), specifically nucleotide 2660, interacts with His19,
thus stabilizing the P-loop in which Val20 is located. The SRL is a highly conserved component
of 23S rRNA and is known to be a crucial binding site of both EF-Tu and EF-G (Hausner et
al. 1987; Moazed et al. 1998). In contrast, switch I, where 11e60 is located, shows a
conformation not observed in any of the crystal structures, and is seen to interact with h8 and
h14 of 16S rRNA in the ribosome-bound form. Thus, one of the wings of the hydrophobic gate
is indeed pulled away upon binding of the ribosome (Fig. 8). In addition, a conformational
change in switch 11 was discerned, likely originating at the 3' CCA-end of the tRNA. This
change positions His84 closer to the nucleotide, to a final distance of ~4 A. The repositioning
would allow the residue to act as a general base activating the water, thereby triggering the
hydrolysis of GTP. Results obtained by Schuette et al. (2009) for T. thermophilus are virtually
identical in the regions of the switches and led to the same model of GTPase activation as
proposed by Villa et al. (2009a), with the only difference being in the structure inferred for A/
T tRNA by fitting, as already mentioned above.

2.4 The decoding process: an integrated model for aa-tRNA selection

Kinetic (Pape et al. 1998, 1999; Rodnina & Wintermeyer, 2001; Gromadski & Rodnina,
2004; Cochella & Green, 2005; Gromadski et al. 2006; Cochella et al. 2007) and SmFRET
studies (Blanchard et al. 2004a; Lee et al. 2007; Gonzalez et al. 2007) of the decoding process
have defined the following steps in the decoding process: reversible initial binding, codon
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recognition, GTPase activation, GTP hydrolysis and, finally, accommodation leading to
peptidyl transfer.

During the initial binding, the aa-tRNA*EF-TusGTP ternary complex binds with the ribo-some,
an event apparently mediated by the tentacle-like L7/L12 proteins protruding from the L10
stalk of the large subunit (Diaconu et al. 2005; Helgstrand et al. 2007). In this binding event,
the anticodon of the aa-tRNA reversibly interacts with the decoding site in the small subunit
for initial codon recognition (Moazed & Noller, 1989a). Kinetic studies have shown that upon
this initial binding of the ternary complex to the ribosome, the conformation of the aa-tRNA
changes in a characteristic way regardless of whether a cognate or a near-cognate tRNA is
encountered (Rodnina et al. 1994). These conformational changes were localized in the D-loop
of the tRNA, where the proflavin used to follow the reaction was placed.

The absence of structural data at this point precludes a definite description of this initial
conformation, yet it is likely distinct from the conformation observed by cryo-EM for a cognate
tRNA bound in the A/T site before (Frank et al. 2005) and after GTP hydrolysis (Valle et al.
2003a; Lietal. 2008; Villaet al. 2009a; Schuette et al. 2009). At this stage, the ternary complex
is bound in a labile manner to the ribosome (Rodnina et al. 1996). Upon cognate codon
recognition, the conformational distortion of the tRNA is magnified and the ternary complex
stabilized on the ribosome. The GTPase-associated center (GAC) of the large subunit moves
inward, toward the intersubunit space (Valle et al. 2003a). The incoming tRNA presents the
final distorted conformation observed by cryo-EM, a disposition that leads to GTPase
activation (Stark et al. 2002; Valle et al. 2002, 2003a; Li et al. 2008).

As the initial binding, codon recognition and GTPase activation are separate steps (Rodnina
et al. 1994, 1995, 1996), the deformation seen in the kirromycin-stalled ternary complexes is
not likely the one acquired during the initial binding of the ternary complex. As this initial
conformation is known to be independent of the cognate or near-cognate nature of the incoming
tRNA, it is reasonable to assume that only if the correct decoding interactions are formed
(Ogle et al. 2001), the tRNA is stabilized sufficiently to acquire the final distorted A/T
conformation observed in the cognate forms. Noncognate ternary complexes are efficiently
excluded in this initial selection step, probably because the absence of enough stabilizing
contacts in the decoding center makes the transition to the final A/T form highly unfavorable.

Upon successful codon recognition, the interaction between the ternary complex and the
ribosome induces conformational changes in both the 30S subunit and the aa-tRNA (induced
fit; Pape et al. 1999), thus stabilizing the transition state for the ternary complex. Mutational
analysis has shown that these changes in the tRNA and small subunit are partially independent
of one another (Cochella et al. 2007). Besides interacting with nucleotides 1492-1493 of h44
and 530 in h18 (Ogle et al. 2001), H69, and GAC, the ternary complex makes contacts with
S12 and the SRL in H95. Proper geometry fostering these interactions is ensured by the
distorted conformation of the aa-tRNA (L. et al. 2008). Although ternary complexes bound
with ribosomes programmed with near-cognate codons have never been visualized to date,
SmFRET data suggest that the near-cognate binding implies not only a different conformation
and positioning of RNA, but also the formation of incorrect contacts between the ternary
complex and the ribosome (Blanchard et al. 2004a; Gonzalez et al. 2007; Lee et al. 2007). In
fact, the recognition of the cognate tRNA is known to enhance EF-Tu-catalyzed GTP
hydrolysis rates by several orders of magnitude compared to the near-cognate substrate
(Gromadski & Rodnina, 2004).

During this initial selection, a ternary complex with near-cognate tRNA dissociates from the

ribosome more rapidly, and the GTPase activation of EF-Tu occurs more slowly, than for the
cognate tRNA. Together, these features ensure a high probability for the acceptance of the
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cognate, but not a near-cognate, ternary complex. The codon—anticodon match triggers an
activation signal that is received by the G domain of EF-Tu, leading to the activated GTPase
state of the factor (Rodnina et al. 1995). This postulated signal propagation, from the 30S
subunit decoding site to EF-Tu, likely occurs through the tRNA with mediation of protein S12
(Li et al. 2008; Ogle & Ramakrishnan, 2005). The importance of S12 during the decoding
process is unequivocal as demonstrated by mutagenesis analysis (Sharma et al. 2007). The
distorted A/T disposition described by cryo-EM studies would also play a central role, as this
conformation facilitates the simultaneous binding of the anticodon to the decoding center and
S12 and the acceptor arm to EF-Tu, GAC, and SRL (Li et al. 2008). Kinetic studies have shown
that a mutant tRNAT™ form (the Hirsh suppressor mutant, which carries a single substitution,
G24A, in its D-loop) results in elevated levels of miscoding by accelerating the GTPase
activation and accommodation rates (Cochella & Green, 2005), providing strong evidence for
the active role of the tRNA itself in the decoding process. The fact that an intact tRNA is
required to trigger the hydrolysis of GTP supports this hypothesis (Piepenburg et al. 2000).

During the next steep, termed proofreading, the inorganic phosphate is released as EF-Tu
changes its conformation. In the GTP bound state, EF-Tu shows three compactly arranged
domains. Upon signal transmission, conformational changes in the conserved GTPase switch
regions trigger the hydrolysis of GTP (Daviter et al. 2003; Schuette et al. 2009; Villa et al.
2009a). The release of the gamma-phosphate leads to a structural rearrangement of the three
EF-Tu domains. This step marks the irreversibility of the process. Once EF-Tu has departed
from the ribosome, the 3' CCA-end of the tRNA is accommaodated in the A site, leading to
rapid peptide transfer.

As in the case of initial selection, an induced-fit mechanism likely promotes the increased
accommodation rates observed for the cognate species. Indeed, although constituting
kinetically distinct steps, they likely follow the same mechanism. The accommodation
movement implicates a rotation of the tRNA body pivoting around the ASL. We argue, much
in line with previous suggestions (Ogle & Ramakrishan, 2005), that the more fixed
configuration of the cognate distorted ASL due to the correct (i.e., with properly aligned ASL)
interactions with the decoding center, coupled with the narrowing of the space available for
the tRNA to reach the A site due to the domain closure, sterically facilitates the rotation and
movement of the incoming aa-tRNA, and therefore, lead to higher accommodation rates for
the cognate species. In contrast, the occasional near-cognate tRNA, which may have “survived”
the initial selection, is likely to dissociate from the ribosome due to the partial mismatch that
leads to an unstable anchoring of the ASL in the decoding center.

2.5 Peptidyl transfer

As described in the previous section, during the process of tRNA incorporation, the aa-tRNA
is brought to the ribosome as part of the ternary complex. At this stage, the anticodon of the
incoming aa-tRNA interacts with the codon in the decoding site, and the 3’ CCA-aminoacyl
end is bound to EF-Tu. After the conformational change of EF-Tu induced by the hydrolysis
of GTP, the factor dissociates from the aminoacyl end of the aa-tRNA and the ribosome. Once
EF-Tu is released, the tRNA is free to accommodate in the A site, positioning its 3' CCA-end
(specifically nucleotide C76, covalently bound with the amino acid) in contact with the PTC
of the 50S subunit. As soon as the final positioning has taken place, the ribosome catalyzes the
peptide bond formation between the a-amino group of the incoming amino acid and the
terminal carboxyl group of the peptide chain attached to the P-site tRNA (fMet-tRNA in the
first round of the protein elongation cycle). This formation of the peptide bond is known to be
very rapid, as it follows the process of accommaodation almost instantaneously (Pape et al.
1998; for more details, see Beringer & Rodnina, 2007, and references therein).
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Although there is as yet no contribution by cryo-EM due to resolution limitations, structural
studies by X-ray crystallography of several species have shed light on the structure of the PTC
and the catalytic mechanism of the peptide bond formation on the ribosome (Nissen et al.
2000a; Yusupov et al. 2001; Harms et al. 2001; Hansen et al. 2002; Bashan et al. 2003;
Schmeing et al. 2002, 2005a, 2005b; Schuwirth et al. 2005; Selmer et al. 2006; Korostelev et
al. 2006). These studies have demonstrated that the PTC is composed of RNA (specifically,
domain V of 23S rRNA) and that its central core and active residues are mostly preserved in
all kingdoms. In fact, early experiments employing largely protein-free 50S subunits already
suggested that the 23S ribosomal RNA is in charge of the peptidyl transferase reaction,
evidencing that the ribosome is an RNA-based enzyme (Noller et al. 1992). The role of protein
components such as L16 or L27, residing in the vicinity of the PTC and shown to contact the
tRNA substrates in T. thermophilus (Selmer et al. 2006; Voorhees et al. 2009) still remains
unclear. L27, for example, is known to directly interfere in the peptidyl transferase activity of
Escherichia coli ribosomes (Maguire et al. 2005), but the fact that L27 is not conserved in all
organism (the archaeon Haloarcula marismortui is an example lacking a homolog of L27) may
suggest that it is not part of the evolutionarily conserved machinery. In fact, 50S subunit
prereaction state crystal structures from the very Haloarcula marismortui, obtained using
substrate and transition state analogs, have served as the basis for the proposal of a model that
follows an induced-fit mechanism involving 23S RNA nucleotides 2583-2585 and 2506 (E.
coli numbering).

In this model, the repositioning of these nucleotides would make the P-site aa/peptidyl-tRNA
C-terminal group accessible to the nucleophilic attack by the aminoacyl group of the incoming
A-site aa-tRNA (Schmeing et al. 2005b). Recent X-ray analysis have demonstrated that the
PTC is indeed very similar in the 50S subunit and in the intact 70S ribosome (Simonovic &
Steitz, 2008; Voorhees et al. 2009), confirming the relevance of the results and conclusions
obtained with isolated large subunits (Nissen et al. 2000a; Schmeing et al. 2002, 2005a,
2005b) and supporting kinetic studies that showed that the 50S subunit has the intrinsic
potential of catalyzing the peptide bond at equal rates without any requirement from the small
subunit when a full-length tRNA is used as the P-site substrate (Wohlgemuth et al. 2006).

3. The process of mMRNA—tRNA translocation

3.1 EF-G-mediated translocation: movement of tRNAs from A and P to P and E sites

As soon as the incoming aa-tRNA has been accommodated and the large subunit has catalyzed
peptide bond formation, the translocation of the mMRNA—(tRNA), complex from the A and P
sites to the P and E sites, respectively, must occur such that the A site is vacated for another
aa-tRNA to be incorporated. Translocation normally requires the action of the GTPase EF-G
(or eEF2 in eukaryotes). However, the finding that under certain experimental conditions,
translocation can occur spontaneously (i.e., in the absence of the factor), albeit with much
reduced rate (Pestka, 1968, 1969; Gavrilova & Spirin, 1971) suggested that the capacity for
this essential process is intrinsic to the ribosome, closely tied to its architecture. Early on Spirin
(1968) speculated, on the basis of the composition of the ribosome from two subunits, that
translocation might entail a relative movement of the subunits. Such a movement was indeed
observed by cryo-EM (Frank & Agrawal, 2000; Valle et al. 2003b; Fig. 9), a discovery that
spawned new avenues of research and motivated numerous studies since. Due to the absence
of any X-ray structure of complexes formed by the ribosome and EF-G, the bulk of what we
know now about the structural underpinnings of the translocation process has come from cryo-
EM (with the help of interpretations requiring the X-ray data), SmFRET, cross-linking,
modification, and protection assays. In the course of these studies, our understanding of the
role of EF-G and GTP hydrolysis has been thoroughly revised. The cryo-EM studies (Agrawal
et al. 1998, 1999; Frank & Agrawal, 2000; Stark et al. 2000) showed EF-G interacting with
both subunits in multiple contacts. Its position on the ribosome and the constellation of the
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binding sites were strikingly similar to those earlier obtained for the ternary complex,
underlining Nissen’s molecular mimicry paradigm that was based on a comparison of X-ray
structures of the unbound molecules (Nissen et al. 2000b). EF-G in its GDP form was found
to mimic EF-Tu in its GTP form. Following this paradigm, domains 111, IV, and V jointly
mimic the tRNA; specifically, domain IV of EF-G takes the place of the anticodon arm. Indeed,
the tip of domain IV of EF-G is seen in the cryo-EM map to reach into the decoding center
where it occupies the place of the anticodon. In a complex stalled before GTP hydrolysis by
adding GDPNP, or after GTP hydrolysis by fusidic acid, the interaction of EF-G with the
ribosome was seen to result in large conformational changes both in the ribosome and in EF-
G (Agrawal et al. 1998; Stark et al. 2000; Frank & Agrawal, 2000). The bound EF-G exhibited
a conformation quite unlike the X-ray structures of EF-G in the GDP or GTP states, which in
turn differed from each other insignificantly (discussed in Section 3.5).

The finding that even the binding of nonhydrolyzable GTP analogs (e.g., GDPNP) promotes
translocation led to the idea that EF-G presents its active form when bound to GTP, and in its
inactive form upon GTP hydrolysis (Kaziro, 1978). In this scenario, GTP hydrolysis would
only be required for EF-G’s “recycling,” generating conformational changes in EF-G that
would result in a reduction of affinity to the ribosome and subsequent dissociation. However,
later fast kinetic experiments challenged these proposals, as they demonstrated that GTP
hydrolysis actually precedes MRNA—-(tRNA), translocation and, in addition, causes
conformational changes in the ribosome itself that precede — and limit the rates of — subsequent
translocation and Pi release from EF-G-GDP-Pi (Rodnina et al. 1997; Peske et al. 2000;
Savelsbergh et al. 2003; Wilden et al. 2006). In the experiment by Savelsbergh et al. (2003),
for instance, four different fluorescence techniques were used to monitor fluorescence changes
produced by GTP hydrolysis on EF-G, by Pi release, by proflavin attached to the elbow of
tRNA, and by fluorescin attached to mRNA during translocation.

The confusing picture presented by these results can be reconciled by looking at translocation
as a process involving two major motions (Frank & Agrawal, 2000; Frank et al. 2007; Taylor
et al. 2007): one is the translocation of the MRNA—-(tRNA), relative to the large subunit, the
other the translocation of the MRNA-tRNAs relative to the small subunit. The first motion is
linked to the counterclockwise “ratchet” motion of the small subunit with respect to the large
subunit, while the second is linked to the reversal of that motion, back into the original position.
In this second step — aided by the movement of the small subunit head to be detailed below —
the mRNA moves up by one codon, essentially keeping its place in a coordinate system affixed
to the large subunit. Thus, since the reverse rotation of the small subunit follows GTP
hydrolysis, translocation of mMRNA with respect to the small subunit, which is the action
actually measured in the fluorescence quenching of a probe attached to mMRNA, also follows
GTP hydrolysis. In contrast, tRNA movement on the large subunit is prompted by the ratchet
motion, which itself precedes GTP hydrolysis as it is triggered by the binding of EF-G even
in the absence of GTP, or even occurs spontaneously under certain conditions.

3.2 The hybrid state of tRNA binding, and its relationship to ribosome ratcheting

Translocation cannot be understood without taking account of the so-called hybrid state of the
ribosome. Following transfer of the peptide bond, the ribosome is in the pre-translocational
state, where it contains a deacylated tRNA in the P site and a peptidyl-tRNA in the A site.
Chemical protection experiments demonstrated that after peptidyl transfer, the interactions
between ribosome and acceptor stems of the A- and P-site tRNAs are remodeled to form the
hybrid state of tRNA binding (Moazed & Noller, 1989b), confirming early suggestions by
Bretscher (1968). In this new configuration, the ASLs of the tRNAs reside in the A and P sites
of the small subunit, whereas the acceptor ends interact with the P and E sites of the large
subunit. Moazed and Noller already observed that the hybrid state may be sampled in the
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absence of EF-G when the Mg2* concentration is sufficiently low, a fact whose relevance has
come to be appreciated in recent studies.

The understanding of the hybrid state and its structural basis has been significantly advanced
through a combination of studies by cryo-EM, X-ray crystallography, and, more recently,
SmFRET. As pointed out before, cryo-EM brought first evidence of a large conformational
change of the ribosome accompanying translocation (Frank & Agrawal, 2000; Stark et al.
2000), termed ratchet-like motion. Observed when EF-G was bound either in the presence of
fusidic acid or GDPNP, the small subunit is seen to rotate with respect to the large subunit in
a counterclockwise direction. Initially spelled out as a hypothesis (Frank & Agrawal, 2000),
there has been increasing evidence indicating that the transition from the classic to the hybrid
state and the ratchet motion are coupled. Implied in the observation of the ratchet motion is
the idea that the reverse, clockwise motion of the small subunit will contribute toward the
translocation of MRNA-(tRNA), relative to the decoding center, which brings the ribosome
into the post-translocational state, with the next codon exposed at the A site (Frank & Agrawal,
2000).

For the purpose of this review, it is advantageous to use terminology that was introduced after
the discovery of the ratchet motion: we distinguish two macrostates (or global states; see Fei
et al. 2008) of the ribosome in which it has pronouncedly different conformations: Macrostate
I (MAI; nonratcheted, classic) and Il (MSII; ratcheted, a precondition for the hybrid state).
Thus, we will use the terms ratchet motion and MSI—MSI|I transition or, respectively, reverse
ratchet motion and MSII—MSI transition interchangedly.

Valle et al. (2003b) observed that as a rule, the transition MSI—MSII is never observed unless
the P-site tRNA is deacylated. This observation is concordant with a result of Zavialov and
Ehrenberg (2003) that the acylation state of P-site tRNA controls the GTPase activity of EF-
G. Since during elongation a deacylated P-site tRNA occurs ater peptide bond formation and
is a characteristic of the pre-translocational ribosome, this rule reflects the existence of a
locking mechanism whose rationale, in the framework of the elongation cycle, is to ensure
maintenance of MSI, the conformation favouring classic tRNA binding, unless a vital condition
for translocation has been met, namely that the P-site tRNA is deacylated and the peptide is
linked to the A-site tRNA. Upon unlocking, the state MSII can be visited, a state that apparently
creates an environment favouring the hybrid A/P and P/E positions of tRNA.

Thus, we need to see unlocking as a necessary, but not sufficient condition for the ribosome
to go from MSI to into a stable MSII configuration — for this stabilization, the action of EF-G
is needed under the conditions of Valle et al.’s (2003b) experiments. A tRNA in the hybrid P/
E position was first visualized by cryo-EM in EF-G-bound ribosome complexes with a single
deacylated tRNA inthe P site, in the presence of GDPNP (Valle et al. 2003b). The interpretation
of this finding was initially that EF-G is required to catalyze the MSI—MSI| transition, a
prerequisite for the transition of tRNA to the A/P and P/E hybrid positions, until several lines
of study indicated that after peptidyl transfer, in the absence of EF-G, the ribosome fluctuates
between the classic and hybrid configurations. (As we will see, an even more radical departure
from the conventional picture occurred later on, relegating EF-G’s role from a catalyst of the
MSI—MSII transition to a mere ligand whose true substrate is MSII.)

It must be pointed out that the evidence from the SmFRET studies (Blanchard et al. 2004b;
Kim et al. 2007; Fei et al. 2008) for fluctuations from classic to hybrid positions of the tRNAs
is indirect since it is based on the measurement of a distance between fluorophores placed on
two moving components — the elbows of tRNAs in the A and P site, or, in the case of Fei et
al. on L1 and the P-site tRNA — without a reference probe on the body of the ribosome itself.
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Still, structural data from X-ray crystallography and cryo-EM did lend plausibility to their
interpretations.

Independently, there were measurements reflecting on the transition MSI—MSII of the
ribosome itself. In an elegant experiment, Ermolenko et al. (2007a) placed a donor on the large
subunit and two acceptors on adjacent large-subunit proteins and showed by bulk FRET
measurements that the ribosome fluctuates between MSI and MSII in the course of elongation
in the absence of EF-G. Subsequent smFRET studies by Cornish et al. (2008) and Marshall et
al. (2008) confirmed these findings, and allowed a more detailed characterization of lifetimes
in the two states. Conclusive evidence of the link between the structural MSI—MSI| transition
and translocation came from Noller’s group. Translocation, it was found, cannot take place if
ribosomal proteins belonging to the two subunits and facing each other across the intersubunit
space are cross-linked; in other words, unless they are free to rotate (Horan & Noller, 2007).

The study by Kim et al. (2007) brought in a new aspect — the magnesium ion dependence of
observed interconversions between classic and hybrid states of the pre-translocational
ribosome in the absence of EF-G — which put new light on earlier results obtained by Moazed
and Noller (1989b) and cryo-EM (Valle et al. 2003b). High Mg2* concentrations, typically
used in cryo-EM and X-ray crystallography, was seen to shift the equilibrium to the classical
state, while low Mg2* (<5 mM), closer to physiological levels, shifted it toward the hybrid
state. Following this lead, Agirrezabala et al. (2008) studied a pre-translocational complex at
3.5 mM Mg?2* with cryo-EM and found two subpopulations, representing classic (i.e., MSI
with tRNAs in classic positions) and hybrid state (i.e., MSII with tRNAs in hybrid position)
in a pure form (Fig. 10). Failure to find a population in any other conformation indicated that
the lifetime of the two macrostate conformations would dwarf the lifetime of any transition
states, if present. Similar results were obtained by Julian et al. (2008).

Interestingly, Agirrezabala et al. (2008) and Julian et al. (2008) also found that the E site was
empty in the MSI complex, in contrast to earlier results (Valle et al. 2003b) in which it was
seen occupied by a tRNA without a round of translocation; i.e., apparently by a tRNA diffusing
in “backward” from the solvent. This comparison suggested an explanation for the Mg2*
dependence of the MSI—MSiI| transition, and — by implication — of the classic hybrid transition,
as a result of the Mg2* dependence of promiscuous E-site tRNA binding, which could obstruct
the efficient transition of the P-site tRNA to the P/E configuration (Agirrezabala et al. 2008).
If the explanation were correct, it would imply that the reconfiguration of the ribosome—tRNA
system from the classic to the hybrid state, along with the ratchet motion, is affected by the
presence of the E-site tRNA as was previously suggested in the case of A-site tRNA binding
(Rheinberger & Nierhaus, 1986).

3.3 Anatomy of the MSI—-MSII transition

Atomic models obtained from the cryo-EM maps by flexible fitting show that the
reconfiguration of the tRNAs is influenced by S13, L1, L5, H68, H69, and H38, as these
components change their relative positions during the ratcheting (Fig. 11). This reconfiguration
would allow different environments “seen” by the tRNA to be created. In the transition from
the classic to the hybrid state, the trajectories of the tRNAs originating at the classical A/A and
P/P sites are quite different. While the elbow (formed by D and T loops) of the P-site tRNA is
displaced by ~40 A in the P/P to P/E transition, the elbow of the A-site tRNA remains virtually
fixed as it goes from A/A to A/P. Thus, with the exception of the CCA-end, the interaction of
the tRNA with the ribosome remains basically unaltered between classic A/A and hybrid A/P
tRNA configurations. The maps suggest that it is likely the lateral displacement of H69, in
conjunction with the conformational change of H38 accompanying the ratcheting of the small
subunit, that promotes the pivoting of the A-site tRNA around its anticodon and the
reorientation of the elbow region. This rearrangement allows the CCA-end to reach the 50S
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subunit’s active site in the A/P hybrid configuration, explaining the puromicyn reactivity of
the A site-bound peptidyl-tRNA (Semenkov et al. 1992;Sharma et al. 2004). On the other hand,
it is clear that the P/E configuration of the tRNA is coupled with the rearrangement of the L1
stalk. Indeed, this interaction is likely to assist the transition. The interaction of L1 protein with
the P/E-tRNA in the hybrid state is facilitated by the large displacement of H76 (i.e., the base
of the stalk) with respect to the classic state, toward the intersubunit space. The essential role
of L1 protein promoting the P/E tRNA configuration is unequivocal, as deletion of L1 has been
shown to stabilize the classical state (Munro et al. 2007). Very recently, SmFRET experiments
using fluorophores attached to L1 and L33 have allowed to identify three different L1 positions,
open, half-closed, and fully closed, relative to the body of the large subunit (Cornish et al.
2009). Thus, it is likely that different L1 conformational states are linked to the configuration
of the tRNA during its transition from the P to the E site.

Remarkably, the maps obtained by Agirrezabala et al. (2008) provide structural evidence for
the ability of the ribosome to undergo spontaneous factor-free MSI—MSII transition, as an
intrinsic characteristic of the pre-translocational ribosome. Another indication of the intrinsic
character of this capacity, accumulated over the time of several studies, is the observation of
very similar changes in conformation in response to the binding of several ribosomal factors
(elongation factor G (Valle et al. 2003b), IF2 (Allen et al. 2005), class Il release factor RF3
(Klaholz et al. 2004; Gao et al. 2007), recycling factor RRF (Gao et al. 2005; see compilation
in Frank et al. 2007 and gallery in Fig. 12). In Fig. 13, a detailed analysis at molecular level is
shown, in which the extent of factor-related ratchet motions seen with the binding of EF-G and
RF3 is depicted on the structural models of 16S and 23S rRNA. For further illumination, the
displacement of each of the residues was mapped onto the secondary structure of the rRNA
using the RNA visualization tool ColoRNA (Lebarron et al. 2007). This analysis indicates that
while overall the displacements for 23S RNA are very similar in the cases of EF-G and RF3,
there are differences apparently related to specific requirements of the translocation and
termination processes (Fig. 14; see Gao et al. 2009 for more details).

The architectural features of the ribosome giving rise to its preference for ratchet-like motions
have been summarized earlier (Frank et al. 2007), namely the concentration of stronger rRNA-
rRNA intersubunit bridges in the center, versus weak, elastic bridges in the periphery favours
a mode of motion that entails a rotation around an axis normal to the plane separating the
subunits. Indeed, it has been shown by normal mode analysis of the X-ray structure (Tama et
al. 2003; Wang et al. 2004) and of the EM density map itself (Wriggers et al. 2000) that the
ratchet-like rotation of the small versus the large subunit (along with the experimentally
observed swivelling motion of the L1 stalk, important for P/P—P/E tRNA transport and E-site
tRNA ejection) is the ribosome’s favourite mode of internal motion.

3.4 Do intermediate steps exist during the classic-to-hybrid state reconfiguration?

It is well known that specific Watson—Crick pairing interactions between the universally
conserved P- and A-loops of 23S rRNA and the 3' CCA-ends of tRNAs (nucleotides 74 and
75) dictate whether the tRNAs’ CCA-ends are bound to the large subunit’s A or P site.
Mutations in the dipeptidyl-tRNA disrupt pairing with the P loop of wt ribosomes, promoting
the classic A/A configuration. Similarly, substitutions in the P-loop (nucleotides G2252 and
G2251) prevent the wt tRNAs in the classic A/A state from reaching the hybrid A/P
configuration. Conversely, mutations in the A-loop (hucleotide G2553) and in the deacylated
P-site tRNA promote the hybrid A/P and P/E positions, respectively (Samaha et al. 1995; Kim
& Green, 1999; Dorner et al. 2006).

Recently, wild-type as well as these specifically mutated pre-translocational ribosomes have

been further characterized using high spatial- and time resolution SmFRET techniques (Munro
et al. 2007). Remarkably, a sequential translocation trend was deduced from the experiments,
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as the movement of the deacylated tRNA to its P/E hybrid configuration was observed to be
uncoupled from the subsequent movement of the A-site tRNA (schematized in Fig. 15). Indeed,
the transition of the deacylated P-site tRNA into the hybrid configuration was shown to be rate-
limiting in the equilibrium between classical and hybrid state. In contrast, in the cryo-EM data,
a single hybrid-state configuration, characterized as A/P and P/E, was reported (Agirrezabala
et al. 2008; Julian et al. 2008). Similarly, SmFRET data from other groups (Fei et al. 2008;
Cornish et al. 2008) do not indicate the presence of hybrid-state intermediates. Although these
results do not exclude the existence of the P/E-A/A intermediate in every case, they do suggest
that this intermediate, if it existed, cannot be very stable and that its lifetime must be shorter
than the time resolution of some of the experimental approaches.

3.5 Conformational changes of EF-G upon its binding to the ribosome

Several crystal structures of EF-G (Aevarsson et al. 1994; Czworkowski et al. 1994; Al-
Karadaghi et al. 1996; Hansson et al. 2005), as well as of its eukaryotic counterpart eEF2
(Jorgensen et al. 2003, 2004, 2005) in solution have been solved in different states, showing
little structural variations in each of its domains (domains I-V and G’). However, a comparison
of these X-ray structures with cryo-EM reconstructions of ribosome-bound EF-G (Agrawal et
al. 1998, 1999; Stark et al. 2000; Valle et al. 2003b) and eEF2 forms (Gomez-Lorenzo et al.
2000; Spahn et al. 2004) showed that the binding to the ribosome causes large changes in the
factor. A remarkable exception is the crystal structure of EF-G-2, a homolog of EF-G, which
was recently found to be crystallized in a conformation related to the ribosome-bound
conformation (Connell et al. 2007).

The ribosome-bound factor shows three interaction sites with the large subunit, all located on
the base of L7/L12 stalk, and two sites on the small subunit, in the vicinity of S12, as well as
the decoding center region, respectively (Fig. 16). The conformational changes upon ribosome
binding can be described as joint hinge-like motion of domains 111, IV, and V with respect to
domains I, 1, and G’ (Agrawal et al. 1998;Valle et al. 2003b;Fig. 16b). This rearrangement
moves the tip of domain IV by ~40 A from its original position. Domain IV contacts h44 and
the head of the small subunit in the vicinity of the decoding site. In addition to the
conformational change of the factor, the reconstructions of EF-G-bound ribosomes
demonstrate that the small subunit is ratcheted when the factor is present, and h44 is shifted
toward the P site by ~8 A (van Loock et al. 2000).

Further insight into the translocation has been recently obtained by cryo-EM reconstructions
of eEF2 and ADP-ribosylated (ADPR) eEF2 bound to 80S ribosomes in the presence of GDP-
sordarin and nonhydrolyzable GTP analog GDPNP (Taylor et al. 2007; Fig. 17). The ADP-
ribosylated form was used to amplify and follow the movement of the tip of eEF2’s domain
IV and led to the discovery of a further conformational change of domain 1V upon GTP
hydrolysis. As shown in Fig. 18, domains Ill and V are seen moving away from switch Il in
domain 1. In addition, domain Il rotates by 5° relative to domain | and domains IV and V
jointly by 9° relative to domain II.

These rearrangements, which result in a shift of the tip of domain IV by 6 A toward the decoding
center, were suggested to promote disruption of the connection of the codon—anti-codon
complex with h44. This event potentially leads to tRNA anticodon movement from the A to
the P site of the small subunit. The changes observed in EF-G/eEF2 by means of cryo-EM
(ribosome bound forms) and X-ray crystallography (in solution) are summarized in Fig. 19
(see legend for details).
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3.6 Implications of the hybrid configuration for EF-G-based tRNA translocation

Several studies have shown that the hybrid-state configuration of the ribosome makes energetic
contributions to EF-G-dependent translocation (Semenkov et al. 2000; Dorner et al. 2006).
These experiments demonstrated that the hybrid-state ribosomal complex is the preferred
substrate for EF-G, as the maximal rates of translocation were measured in complexes where
tRNAs adopt the hybrid configuration. The structural basis for this increased kinetic efficiency
was clarified when cryo-EM reconstructions of classic and hybrid-state pre-translocational
ribosomes (Agirrezabala et al. 2008) were compared with those of the EF-GeGDPNP-bound
ribosome (Valle et al. 2003b).

A superimposition of the 30S subunits from the two complexes indicates that the movement
of the small subunit in the hybrid-state ribosome goes in the same direction as the one observed
in the presence of EF-G (Fig. 20). Although the spontaneous MSI—MSI|I transition of the
ribosome is less extensive than the one finally stabilized by the action of EF-G, itis nevertheless
sufficient to position the tRNAs in the hybrid configuration. From the superimposition is also
evident that the tip of domain IV of EF-G overlaps with h34 in the classic 30S subunit
configuration. As the small subunit is already ratcheted in the hybrid-state ribosome, it no
longer presents steric constraints in the vicinity of the 30S head that would interfere with the
positioning of EF-G’s domain IV tip in the vicinity of the 30S subunit’s decoding center. Along
these lines, FRET data have shown that raising Mg2* concentrations from 3.5 to 15 mM
increases the lifetime of the classic-state fivefold while it leaves the lifetime of the hybrid state
unchanged (Kim et al. 2007), so it is tempting to suggest that at physiological conditions (1-
2 mM; Cromie et al. 2006), the equilibrium may be shifted well toward the kinetically more
efficient hybrid/ratcheted configuration.

On the other hand, domain 1V of EF-G contacts h44 and the head of the small subunit upon
initial binding to the ribosome, shifting the tip of h44 toward the P site by ~8 A (van Loock et
al. 2000). As this motion is caused by the direct action of EF-G and not by the ratcheting of
the subunit (Fig. 20c), it is clear that the simultaneous stable binding of EF-G and A/P hybrid
tRNA is not sterically feasible.

3.7 Involvement of the head rotation in the translocation process

As discussed above, the binding of EF-G in its GTP form is accompanied by a bending
movement of the tip of h44 toward the P site by ~8 A, coupled with the stabilization of the
ratcheted position of the small subunit and concomitant transition to the hybrid tRNA
configuration. This movement is required to fully accommodate domain IV of EF-G in the
ribosomal A site, but it is not sufficient to complete the translocation. The full translocation
step requires a movement of ~20 A, which is the distance from the small subunit’s A to its P
site.

A mechanism by which the remaining distance can be covered has been recently proposed. As
described before, by comparing eEF2 bound 80S ribosome structures before and after GTP
hydrolysis, it was shown that further changes in domain 1V of the factor occur upon hydrolysis
(Taylor et al. 2007). These changes were proposed to result in the decoupling of the interaction
between the decoding center and the MRNA-tRNA complex in the A-site tRNA (bound to the
subunit’s head), allowing a rotation of the head with respect to the body of the small subunit
(Spahn et al. 2004). This rotation, which has been shown to go around the neck and in the
direction toward the E site, parallels the trajectory of the tRNAs though the ribosome and can
account for the 10-12 A that separates the A and P sites (Fig. 21).

The implications of such a rotation of the small subunit head for tRNA movement have been
also noted based on the observation of different orientations of the head with respect to the
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body of the subunit in crystal structures of vacant E. coli 70S ribosomes (Schuwirth et al.
2005). Indeed, a comparison of the X-ray structures shows that while the path for the A to P
transition is quite unobstructed, nucleotides G1338 to U1341 and nucleotide A790 located in
between the P and E sites at the head and shoulder of the small subunit, respectively, form a
gate that alternates between a “close” and “open” position as a function of this head rotation.
This path is occluded in the pre-translocational ribosome in the hybrid tRNA configuration
(Fig. 22). However, upon factor binding and GTP hydrolysis, the head movement opens the
gate, creating the ~26-A space that is required for the P-site ASL to translocate to the E site
(Taylor et al. 2007).

3.8 The basis of the translocation of mMRNA—(tRNA), by the ribosome: a model

The conclusions from structural observations by cryo-EM, in conjunction with previous X-
ray, biochemical, kinetic, and FRET data, can be summarized in a three-step model,
schematized in Fig. 23. In this model, EF-G is not required to drive the process but rather to
make it more efficient, since the labile architecture and dynamic nature of the ribosome and
the chemical potential of the aa-tRNAs are likely sufficient to drive the protein elongation
forward. GTP hydrolysis is known to precede translocation; however, it is not absolutely
essential, as translocation, albeit at low rates, is promoted even by nonhydrolyzable GTP
analogs (Belitsina et al. 1975;Inoue-Yukosawa et al. 1974). Indeed, as mentioned before, early
experiments already showed that in vitro spontaneous translocation may proceed, although
very slowly, in the absence of EF-G and GTP under certain experimental conditions (Pestka,
1968,1969;Gavrilova & Spirin, 1971), indicating that translocation is a process based on an
inherent property of the ribosome.

In our model, the first energetic barrier (Fig. 23a, b) corresponds to the reversible ratcheting
movement of the 30S subunit and the repositioning of the CCA-ends of both tRNAs from the
A and P sites to the P and E sites, respectively, leading to the configuration of the ribosome in
its hybrid state (Fig. 23b). It is the unlocking of the ribosome (i.e., the consequence of the
deacylation of the P/P-site tRNA; Valle et al. 2003b; Zavialov & Ehrenberg, 2003) that
unleashes the inherent capacity of the ribosome to ratchet from MSI to MSII and in this process
reconfigures the tRNA positions. Modifications or actions that lead to the hybrid configuration,
such as mutations in the ribosome and tRNA (Dorner et al. 2006; Kim & Green, 1999; Samaha
et al. 1995) or the binding of some antibiotics such as sparsomycin (Fredrick & Noller,
2003) and viomycin (Ermolenko et al. 2007b; Pan et al. 2007) can be explained as a result of
their capacity to lower the first energy barrier.

Structural as well as FRET data have demonstrated that translocation is a spontaneous
rearrangement facilitated by the dynamic nature of the ribosome. During the reconfiguration
of tRNA, sequential domino-like events are likely to occur, in which the P-site tRNA movement
precedes the A-site movement (Munro et al. 2007; Pan et al. 2006, 2007; Walker et al.
2008). The fact that proteins L5 and S13, involved in forming two of the ribosomal intersubunit
bridges and known to play an important role in the ratchet-like rearrangement of the ribosome,
interact with the P-site tRNA (Gao et al. 2003; Valle et al. 2003b; Selmer et al. 2006; Frank
et al. 2007), implicates a close relation between the ratchet motion, the P-site tRNA adopting
the hybrid configuration, and an inward movement of the L1 stalk. Experimental evidence for
the decoupling between P- and A-site tRNA movements (Munro et al. 2007) and the partial
coupling between ratchet motion and assumption of hybrid positions of the tRNAs indicate
that the energy barrier has a complex shape with several minima.

Once the P-site tRNA has moved into its hybrid position, and thus removed the steric constraint
in the 50S P-site, the A-site tRNA is able to adopt the hybrid configuration, as well. However,
in this domino-like sequence of events, the initial move by the P-site tRNA cannot take place
unless the E site is empty. The presence of a deacylated tRNA already placed in the E site will
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increase the initial barrier, as it logically will obstruct an efficient transition of the P-site tRNA
to the P/E configuration and the stabilization of the contacts between the 3’ CCA-end and the
ribosomal exit site (Lill et al. 1989; Feinberg & Joseph, 2001; Virumae et al. 2002).

The second step in the model is the partial translocation of the mMRNA-tRNA complex
involving the GTPase EF-G. During its initial binding to the ribosome, EF-G (still in the GTP
form) changes its conformation and extends domain 1V toward the 30S decoding site (Fig.
23b—c). This rearrangement of EF-G induces the movement of the tip of h44 that displaces the
A-site ASL associated to it by approximately 8-10 A along the translocation trajectory (van
Loock et al. 2000). In addition, the ratcheted position (macrostate 1) of the small subunit is
stabilized as reported by smFRET (Spiegel et al. 2007).

In the third step, EF-G, upon hydrolysis of GTP (Fig. 23c—d), facilitates the translocation of
the anticodon part of the tRNA from the A to the P site, coupled with the movement of the
mRNA. The anticodon loop of the A-site tRNA is essential for EF-G dependent translocation
(Joseph & Noller, 1998). On the other hand, residue His 583 (dipthamide in the eukaryotic
case), located at the tip of domain 1V, is known to be crucial for maintaining proper rates of
translocation (Savelsbergh et al. 2000). Together, these data indicate an intimate interaction
between domain IV of EF-G and the ASL of A-site tRNA for translocation. Cryo-EM data
suggest (Taylor et al. 2007) that domain IV of eEF2 actually disrupts the binding network
between the codon—anticodon moiety and the decoding center region upon GTP hydrolysis, an
event that would allow the rotation of the head of the small subunit (Fig. 23d, €). As the head
of the small subunit rotates, the distance between A790 in the body and A1339 in the head of
the small subunit increases from ~18 to ~26 A (Taylor et al. 2007), allowing the passage of
the ASL from the P to the E site.

In contrast to the P-site hybrid tRNA, the hybrid A/P-site tRNA shows a tighter association
with the body of the 30S rather than with the head in the cryo-EM reconstructions of pre-
translocational ribosomes (Agirrezabala et al. 2008; Julian et al. 2008). This observation would
suggest that the P-site tRNA, through the mRNA, actually pulls the A-site tRNA along with
the head rotation. However, early experiments already demonstrated that the underlying
mechanism acts directly on both tRNAs, rather than indirectly via mRNA, as EF-G-dependent
tRNA translocation was detected even in the absence of mRNA (Belitsina et al. 1981). An
interaction between the rotating head and the A-site tRNA would explain these results. Indeed,
nucleotides 955 and 956 (h30 of 16S rRNA) in the head of the small subunit (see Fig. 21) are
positioned close enough to interact with the hybrid A/P ASL around positions 40-41. This
contact has also been observed at atomic resolution in X-ray structures of classic-state pre-
translocational ribosomes (Yusupov et al. 2001). If this interpretation is correct, it would
explain the link between the rotating head and the A-site tRNA, with immediate consequences
for an understanding of previous results regarding the requirements for EF-G-dependent
translocation (Joseph & Noller, 1998). These experiments showed that a complete tRNA in
the P site and a 15-nucleotide ASL analog are the minimal requirements for translocation. The
additional anchor point between the head and ASL in the A site may be necessary to efficiently
“drag” the mRNA forward with respect to the ribosome by the space of three nucleotides so
that the next codon can be presented in the A site.

The final, necessary disruption of the contact between the head region and tRNAs is likely
promoted by a combination of back-ratcheting of the small subunit and back-rotation of the
head (Fig. 23¢, f) that likely occurs after dissociation of EF-G. Therefore, as the hybrid tRNAs
maintain their contacts with the head throughout the rotation, this rearrangement of the head
(understood as the rate-limiting conformational change described by kinetic studies), would
finally translocate the tRNA-mRNA complex relative to the decoding center by the remaining
10- to 12-A distance that separates the different ribosomal binding sites (Taylor et al. 2007).
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4. Concluding remarks

To infer the mechanism by which translation is accomplished, a detailed three-dimensional
knowledge of each of the elements involved in every functional state of the process is required,
as well as the way they are dynamically engaged. Notwithstanding the enormous success of
X-ray crystallography in the determination of several structures, including high-resolution
structures of 70S ribosomes complexed with tRNAs or release factors (Schuwirth et al.
2005; Korostelev et al. 2006; Selmer et al. 2006; Laurberg et al. 2008; WeixIbaumer et al.
2008), the vast majority of the structural knowledge about how the ribosome interacts with
translation factors during the protein elongation cycle has been provided by means of cryo-
EM. As the density maps improve in resolution — thanks to improved protocols for sample
preparation, image acquisition and processing, automated collection of large amounts of data,
and to sophisticated methods of fitting atomic structures into the experimental density maps —
the description of the molecular events during ribosomal action by cryo-EM is becoming
increasingly detailed and accurate. As we have seen, SmFRET is capable of adding the time
dimension, in a perfect complement to cryo-EM. Fluorescent probes strategically placed on
the ribosome and its functional ligands make it possible to observe the stochastic fluctuations
between functional states and relate them to a structural frame of reference. These combined
data now allow us to integrate genetic and biochemical results collected over half a century of
ribosome research into mechanistic models that shed light on the molecular events during
protein synthesis.

The results on ribosomal dynamics coming from cryo-EM and smFRET, when interpreted
within the framework of existing X-ray data, depict a molecular machine of vast complexity,
relying in its function on conformational signaling and allosteric processes that interconnect
remote parts of the large structure. Liljas’s (2004) and a recent article by Spirin (in press)
contain an appreciation of how far we have advanced in our understanding of the structural
aspects of translation, but also of the challenges that lie ahead: how to advance to a full kinetic
model of translation that does justice to the thermodynamics of this multistep process.
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General overview of the protein elongation cycle. Once the initiation ribosome bearing an
fMet-tRNA™Et in the P site is formed (a), the first aa-tRNA is incorporated (b). The cognate
codon-anticodon match triggers GTP hydrolysis on EF-Tu and EF-Tu release. The
accommodation of the aa-tRNA (c) is immediately followed by peptide bond transfer. At this
stage, the pre-translocational ribosome samples the hybrid A/P and P/E states, a reconfiguration
coupled to the ratchet motion of the 30S subunit (d). In the last step of the protein elongation
cycle, the GTPase EF-G catalyzes the complete translocation of the mMRNA—(tRNA), complex
(e), freeing up the A site for the next aa-tRNA.
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Fig. 2.

Comparison between the positions and orientations of the tRNAs in the ribosome at different
sites. The tRNA positions and conformations (displayed in ribbons) were obtained by fitting
of the experimental cryo-EM densities with the X-ray structure of the tRNAs by real-space
refinement.
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Fig. 3.

Kinetic scheme for aa-tRNA incorporation. Initial selection starts with a codon-independent,
reversible rapid initial binding of the ternary complex (kq, k—1). During codon recognition, the
codon-anticodon interaction is still labile and reversible (k», k—»). Once the cognate codon—
anticodon match is recognized, the ternary complex is stabilized and a signal transmitted to
GTPase EF-Tu calling for activation (k3) and GTP hydrolysis (ks=kgTp). In the reversible,
short life-time, pseudo-activated GTPase state, the cognate ternary complex establishes initial
unsuccessful contacts with the ribosome (ks’, k_3"). Once GTP is hydrolyzed, the release of Pi
and subsequent conformational change of EF-Tu leads to the dissociation of the factor from
the ribosome and the accommodation of the aminoacyl end of the tRNA into the A site of the
50S subunit (ks). Accommodation is followed by rapid peptide bond transfer (Ks=Kpep). In case
of rejection, the aa-tRNA dissociates from the ribosome (k7). After peptide bond transfer, the
pre-translocational ribosome alternates between the classic and hybrid states.
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Fig. 4.

The interactions at the decoding center. (a) Crystal structure of the 30S subunit (PDB code:
2J00). (b) Close-up of the decoding center in the absence of MRNA (PDB code: 1J5E). (c)
Close-up of the decoding center in the presence of cognate mRNA (PDB code: 11BM). (d)
Close-up of the decoding center in the presence of a near-cognate mRNA (PDB code: 1N34).
The structures are displayed in Ribbons. Labels and landmarks: sp, spur; bk, beak; h, head;
S12, protein S12; DC, decoding center; h44, helix 44; A-tRNA/ASL, A-site tRNA ASL.

Q Rev Biophys. Author manuscript; available in PMC 2010 March 5.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Agirrezabala and Frank Page 32

Fig. 5.

Cryo-EM reconstruction of ribosome bearing mRNA and a cognate ternary complex stalled
with kirromycin after GTP hydrolysis. Cryo-EM map of the 70SsfMet-tRNAfMeteTrp-
tRNATPEF-TuGDPekir complex (X. Agirrezabala, J. Lei, R. F. Ortiz-Meoz, R. Green, & J.
Frank, unpublished results). Cryo-EM densities are shown for the small (yellow) and large
(blue) subunits, A- and P-site tRNAs (magenta and green, respectively), and EF-Tu (red). (a)
Side view of 70S ribosome, (b) interface view of 30S subunit, (c) interface view of 50S subunit,
(d) arrangement of P-site tRNA and ternary complex. Labels and landmarks: sp, spur; pt,
platform; h, head; CP, central protuberance; L1, L1 stalk; L7/L12, L7/L12 stalk.
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Interactions between ribosome and ternary complex and between ribosome and A-site tRNA,
inferred by real-space refinement of cryo-EM density maps. (a) Structural elements located
around A/T-tRNA in the fitting model of the 70S ribosomal complex bearing Phe-tRNAPhe,
tRNA (pink), EF-Tu (red), SRL (blue), L11(green), rRNA in the GAC (light blue), S12
(orange), H69 (dark blue), fragments of h44 and h18 (dark green). (b) Interactions of tRNA in
the A site, from X-ray structure (PDB code: 1GIX), with its surrounding elements from X-ray
structure (PDB code: 2AVY): S12 (orange); h44 fragment (green); H69 (blue). Protein S12 in
PDB files 2AVY and 1GIX were aligned. This figure was altered for the purposes of this article.
Data adapted from Li et al. (2008), copyright (2008) Nature Publishing Group.
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Fig. 7.

G'?’P hydrolysis on EF-Tu. (a) Cryo-EM map of the 70SsfMet-tRNAMetephe-tRNAPEEF-
TuGDPekir complex. Cryo-EM densities are shown for the small (yellow) and large (blue)
subunits, A-, P-, and E-site tRNAs (magenta green and orange, respectively), and EF-Tu (red)
as transparent surface, along with the atomic model (shown in cartoon representation) obtained
by flexible fitting using MDFF. (b) Switch regions in the MDFF-generated atomic model of
ribosome-bound EF-Tu: Switch I (Sw1, blue), Switch Il (Sw2, orange), and P-loop (green).
(c) Close-up of the GTPase domain of EF-Tu. The cryo-EM density map is displayed at a lower
threshold compared to that in panel (b) (1-40 versus 2-2¢) to make the Switch | density visible.
Data reproduced from Villa et al. (2009a), copyright (2009) National Academy of Sciences.
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Hydrophobic gate in EF-Tu. (a) Schematic depiction of the hydrophobic gate formed by
residues 11e60 and Val20, which prevents His84 from activating the water molecule and
catalyzing the hydrolysis of GTP. (b) Close-up of the gate of the X-ray structure of the ternary
complex bound to kirromycin in the presence of GDPNP (PDB code: 10B2). (c) Close-up of
the ribosome-bound ternary complex model obtained through MDFF. The movement of Switch
| opens the gate on the I1e60 side; the acceptor stem of the tRNA moves closer to Switch 11,
and the side-chain of His84 is repositioned toward the nucleotide, resulting in catalysis of GTP
hydrolysis. (d) Close-up of the hydrophobic gate in the open position as seen in the crystal
structure of the aurodox-bound ternary complex in the presence of GDP (PDB code: 1HA3).
The conformation of the gate is very similar to that shown in panel (c). A GTP molecule is
shown in all panels for comparison purposes. Data reproduced from Villa et al. (2009a),
copyright (2009) National Academy of Sciences.
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Fig. 9.

Ratchet motion of the E. coli ribosome observed with binding of EF-G. (a) Normal (MSI)
conformation; (b) Conformation (MSII) after ratchet-like rotation of the 30S subunit, with EF-
G (red) bound. Labels and landmarks: sp (spur), L1 (L1 stalk). This figure was altered for the
purposes of this article. Data adapted from Valle et al. (2003b), copyright (2003) Cell Press.
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Fig. 10.

Spontaneous ratchet motion: classic and hybrid ribosome configurations. (a) Classic A/A and
P/P tRNA positions, with ribosome in MSI conformation; (b) hybrid A/P and P/E tRNA
positions, with ribosome in MSII conformation.
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Fig. 11.

tRNA environment in the large subunit. (a) Close-up of the 50S subunit showing the classic
tRNA configuration. (b) Close-up of the 50S subunit showing the hybrid tRNA configuration.
Protein L5, as well as 23S rRNA fragments 197-228 (H11), 1189-1905 (H68), 2586—2608
(H93), 2547-2564 (A-loop), 1906-1934 (H69), 2227-2286 (P-loop), and 2372-2451 (H74)
are shown. Residues C1892 (H68), A2602 (H93), G2252 (P-loop), A2433 and A2434 (H74),
and G2553 (A-loop) are highlighted. The fitting was done by real space refinement. Data
reproduced from Agirrezabala et al. (2008), copyright (2008) Cell Press.
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Fig. 12.

Ratchet motion induced by binding of ribosomal factors. (left) Cryo-EM density maps of 70S
ribosome with factors bound; right column: density maps of the 30S subunit overlaid in MSI
and MSII positions. This figure was altered for the purposes of this article. Data adapted from
Frank et al. (2007), copyright (2007) National Academy of Sciences.
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Fig. 13.

Extent of ratchet-related motions induced by the binding of EF-G and RF3. Color mapping
was used to display the factor-induced displacements of rRNA residues on the structure of the
unbound ribosome (i.e., MSI). (a, ¢) 16S and 23S rRNA responding to binding of EF-G; (b,
d) 16S and 23S rRNA responding to binding of RF3. Data reproduced from Gao et al. 2009,
copyright (2009) Springer Publishing.
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Fig. 14.

16S rRNA secondary structure mapping of ratchet-related motions induced by the binding of
EF-G and RF3. Displacements of residues upon factor binding are mapped onto the initial
(MSI) secondary structure following a color-coding scheme. Displacements above 1.25 A
(blue) are significant. This display focuses on movements up to 5 A — displacements larger
than 5 A are all displayed in black. Data reproduced from Gao et al. (2009), copyright (2009)
Springer Publishing.

Q Rev Biophys. Author manuscript; available in PMC 2010 March 5.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Agirrezabala and Frank Page 42

EPA EPA EPA
Classic State Intermediate Hybrid State
A/A-P/P A/A-PIE AP-PIE
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A possible intermediate during tRNA hybrid reconfiguration. Single-molecule FRET data
appear to indicate the existence of an A/A-P/E intermediate, which equilibrates with the classic
AJA-P/P and the fully hybrid A/P-P/E configuration.

Q Rev Biophys. Author manuscript; available in PMC 2010 March 5.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Agirrezabala and Frank Page 43

Fig. 16.

Cryo-EM reconstruction of EF-GGDPNP bound ribosomes. (a) Cryo-EM densities are shown
for the small (yellow) and large (blue) subunits, P/E tRNA (green), and EF-G (red). (b)
Manually fitted EF-GGDP structure (PDB code: 1FNM) in the cryo-EM density for EF-
GGDPNP (semitransparent red). Relative movements between domains were allowed during
the docking procedure. Domains | and Il do not require any relative movement compared to
their position in the EF-G+GDP crystal structure and they were fitted as one piece. In contrast,
domains I, 1V, and V shift and rotate jointly, moving the tip of domain IV by approximately
37 A (see arrow). Labels and landmarks: sp, spur; pt, platform; h, head; CP, central
protuberance; L1, L1 stalk; L7/L12, L7/L12 stalk. This figure was altered for the purposes of
this article. Data adapted from Valle et al. (2003b), copyright (2003) Cell Press.
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Fig. 17.

Cryo-EM reconstruction of eEF-2 bound 80S ribosomes. Cryo-EM densities are shown for the
small (yellow) and large (blue) subunits, P/E tRNA (green), and eEF2 (red). (a) Cryo-EM map
of 80S*eEF2°GDPNP, (b) 80SeADPR-eEF2«GDPNP, (c) 80S*ADPR-eEF2*GDPesordarin.
Density attributed to the ADPR moiety is circled in (b). Labels and landmarks: bk, beak; h,
head; st, stalk; CP, central protuberance; L1, L1 stalk. This figure was altered for the purposes
of this article. Data adapted from Taylor et al. (2007), copyright (2007) Nature Publishing
Group.
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Fig. 18.

Conformational changes in ADPR-eEF2 as a direct result of GTP hydrolysis. (a) Density
attributed to ADPR-eEF2 from the 80SeADPR-eEF2¢GDPNP map (red) is virtually
superimposable with that from the 80SeADPR-eEF2¢GDPNPesordarin map (gray), a map
equivalent to the 80SeADPR-eEF2«GDPNP shown in Fig. 18b (see Taylor et al. 2007 for
details). Conversely, superimposition of density attributed to ADPR-eEF2 from the
80SeADPR-eEF2+GDPesordarin map (blue) with that from the 80SeADPR-
eEF2.GDPNPesordarin map (gray) demonstrates significant conformational changes in the
factor that are due exclusively to GTP hydrolysis. (b) The atomic models from the 80SeADPR-
eEF2+GDPNP (red) and 80SeADPReEF2+GDPNPesordarin (gray) complexes are very similar,
whereas a comparison of the 80SeADPR-eEF2¢GDPesordarin (blue) and 80SeADPR-
eEF2+GDPNPesordarin (gray) atomic models shows evidence of rearrangements due to GTP
hydrolysis. The arrows indicate the direction and magnitude of the conformational changes of
the factor. All atomic models in this figure were obtained by flexible fitting using real-space
refinement. Data reproduced from Taylor et al. (2007), copyright (2007) Nature Publishing
Group.
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Fig. 19.

Comparison of structural changes observed in EF-G. (a) The conformational changes observed
in EF-G involve a hinge-like movement of the C-terminal domains (I11, IV, and V) with respect
to the N-terminal domains (1, 11, and G). (b) The conformations observed in EF-G/eEF2 by
means of cryo-EM (ribosome-bound forms) and X-ray crystallography (in solution) can be
summarized as follows: EF-G in complex with GTP in solution (red), before interacting with
the ribosome, as seen in the crystal structure of the EF-G analog EF-G-2 (PDB code: 1WDT).
When EF-G+GTP binds to the ribosome, the conformational change of EF-G causes a shift in
the tip of domain IV (structure show in yellow). EF-G in the new conformation likely stabilizes
the ribosome in the ratcheted conformation. This EF-GeGTPeribosome conformation was
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determined by cryo-EM using the nonhydrolyzable GTP analog GDPNP (PDB code: 1PNG6).
The conformational changes in ribosome-bound EF-G, upon GTP hydrolysis, are likely similar
to those described for eEF2+80S complexes in Taylor et al. (2007). A comparison of the
complexes before (yellow) and after GTP hydrolysis (blue, PDB code: 2P8Y)) reveals small
magnitude shifts in domains I, Il, and G’ toward the GAC of the ribosome, a reorganization of
the Switch I loop, and an ~6-A shift in domain 1V toward the decoding center of the ribosome.
This movement is thought to sever the connection between the decoding center in the body of
the small subunit and the A-site MRNA-tRNA duplex bound to the head of the small subunit,
so that movement of the mMRNA—tRNA complex can occur via a head rotation of the small
subunit. Conformational changes of EF-G*GDP from the ribosome-bound conformation
(blue), determined by cryo-EM (PDB code: 2P8Y), to the solution structure (pink), determined
by X-ray crystallography (PDB code: 1EFG), include a movement at the tip of domain IV by
~43 A. This conformational change in EF-G likely contributes to its dissociation from the
ribosome. A comparison of the GDP-bound conformation (pink) of EF-G with the GTP-bound
conformation (red) reveals a shift at the tip of domain IV of the factor by ~25 A. The presence
of GTP also reveals an ordered Switch | loop and a different conformation of the Switch Il
loop. Altogether, these rearrangements likely are the basis of a much higher affinity of the pre-
translocational ribosome for the GTP-bound conformation of EF-G. This figure was altered
for the purposes of this article. Data adapted from Frank et al. (2007), copyright (2007) National
Academy of Sciences.
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Fig. 20.

Kinetic efficiency of the hybrid configuration. (a) Superimposition of aligned 30S subunits
from hybrid (solid yellow), classic (transparent gray), and EF-G-bound (transparent purple)
ribosomes. The binding position of EF-G (red) is shown for illustration purposes. (b) Close-
up of the superimposition of hybrid (solid yellow) and EF-G-bound (transparent purple)
ribosomes in the presence of EF-GeGDPNP and hybrid tRNAS. (c) Superimposed atomic
models of 16S rRNA h44 for the classic state ribosome (blue), the hybrid state ribosome
(yellow) and the EF-GGDPNP bound ribosome (red). The lower portion of h44 has been kept
fixed in the fitting to show the displacement of the decoding region (top). The arrow points in
the direction of the movement. A/A and P/P tRNAs are shown for clarity. This figure was
altered for the purposes of this article. Data adapted from Agirrezabala et al. (2008), copyright
(2008) Cell Press.
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Fig. 21.

Head rotation of the small subunit. Superimposition of atomic models (obtained by real-space
refinement) of the bodies of the small subunit of the pre-translocational (tan, PDB code: 1K5X)
and the ratcheted, eEF2-bound (blue, PDB code: 1S1H) 80S ribosomes, by explicit least-
squares fitting. Highlighted residues U955 and A1339 are in regions known to interact with
ribosome-bound A- and P-site tRNAs, respectively. This figure was altered for the purposes
of this article. Data adapted from Taylor et al. (2007), copyright (2007) Nature Publishing
Group.
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Fig. 22.
The A1338-790 ridge in the hybrid ribosome. The ASL of the hybrid P/E tRNA interacts with

the small subunit head, near the G1338-U1341 ridge, as well as with the small subunit body,
via the A790 loop of the 18S rRNA. Before the head of the small subunit rotates, the distance
between A790 in the body and A1339 in the head of the small subunit is ~18 A.
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A model for EF-G based translocation. Once the incoming aa-tRNA is incorporated and the
peptide transferred, the pre-translocational ribosomes starts fluctuating between (a) the classic
(MSI) and (b) the hybrid tRNA configuration (MSII), a rearrangement coupled to the ratcheting
of the small subunit. (c) The binding of EF-G stabilizes the ratcheted, MSII conformation of
the ribosome. (d) Hydrolysis of GTP promotes the shift of domain IV of EF-G, which in turn
detaches the mMRNA-tRNA complex from the decoding center and allows rotation of the head.
(e) The head rotation translocates the hybrid tRNAs to the P and E sites. (f) Translocation is
completed by back-rotation of the head and reverse-ratcheting of the entire small subunit as
EF-G in its GDP form is released from the ribosome.
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