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Summary

The universally conserved GTPase elongation factor G (EF-G) catalyzes the translocation of
transfer RNA (tRNA) and messenger RNA (MRNA) on the ribosome after peptide bond
formation. Despite numerous studies suggesting that EF-G undergoes extensive conformational
rearrangements during translocation, high resolution structures exist for essentially only one
conformation of EF-G in complex with the ribosome. Here, we report four atomic resolution
crystal structures of EF-G bound to the ribosome programmed in the pre- and post-translocational
states and to the ribosome trapped by the antibiotic dityromycin. We observe a previously unseen
conformation of EF-G in the pretranslocation complex, which is independently captured by
dityromycin on the ribosome. Our structures provide insights into the conformational space that
EF-G samples on the ribosome and reveal that tRNA translocation on the ribosome is facilitated
by a structural transition of EF-G from a compact to an elongated conformation, which can be
prevented by the antibiotic dityromycin.
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Introduction

Translation of the genetic code requires a codon-by-codon movement of mMRNA and its
associated tRNAs through the ribosome, a process which is catalyzed by the guanosine
triphosphatase (GTPase) elongation factor G (EF-G) (Voorhees and Ramakrishnan, 2013).
After each codon is decoded in the ribosome and peptide bond formation has occurred, the
ribosome in the pre-translocational (PRE) state fluctuates between two conformations
(Blanchard et al., 2004; Cornish et al., 2008; Fei et al., 2008; Munro et al., 2007) through a
ratchet-like movement of the 30S ribosomal subunit with respect to the 50S subunit (Frank
and Agrawal, 2000): a non-rotated form with tRNAs in the classical A/A and P/P states and
a rotated form in which the CCA acceptor ends of tRNAs have moved from the A and P
sites to the P and E sites on the 50S subunit, taking the hybrid A/P and P/E positions,
respectively. EF-G in complex with GTP engages the PRE ribosome in both states, but
binding to the non-rotated PRE ribosome is immediately followed by the ratchet-like
movement of the ribosome into the rotated state (Chen et al., 2011; Chen et al., 20133;
Ermolenko and Noller, 2011; Holtkamp et al., 2014; Spiegel et al., 2007). In the next step,
which is facilitated by the conformational changes of EF-G and concomitant GTP
hydrolysis, the anticodon ends of tRNAs are translocated inside the ribosome via an
intermediate step that involves swiveling of the 30S subunit head domain (Guo and Noller,
2012; Zhou et al., 2014), resulting in a post-translocational (POST) state of the ribosome in
which the mRNA has been moved by one codon.

The structures of ribosome complexes with EF-G determined by cryo-electron microscopy
(cryo-EM) (Agrawal et al., 1998; Connell et al., 2007; Frank and Agrawal, 2000; Ramrath et
al., 2013; Ratje et al., 2010; Valle et al., 2003) and X-ray crystallography (Chen et al.,
2013b; Gao et al., 2009; Pulk and Cate, 2013; Tourigny et al., 2013; Zhou et al., 2013, 2014)
have shown that EF-G binds to the ribosome mainly through interactions between its G-
domain (domain 1) and the 50S subunit. These structures, however, represent either a POST
state of the ribosome (Gao et al., 2009), or a state in transit during tRNA translocation (Chen
et al., 2013b; Ramrath et al., 2013; Tourigny et al., 2013; Zhou et al., 2013, 2014), and
exhibit an elongated form of EF-G with its domain IV projecting into the decoding center of
the ribosome where the anticodon end of the A-site tRNA would be bound.

How EF-G binds a PRE ribosome and what position domain 1V of EF-G takes to avoid
collision with the A-site tRNA before translocation have remained an enigma in the field.
Recently, a cryo-EM reconstruction of EF-G on the rotated PRE ribosome exhibited small
conformational changes of EF-G compared to the one in the POST complex (Brilot et al.,
2013), but the whole EF-G moves as a result of the G-domain rotating around the SRL such
that domain 1V is positioned next to the A-site tRNA. While the structure provides a
snapshot of EF-G bound to the rotated PRE ribosome, the earlier event of EF-G sampling
and binding to the non-rotated PRE ribosome remains to be determined. Meanwhile, several
lines of evidence suggest that a large scale conformational change of EF-G occurs during
translocation (Agrawal et al., 1999; Bulkley et al., 2014; Munro et al., 2010; Salsi et al.,
2014; Stark et al., 2000; Wang et al., 2007), including a recent study of the antibiotic
dityromycin (Bulkley et al., 2014). Dityromycin was shown to block EF-G-mediated tRNA
translocation without affecting the binding of EF-G to the ribosome (Brandi et al., 2006;
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Brandi et al., 2012). The crystal structure of dityromycin in complex with the ribosome
shows that dityromycin binds to ribosomal protein S12 (Bulkley et al., 2014), a position that
would severely overlap with domain 111 of EF-G in the elongated form, thereby indicating
the necessity for substantial domain rearrangements in EF-G on the PRE ribosome.

We have now determined the atomic resolution structures of EF-G bound to the ribosome in
both the PRE and the POST states, as well as of an EF-G-ribosome complex trapped by the
antibiotic dityromycin. We captured a new compact conformation of EF-G in the PRE
complex which is also trapped by dityromycin. Together with the elongated form of EF-G in
the POST complex, our structures reveal a conformational space that EF-G samples on the
ribosome and suggest that tRNA translocation is accompanied by a structural transition of
EF-G from a compact to an elongated conformation which can be blocked by the antibiotic
dityromycin.

Crystallization of the L9-GTPase fusion protein with the ribosome

To crystalize EF-G with the ribosome in different stages of translocation, we used a newly
developed strategy that entails a fusion of the N-terminal domain (NTD) of ribosomal
protein L9 to the N-terminus of EF-G (Figure S1). By varying the length of the linker
between the L9-NTD and EF-G, one construct of L9-EF-G crystallized with the ribosome
lacking the endogenous L9 under the same condition and in the same space group as the
wild-type ribosome (Blaha et al., 2009). Using this strategy, we first determined the
structure of EF-G bound to the ribosome in the POST state. The structure of the POST
complex shows that EF-G binds to the ribosome in the same manner as seen in the
previously determined structure (Figure 1B and 1D, Figure 2A) (Gao et al., 2009), while the
NTD of L9, that is fused to the N-terminus of EF-G, binds to its canonical site on the
neighboring ribosome (Figure S1). This indicates that the chimeric fusion does not interfere
with the conformation of EF-G. Importantly, this method allows us to crystalize EF-G with
the ribosome in the PRE state revealing drastic conformational changes. We have applied
this strategy successfully in a recent study of elongation factor 4 bound to a clockwise
ratcheted ribosome (Gagnon et al., 2014), showing this crystallization strategy to be an
excellent tool to study the structures of GTPases on the ribosome in different functional
states, especially when only weak or transient interactions are involved.

Structure of a PRE ribosome in complex with EF-G

When regular aminoacyl-tRNAs were placed in the ribosomal P and A sites to prepare a
PRE ribosome, the resultant structure of the complex always displayed a post-translocated
ribosome, suggesting that the system is capable of active translocation. In order to lock the
ribosome in the PRE state, we have taken advantage of non-hydrolysable aminoacyl-tRNA
analogs (Voorhees et al., 2009) to prevent de-aminoacylation of the P-site-bound tRNA and
its subsequent movement into the E site. Accordingly, we prepared a PRE ribosome with
non-hydrolysable fMet-NH-tRNA™Eet jn the P site and Phe-NH-tRNAP"® in the A site. This
complex was then co-crystallized with EF-G.
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Crystals obtained using this approach diffracted to 2.8 A resolution, and after molecular
replacement using an empty ribosome as the search model, we observed well-resolved
electron density for mMRNA, tRNAs in the A, P and E sites, and domains I, Il and V of EF-G.
Unexpectedly, the orientation for domain V of EF-G had to be inverted to fit into the
electron density compared with the POST complex (Figure 2B). Additional density was
confined to regions near domains I and 11 of EF-G, which was unambiguously assigned to
domains Il and 1V after refinement. As expected for a ribosome with an aminoacyl-tRNA in
the P site (Valle et al., 2003), the ribosome is in the non-rotated state with tRNAs in the
classical P/P and A/A positions. While domains I and Il of EF-G bind to the ribosome in the
same manner as they do in previously determined complexes (Gao et al., 2009; Tourigny et
al., 2013), domains I11-V undergo dramatic conformational changes, resulting in a structure
of EF-G bound to the ribosome that has not been previously observed (Figure 1A and 1C
and movie S1).

EF-G in a compact conformation

Instead of exhibiting the usual elongated shape seen in previous structures, EF-G in the PRE
complex adopts a compact conformation in which domain 1V is in close proximity to
domains | and Il. A superimposition of domain | from the PRE and the POST complexes
reveals that domains I11-V move as a relatively rigid entity, swiveling around the center of
domain V, such that domain V remains in the same position but flips by ~180° with a
simultaneous ~90° self-rotation (Figure 3A and movies S1 and S2). As a result, the tip of
domain 1V swivels by ~100 A between the two conformations with a 90° self-rotation, a
possibility that was not previously anticipated for EF-G. These movements are concomitant
with a swing of domain 111 which disengages from its interactions with domain I near the
catalytic site and moves outwards by ~50 A (Figure 3A). It appears that the rearrangement
of domains I11-V relies on the loop connecting domains Il and 111, which is able to turn 90°
between the two conformations of EF-G (Figure 3A). Overall, the two relatively rigid
entities in the EF-G structure, domains I-11 and domains 111V, are loosely connected through
a flexible loop without apparent interaction in the compact conformation, and as a result, the
catalytic site is fully exposed where switches | and Il are both disordered (Figure 3B and
3C).

Interactions between the compact EF-G and the ribosome

While domains | and Il of EF-G interact with the ribosome in essentially the same manner in
both the PRE and the POST complexes, the interfaces between domains I11-V and the
ribosome are significantly different. Instead of occupying its usual binding position in the
inter-subunit cleft of the ribosome between proteins S12 and L14, domain I1l moves to the
opposite side of ribosomal protein S12 in the PRE complex, being positioned close to the A-
site tRNA and h34 in the 30S head (Figure 4B). Domain IV hangs over the 30S shoulder
with its tip pointing toward protein S4 in the PRE complex, in contrast with the POST
complex where domain IV reaches into the A site (Figure 4C). Strikingly, the position of
domain 1V is similar to the interpretation made of a previous low-resolution cryo-EM
reconstruction (Stark et al., 2000), in which the antibiotic thiostrepton was used to trap EF-G
on the PRE ribosome. Domain V is positioned in the vicinity of the same elements of the
ribosome in both the PRE and the POST complexes (Figure 4D), but the backward folding
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of EF-G in the PRE complex makes domain V more distant from these elements, such that
helices H43/44 in the stalk base become mobile and the nucleotides at the tips of H43/44
and the sarcin-ricin loop (SRL) are more exposed in the PRE complex (Figure 5).
Interestingly, the new interface between domain V and the stalk base in the PRE complex
may allow the binding of the antibiotic thiostrepton to the stalk base (Figure S2), suggesting
the prior cryo-EM structure (Stark et al., 2000) may have captured a similar compact
conformation of EF-G.

EF-G has two super-domains that are loosely connected

The compact EF-G reveals a hinge joint that divides EF-G into two super-domains: domains
I-11 and domains 111-V. To explore the inter-domain flexibility of EF-G, we re-determined
the structure of the POST complex in the absence of fusidic acid. We observed well resolved
density for domains I, Il and GDP, which bind tightly to the ribosome. However, domains
I11-V become flexible as shown by their residual density, which is only strong enough to
indicate that EF-G is in the elongated conformation (Figure 2C). Soaking fusidic acid into
the crystal restores density for all domains of EF-G (Figure 2A). These observations confirm
that EF-G favors the elongated conformation (Czworkowski and Moore, 1997) while
harboring an intrinsic flexibility between the two relatively independent super-domains that
are connected through a hinge. In the compact EF-G conformation, the absence of
interaction between the super-domains (Figure 3C) strongly suggests that its binding partner,
the PRE ribosome, stabilizes EF-G in a compact form.

Dityromycin traps a compact form of EF-G on the ribosome

The newly characterized antibiotic dityromycin/GE82832 targets ribosomal protein S12 and
traps EF-G in a pre-translocational state (Bulkley et al., 2014). To investigate the
conformation of EF-G on the ribosome trapped by dityromycin, we determined a structure
of EF-G bound to the ribosome in the presence of dityromycin (Figure 6A). The ribosome
was programmed in the POST state to remove the structural constraints imposed by the A-
site tRNA on the conformation of EF-G. Remarkably, EF-G adopts the same compact form
on the ribosome in response to the binding of dityromycin instead of the one observed in the
POST complex (Figure 6B and 6C and movie S2). Our structure shows that the binding
position of dityromycin on protein S12 does not interfere with domain 11l of EF-G in the
compact conformation while it would clash with domain 111 when EF-G is in the elongated
conformation.

Discussion

EF-G exhibits a great degree of conformational flexibility on the ribosome

This study unveils a strikingly new compact conformation of EF-G on the ribosome,
suggesting that EF-G is far more flexible than previously thought. The transient nature of
this conformation may account for the fact that it has eluded direct observation for decades
despite extensive studies involving various techniques. EF-G favors the elongated
conformation in solution regardless of the identity of the bound nucleotide (Czworkowski
and Moore, 1997; Czworkowski et al., 1994) through weak association between two super-
domains. Our structures show that this weak association breaks upon binding of EF-G to the
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PRE ribosome. It is notable that the interface between the two super-domains in EF-G is not
strengthened by the binding of GTP when EF-G is off the ribosome, since switches I and Il
remain disordered in both states (Hansson et al., 2005; Ticu et al., 2009). This suggests that
the flexibility of EF-G is minimally influenced by the bound nucleotide.

A pretranslocation complex of the ribosome with EF-G

It has been a challenge to obtain the structural conformation of EF-G-GTP on a pre-
translocation ribosome due to its transient existence and the difficulty in preparing a
homogenous sample of the PRE ribosome that is deficient in tRNA translocation upon EF-G
binding (Figure 7, steps a and b). Although the antibiotic viomycin can prevent translocation
by keeping the PRE ribosome in the rotated state, considerable conformational heterogeneity
still exists (Brilot et al., 2013; Stanley et al., 2010). In this study, we found the placement of
non-hydrolysable aminoacyl-tRNA in the P site to be effective in stalling the ribosome in
the PRE state albeit before peptidyl transfer. Such ribosomes are essentially identical to the
authentic PRE ribosome (after peptidyl transfer) in the non-rotated state. However, we found
only in the presence of the GDP nucleotide, and not GTP, does EF-G crystalize with the
non-rotated ribosome under our experimental conditions. This is likely because of the
unstable binding of domains | and 11 of EF-G on the non-rotated ribosome in the presence of
GTP as confirmed by a recent crystal structure (Pulk and Cate, 2013). It has been established
that EF-G bound with GTP engages the PRE ribosome. Therefore, in the bona fide PRE
complex, GTP instead of GDP associates with EF-G (Figure 7, steps ¢ and d), although
minor positional adjustments of domains | and Il of EF-G should be anticipated (Gao et al.,
2009; Pulk and Cate, 2013; Tourigny et al., 2013).

Our PRE complex addresses the long-standing puzzle—how EF-G avoids a collision with
the A-site tRNA before promoting its translocation: domain 1V simply folds backwards
through an inter-domain joint. Such a conformational change is consistent with the
movement of domain IV with respect to ribosomal protein S12 revealed by a recent single-
molecule fluorescence resonance energy transfer (SmFRET) study (Salsi et al., 2014).
Evidently, the compact conformation of EF-G on the non-rotated ribosome displays the
extreme end of the conformational space where domain 1V reaches its closest proximity to
domain Il (Figure 7, step c). It is likely that domain 1V could freely move next to the
anticodon stem loop of the A-site tRNA following the rotating motion of the 30S subunit,
thereby adopting a conformation similar to that seen in a recent cryo-EM structure of EF-G
bound to the rotated PRE ribosome (Brilot et al., 2013) (Figure 7, steps c-e). Therefore, EF-
G may not necessarily adopt the fully compact form when engaging the rotated PRE
ribosome unless the ribosome is locked in the PRE state (Figure 7, step d). Interestingly, a
SmFRET study observed fluctuations of FRET between the C-terminus of EF-G and the A-
site tRNA to zero after EF-G-GTP binds to the viomycin-trapped PRE ribosome (Munro et
al., 2010); part of the fluctuations was attributed to the conformational changes of EF-G on
the ribosome. We reason that EF-G-GTP can sporadically sample the fully compact
conformation on the rotated PRE ribosome. Our dityromycin complex further confirms the
flexibility of EF-G and the existence of its compact form on the ribosome.
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Although it is debatable whether the antibiotic thiostrepton inhibits EF-G turnover on the
ribosome (Rodnina et al., 1999) or binding to the ribosome (Walter et al., 2012), our data
suggest that it may be able to coexist with a compact EF-G on the ribosome, thereby
supporting the previous cryo-EM study (Stark et al., 2000). However, the close proximity of
thiostrepton to domain V of EF-G and the SRL may interfere with stable binding of EF-G to
the ribosome.

Insights into EF-G-mediated tRNA translocation

A comparison of the structures of our PRE and POST complexes immediately suggests that
tRNA translocation is associated with a structural transition of EF-G from the compact to
the previously observed elongated form (Figure 7 and movie S2). The path of domain 1V
movement merges with that of the anticodon stem loop of the A-site tRNA, in which the A-
site tRNA travels into the P site while domain IV enters the vacated A site. Single-molecule
studies have suggested that conformational changes of EF-G are coordinated with the
ribosome during translocation (Chen et al., 2013b; Munro et al., 2010). Our work offers
clues into the communication between EF-G and the ribosome during translocation. The
structural transition of EF-G involves domain 111 passing over ribosomal protein S12 to
approach the GTP-binding pocket in domain | (Figure 4B). Protein S12 seems to pose a
steric restriction on the path of domain Il in the non-rotated PRE complex, which could
presumably be lifted by the rotation of the 30S subunit. On the other hand, dityromycin
binding on top of protein S12 completely blocks the path taken by domain 111, thereby
preventing a structural transition of EF-G and inhibiting tRNA translocation (Figure 7, steps
c-e and movie S2). Interestingly, removal of S12 from the ribosome stimulates spontaneous
translocation (Cukras et al., 2003), underlining the significance of the interaction between
S12 and EF-G during translocation. Domain V flips underneath the stalk base (H43 and
H44) during the conformational change of EF-G. Consistent with chemical probing data
(Bowen et al., 2005; Wilson and Nechifor, 2004), our structures show that the stalk base,
which is mobile in the PRE complex, is stabilized by domain V in the POST complex. This
may account for the different FRET states observed between the G’ domain of EF-G and
protein L11 in the stalk base (Wang et al., 2007). As part of the GTPase-associated center on
the ribosome, the stalk (through its bound protein L12) may stimulate GTP hydrolysis
(Mohr et al., 2002) or control the timing of phosphate release (Savelsbergh et al., 2005) by
sensing the orientation of domain V. Considering that the swivel of the 30S head domain
effectively translocates the anticodon ends of the tRNAs (Guo and Noller, 2012; Ramrath et
al., 2013; Zhou et al., 2014) and the critical role of domain 1V in translocation (Rodnina et
al., 1997), we speculate that an interaction between domain IV and the 30S head may be
essential for translocation. In support of this proposal, h34 in the 30S head, which slightly
overlaps with the path taken by domain IV during the transformation of EF-G (Figure 4C),
was found to be protected during translocation (Matassova et al., 2001). It is generally
accepted that GTP hydrolysis in EF-G precedes tRNA translocation (Pan et al., 2007;
Savelsbergh et al., 2003), but how exactly these two processes are coupled remains less
understood. To activate the catalytic center, domain 111 of EF-G needs to be positioned next
to domain | to close the GTP binding pocket (Chen et al., 2013c; Martemyanov and Gudkov,
2000; Pulk and Cate, 2013), which would require EF-G to form at least a partially extended
conformation (Figure 7, step €). This suggests that the earlier stage of conformational
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change of EF-G is independent of GTP hydrolysis (Salsi et al., 2014). Energy from GTP
hydrolysis could be harnessed to promote further conformational changes of EF-G to the
fully elongated conformation with domain IV reaching into the A site (Figure 7, step f).
Such a process, coupled with a swivel of the 30S head, would result in translocation of the
anticodon ends of tRNAS in the ribosome.

EXPERIMENTAL PROCEDURES

Additional details can be found online in Supplemental Information.

Preparation of the L9—-EF-G protein fusions and the Thermus thermophilus mutant
ribosomes lacking L9

The N-terminal domain (74 residues) of ribosomal protein L9 was fused to the N-terminus
of EF-G with varying lengths of the linker between L9 and EF-G, as previously described
(Gagnon et al., 2014). The Escherichia coli BL21 (DE3) Star (Invitrogen, Carlsbad, CA)
cells were transformed with each construct and expression of the protein fusion was induced
when the absorbance reached ~2.0 at 600 nm.

Before lysis, cells with the over-expressed protein fusion were re-suspended at 4 °C in a
buffer containing 20 mM Tris—HCI pH 8.0, 50 mM NaCl, 1 mM B-mercaptoethanol. Pure
L9-EF-G fusion protein was obtained after multiple purification steps, including
hydrophobic interaction, anion exchange and size exclusion chromatography. The purified
fractions containing the L9- EF-G fusion were concentrated to ~100 uM in a buffer
containing 10 mM Tris—HCI pH 7.5, 200 mM KCl, 10 mM Mg(CH3COO), and 1 mM §-
mercaptoethanol.

The T. thermophilus 70S ribosomes lacking L9 were prepared from the same mutant T.
thermophilus 70S:L91_sg strain used in the previous study (Gagnon et al., 2014).

Complex formation and crystallization

The complexes were formed as previously described with some modifications (Gagnon et
al., 2012). The POST complex was formed by incubating ribosomes with mRNA and a P-
site fMettRNAMeL, Thereafter, the L9-EF-G fusion protein was added together with the
guanosine 5’-diphosphate (GDP) nucleotide. The PRE complex was formed as described
above, except that fMet-NH-tRNA™MEet and Phe-NH-tRNAP" were used. For the
dityromycin-containing complex, a P-site Phe-tRNAP and dityromycin were used during
complex formation.

Ribosome crystals were grown at room temperature in sitting drop trays. All complexes
grew in the presence of the L9-EF-G fusion connecting residues 1-74 of ribosomal protein
L9 and residues 8-691 of EF-G. The crystals were cryo-protected and frozen in a liquid
nitrogen stream before plunging in liquid nitrogen.

Data collection

X-ray diffraction data were collected at the beamlines X25 at Brookhaven National
Laboratory (Upton, NY), and 24-ID-C at the Advanced Photon Source at Argonne National

Cell. Author manuscript; available in PMC 2016 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Linetal. Page 9

Laboratory (Argonne, IL) using 0.2° or 0.3° oscillations. Data were integrated and scaled
with the XDS program package (Kabsch, 1993).

Molecular replacement, model building, and structure refinement

Molecular replacement was performed using PHASER (McCoy et al., 2007). Two 70S
ribosomes were found per asymmetric unit of the crystal. EF-G, mRNA and tRNAs in the A,
P or E sites were built into the Fops — Fcalc €lectron density map using Coot (Emsley and
Cowtan, 2004) and the structures were refined in PHENIX (Adams et al., 2002). The E-site
tRNA in all complexes comes from the excess of tRNASs in the sample preparation. In the
POST complex, domains I11, IV and V of EF-G were only resolved when the crystals were
soaked with fusidic acid. The final refinement statistics for all the complexes are provided in
Table S1. Figures 1-6 were generated using PyMOL (DeLano, 2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Compact EF-G ' Elongated EF-G

Figure 1. The structures of EF-G bound to the pre- and post-translocation ribosome
(A and B) Overview of EF-G bound to the PRE (A) and the POST (B) ribosome. Shown are

the 50S (gray) and the 30S (ivory) subunits, the A-site (blue), P-site (pink) and E-site
(orange) tRNAs, mRNA (cyan) and EF-G with its five domains colored differently.

(C and D) Cartoon representations of EF-G shown in the compact conformation (C) from
the PRE complex and the elongated conformation (D) from the POST complex. Domains of
EF-G are colored and labeled as in panels A and B.

See also Figure S1, Table S1 and Movie S1.
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Figure 2. Partial electron density for the POST and PRE complexes
(A-D) Unbiased Fqpg — Fcalc difference Fourier map of EF-G and the P-site tRNA in the

POST complex in the presence of fusidic acid (A), EF-G and the A- and P-site tRNAs in the
PRE complex (B), EF-G and the P-site tRNA in the POST complex in the absence of fusidic
acid (C), and EF-G and the P-site tRNA in the dityromycin complex (D). All maps are
contoured at 2.50 obtained after initial refinement with an empty ribosome as a starting
model.

See also Table S1.
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v Compact EF-G Elongated EF-G

Figure 3. Comparison of the EF-G structures in the elongated and the compact conformations
(A) Inset is a superimposition of the structures of the compact and the elongated EF-G

through domain I. Helices in the compact EF-G are displayed as cylinders. Lower right is a
close-up view of the movements of domains 111 and IV. For clarity, conformational change
of domain V is displayed separately in the lower left where the one from the compact EF-G
is colored in lightblue. The GDP nucleotide is shown as spheres.

(B and C) Structures of the compact (B) and the elongated (C) EF-G viewed from the
catalytic site. The switch Il is colored in lightblue as indicated. The switch I loop is
disordered and not shown in both complexes.

See also Movie S1 and Movie S2.
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Figure 4. Interfaces between domains 111, IV and V of EF-G and the ribosome in the PRE and
the POST complexes
(A) Overview of the ribosome showing the orientation of the insets B and C. Elements of the

ribosome are indicated and colored differently.

(B and C) Positions of domains 111 (B) and IV (C) on the ribosome in the two complex
structures.

(D) Surroundings of domain V in the two complex structures. Helix 43/44, L11-NTD in the
stalk base (Sb), Helix 89 and the sarcin-ricin loop (SRL) are shown in yellow in the POST
complex and pink in the PRE complex. The L11-NTD in the PRE complex is not visible.
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Figure 5. Contacts between domain V of EF-G, the stalk base (Sb) and the sarcin-ricin loop
(SRL)
(A and B) Nucleotides at the tips of H43, H44 and the SRL are exposed in the PRE complex

and are in close contacts with domain V in the POST complex. Positions of Sb from the two
copies in the crystal of the PRE complex shown in the inset of panel A demonstrate that Sb
becomes flexible in the PRE state.

See also Figure S2.
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Figure 6. The structure of EF-G bound to the ribosome trapped by the antibiotic dityromycin
(A) Overview of the structure of the complex. The components are colored in the same

scheme as in Figure 1, except that here ribosomal protein S12, instead of mMRNA, is shown
in cyan. Dityromycin (Dit) binds to protein S12 located behind EF-G.

(B) Close up of EF-G, S12 and dityromycin (brown). (C) Model of EF-G from the POST
complex on the ribosome showing the steric collision between domain 111 and dityromycin.
See also Movie S2.
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Figure 7. Conformational changes of EF-G on the ribosome
EF-G in complex with GTP transiently folds into a compact conformation, from an

elongated conformation in the ribosome-free state, after engaging the ribosome in the pre-
translocational state to avoid a collision with the A-site tRNA (steps a-d). Rotation of the
30S subunit enables domain IV moving next to the A-site tRNA, a step that can be blocked
by the antibiotic dityromycin (steps c-e). Further conformational changes of EF-G with
concomitant GTP hydrolysis facilitate tRNA translocation (steps e-f). This process involves
swiveling of the 30S head domain (Ramrath et al., 2013), which is not shown here. The
antibiotic viomycin prevents translocation by locking the ribosome in the rotated state, while
not affecting the initial conformational changes of EF-G (Munro et al., 2010). tRNA
translocation is completed by dissociation of EF-G in complex with GDP from the ribosome

(steps f-g).
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