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In translation, elongation factor Tu (EF-Tu) molecules deliver
aminoacyl-tRNAs to the mRNA-programmed ribosome. The GTPase
activity of EF-Tu is triggered by ribosome-induced conformational
changes of the factor that play a pivotal role in the selection of the
cognate aminoacyl-tRNAs. We present a 6.7-A cryo-electron mi-
croscopy map of the aminoacyl-tRNA-EF-Tu-GDP-kirromycin-bound
Escherichia coli ribosome, together with an atomic model of the
complex obtained through molecular dynamics flexible fitting. The
model reveals the conformational changes in the conserved GTPase
switch regions of EF-Tu that trigger hydrolysis of GTP, along with
key interactions, including those between the sarcin-ricin loop and
the P loop of EF-Tu, and between the effector loop of EF-Tu and a
conserved region of the 16S rRNA. Our data suggest that GTP
hydrolysis on EF-Tu is controlled through a hydrophobic gate
mechanism.
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n the elongation cycle of protein synthesis, each aminoacyl-

tRNA (aa-tRNA) is delivered to the mRNA-programmed
ribosome as a ternary complex with elongation factor Tu (EF-
Tu) and GTP. On binding to the ribosome, aa-tRNA enters the
A/T state, where it occupies the A site on the 30S ribosomal
subunit while still interacting with EF-Tu. When the codon-
anticodon interaction is cognate, GTPase activity of EF-Tu is
greatly stimulated and GTP hydrolysis occurs rapidly, inducing
a large conformational change of EF-Tu followed by its disso-
ciation from the ribosome and subsequent accommodation of
aa-tRNA into the ribosomal A site. The irreversible GTP
hydrolysis separates 2 kinetic steps of aa-tRNA incorporation,
namely initial selection and proofreading, that jointly establish
the overall accuracy of tRNA selection by the codon-
programmed ribosome (1). Much effort has been devoted to
elucidate the mechanism by which codon recognition in the 30S
subunit leads to GTP hydrolysis by EF-Tu >75 A away. Bio-
chemical and structural studies identified some key interactions,
but the atomic details of the mechanism have remained elusive.
In particular, the transduction of the codon recognition signal
and subsequent ribosome-induced EF-Tu conformational
changes leading to GTPase activation are not well understood.

GTP hydrolysis in EF-Tu takes place through an in-line, direct
attack on the y-phosphate by a water molecule (2). His-84 of
EF-Tu has been proposed to activate a water molecule for
nucleophilic attack on the y-phosphate by extracting one of its
protons (3, 4). This proposal agrees with studies identifying
His-84 as the catalytic residue that stabilizes the transition state
of GTP hydrolysis by hydrogen bonding to the attacking water
molecule or the y-phosphate group of GTP (5). Crystal struc-
tures of EF-Tu in the GTP form revealed a “hydrophobic gate”
that appears to control access of His-84 to the GTP binding
pocket (3, 6). For His-84 to carry out its catalytic role and
activate the water molecule, the gate would have to open on
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interaction with the ribosome (3, 6). So far, gate opening has only
been observed in the crystallographic structure of Thermus
thermophilus EF-Tu in complex with GDP and the GTPase-
stimulating antibiotic methyl-kirromycin (aurodox), outside the
ribosome.

In the present work, we focus on the ribosome-induced EF-Tu
conformational changes that trigger GTP hydrolysis on the
factor as revealed by cryo-electron microscopy (cryo-EM) stud-
ies. We provide structural evidence suggesting that the ribosome
induces the opening of the hydrophobic gate and the reposi-
tioning of His-84 of EF-Tu. Our results reconcile a large body of
experimental data and explain how the ribosome controls the
GTPase activity of EF-Tu in the ternary complex.

Results

We obtained a 6.7-A cryo-EM map of the preaccommodated
Escherichia coli 70S ribosome bound to the Phe-tRNAFPe-EF-
Tu-GDP ternary complex stalled by the antibiotic kirromycin
(kir) (7). We applied the recently developed molecular dynamics
flexible fitting (MDFF) method (8) to obtain an atomic model
of the complex that enables the interpretation of the cryo-EM
data in unprecedented detail. The map, along with the fitted
atomic model of the 70S ribosome, the ternary complex, P- and
E-site tRNAs, and mRNA are shown in Fig. 14. This map
presents a substantial advancement in resolution over previously
reported cryo-EM data (9-11), allowing us to corroborate
previous observations in greater detail, and to observe new
contacts and changes in conformation of the complex. In par-
ticular, with the improvement in resolution, the structural fea-
tures of EF-Tu and its interactions with the ribosome are clearly
discernible in the density map.

The relative orientation between the domains of the ribo-
some-bound EF-Tu with kirromycin (Fig. 1B) is most similar to
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Overview of EF-Tu structure bound to the ribosome. (A) Cryo-EM map of the 70S-fMet-tRNAMet.phe-tRNAPhe-EF-Tu-GDP-kir complex at a resolution of

Fig. 1.
6.7 A shown in transparent surface. The atomic model obtained by molecular dynamics flexible fitting (MDFF) is shown in cartoon representation. (B) Atomic
model of the ribosome-bound EF-Tu showing a domain orientation most similar to the closed, GTP-bound form. The switch regions are highlighted: switch I (Sw1)
in blue, switch Il (Sw2) in orange, and P-loop in green. The same coloring scheme is used in all figures. (C) Closeup of the GTPase domain of EF-Tu. The cryo-EM

density map is displayed at a lower threshold to make the switch | density visible. Density thresholds are 2.6 o (A), 2.2 o (B), and 1.4 o (C).

the “closed,” GTP-bound form of EF-Tu (3, 6), as previously
observed outside of the ribosome. The structure of EF-
Tu-GDP-kir bound to the ribosome has been proposed to
correspond to a state immediately after GTP hydrolysis, yet
preceding the conformational change into the free, GDP-bound
structure and, hence, preceding EF-Tu release (11). Our data
show that this EF-Tu structure indeed corresponds to an acti-
vated state for the hydrolysis of the nucleotide, as detailed below.
Several conserved regions playing prominent roles in the work-
ing cycle of GTPases, namely switch I (EF-Tu residues 40—62; E.
coli numbering is used throughout this article), switch II (80—
100) and P loop (18-23), are found to undergo characteristic
conformational changes in EF-Tu. We describe these changes in
the context of the ribosome-bound state of EF-Tu captured by
the map.

GTPase Activation Is Controlled by a Hydrophobic Gate. The hydro-
phobic gate of EF-Tu, represented schematically in Fig. 24, is

formed by residues Val-20 (P loop) and Ile-60 (switch I). The gate
in its closed form is present in many crystal structures of GDP- and
GTP-bound EF-Tu both bound and unbound to tRNA, indicating
that gate opening occurs only in the presence of the ribosome. Fig.
2B shows the hydrophobic gate present in the crystal structure of
the free E. coli ternary complex (PDB ID code 10B2; unpublished
data). The aurodox-bound structure, shown in Fig. 2D, displays an
open gate, where Ile-60 and the remainder of switch I are disor-
dered and His-84 is repositioned toward the nucleotide (12), hinting
that the increased GTPase activity induced by aurodox is achieved
by gate opening. One wing of the hydrophobic gate is formed by
residue Val-20, which forms part of the P loop, a conserved element
in GTPases important in guanine nucleotide release (13, 14). Our
structure shows that the P-loop interacts with the sarcin-ricin loop
(SRL; nucleotides 26462674 of the 23S rRNA). It was established
that SRL interacts with EF-Tu (see ref. 11 and references therein),
but available cryo-EM data until now lacked the resolution needed
to identify the residues of EF-Tu involved in this interaction. Fig. 3
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Fig. 2.

Hydrophobic gate. (A) Schematic representation of the hydrophobic gate formed by EF-Tu residues Ile-60 and Val-20, which prevents His-84 from

activating the water molecule and thus catalyzing GTP hydrolysis (G, guanisine). (B) The gate shown in the crystal structure of the ternary complex bound to
kirromycin (PDB ID code 10B2; unpublished data). (C) The ribosome-bound ternary complex model obtained through MDFF displaying conformational changes
in the nucleotide binding area. Switch | has moved away, opening the gate on the lle-60 side; the acceptor stem of the tRNA has moved significantly closer to
switch II; and the side chain of His-84 has been repositioned toward the nucleotide, resulting in catalysis of GTP hydrolysis. (D) Open hydrophobic gate seen in
the crystal structure of the aurodox-bound EF-Tu [PDB ID code 1HA3 (12)]. The structure suggests that an opening of the hydrophobic gate is necessary for
hydrolysis, and exhibits a conformation of the gate very similar to that obtained by cryo-EM and MDFF. A GTP molecule is shown in B-D for comparison purposes,
to illustrate the spacial rearrangements in the hydrophobic gating, although the structures depicted were obtained in presence of GDPNP (B) and GDP (C and
D). The coordinates of the GTP molecule correspond to those of GDPNP in the crystal structure depicted in B; the coordinates of the nucleotides present in the
structures depicted in C and D are very similar.
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Fig.3. Interaction (marked with an asterisk) between His-19 in the P loop of
EF-Tu (green) and A2260 in the tetraloop of the SRL (cyan; tetraloop shown in
blue). This interaction presumably establishes an anchor point holding one of
the wings of the hydrophobic gate (compare Fig. 2) in place. (Inset) The
ribosome is shown in the same orientation. The map is contoured at 2.5 o. This
figure is rotated 90° with respect to the view in Fig. 2.

shows the residues as resolved in our MDFF analysis, namely His-19
of EF-Tu and A2660 in the tetraloop of SRL. Because of the
importance of the P loop for nucleotide exchange in EF-Tu (14),
one may expect that interaction with SRL pulls the P loop away
from the nucleotide binding pocket, thereby opening the gate
through a mechanism similar to nucleotide exchange. However, our
analysis shows that the contact with SRL stabilizes the P loop in its
position, acting as an anchor point for this wing of the gate, whereas
the other wing opens as described below. The P loop-SRL inter-
action might also be involved in signal transduction after GTP
hydrolysis from the G domain of EF-Tu to the peptidyltransferase
center (PTC), inducing conformational changes in the PTC re-
quired for complete accommodation and efficient peptide bond
formation (see refs. 15 and 16 and references therein).

The other wing of the hydrophobic gate (Ile-60) is part of
switch I (also known as effector loop), which assumes an a-helix
conformation in the closed form of EF-Tu and changes to a
B-hairpin conformation in the open form (17, 18). The large
flexibility of this region has prevented switch I from being
resolved in EM density maps and some crystallographic struc-
tures. At low-density threshold, the present map displays clear
density corresponding to switch I; i.e., all molecular surfaces are
solid, without disruption by spikes or other noisy features. The
map allowed us to build an atomic model of switch I interacting
with the ribosome (Fig. 44; see Materials and Methods). In the
state captured by the map, switch I interacts with the junction
formed by helices h8 and h14 of the 16S rRNA (Fig. 4 A and B).
It is interesting to note that a similar interaction was recently
observed between the eukaryotic 40S subunit and the elongation
factor eEF2 in a cryo-EM map of a transition-state complex (19),
suggesting that this interaction is already present before GTP
hydrolysis. The conformation of switch I in the ribosome-bound
EF-Tu is different from that in the closed (GTP) and open
(GDP) forms of free EF-Tu. The conformational change from
the closed form involves repositioning of the wing containing
Ile-60 leading to the opening of the hydrophobic gate, as
depicted in Fig. 2C. This scenario receives support from the
previous observation that cleavage of the peptide bond between
Arg-58 and Gly-59 in switch I of EF-Tu abolishes ribosome-
induced GTPase activation (20), because interruption of this
peptide bond should prevent the movement of switch I from
opening the hydrophobic gate. The effect of the interaction be-
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tween switch I and the 16S rRNA h8/h14 junction remains to be
determined, but this contact could serve as a pathway for signal
transduction to and from the decoding center through helix h44 of
the 16S rRNA; this helix interacts with the decoding center at one
end and with the h8/h14 junction at the other (Fig. 4C).

At low threshold, we also observe a bulged density in the S turn
motif of SRL (nucleotides 2653-2656 of the 23S rRNA, marked
with an asterisk in Fig. 44). The S turn motif has been shown
to be critical for EF-G binding (21), and thus it is likely that
this density represents an interaction between this motif and
switch I that occurs before the movement of the latter toward the
h8/h14 junction; the density of the bulged region indicates that
only a fraction of the particles in the sample are found in this
conformation.

As depicted in Fig. 2, the third effector region of EF-Tu is
switch IT, which contains the catalytic residue His-84 (5). On gate
opening, the side chain of His-84 is free to reach the GTP
binding pocket and to activate hydrolysis. Our atomic model
resolves the activating conformation of His-84 (Fig. 2C), which
is indeed similar to the one seen in the aurodox-bound structure
of EF-Tu outside of the ribosome (12), shown in Fig. 2D. In our
model, the His-84 side chain is positioned ~4A from the
nucleotide, i.e., much closer than the ~8A seen in the crystal
structure of the free ternary complex that exhibits the closed
hydrophobic gate (PDB ID code 10B2, unpublished data; see
also ref. 22). A comparison of all of the above structures is
presented in supporting information (SI) Fig. S1. Reorientation
of His-84 to form the activated state is supported by mutational
data showing that replacement of Gly-83 by Ala abolishes
ribosome-induced GTPase activation (23), likely because any
side chain bulkier than a hydrogen in position 83 prevents the
reorientation of His-84 toward the GTP binding pocket (3, 6). A
similar mechanism is observed in the G protein Ge;;, where
rotation of the catalytic residue GIn-204 to stabilize the transi-
tion state for GTP hydrolysis requires the presence of Gly at
position 203 (24).

Interaction Between EF-Tu and Ribosomal Protein L12. Another
element known to interact with EF-Tu is ribosomal protein L12,
which binds to the G domain of EF-Tu at helix D (25) (Table S1).
L12 greatly contributes to the GTPase activity of EF-Tu on the
ribosome (26), which led to the speculation that L12 induces
conformational rearrangements of EF-Tu, in particular, the
reorientation of His-84 (26). However, this claim could not be
corroborated from structural data. In our map, helix D of EF-Tu
has clear density, from which we see no evidence for confor-
mational changes of EF-Tu in the region binding to L12. It is
therefore likely that L12 stabilizes the transition state complex
on the ribosome, without actively inducing the required struc-
tural rearrangements of EF-Tu.

Role of tRNA in Signal Transduction. tRNA plays a central role in
GTPase activation induced by codon recognition, as suggested
by several mutations (1) and by the fact that an intact tRNA is
required to trigger GTP hydrolysis by EF-Tu on the ribosome
(27). Previous cryo-EM data showed that the elbow of tRNA
interacts with the L11-binding region of the 23S rRNA, which,
together with ribosomal protein L11, constitutes the GTPase-
associated center (GAC) (9, 11). Cryo-EM data at lower reso-
lution suggested that the interaction occurs at A1067 (11); this
claim was supported by mutational studies of A1067 that impair
EF-Tu function (28). The present map corroborates these find-
ings, showing that the interaction is established between a
flipped A1067 of the GAC and C56 in the elbow region of the
tRNA (Fig. S2). Previous molecular dynamics (MD) studies
showed that A1067 can exist in 2 different conformations in
solution, suggesting that the flipped-out conformation might
occur during aa-tRNA binding and selection (29). Ribosomal
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Fig. 4. Structure of switch | in the ribosome-bound EF-Tu. (A) Stereoview illustrating the movement of switch | (blue) toward the junction of helices h8 and
h14 of 165 rRNA (yellow). Rigid-body fitting of the crystal structure (green; PDB ID code 10B2) places switch | close to the SRL (cyan). At low-density threshold,
shown as gray mesh, the density corresponding to SRL exhibits a protuberance (marked with an asterisk) around the S turn motif, possibly corresponding to an
interaction with switch | (blue) during its movement toward the h8/h14 junction (yellow). The map is contoured at 1.25 o. (B) Detail of the interaction between
switch | and the 16S rRNA. Elements of EF-Tu (red and blue) and the 30S (yellow) and 50S (cyan) subunits are shown along with the crystal structure of switch
I (green; PDB ID code 10B2). (C) Overview of the ternary complex bound to the 30S subunit (yellow). switch I (blue) interacts with the h8/h14 junction; h44 interacts
with the latter on one side, and with the decoding center on the other, possibly serving as part of a signal transduction pathway. Landmarks: sp, spur; sh, shoulder;

dc, decoding center; h, head.

protein S12 contacts the tRNA both at the acceptor stem and the
anticodon loop, connecting the movement of the acceptor stem
with the reorganization of the decoding center on codon rec-
ognition (9, 10). Fig. S2 shows the residues involved in this direct
link between the codon-anticodon helix and the tRNA acceptor
stem through ribosomal protein S12.

Cryo-EM data had already demonstrated that the relative
orientation of tRNA and EF-Tu changes on binding to the
ribosome; our model reveals that even though the overall
movement of tRNA is directed away from EF-Tu (Fig. S3), this
rearrangement results in a closer interaction between tRNA’s
acceptor stem and EF-Tu’s switch I, specifically with Asp-86
on switch II (Figs. 2C, S1, and S3). The universally conserved
residue Asp-86 was proposed to play a role in stabilization of
the protonated His-84 (3), and was observed to interact
strongly with the tRNA in MD simulations of the free ternary
complex (30). These findings, together with our structural
evidence, strongly suggest that repositioning of the tRNA
leading to interaction with switch II assists in the required
conformational change of the latter, which results in the
repositioning of His-84.

Discussion

Our data represent a significant improvement in resolution over
previously reported cryo-EM structures of the ternary complex-
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bound ribosome. The advance toward higher resolution has
allowed us to use a systematic method to obtain atomic models
that explain the cryo-EM density. By using force fields that
represent physical-chemical properties of biomolecules, similar
to those used in X-ray crystallography structure refinement, the
interpretation of the data can be pushed beyond the nominal
resolution. An extensive comparison of the model obtained
through the use of MDFF and models obtained through other
methods is offered in ref. 8, along with a discussion of the role
of resolution on the model accuracy.

Here, we presented the interactions between EF-Tu and both
the ribosome and tRNA in atomic detail. The interactions induce
the conformational changes necessary to trigger GTP hydrolysis
on cognate codon-anticodon interaction. Our data suggest that
interaction of the ternary complex with the ribosome opens a
hydrophobic gate formed by residues Ile-60 and Val-20, allowing
His-84 to act as a general base activating an active-site nucleo-
philic water molecule, and thus triggering hydrolysis.

Based on the available structural and biochemical data, we
propose a refined model of aa-tRNA incorporation into the
ribosome. The interaction between tRNA and GAC occurs at
an early stage (11). The geometry of the codon-anticodon
helix is monitored by 23S rRNA nucleotides A1492, A1493,

Villa et al.
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and G530, leading to a 30S domain closure and a tighter
binding of the anticodon loop (1). This binding affects the
relative orientation between tRNA and EF-Tu, a process
influenced by S12. While tRNA moves, EF-Tu must be held in
place, likely aided by its interaction with L12. A conforma-
tional change in switch II takes place, influenced by the
acceptor stem of tRNA. Switch I of EF-Tu moves away from
the nucleotide binding pocket and interacts with the junction
of helices h8/h14 of the 16S rRNA, opening one wing of the
hydrophobic gate, while the other wing is held fixed by the
interaction between SRL and P loop. His-84 reorients toward
the nucleotide, which leads to activation of a water molecule
and subsequent GTP hydrolysis. After inorganic phosphate
release, EF-Tu undergoes a large conformational change to an
“open,” GDP-bound form, leading to its dissociation from the
ribosome, after which tRNA can be accommodated into the A
site. The conformational change of EF-Tu can be sensed by
SRL and communicated to the PTC, inducing changes in PTC
required for peptide bond formation.

Materials and Methods

Cryo-EM. The sample consisted of preaccommodated E. coli 70S ribosome
bound to the Phe-tRNAPhe-EF-Tu-GDP ternary complex stalled by the anti-
biotic kirromycin (kir) (11) by using a standard preparation (31). The map
was obtained from ~130,000 particles, recorded with ~58,000X magnifi-
cation on a FEI Tecnai F30 Polara electron microscope operated at 300 kV
at liquid-nitrogen temperature (80 K) and processed by using SPIDER. The
resulting resolution of the map was estimated to be 6.7 A with the 0.5 FCS
criterion, extrapolated to the full dataset with a pixel size of 1.2 A. A
version of the map filtered to 5 A proved to show the positions of phos-
phorus atoms along exposed RNA helices (7). The map represents a signif-
icant improvement in resolution over the previously published 10.3-A map
obtained from an identical sample preparation (11). The improvement in
resolution was realized through optimization of image processing param-
eters, described in detail in ref. 7.

Flexible Fitting. The atomic model of the aminoacyl-tRNA-EF-
Tu-GDP-kirromycin ternary complex-bound E. coli ribosome was obtained
by applying the recently developed MDFF method (8). MDFF incorporates
the EM data into molecular dynamics simulation as a potential propor-
tional to the density gradient of the EM map. The potential applies forces
on the atoms that actively drive the model into the density. The initial
coordinates of the model were taken from available structural data. For the
ribosome, an atomic model of the E. coli ribosome based on a 3.22-A crystal

-
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structure (PDB ID code 212U/212V) (32) was built, as described in ref. 8. The
initial structure of the ternary complex was taken from the crystal structure
of E. coli EF-Tu in complex with kirromycin, a GTP analog, and yeast
Phe-tRNAPhe (PDB ID code 10B2; unpublished data). For details on MDFF of
these models to the map presented in this report, the reader is referred to
ref. 8. An additional step was required to fit the structure of the switch | of
EF-Tu into the density. Even though the map presents clear density corre-
sponding to this region when visualized at low threshold, a model for
switch | could not be obtained by using MDFF alone, because the gradient
of the EM map in this area is not steep enough to drive the structure into
the density unequivocally. Therefore, we manually fitted the helices of
switch | in the GTP conformation into the density, and used the positions
of the C, atoms in this conformation as a target location for the respective atoms
during MDFF simulations. The C, atoms were driven into the target positions by
introducing an additional potential term equivalent to a targeted molecular
dynamics simulation (33), in which the root-mean-squared deviation between
the simulated and the target positions of the C, atoms is minimized along the
simulation. In this way, the C, atoms of switch | became located close to the target
positions, whereas the rest of the atoms were still driven into the measured
density, the stereochemical correctness of the model being enforced by the
molecular dynamics force field.

The model produced by MDFF is useful to interpret the EM data in atomic
detail; however, the atomic structure should always be analyzed together with
the original data to ensure consistency and proper interpretation. Uncertainty in
the coordinates arises both from features of the EM data, e.g., resolution and
flexibility of certain regions, and from the conservative secondary structure
restraints used in MDFF to avoid overfitting (see ref. 8 for a detailed discussion).
A cryo-EM map represents an ensemble average of structures in the same func-
tional state; certain regions can only be seen at low threshold, implying that, in
the represented functional state, these regions are flexible and exist in 2 or more
conformations. Combining MDFF with cryo-EM maps at resolutions like the one
presented here permits the location of certain elements beyond the nominal
resolution. An example is the acceptor stem of the tRNA where, even though the
deviation from the crystal structure is only a few angstroms, it is clear that an
overall movement of the tRNA away from the density places this regions closer to
switch Il of EF-Tu (Fig. S3).

All figures were made with the molecular graphics program VMD (34).
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