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We have used single-particle reconstruction in cryo-elec-

tron microscopy to determine a structure of the Thermus

thermophilus ribosome in which the ternary complex of

elongation factor Tu (EF-Tu), tRNA and guanine nucleotide

has been trapped on the ribosome using the antibiotic

kirromycin. This represents the state in the decoding

process just after codon recognition by tRNA and the

resulting GTP hydrolysis by EF-Tu, but before the release

of EF-Tu from the ribosome. Progress in sample purifica-

tion and image processing made it possible to reach a

resolution of 6.4 Å. Secondary structure elements in tRNA,

EF-Tu and the ribosome, and even GDP and kirromycin,

could all be visualized directly. The structure reveals a

complex conformational rearrangement of the tRNA in the

A/T state and the interactions with the functionally im-

portant switch regions of EF-Tu crucial to GTP hydrolysis.

Thus, the structure provides insights into the molecular

mechanism of signalling codon recognition from the

decoding centre of the 30S subunit to the GTPase centre

of EF-Tu.

The EMBO Journal (2009) 28, 755–765. doi:10.1038/

emboj.2009.26; Published online 19 February 2009

Subject Categories: proteins; structural biology

Keywords: cryo-electron microscopy; elongation factor;

GTPase; ribosome; translation

Introduction

Ribosomes are large macromolecular machines that translate

the genetic message to make proteins. Although the ribosome

itself is at the core of this process, several protein factors have

important functions in each of the four broad stages of

translation, that is, initiation, elongation, termination and

ribosome recycling (Ramakrishnan, 2002; Frank and Spahn,

2006). Many of these factors are GTPases, among them

initiation factor IF2, elongation factors EF-Tu (ternary

complex of elongation factor Tu), EF-G and release factor

RF3. Thus, GTP hydrolysis by protein factors is an essential

part of translation in each of the stages of translation.

Among the GTPase translation factors, EF-Tu has an essen-

tial function in tRNA selection during decoding. EF-Tu in the

GTP-bound form has high affinity for aminoacyl tRNAs

(aa-tRNAs). The ternary complex of EF-Tu, aa-tRNA and

GTP binds to the ribosomal A-site in the initial step of

decoding. A cognate interaction between the codon on

mRNA and anticodon on tRNA in the A-site leads to

GTP hydrolysis by EF-Tu and subsequent dissociation of

EF-TuKGDP from the ribosome.

The structures of isolated EF-Tu in complex with GDP or

the GTP analogue GDPNP, as well as its ternary complex with

GTP and aa-tRNA, have all been characterized in molecular

detail (for review, see Hilgenfeld, 1995; Andersen et al, 2003).

The hydrolysis of GTP and the release of the gamma phos-

phate induce a major rearrangement of the universally con-

served switch I (effector loop) and switch II regions, which in

turn results in a gross conformational change in EF-Tu. The

global change also results in a strong reduction in affinity for

aa-tRNA of the GDP-bound form. How the ribosome induces

GTP hydrolysis by EF-Tu is a major question in translation.

Kinetic, structural, genetic and biochemical data over the

last decade have established that decoding is a complicated

multistep process in which an active role is played by the

ribosome itself (Rodnina and Wintermeyer, 2001; Ogle and

Ramakrishnan, 2005; Frank and Spahn, 2006; Korostelev

et al, 2008; Marshall et al, 2008). Kinetic work shows that a

rapid, reversible, initial binding of the ternary complex is

followed by a slower codon recognition step (Rodnina and

Wintermeyer, 2001; Marshall et al, 2008). Codon recognition

by cognate (but not near-cognate) tRNA leads to an accelera-

tion of GTPase activation and GTP hydrolysis. This suggests

that binding of cognate tRNA induces conformational

changes in the ribosomal complex required for GTP hydro-

lysis by EF-Tu. GTP hydrolysis is followed by EF-Tu release

and movement (accommodation) of the tRNA into the pepti-

dyl transferase centre, after which peptide bond formation

occurs rapidly. The antibiotic kirromycin traps the process

after GTP hydrolysis but before EF-Tu release.

A number of biochemical and structural studies can

be correlated directly with the kinetic data. During

codon recognition, the correctness of the codon–anticodon

interaction is checked by interactions of three conserved
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bases of 16S RNA at the decoding centre of the 30S subunit

with the minor groove of the codon–anticodon base pairs

(Ogle et al, 2001). Successful codon–anticodon recognition by

the 30S subunit leads to a conformational change in the 30S

subunit that would move the shoulder of the subunit closer to

EF-Tu (Ogle et al, 2002). This led to the view that the

additional energy obtained from the minor groove interac-

tions of the ribosome with cognate tRNA at the decoding

centre led to a domain closure of the ribosome essential for

GTP hydrolysis by EF-Tu and subsequent steps of successful

decoding (Ogle et al, 2002; Ogle and Ramakrishnan, 2005).

Early chemical footprinting studies suggested the existence

of an A/T state as long as EF-Tu was present on the ribosome,

in which the aminoacyl end of the incoming tRNA cannot

enter the peptidyl transferase centre until GTP hydrolysis

occurs and EF-Tu has been released, thus ensuring that

decoding has taken place prior to peptide bond formation

(Moazed and Noller, 1989). Single-particle cryo-EM studies of

an EF-Tu ribosome complex stalled with kirromycin (similar

to the one reported here) have directly revealed the existence

of the A/T state (Stark et al, 1997). In this A/T state, the

aminoacyl end of the tRNA is still in contact with its binding

pocket in EF-Tu and thus unable to enter the peptidyl

transferase centre, but the anticodon of the tRNA is in the

decoding centre of the 30S subunit. Later higher resolution

studies of the same complex (Stark et al, 2002; Valle et al,

2002, 2003) showed that the A/T state was characterized by a

distorted tRNA as well as changes in the conformation of

EF-Tu and the ribosome. Indeed, distortions of the tRNA

during decoding have long been suggested as important in

decoding (Yarus and Smith, 1995).

Although cryo-EM has provided important structural

information about the kirromycin-stalled decoding complex,

previous cryo-EM maps have been obtained at low to inter-

mediate resolution (20–10 Å). At this resolution, detailed

interpretation of maps in molecular terms is problematic;

indeed, there are several discrepancies in the interpretation of

previous cryo-EM maps of this complex (Stark et al, 1997,

2002; Valle et al, 2002, 2003). At about 7 Å, it becomes

possible to directly visualize double helices of RNA as well

as alpha helices of proteins, thus making placement of

individual domains far more accurate and allowing a more

detailed analysis of molecular interactions and conforma-

tional changes, as demonstrated by Petry et al (2005) in

their interpretation of X-ray crystallographic maps of

the ribosome. However, X-ray crystallography of functional

ribosomal complexes is still very challenging. Despite

considerable progress in the structural analysis of several

ribosomal complexes at atomic or near-atomic resolution, no

crystal structure of a GTPase factor bound to the ribosome

has yet been reported.

We present here a cryo-EM map of the Thermus thermo-

philus 70S ribosome bound to the ternary complex (EF-

TuKPhe-tRNAKGTP, stalled with kirromycin) at a resolution

of 6.4 Å at 0.5 cutoff of the Fourier shell correlation (FSC)

criterion, with significant information extending to 4.7 Å, as

determined by the 3s criterion (Orlova et al, 1997). At this

resolution, we can directly visualize not only secondary

structure elements such as a-helices as well as the RNA

backbone but also even ligands such as GDP and kirromycin.

Moreover, the crystal structure of the T. thermophilus

ribosome at 2.8-Å resolution (Selmer et al, 2006) greatly

facilitated interpretation of the cryo-EM map in molecular

terms, which revealed important molecular interactions and

conformational changes. The structure reveals a complex

rearrangement of the tRNA and provides a detailed view of

the interaction of the GTPase centre of EF-Tu and especially

the switch regions with the ribosome. The structure provides

insights into how successful recognition of the cognate codon

is signalled from the decoding centre of the 30S subunit to the

GTPase centre of EF-Tu about 80 Å away, and leads to a model

of how the ribosome might stimulate the GTPase activity of

translational GTPases.

Results and discussion

Intrinsic conformational heterogeneity of the ribosomal

decoding complex and progression to higher resolution

A general problem with ribosomal complexes is achieving

equal stoichiometry of all the components. To avoid this

problem and generate the most homogeneous complex pos-

sible, we used an affinity tag method previously described for

the crystallography of release factor complexes (Petry et al,

2005). In this procedure, ternary complex containing His-

tagged EF-Tu was bound to programmed ribosomes contain-

ing tRNAfMet in the P-site in the presence of kirromycin.

The entire ribosomal complex was affinity purified on a

nickel column using the His-tag on EF-Tu. As previously

demonstrated for release factors, only the ribosome complex,

which had EF-Tu and tRNA, that was cognate for the A-site

codon was retained on the nickel column.

However, although the specimen behaved quite well

during initial phases of image reconstruction and always

exhibited strong density for the ternary complex, the maps

calculated from the full data set showed indications of

conformational heterogeneity as we progressed to sub-

nanometer resolution. For example, the L7/L12 stalk base

region of the ribosome was strongly disordered and had a

fragmented appearance. To obtain a more homogeneous

population of particle images, we classified the data set

(586 329 particle images) using an unsupervised ‘3D

K-means procedure’ (Penczek et al, 2006) and obtained

a major sub-population (I) consisting of 55% of the particles

(Supplementary Figure S1). Interestingly, cryo-EM maps cal-

culated from all of the minor sub-populations of particle

images exhibit density for the ternary complex

(Supplementary Figures S1 and S2). The behaviour of the

data set is thus different from those of unpurified ribosomal

complexes, where a classification procedure resulted in a

significant fraction of ribosomes lacking the ligand (for

example, Valle et al, 2002; Penczek et al, 2006; Connell

et al, 2007) and directly corroborates the success of our

affinity purification using the His-tagged EF-Tu.

The 70SKtRNAKEF-TuKGDPKkirromycin complex

at 6.4-Å resolution

The major sub-population, consisting of 323 688 particles,

was used to obtain an improved cryo-EM map (Figure 1A;

Supplementary Movie 1) at the unprecedented resolution of

6.4 Å by the conservative 0.5 cutoff of the FSC criterion

(Supplementary Figure S3). As would be expected from the

increased resolution, the map reveals significantly more

details than previous maps of the ribosomal decoding

complex at low to intermediate resolution (Stark et al,
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1997, 2002; Valle et al, 2002, 2003) or even previous cryo-EM

maps of ribosomal complexes at 7 to 8-Å resolution (Schüler

et al, 2006; Connell et al, 2007). Not only are a-helical

secondary structure elements of proteins clearly resolved

but also density for unstructured peptide chains correspond-

ing to the extended tails of ribosomal proteins (Figure 2;

Supplementary Figure S4). Distinct density is present even

for the low-molecular ligands GDP (Figure 2B) and the

antibiotic kirromycin (Figure 2C). However, b-sheets are

not fully resolved: they appear as flat surfaces and only

occasionally does the density indicate a separation of

strands. This improved cryo-EM map enables a more detailed

analysis of the interactions of EF-Tu and tRNA with the

ribosome.

Overall, the conformation of the 70SKtRNAKEF-TuK

GDPKkirromycin complex is similar to the crystal structure

of the 70S ribosome complex with mRNA and tRNAs. A good

fit could be obtained by docking the atomic model of the

T. thermophilus ribosome (Selmer et al, 2006) as three rigid

bodies corresponding to the main body of the 50S subunit

and the head and the body/platform domains of the 30S

subunit. In addition, the L1 and L7/L12 stalks required

further adjustment.

Apart from the ribosome itself, atomic models of mRNA

and the P- and E-site tRNAs derived from the crystal structure

of the 70S ribosome from T. thermophilus in complex with

mRNA and tRNAs (Selmer et al, 2006) could also readily be

docked into the cryo-EM map. A molecular model for the

ribosome-bound ternary complex was derived from the X-ray

structures of the ribosome-bound anticodon stem loop of the

A-site tRNA (Yusupov et al, 2001; Selmer et al, 2006), the

ternary complex (Nissen et al, 1995) and EF-TuKGDP in

complex with methylkirromycin (also called aurodox;

Vogeley et al, 2001) as detailed below. Thus, we could derive

a nearly complete molecular model for the kirromycin-stalled

ribosomal decoding complex.

A complex rearrangement in the A/T tRNA

It is clear that the tRNA in the A/Tstate has to be deformed in

comparison to the accommodated A-site tRNA to allow

codon–anticodon interaction in the decoding centre to

occur while the acceptor stem and the aminoacyl-end are

still bound to EF-Tu. A distortion of the anticodon loop was

proposed to account for the difference in orientation of

accommodated A tRNA and A/T tRNA in one cryo-EM

study (Stark et al, 2002). In other cryo-EM studies, a kink-

like deformation of the A/T tRNA was proposed that occurs at

the junction between the anticodon and D stems (Valle et al,

2002, 2003). No deformation of the anticodon loop can be

observed in our present cryo-EM map, and the X-ray struc-

tures of the anticodon stem loops together with the A-site

mRNA codon (Selmer et al, 2006) can be readily fit into the

cryo-EM density map (Figure 2A). A kink-like deformation of

the A/T tRNA at the junction between the anticodon and D

Figure 1 Overview of the 70SKEF-TuKPhe-tRNAKGDPKkirromycin complex. A surface representation of the cryo-EM map is shown (A) from
the top; (B) from the L7/L12 side; (C) from the 30S side, with 30S removed and (D) from the 50S side, with 50S removed. The components are
coloured distinctly (30S subunit, yellow; 50S subunit, blue; EF-Tu, red; A/T-tRNA, orange; P-tRNA, green; E-tRNA, brown; mRNA, pink).
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stems can be clearly seen in our map in good overall agree-

ment with earlier observations (Valle et al, 2003).

However, the exact nature of the tRNA deformation could

not be determined precisely at the resolution of the previous

cryo-EM studies, and the deformation was modelled as

smoothly distributed over the four base pairs surrounding

the junction (Valle et al, 2003). In contrast, in our present

map, we do not observe a significant change of the upper

base pairs of the anticodon stem or the lower base pairs of the

D stem. Moreover, it was not possible to fit the density by

docking the T-acceptor arm together with the D stem and D

loop of the tRNA as a single rigid body. Independent rigid-

body docking of the T-acceptor arm and the D stem (together

with parts of the D loop and the variable loop) leads to an

improved fit for the A/T tRNA (Figures 2 and 3). As a result,

the D loop is rotated relative to the T-acceptor arm such that

the angle between both arms of the L-shaped tRNA is opened

in the A/T tRNA compared with the canonical tRNA struc-

ture. This rotation of the D stem is expected to have an effect

on the conformation of the D loop, which stabilizes the

relative positioning of the T stem loop and D stem by a

tertiary interaction with the T loop. Indeed, the present cryo-

EM density accounts for G18 and G19, which directly interact

with the T loop, but the linker regions including positions 16,

17 and 20 appear to be disordered. This observed change in

the D loop conformation explains a long-standing observa-

tion from kinetic data on decoding (Rodnina et al, 1994),

which used a tRNA with proflavin at positions 16 and 17 as a

reporter. The fluorescence from this reporter showed a

Figure 2 Details seen in the electron density map at 5.7- to 6.4-Å
resolution. (A) Overall structure of the ternary complex showing the
interactions between the EF-Tu and A/T tRNA. The density for the
ternary complex has been computationally separated using a mask
generous enough to show the sites of interaction with the ribosome.
At this resolution, secondary structure elements of RNA and protein
are clearly distinguishable. (B) A region of EF-Tu showing addi-
tional density that corresponds to GDP. (C) Density for the low-
molecular weight kirromycin seen between the domains of EF-Tu.

Figure 3 Distortions in the tRNA during decoding. (A) A molecular
model for the A/T-tRNA derived by fitting various segments of the
tRNA separately into the electron density. The region of disorder in
the D loop is highlighted (green circle, missing nucleotides are
labelled) and is consistent with fluorescence changes in a reporter
in this loop (see text for details). (B, C) Superposition of
the distorted A/T-tRNA (coloured ribbon: acceptor stem, orange;
T stem and T loop, cyan; D stem with variable loop, green; D loop,
yellow; anticodon stem loop, magenta) and canonical tRNA (grey
ribbon). The superpositions were carried out using the acceptor arm
(B) and the anticodon stem loop (C), and show that in addition to
the kink between the D stem and anticodon stem loop, there is also
a rotation of the D loop and stem relative to the acceptor arm.

GTPase activation during ribosomal decoding
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marked temporal increase during decoding, consistent with

the observed disorder in the D loop.

The opening of the tRNA at the junction between the D

stem and T-acceptor arm moves the anticodon loop away

from the position of the mRNA codon. To facilitate codon–

anticodon interactions by counteracting this movement, the

kink between the D and anticodon stems has to be even

larger than previously proposed (Valle et al, 2003). Indeed, if

we superpose atomic models for the tRNAs at the D stem, the

distance between G34 of the anticodon loop between the A/A

tRNA (Yusupov et al, 2001) and the previous model of the

A/T tRNA (Valle et al, 2003) is 12.5 Å, and this is increased to

18.0 Å for the present structure of the A/T tRNA. The exact

conformation of the A/T tRNA at the kink cannot be

described in atomic terms even at the improved resolution

of the current cryo-EM map, but it is in good agreement with

local conformational changes of the unpaired nucleotides

between the anticodon and D stems, for example, G26 and

G45, which was suggested as a conformational hinge point

when the structure of tRNA was originally determined

(Robertus et al, 1974). The nearby Hirsh suppressor mutation

at position 24 in the D stem (Hirsh, 1971) was recently shown

to increase the rate of GTP hydrolysis in decoding (Cochella

and Green, 2005). Presumably mutating this residue alters

the properties of the neighbouring residues, facilitating a

hinge movement in tRNA, thus allowing the transition state

to be reached even for incorrect tRNAs.

The angle of twist between the acceptor stem and Tstem of

the tRNA is greater in the ternary complex with a GTP

analogue than it is in free tRNA (Nissen et al, 1995). In the

presence of antibiotics enacyloxin IIa or kirromycin, this twist

is partially relieved and the conformation of the tRNA within

the ternary complex is more similar to the conformation of

free tRNA (Parmeggiani et al, 2006). The untwisted T-accep-

tor arm (without the 30-CCA end, which was fit together with

EF-Tu) from the ribosome-bound A/A tRNA (Yusupov et al,

2001) fits slightly better into the cryo-EM map than the one

from the kirromycin-containing ternary complex (PDB iden-

tifier 1OB2; cross-correlation coefficient of 0.80 versus 0.78)

and we used it for our final model of the A/T tRNA (Figures

2–4). This difference is small and may not be significant at

the present resolution of our cryo-EM map, but the larger

twist present in the ternary complex in the absence of

antibiotics (Nissen et al, 1995) is relieved during the events

of ribosomal decoding and a conformational change of the

T-acceptor arm of tRNA might be part of the mechanism

leading to EF-Tu dissociation from the tRNA.

In summary, if we consider the X-ray structure of the

ternary complex to represent the structure of unbound tern-

ary complex in solution (Nissen et al, 1995) and if we assume

that the present model of the kirromycin-stalled ribosome-

bound ternary complex represents a state that follows but is

close to the transition state for GTP hydrolysis during decod-

ing, the tRNA undergoes conformational rearrangements that

are far more complex than previously anticipated (Figures 3

and 4): (i) the twist between the T and acceptor stems is

relieved, (ii) the region between the T-acceptor arm and D

stem is opened, (iii) accompanied by a partial unfolding of

the D loop and (iv) a kink is introduced at the junction

between the D and anticodon stems. These rearrangements

that occur throughout the whole tRNA molecule are consis-

tent with a direct role of tRNA in signalling successful codon

recognition to the GTPase centre on EF-Tu (Piepenburg et al,

2000).

The structure of ribosome-bound

EF-TuKGDPKkirromycin

Not surprisingly, EF-Tu on the ribosome has a distinct

conformation that is different from the GTP- or GDP-bound

forms of the isolated structure. The EF-TuKGDPKmethyl-

kirromycin structure (Vogeley et al, 2001) could be docked

readily into the cryo-EM density as a single rigid body

(Figure 2) in contrast to the EF-TuKGMPPNP structure

(Berchtold et al, 1993) (Supplementary data). Methyl-

kirromycin is functionally equivalent to kirromycin and

prevents the large conformational change of EF-Tu upon

GTP hydrolysis by gluing together domains I and III.

However, the two structures are not equivalent: in the

methylkirromycin structure, domains II and III are rotated

relative to domain I by about 101 and 151, respectively

(Vogeley et al, 2001). The docking shows that the conforma-

tion of EF-Tu in complex with GDP and methylkirromycin

(Vogeley et al, 2001) is very similar to the structure of EF-Tu

Figure 4 Structures of the ternary complex on and off the ribo-
some. Superposition of the molecular model for the ribosome-
bound ternary complex (red ribbons) with (A) the X-ray structure
of the kirromycin-containing ternary complex (PDB identifier 1OB2,
green ribbons) or (B) the X-ray structure of the ternary complex
(Nissen et al, 1995) (turquoise ribbons). The ternary complexes are
aligned at domain I (G domain) of EF-Tu.

GTPase activation during ribosomal decoding
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in the kirromycin-stalled, ribosome-bound ternary complex.

This result is at variance with the cryo-EM analysis of Stark

et al (2002) on this complex, who could not obtain a good fit

with the EF-TuKGDPKmethylkirromycin structure and

instead proposed a large movement of domain III of EF-Tu.

In contrast, Escherichia coli EF-Tu from the X-ray structure of

the kirromycin-containing Phe-tRNAPhe
KEF-TuKGMPPNPK

kirromycin complex (PDB code: 1OB2) could be docked as

a single rigid body into the previous cryo-EM map of Valle

et al (2003) and this is in agreement with our findings

presented here, because the latter EF-Tu structure is very

similar to the EF-TuKGDPKmethylkirromycin structure.

In agreement with lower resolution cryo-EM studies

(Stark et al, 1997; Valle et al, 2003), the relative orientation

of tRNA and EF-Tu is changed in the ribosome-bound

ternary complex relative to the X-ray structures of ternary

complex (Nissen et al, 1995) or the Phe-tRNAPhe
KEF-TuK

GMPPNPKkirromycin complex (PDB code: 1OB2). The

changes can be described as a small rotation of EF-Tu and a

translational movement in the direction from the acceptor

stem towards the T loop of the tRNA (Figure 4). This move-

ment of EF-Tu is partially counteracted by the release of the

twist between the acceptor and T stems of the tRNA that is

present in the unbound ternary complex (Nissen et al, 1995).

At the T stem, however, domain III of EF-Tu moves 5–6 Å

relative to the tRNA while maintaining extensive interactions

with it (Figure 2). We did not attempt to describe the under-

lying changes, which probably involve detailed changes in

side chain contacts.

Interactions of the ribosome with the ternary complex

and its implications for GTPase activation

A central unresolved question in decoding is how codon

recognition in the decoding centre of the 30S subunit leads

to GTP hydrolysis by EF-Tu over 80 Å away. The cryo-EM

structure of the ternary complex bound to the ribosome

presented here, by allowing a more detailed analysis in

molecular terms, allows us to address this question. Kinetic

data have shown that the structures of the transition state and

the GDPNP complex are different (Rodnina et al, 1995).

However, kirromycin-stalled complexes, such as the one

analysed here, are very similar to the state at the moment

of GTP hydrolysis, because kirromycin does not affect the

rates of GTP hydrolysis and Pi release, but blocks the

subsequent rearrangements of EF-Tu (Kothe and Rodnina,

2006).

At the decoding centre, the conformation of the tRNA

anticodon stem loop and its interactions with the ribosome

are indistinguishable from that of accommodated tRNA cor-

responding to previous crystallographic studies (Ogle et al,

2001; Yusupov et al, 2001; Selmer et al, 2006). In particular,

the density clearly shows that A1492 and A1493 are in the

flipped out conformation (Figure 5A) and make minor groove

interactions with the codon–anticodon helix, as shown pre-

viously (Ogle et al, 2001). The density for G530 is also

consistent with its role in minor groove interactions. These

interactions were proposed to be specific for Watson–Crick

geometry at the first two positions of the codon–anticodon

helix, and thus provided the additional binding energy

required to induce a conformational change of the 30S in a

cognate tRNA-specific manner (Ogle et al, 2001, 2002). The

conformational change consisted in particular of a movement

of the shoulder domain of the 30S subunit towards the

ternary complex, and such a movement was proposed to

help stabilize the transition state for GTP hydrolysis by EF-Tu

(Ogle et al, 2002).

The interactions of the anticodon helix with the 16S rRNA

are augmented by an interaction between helix 69 of 23S

rRNA and the backbone of tRNA nucleotides 25 and 26.

(Figure 5B). These interactions appear to be essentially

unchanged compared with the interactions of the accommo-

dated A/A tRNA (Yusupov et al, 2001; Selmer et al, 2006),

although the axis of the anticodon helix of the A/T tRNA

might be slightly rotated away from helix 69 of 23S RNA. The

similarity of the interactions of helix 69 with accommodated

A/A and A/T tRNA suggests that they are unlikely to actively

facilitate the kinked conformation of the tRNA, as has been

proposed (cf. Valle et al, 2003). This view would also be

consistent with the observation that ribosomes lacking helix

69 translate mRNA with normal accuracy in vitro (Ali et al,

2006).

Interestingly, we see that the shoulder domain of the 30S

subunit, which was proposed to move towards the ternary

complex upon cognate tRNA binding (Ogle et al, 2002),

makes contact with the ternary complex in two locations

(see Table I for a complete list of contacts). His80 of S12,

which has been implicated by recent genetic evidence in the

signalling of codon recognition to EF-Tu through the aa-tRNA

(Gregory et al, 2009), is very close to U69 of the acceptor arm

of tRNA, presumably making direct contact. The EF-Tu loop

containing residues 232–235 in domain II is in close contact

with the tertiary base pair between A55 and U368 and the

backbone of helix h5 around U358 in the shoulder domain of

16S RNA (Figure 5C). The backbone of 16S rRNA helix h15

around U368 appears to be contacted by Arg291.

Interestingly, the EF-Tu mutations both in E. coli G222D

(G233 in T. thermophilus) and Salmonella typhimurium

G280V (G292 in T. thermophilus) show impaired GTPase

activation (Swart et al, 1987; Tubulekas and Hughes, 1993),

suggesting that the contacts induced by cognate tRNA be-

tween the shoulder of the 30S subunit and the ternary

complex are important for the stabilization of the transition

state for GTP hydrolysis. Moreover, the contacts are not due

to a movement of the 30S shoulder alone. Rather, the EF-Tu

residues involved have moved by 4–5 Å relative to the GTP

conformation.

In the 50S subunit, the sarcin–ricin loop (SRL), a highly

conserved loop of 23S RNA has long been known to be

crucial for GTPase factor function (Hausner et al, 1987;

Moazed et al, 1988). More recently, single-molecule FRET

(smFRET) measurements have suggested that the SRL func-

tions as a GTPase-activating factor, because cleavage of the

SRL with the ribotoxin a-sarcin stalls decoding in a state

similar to the GTPase-activating state, whereas the initial

steps including codon recognition are hardly affected

(Blanchard et al, 2004). The SRL interacts with the P-loop

of domain I of EF-Tu (Table I) and may have an active

function in inducing the GTPase conformation by manipulat-

ing the conformation of a switch region known to be im-

portant for GTP hydrolysis in GTPases generally.

Interestingly, the cryo-EM map is more consistent with the

conformation of the switch II region of the EF-

TuKGDPKmethylkirromycin structure (Vogeley et al, 2001)

than that in the ternary complex with GDPNP (Nissen et al,
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1995). Our structure suggests that if EF-Tu were in its

GTP-bound conformation, the catalytically important His85

(His84 in E. coli) of EF-Tu would sterically clash with the SRL

(Figure 6A; Supplementary Movie 2). The rearrangement of

switch II of EF-Tu could therefore be caused by an interaction

of this residue with the SRL, suggesting a direct role of this

important element in GTPase activation. The importance of

His85 (His84 in E. coli) for ribosome-dependent GTPase

activity in general (Scarano et al, 1995; Zeidler et al, 1995)

and especially for the chemical step (Daviter et al, 2003) has

been demonstrated by mutagenesis experiments. The posi-

tion of the reoriented His85 is such that it could interact with

the g-phosphate, thereby stabilizing the transition state of

GTPase reaction (Vogeley et al, 2001). In a previous study,

close contacts were observed between EF-GKGMPPNP with

the SRL in a 70SKEF-GKGMPPNP complex, but could not be

analysed in detail to the limited resolution of the previous

cryo-EM map (Connell et al, 2007). Nevertheless, it is con-

sistent with an active role of the SRL in GTPase activation

also for EF-G.

The other switch region of EF-Tu, switch I, undergoes a

dramatic rearrangement from a helical conformation to an

Figure 5 Interactions of the ribosome-bound ternary complex with elements of the ribosome. Stereo representation of the molecular model for
the ternary complex and the interacting ribosomal elements (coloured ribbon) docked into the cryo-EM density (grey mesh). Important
components or residues are labelled. (A) Details of the decoding centre showing that A1492 and A1493 of 16S RNA are extended out of helix 44
and making contact with the minor groove of the codon–anticodon helix along with G530. Also shown is the base of A1913 in helix 69 of 23S
RNA, which is inserted between 16S and 23S RNA and appears to contact the tRNA around position 38 (Selmer et al, 2006). (B) Interactions of
the A/T-tRNA with the ribosome outside the decoding region. Residues that are putatively involved in the interactions are highlighted in green.
(C) Interaction of the shoulder of the 30S subunit with domain II of EF-Tu. As in (B), residues that are putatively involved in the interactions are
highlighted in green. Colour code: blue, 50S subunit; yellow, 30S subunit; pink, A/T-site tRNA.
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extended beta hairpin upon GTP hydrolysis (Abel et al, 1996).

In the structure here, the density for the switch I region is

neither in the GTP nor the GDP form but is broken up

(Figure 6B), suggesting that it is in a disordered, dynamic

state during the switch from one form to the other. However,

interestingly, there is a protrusion of density from the switch I

region to nucleotide A344 of helix 14 in the shoulder of 16S

RNA. This nucleotide has also been implicated in contacts

with the switch I regions of EF-G (Connell et al, 2007) and

EF4 (LepA) (Connell et al, 2008) and might therefore con-

stitute a contact site for the switch regions of translational

GTPases in general. The position of A344 is a function of the

conformational state of the ribosome (for example, the state

of the ratchet between the subunits); thus, although different

factors are activated by different states of the ribosome, some

of the crucial underlying interactions may be identical. In any

case, the shoulder movement of the 30S subunit in response

to codon recognition may thus have a direct role in the

GTPase activity of EF-Tu in addition to stabilizing the

GTPase-activated state more generally.

The conformation of the switch I region could also be

manipulated by the ribosome through the tRNA. A hydro-

phobic gate formed by Val20 and Ile61 shields the g-phos-

phate of the G-nucleotide from bulk solvent and it has been

proposed that opening the gate could be part of the ribo-

some-mediated GTPase reaction (Berchtold et al, 1993).

Interestingly, in the EF-TuKGDPKmethylkirromycin X-ray

structure, which—as we have shown here—represents the

GTPase-activated state, this gate is opened. Ile61 along with

other residues of the switch I region is disordered and thus

has moved away from Val20 (Vogeley et al, 2001). Although

the GTP conformation of the switch I region appears to be

destabilized in the GTPase-activated conformation of EF-Tu,

one would not have expected this to happen in the context of

a bound tRNA, because the switch I region is stabilized in the

GTP conformation by interactions with the tRNA

(Parmeggiani et al, 2006). However, in the ribosome-bound

ternary complex (with regard to the free ternary complex) the

tRNA is moved relative to EF-Tu by 5–7 Å (Stark et al, 1997;

Valle et al, 2003). The apparent disorder of the switch I region

in the GTPase-activated state on the ribosome could be

caused by this tRNA movement, which in turn is probably

facilitated by the interactions of the tRNA with the ribosome,

especially in the decoding centre. Thus, our model suggests

how both the ribosome and tRNA contribute to GTPase

activation, in line with previous functional studies (Rodnina

and Wintermeyer, 2001; Marshall et al, 2008).

Kinetic data show that codon recognition precedes GTPase

activation (Rodnina et al, 1995; Blanchard et al, 2004).

However, it is likely that codon recognition requires transient

changes to the structure of the ternary complex that are

stabilized by a cognate interaction. In the model proposed

by Valle et al (2003), the distortion in the tRNA is essentially

due to the localized kink, which is proposed to occur as the

last step before codon recognition. However, a localized kink

Table I Summary of contacts between the ribosome and ternary
complexa

Ligand Approximate location Approximate ribosomal
location

A/T-site U69 Protein S12 His 80
tRNA C56 23S rRNA A1067

C25, M2G26 23S rRNA A1913, A1914
OMG34 16S rRNA C1054
A36 16S rRNA G530
A36, YG37 16S rRNA A1492, A1493

EF-Tu Domain II Arg 291 16S rRNA U368
Domain II Thr 232–Arg 234 16S rRNA U358, U368, A55
Domain I, switch I
(effector loop)

16S rRNA A344

Domain I Pro114,
His 19 (P-loop)

23S rRNA G2661 (SRL)

aContacts are inferred at locations where there is a strong fusion of
density in the cryo-EM map. All listed contacts are clearly visible
when the map is contoured at 3s or lower.

Figure 6 Interactions of the switch regions of EF-Tu with the ribosome. (A) Close up on the switch II region (SW II) and the sarcin-ricin loop
(SRL). The cryo-EM map is shown as grey mesh and models for the docked components as coloured ribbons. In addition, the structure of SW II
from the EF-TuKGMPPNP X-ray structure (PDB identifier 1EXM) is superposed (yellow ribbons) after the structure has been aligned onto the
fitted EF-TuKGDPKaurodox structure (red ribbons), which in turn was docked as a rigid body into the density map. Furthermore, the
functionally important His85 (arrow) is highlighted in the docked X-ray structures of EF-TuKGMPPNP and EF-TuKGDPKaurodox (we note that
we cannot observe the residue directly at the present resolution in the cryo-EM map), as well as A2662 of the SRL (pink residue) to indicate the
possibility of a close contact between the SRL and His85 of EF-TuKGMPPNP but not His85 of EF-TuKGDPKaurodox. Abbreviations: D I, D II, D
III: domains I–III of EF-Tu. (B) Region showing density extending from the switch I region of EF-Tu to nucleotide A344 in helix 14 in the
shoulder of the 30S subunit. This switch undergoes a major rearrangement upon GTP hydrolysis and may be in an intermediate, partially
disordered form in this structure, with the contact with the 30S subunit being potentially important.

GTPase activation during ribosomal decoding
J-C Schuette et al

The EMBO Journal VOL 28 | NO 6 | 2009 &2009 European Molecular Biology Organization762



of the tRNA far away from EF-Tu can hardly explain how

tRNA is actively participating in signalling codon recognition

to EF-Tu. Moreover, the kink in their model would move the

anticodon in a direction away from the codon. If the mRNA

codon is placed in a position to interact with the kinked tRNA,

the anticodon loop of the undistorted tRNA just before the

formation of the kink would sterically clash with the codon.

In contrast, in our structural model, where the extent and

direction of the kink are different due to additional changes

elsewhere in the tRNA, the structures for both A/T and the

undistorted tRNA can be superposed at the D stem without a

sterical clash with the mRNA codon. Moreover, models where

a major conformational change to a higher energy state is

required before codon recognition (Frank et al, 2005) are

difficult to reconcile with kinetic data showing that all steps

before codon recognition are fast and reversible (Rodnina and

Wintermeyer, 2001).

We therefore favour a model where the ternary complex

approaches the ribosome in an essentially undistorted con-

formation. The X-ray structure of the ternary complex

(Nissen et al, 1995) can be docked into the ribosome in

such a way that major steric clashes are absent and that all

the interaction sites of the ternary complex are relatively

close to their corresponding interaction sites on the ribosome.

In this hypothetical situation for the initial binding mode, the

angle between the codon and anticodon is not optimal for

codon–anticodon interaction, but local flexibility in tRNA and

mRNA might allow transient probing of the mRNA codon by

the anticodon loop of the tRNA. It is plausible that the first

key event is then the stabilization of the correct codon–

anticodon interaction by A-minor interactions with the 16S

rRNA, and the closing of the 30S subunit (Ogle et al, 2001,

2002). The additional energy from the cognate interactions

induces a domain closure in the 30S subunit, thus forcing the

anticodon stem into an accommodated orientation (Ogle

et al, 2002; Ogle and Ramakrishnan, 2005). Because EF-Tu

and the acceptor stem of the tRNA are held by the ribosome

and cannot follow the rotational movement of the anticodon

stem, this will result in the kink at the D stem junction. The

strain thus imposed can be partially relieved by the observed

opening between the T and D stems of the tRNA and the

relative movement of tRNA and EF-Tu.

In this view, it is not the anticodon stem loop but the elbow

region of the tRNA that will undergo the largest movement

during decoding. It therefore makes sense that the elbow

region is not involved in contacts with the ribosome apart

from the interaction with the flexible L7/L12 stalk base

region. Our structure-based model is in excellent agreement

with a model that involves two activation energy barriers

during tRNA selection (Cochella et al, 2007) and with a model

based on smFRET data (Blanchard et al, 2004). Blanchard

et al (2004) could show that the elbow of the incoming tRNA

moves towards the P-site from the codon recognition state of

the decoding complex to the GTPase-activated state. Large

and rare thermal fluctuations (Lee et al, 2007) might lead to

the observed distortions in the structure of the ternary

complex. As discussed above, the interactions of the ribo-

some with the distorted structure of the ternary complex will

stabilize the conformation of EF-Tu in the state required for

GTP hydrolysis. After GTPase activity and subsequent dis-

sociation of EF-TuKGDP, the tRNA can re-adopt the classical

conformation during accommodation into the A/A state.

Conclusions

The work presented here reports several advances.

Technically, it shows that the production of biochemically

homogeneous samples combined with the ability to properly

classify conformationally distinct subspecies can result in

significantly improved cryo-EM maps of the ribosome com-

plex. Such an improvement in turn allows us to interpret in

much greater detail the interactions of tRNA and EF-Tu

trapped at a point just after GTP hydrolysis during decoding,

thus shedding light on this crucial event in tRNA selection.

The structure suggests that the distortion of tRNA observed

previously was neither just due to a distortion of the antic-

odon loop nor a single kink above the anticodon stem.

Rather, it is a complex and likely linked set of changes, all

of which are required to stabilize the state required for GTP

hydrolysis. These changes also mean that the tRNA itself has

moved relative to EF-Tu. The detailed molecular interpreta-

tion also rationalizes the role of specific residues in EF-Tu that

were known to affect GTP hydrolysis. It suggests a direct role

for helix 14 of 16S rRNA (around A344) and the SRL (helix 95

of 23S rRNA) in the rearrangement of the switch I and II

regions of EF-Tu, respectively. These results have a general

implication for the activation of GTPases by the ribosome,

which have a crucial function in every stage of translation.

Materials and methods

Preparation of the 70SKtRNAKEF-TuKGDPKkirromycin
complex
Ribosomes, tRNA and mRNA were prepared as described previously
(Selmer et al, 2006). Ternary complex was formed in two steps, the
formation of the binary EF-Tu-GTP complex, followed by the
addition of Phe-tRNAPhe. Formation of the full ribosomal complex
was achieved by forming two subcomplexes concurrently, the
ternary complex and initiation complex, and then mixing the two.
Ribosomal complexes containing His-tagged EF-Tu were purified as
described previously for release factors (Petry et al, 2005).

Cryo-EM of the 70SKtRNAKEF-TuKGDPKkirromycin
complexes
Cryo-EM micrographs were collected on a Tecnai G2 Polara (FEI)
and scanned on a D8200 Primscan drum scanner (Heidelberger
Druckmaschinen). In total, 586 329 projection images were
collected from 452 micrographs at a 0.6–4.0mm defocus range
and processed using SPIDER (Frank et al, 1996). Using a cryo-EM
reconstruction of the vacant E. coli 70S as a reference volume for
initial refinement and as a seed structure for subsequent multi-
particle refinement (Penczek et al, 2006; Connell et al, 2008), the
data set was split into five sub-populations. Subsequently, the data
set of the major sub-population I (323 688 projection images) was
further refined.

Rigid body docking of atomic models was first carried out
manually using O (Jones and Kjeldgaard, 1997) and then
automatically using the SITUS software package (Wriggers et al,
1999) or SPIDER. Final figures were prepared with UCSF Chimera
(Pettersen et al, 2004) or Pymol (DeLano Scientific).

See the Supplementary data for a more thorough description of
the methods employed.

Accession codes
The electron density map and model of the 70SKtRNAK

EF-TuKGDPKkirromycin complex have been deposited in the
3D-EM and PDB databases with the accession numbers EMD-
10474 and PDBID 3FIN and 3FIC, respectively.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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