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During the elongation cycle of protein biosynthesis,
the speci®c amino acid coded for by the mRNA is
delivered by a complex that is comprised of the cog-
nate aminoacyl-tRNA, elongation factor Tu and GTP.
As this ternary complex binds to the ribosome, the
anticodon end of the tRNA reaches the decoding
center in the 30S subunit. Here we present the cryo-
electron microscopy (EM) study of an Escherichia coli
70S ribosome-bound ternary complex stalled with an
antibiotic, kirromycin. In the cryo-EM map the anti-
codon arm of the tRNA presents a new conformation
that appears to facilitate the initial codon±anticodon
interaction. Furthermore, the elbow region of the
tRNA is seen to contact the GTPase-associated center
on the 50S subunit of the ribosome, suggesting an
active role of the tRNA in the transmission of the
signal prompting the GTP hydrolysis upon codon
recognition.
Keywords: decoding/electron microscopy/elongation
factor Tu/ribosome/tRNA

Introduction

In protein biosynthesis the decoding process is the
fundamental step that assures the accuracy of the trans-
lation from mRNA into polypeptide. The codon in the
mRNA has to be correctly recognized by the anticodon of
the cognate tRNA, leading to its incorporation, while
incorrect matches must lead to rejection. Elongation factor
Tu (EF-Tu) plays a crucial role in this function of
delivering the aminoacyl-tRNA (aa-tRNA) as part of the
ternary complex (aa-tRNA´EF-Tu´GTP). When this tern-
ary complex binds to the ribosome, the tRNA is bound in
the A/T state, as its anticodon is able to interact with the
mRNA in the A-site while its acceptor end is still bound to
the factor (Moazed and Noller, 1989). In this way, the
codon±anticodon match can be tested before the new
amino acid is incorporated. When a cognate tRNA is

present, EF-Tu catalyzes the hydrolysis of GTP and
changes its conformation (Berchtold et al., 1993;
Kjeldgaard et al., 1993; Polekhina et al., 1996), thereby
reducing its af®nity for the ribosome and the tRNA (Dell
et al., 1990). The remaining EF-Tu´GDP binary complex
leaves the ribosome, so that the tRNA is free to move its
CCA end towards the peptidyltransferase center (PTC),
allowing the polypeptide to be elongated by the new amino
acid residue (Kaziro, 1978). The transition of tRNA from
the A/T site to A-site is known as accommodation.

Several important questions have remained unan-
swered. First, how the anticodon of the aa-tRNA
recognizes the codon in the mRNA while it is delivered
by EF-Tu at a very different angle compared with the
orientation assumed in the ®nal A-site. Secondly, how this
codon±anticodon recognition acts as a signal to trigger the
GTP hydrolysis and the release of EF-Tu. And ®nally,
what mechanism is employed that makes possible a tRNA
rotation towards the PTC while maintaining the codon±
anticodon pairing. As a signal for GTP hydrolysis, one
possibility is that the cognate tRNA±mRNA interaction in
the decoding center promotes conformational changes in
the ribosome (GeigenmuÈller and Nierhaus, 1990; Powers
and Noller, 1994; Lodmell and Dahlberg, 1997) that are
communicated through the inter-subunit bridges to the
GTPase-associated center of the 50S subunit (Rodnina and
Wintermeyer, 2001). Another possibility that has been
discussed is that a conformational change in the tRNA
following codon±anticodon pairing (Moras et al., 1985,
1986) might act as the signal (Rodnina et al., 1994; Yarus
and Smith, 1995).

The ribosome-bound EF-Tu ternary complex has pre-
viously been visualized by cryo-electron microscopy (EM)
techniques in the presence of the antibiotic kirromycin
(Stark et al., 1997; Agrawal et al., 2000b). Kirromycin is
known to block the conformational changes in EF-Tu that
follow GTP hydrolysis (Wolf et al., 1977; Parmeggiani
and Stewart, 1985). As a result of this inhibition, the factor
remains bound to the ribosome in a conformation that is
thought to be an intermediate between the GTP and the
GDP states. This previous study suggested that EF-Tu
binds to the base of L7/L12 stalk of the 50S subunit, close
to the universally conserved a-sarcin±ricin loop (SRL) of
the 23S rRNA, and showed the anticodon loop of the
tRNA interacting with the decoding region. One of the
puzzles posed by the results of previous cryo-EM studies is
that the orientation of the tRNA deduced does not facilitate
codon±anticodon interaction.

In the present work we have employed cryo-EM to
study a complex of 70S ribosomes with P-site tRNA and
EF-Tu ternary complex carrying cognate aa-tRNA and
GDP in the presence of kirromycin. The ®rst three-
dimensional (3D) reconstruction of the whole set of single
particles (see Agrawal et al., 2000b) showed low (~50%)
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density in the region of the ternary complex. Computation
of a difference map revealed the overall binding position
of the complex, but a detailed interpretation of binding
sites was not possible. We have now applied a supervised
classi®cation strategy based on the similarity of these
images with distinct 3D references. One of the resultant
3D maps shows the ternary complex with much higher
de®nition than seen in the earlier reports (Stark et al.,
1997; Agrawal et al., 2000b). Most importantly, EF-Tu
and the tRNA are now distinctly recognizable, and the
tRNA is seen to interact with the base of the L7/L12 stalk
and with protein S12. Detailed ®tting, supported by
quantitative measures, reveals that the tRNA structure is
different from the reported X-ray structures and from the
structure deduced in the former cryo-EM work (Stark et al.,
1997) due to a change of orientation in the anticodon arm,
towards an orientation that facilitates codon±anticodon
interaction. Furthermore, the T-loop side of the tRNA is
seen to interact with the 58-nucleotide segment of the 23S
rRNA that forms a complex with protein L11 (Wimberly
et al., 1999), a region known as the GTPase-associated
center (GAC). The results bring new insights in under-
standing the incorporation of tRNA into the ribosome and
strongly implicate tRNA as an active player in this
process.

Results

3D reconstruction and analysis of the
cryo-EM maps
A set of 22 905 projections was selected by a previously
described quasi-automated method (Lata et al., 1995). By
image processing techniques (see Materials and methods),
a ®rst map was calculated. The map showed the presence
of extra density located in the inter-subunit space, which
we attributed to the ternary complex. However, the extra
density was fragmented, and could only be seen by
rendering the volume at lowered density threshold. This
initial poor representation of the putative ternary complex
can be understood either as the result of averaging a
population of ribosomes with low occupancy of the factor,
or as a consequence of merging particles where the
complex exists in different conformations, or as a com-
bination of both effects. Evidence that low occupancy is a
major factor comes from the ®lter-binding assay (see
Materials and methods), which estimated ~50% occu-
pancy for the ternary complex.

In order to separate the heterogeneous particle set into
more homogeneous subsets, we have used a supervised
classi®cation method (details described in the
Supplementary data, available at The EMBO Journal
Online), where the images are classi®ed according to their
similarity to distinct references (see Frank, 1996). Brie¯y,
our strategy for separation makes use of the resemblance
that the ternary complex and EF-G share in their archi-
tecture and their overall binding position on the ribosome,
and the fact that the projection of ribosomes carrying the
ternary complex would show more similarity with an
EF-G bound ribosome than with a ribosome with an empty
A-site. After the selection, new 3D reconstructions were
computed. Application of the same method of classi®ca-
tion to a control set of empty ribosomes did not show a
mass at the A-site in the reconstruction from the subset

having highest similarity with the EF-G bound reference
(see Supplementary data).

The ®nal 3D cryo-maps are depicted in Figure 1A
(map 1) and B (map 2). Final map 1 (Figure 1A) was
reconstructed from particles more similar to an empty

Fig. 1. Cryo-EM maps resulting from the classi®cation, and their analy-
sis. Map 1 (A, C and E) and map 2 (B, D and F) are depicted in two
orientations related by a 90° rotation around a vertical axis in the plane
[(A±D) show the side views, (E) and (F) the top views of the 70S
ribosome). Side views are rotated in the plane by 90° from their con-
ventional presentation (see Supplementary ®gure S1) to maintain
continuity in the tRNA positions with (E) and (F)]. In (C)±(F) the ribo-
somal subunits are represented as semi-transparent surface (blue for the
50S and yellow for the 30S subunit), so that the positions of P- and
E-site tRNAs (purple) and the mass attributable to the ternary complex
(red) can be seen more clearly. (G) Representation of the difference
map (see Materials and methods) calculated for the cryo-EM map 1,
shown in green. Lobe of mass labeled with an asterisk is attributed to a
conformational change in the L1 region. The ribosome is shown in
same orientation as in (C). Landmarks are as follows: CP, central protu-
berance; Sb, L7/L12 stalk base; sp, spur; b, body; h, head; dc, decoding
center; L1, stalk of L1 protein. Labels in tRNA positions: T, T-site
within the ternary complex; A, aminoacyl site; P, peptidyl site; E, exit
site.
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ribosome. It is clear that the ternary complex occupancy is
poor. In contrast, the occupancy is large in ®nal map 2
(Figure 1B), a reconstruction obtained from those particles
most similar to an EF-G-bound ribosome. In this latter
map (Figure 1B) the extra density (in red) is a continuous
mass with a volume large enough to accommodate the
whole ternary complex.

We isolated the densities corresponding to tRNAs and
tRNA±EF-Tu complex bound to the ribosome (see
Materials and methods). This separation shows that both
the maps carry P- and E-site tRNAs (purple in Figure 1),
and the main difference relates to the presence of the
ternary complex (red). [It should be noted that in all tRNA
binding experiments (e.g. Cate et al., 1999; Agrawal et al.,
2000a), a mass of density corresponding to the E-site
tRNA is always observed.] In map 1 (Figure 1A, C and E)
the putative ternary complex is under-represented and only
few parts of the tRNA and the EF-Tu can be seen. Some
density clearly appears at the expected binding site of the
anticodon loop of the A-site tRNA on the 30S subunit, but
the rest of the tRNA is not visible directly in the volume. In
a calculated difference map (see Materials and methods)
for this reconstruction (in green in Figure 1G) no major
difference in the ribosome conformation is detected, but
there is a large mass that covers the position of an A-site
tRNA reaching from the decoding site in the 30S subunit
to the PTC in the 50S subunit. The region that should
correspond to the CCA end of the tRNA extends below
the base of L7/L12 stalk, toward the region that EF-Tu
binds to.

In map 2 (Figure 1B, D and F) the picture of the ternary
complex (in red) changes drastically, and its full mass is
now represented, together with the masses of P- and E-site
tRNAs (purple). The anticodon arm of the tRNA is
situated in the decoding region and the acceptor arm is still
bound to the factor. No density attributable to an acceptor
arm connected to the A-site in the 50S subunit is visible. In
this reconstruction, both tRNA and protein interact with
the base of the L7/L12 stalk, where contact points
important for the activity of the elongation factors are
located. The interactions between the ternary complex and
the ribosome have been studied using this map.

Views of the mass attributable to the ternary complex
from the solvent (Figure 2A) and from side of the inter-
subunit space (Figure 2B) reveal a structure distinct
enough to permit visual identi®cation of tRNA and the
domains of the protein factor. To understand the nature of
the elements within the complex, the X-ray structure of the
Phe-tRNAPhe´EF-Tu´GTP analog complex from Thermus
aquaticus (Nissen et al., 1995) was ®ltered to the same
resolution and displayed in similar orientation (Figure 2C
and D). The tRNA and EF-Tu were colored separately for
the purpose of clarity. We note that the structures come
from different organisms (EF-Tu from T.aquaticus and
from Escherichia coli share 68% sequence identity), the
complexes have different guanine nucleotides bound,
and while our cryo-EM map shows the ternary complex
bound to the ribosome, the X-ray structure represents
the complex in the close packing of a 3D crystal.
Nevertheless, the overall mass distribution and the shape
of the ribosome-bound ternary complex in our cryo-EM
map and in the ternary complex crystal structure are
strikingly similar.

The result of the rigid-body ®tting of the X-ray structure
form of the ternary complex into the cryo-EM map is
presented in Figure 2E and F. Clearly, the domains of the
elongation factor have not undergone a large rearrange-
ment in the interaction with the ribosome, but the tRNA
has. In the cryo-EM map, the acceptor arm of the tRNA
that is held by EF-Tu apparently maintains its binding with
the protein as in the crystal structure, but the elbow of the
tRNA has moved signi®cantly from its position in the
crystal structure. However, in both versions of the tRNA,
the anticodon loops are in the same position due to an
apparent kink in the anticodon arm. In this way, the T and
D loops forming the elbow of the tRNA in our cryo-EM
map move toward the base of the L7/L12 stalk of the
ribosome, while the two ends of the L-shaped structure
remain in the same place, changes that imply a large
internal reorganization of the tRNA structure.

Docking of tRNA and EF-Tu X-ray structures
The E.coli EF-Tu has been divided into three domains:
domain I, the guanine nucleotide binding domain that
accounts for the ®rst 204 amino acids of the N-terminus;
domain II, residues 205±298; and domain III, the
C-terminal domain that covers positions 299±393. In the
X-ray structure of T.aquaticus EF-Tu, the constellation
of these domains changes signi®cantly from the GTP
(Figure 2G; from Kjeldgaard et al., 1993) to the GDP
(Figure 2I; from Polekhina et al., 1996) states. It is clear
that the architecture of EF-Tu within the kirromycin-
stalled ternary complex (Figure 2H) resembles more
closely the EF-Tu´GTP state in both, binary (Figure 2G)
and ternary complexes (Figure 2C and D) than the GDP
state (Figure 2I). This similarity with the GTP state is
revealed by computation of cross-correlation coef®cients
between the crystal structures and the cryo-EM density
(Table I). For E.coli, the X-ray structure was calculated in
its GDP state (Song et al., 1999), and in order to obtain an
acceptable ®t, domain I needed to be moved signi®cantly
from its original position, close to domain III, to the
position where the contacts between these two domains of
the protein are minimized and enough room is created to
accommodate the tRNA acceptor arm in the space
available between them (Figure 3). Those changes produce
a much better ®t (Table I) and establish a GTP-state
architecture.

In the case of the tRNA, the Phe-tRNAPhe within the
ternary complex from T.aquaticus in the presence of a
non-hydrolyzable GTP analog (Nissen et al., 1995) was
used. It was not possible to get a full adjustment. The best
docking was achieved by using the putative T and D loops
in the elbow region of the L-shaped molecule as the main
guide. The cryo-EM mass describes the above-mentioned
change in the shape of the anticodon arm (`kinked'
appearance; the position of the kink is indicated in
Figure 3A by a dotted line), and this distortion causes
the anticodon loop of the atomic coordinates of the
Phe-tRNAPhe (Nissen et al., 1995) to lie partially outside
the density mass (Figure 3A).

Inside domain I of EF-Tu there is a segment of the
sequence that overlaps with the ®tted tRNA structure in
the CCA end (Figure 3B). This part of the protein
corresponds to a single turn of an a-helix known as the
switch-I region (depicted in cyan in the ®gures), a putative
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ribosomal interaction site that undergoes a dramatic
conversion in conformation to a b structure in the
transition from the GTP to the GDP state (Abel et al.,
1996). Obviously, either the position of this part of the
protein or the position of the tRNA must be changed in
order to avoid the overlap.

Interaction of the ternary complex with
the ribosome
Fitting of X-ray structures into the cryo-EM map reveals
three of the most conserved regions in the ribosome that
are present in the immediate vicinity of the ternary

complex: the decoding site on the 30S subunit (see Ogle
et al., 2001); the L11±rRNA complex (Wimberly et al.,
1999); and the SRL (Wool et al., 1992) at the base of the
stalk of the large subunit. These ribosomal components
were ®tted in both subunits to study their interactions with
Phe-tRNAPhe and with EF-Tu. The results of this analysis
are shown in Figures 4 and 5. According to the positions
found, some of the interactions can now be described.

Turning ®rst to the 50S subunit, the T loop of the
aa-tRNA closely interacts with the region of the 58-
nucleotide rRNA segment that binds to the L11 protein
(Figure 4A and B). This portion of the ribosome is known

Fig. 2. Comparison of cryo-EM density and X-ray structure of the ternary complex. (A and B) Ternary complex density, isolated from the cryo-EM
map: (A) as seen from the solvent side; (B) as seen from the intersubunit space side. (C and D) Equivalent orientations of the X-ray crystal structure
from T.aquaticus ternary complex (Nissen et al., 1995), ®ltered to the resolution of the cryo-EM map. EF-Tu is shown in green, aa-tRNA in yellow.
(E and F) Ribbons representation of the ®tting of the ternary complex crystal structure into the cryo-EM density. (G±I) EF-Tu from T.aquaticus in the
GTP (Kjeldgaard et al., 1993) and GDP (Polekhina et al., 1996) states are shown next to the EF-Tu´GDP´kirromycin inferred from the cryo-EM map
at the same resolution.
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as the GTPase-associated center (GAC) due to the fact that
antibiotics that bind to it strongly affect the activity of
EF-G and EF-Tu (Vazquez et al., 1979). The GAC is seen
to interact with the T arm of the tRNA through a loop,
around positions 1060±1075 in the 23S rRNA, which
protrudes between the C- and the N-terminal domains of
L11. In this loop, a single transversion in the residue 1067
impairs the function of the elongation factors (Saarma
et al., 1997). Residues around position 2660 of the rRNA
(within the SRL) were de®ned as binding site for EF-Tu by
footprinting experiments (Moazed et al., 1988). The ®tting
leaves a distance between the SRL and EF-Tu large
enough (10±15 AÊ ) to be uncertain about the existence of a
real binding contact. However, the effector loop region
inside domain I of EF-Tu switches from an a-helical to a
b-sheet structure and moves within the protein in the
transition between GTP and GDP states (Abel et al.,
1996). In Figure 4C and D, those two different positions
for the effector loop are represented. When the coordinates
of the EF-Tu´GTP form are used (Figure 4C), this switch-I
region interacts with the SRL and avoids the earlier
mentioned steric con¯ict with the CCA tip of the tRNA
that the GDP state shows (Figure 4D).

In the 30S subunit the ternary complex forms three
contacts, one with domain II of EF-Tu and two with the aa-
tRNA. Domain II contacts helix 5 of 16S rRNA; the
acceptor arm of the tRNA interacts with the protein S12;
and the anticodon loop reaches the decoding center. In
Figure 4A and B it can be seen that protein S12 extends
into a loop that goes close to the decoding center. This loop
includes the conserved PNSA (Pro-Asn-Ser-Ala) amino
acid sequence at positions 48±51. The mass in the region of

the anticodon tip of the tRNA is unexpectedly wide, but the
additional mass could be explained as the result of a
conformational change of this loop of S12 such that it
reaches the density in immediate vicinity to the tRNA
(labeled with an asterisk in Figure 4A).

Particular interest is focused on the codon±anticodon
interaction and in the dynamic transition of the tRNA from
the T- to the A-site. The rigid-body ®tting of the tRNA
structure inside the cryo-EM map leaves the anticodon
loop partially outside the density (Figure 5A). Evidently,
the tRNA crystal structure is different from the structure of
the tRNA in the transition state observed here, and hence
cannot be used to study the interactions in the region.
However, it is important for understanding the process of
tRNA accommodation that the anticodon portion of the
tRNA interacting with the mRNA in the A-site (Agrawal

Fig. 3. Docking of EF-Tu and aa-tRNA into the cryo-EM density of the ternary complex: (A) as seen from the solvent side; (B) as seen from the inter-
subunit side. (Views are similar, but not identical to those in Figure 2A and B.) Fitted atomic coordinates of E.coli EF-Tu (Song et al., 1999) and
Phe-tRNAPhe [(from the ternary complex of T.aquaticus (Nissen et al., 1995)] are shown inside the semi-transparent cryo-EM density of the ternary
complex. The domains of EF-Tu were ®tted independently (domain I shown in green, domain II in yellow and domain III pink). The switch-I region
within domain I is highlighted in cyan. The dotted line in (A) indicates the place of the kink in the anticodon arm of the tRNA. Orientations of the
ribosome are shown as thumbnails on the left. SRL, a-sarcin±ricin loop; L11±rRNA (GAC), protein L11 and the segment of 58 nucleotides of the 23S
rRNA, also known as the GTPase-associated center; S12, protein S12 from the small subunit; h5, helix 5 from the 16S rRNA; dc, decoding center in
the A-site of the 30S subunit.

Table I. Correlation between the ®tted X-ray structures and the
cryo-EM density

X-ray structure Rigid body ®tting Flexible ®tting

T.aquaticus EF-Tu´GDP 0.51 ±

T.aquaticus EF-Tu´GTP 0.78 ±

E.coli EF-Tu´GDP 0.52 0.81

Phe-tRNAPhe´EF-Tu´GTP 0.69 0.83
Phe-tRNAPhe 0.77 0.81a

aValue when the anticodon tip of the A-site tRNA was used for the
®tting.
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et al., 2000a; Yusupova et al., 2001) partially overlaps the
cryo-EM density of the tRNA up to the observed kink, and
that the correlation coef®cient is improved in the docking
(Table I). The position of this A-site tRNA was deduced by
the alignment of the P- and E-site tRNAs from the X-ray
structure (Yusupova et al., 2001) with those from our
density map. Figure 5C shows a merged representation of
both tRNAs where the kink in the anticodon arm separates
an A-site anticodon loop (red) from the rest of the tRNA
still residing in the T-site (gold).

We have used the accommodated position of the tRNA
to represent the interactions in the decoding center. In
Figure 5B the density identi®ed with the anticodon is
broadened on both sides. The extra mass not ®lled with the
tRNA structure might be understood to be a result of
contributions from the tight interactions of the anticodon
end with the surrounding ribosomal elements (Figure 5D).
This way, the parts of helix 69 from 23S rRNA and helix
44 from 16S rRNA, which interact tightly with the codon
of the mRNA (Figure 5E), and as well as a putative
contribution due to a conformational change of S12
(Figure 5F), would be displayed as a compact mass at the
resolution of our map.

Discussion

Ternary complex in the presence of kirromycin
The biggest problem that arose in our sample was its
heterogeneity. Taking into account the occupancy of the
ternary complex that the ®lter binding assays determined,
it was reasonable to expect a signi®cant fraction of the
population of ribosomes to be without the factor. The
classi®cation produced two 3D reconstructions with
different features. One of the maps, which showed very
low occupancy, has to be interpreted with caution because
the set of individual particles that it comes from represents,
in all likelihood, a mixture of factor-free and factor-bound
ribosomes. However, it shows an interesting presence of
some densities in the calculated difference map that we
attribute to the mass of tRNAs in the process of moving to
the A-site from the initial position where they were bound
to EF-Tu. This interpretation requires the assumption that
kirromycin fails to block the conformational change of
EF-Tu at least in a fraction of the ribosomes.

The good representation of the ternary complex in the
high-occupancy map suggests the existence of a uniform
subset of particles, and the inferred structure for the

Fig. 4. Interaction of EF-Tu and aa-tRNA with the ribosome. (A and B) Ribbons representation of the docked EF-Tu and aa-tRNA within the ternary
complex. (C and D) Focus on the interaction between the a-sarcin±ricin loop (SRL) and the effector loop within domain I of EF-Tu (cyan). In (C) the
coordinates of the whole ternary complex from T.aquaticus with a GTP analog (Nissen et al., 1995) were used for the ®tting, while in (D) the crystal
structure of EF-Tu from E.coli bound to GDP (Song et al., 1999) was used. Orientation of the ribosomes for (A) and (B) are shown as thumbnails on
the left. Labeling is the same as in Figure 5.
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ternary complex has to be understood as the most abundant
conformation of the complex in the sample, i.e. the
conformation corresponding to the bottleneck in the
inhibition of the decoding by the antibiotic. The
kirromycin binding site in EF-Tu is formed by residues
of domains I and III (Abdulkarim et al., 1994; Mesters
et al., 1994), situated at a crucial place to stall the
rearrangements of the interdomain positions that the
change from GTP to GDP forms requires (Berchtold
et al., 1993; Kjeldaarg et al., 1993; Polekhina et al., 1996;
Song et al., 1999). Evidently, as our ®tting shows, the
structure that EF-Tu´GDP´kirromycin displays in the cryo-
EM map is closer to a GTP constellation of domains.
Furthermore, we have seen that the switch-I region
(termed effector loop) inside the domain G of EF-Tu
cannot be ®tted properly into the isolated density when the
coordinates from the E.coli factor in its GDP form are
used. The effector loop is known to move and modify the
secondary structure upon the change of the guanine

nucleotide, and it is considered a putative interaction
region with the ribosome (Song et al., 1999). By using the
X-ray structure from the whole ternary complex with a
GTP analog (Nissen et al., 1995) it is seen that the effector
loop contacts the SRL from the ribosome as in the case of
EF-G (Wriggers et al., 2000), and avoids a clash with the
docked tRNA. Altogether, the data indicate that the ternary
complex density in this work represents a stalled structure
where the factor has been caught in an intermediate
conformation, which is similar to the GTP form of the
X-ray structure.

Interaction of the ternary complex with proteins
and rRNA in the entrance channel of the ribosome
Previously, the only ribosome-binding region de®ned for
EF-Tu was the above-mentioned SRL (Hausner et al.,
1987; Moazed et al., 1988) interaction that in our map, as
noted above, appears to include the switch-I region of
domain I of EF-Tu. In the same work, chemical probes

Fig. 5. Interaction in the decoding center and accommodation of the aa-tRNA. (A±C) Semi-transparent representation of the ternary complex density
from the cryo-EM map showing the ®tted tRNA (gold) and the A-site tRNA (red) with corresponding mRNA codon (Yusupova et al., 2001). (C) A
tRNA construct in which the anticodon position, up to the kink, is adopted from (B) and the rest of the tRNA from (A). (D±F) Interaction in the anti-
codon loop of the tRNA in the decoding site. H69, helix 69 from 23S rRNA; h44, helix 44 from 16S rRNA; h34, helix 34 from 16S rRNA; cd, A-site
codon in the mRNA; AC, anticodon loop; S12, protein S12 in the 30S subunit.
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revealed that EF-G binds to the GAC in domain II of 23S
rRNA, but no interaction from EF-Tu was detected in this
region. On the other hand, the rRNA segment that folds
with the L11 protein is known to have a direct in¯uence on
the GTPase activity of both factors when they are bound to
the ribosome: the GAC is the binding site for antibiotics
such as thiostrepton and micrococcin that affect the
GTPase activity not only of EF-G, but also of EF-Tu
(Vazquez, 1979). Even a single change of the nucleotide in
position 1067 of the 23S rRNA (located within the GAC)
was found to impair the function of both elongation factors
(Saarma et al., 1997). In our cryo-EM map there is a clear
interaction between the ternary complex and the GAC, but
the interaction involves the tRNA instead of EF-Tu. More
precisely, it is the T-loop region of the tRNA, the part of
the nucleic acid that contacts this region. In the experi-
ments probing 23S rRNA protection by the ternary
complex against chemical modi®cation (Moazed et al.,
1988), a tRNA±GAC interaction was not observed, but
neither did P- or A-site tRNAs give any effect in the 23S
rRNA labeling pattern. The discrepancy of the results
seems to be related to the reduced sensitivity of the
technique for tRNA±rRNA interactions rather than to a
real difference in the sample.

When comparing the overall structure of the ternary
complex with that of EF-G, one is struck by their similarity
(Nissen et al., 2000) and ®nds that individual domains of
EF-G are mimicking parts of the ternary complex. In the
case of the tRNA within the ternary complex, the domains
in EF-G that build up a more or less compact structure are
domains III, IV and V. Domain IV goes into the decoding
site in the 30S subunit, the same place the anticodon of the
tRNA binds to. Domain V of EF-G is the substitute for
the T region of the tRNA. It is this domain that binds to the
GAC in the case of EF-G (Agrawal et al., 1998, 1999,
2001). According to our present ®ndings, the molecular
mimicry goes beyond this, and now includes the fact that
the interaction of protein S12 with the acceptor arm of the
tRNA inside the ternary complex closely parallels its
interaction with domain III of EF-G (Agrawal et al., 1998).
In our ®tting the protein is also close to the anticodon loop
of the tRNA in the decoding site.

In the previous cryo-EM reconstruction of a ribosome±
ternary complex (Stark et al., 1997), where the ternary
complex density was seen without requiring any classi®-
cation, a connection between EF-Tu and the base of the L7/
L12 stalk close to the L11±rRNA complex was shown at
the same place where the arc-like connection was observed
in the EF-G´GDP´ribosome complex (Agrawal et al., 1998,
1999, 2000b). In our new map this connection cannot be
seen. An interpretation of the binding in this region was
made that implicated L7/L12 in the interaction (Stark et al.,
1997). However, this and other differences in ®ne features
can be caused by the difference in resolution of the recon-
structions [using the same criteria as de®ned in Orlova et al.
(1997), the resolution of our map is 11 AÊ , as compared with
the 18 AÊ resolution reported by those authors].

An active role for the tRNA
The incorporation of tRNAs into the A-site in the ribosome
by EF-Tu follows a sequence of closely related steps:
initial binding of the ternary complex to the ribosome;
codon recognition; GTP hydrolysis; release of the

EF-Tu´GDP accompanied by the accommodation of the
tRNA in the A-site; and formation of a new peptide
(Rodnina et al., 1994). Two main questions that remained
unanswered have been how the codon±anticodon inter-
action triggers the GTP hydrolysis by EF-Tu and how the
conformational changes after this event facilitate both the
exit of the factor and the accommodation of the tRNA. In
the present work, the ribosome-bound ternary complex
was blocked with kirromycin, so that the structure
visualized in our cryo-EM map represents an intermediate
state after the GTP hydrolysis and before the completion
of the accommodation process. The antibiotic kirromycin
is known to stimulate the GTP hydrolysis by EF-Tu (Wolf
et al., 1977) and we cannot distinguish between a GTPase
stimulation by the antibiotic from an activation due the
codon±anticodon recognition. Nevertheless, the cognate
aa-tRNA shows a clear interaction with the decoding
center, and we assume that the anticodon-pairing signal
has been triggered.

The elbow in the L shape of the tRNA that comprises
the D- and T-loop regions moves signi®cantly toward the
ribosome, and the T loop contacts the GAC of the 23S
rRNA. Evidence of this movement, together with the
evidence that cognate codon recognition is not suf®cient
for the GTPase activation and that an intact tRNA is
required for the transmission of the signal (Piepenburg
et al., 2000), points directly to the role of tRNA as the
communicator that translates a cognate interaction in the
decoding center into a signal for GTPase activation in
the EF-Tu interaction with the ribosome. It is necessary to
point out that in the previous cryo-EM work (Stark et al.,
1997) a change in the relative position between the tRNA
and EF-Tu was described, but no changes were detected in
the structure of the aa-tRNA, nor did the study detect any
interaction between the tRNA and the GAC.

In dynamic studies of the interaction of the ternary
complex with the ribosome, Rodnina et al. (1994) found
that the D loop of the tRNA, labeled with pro¯avin,
changed its structure after codon±anticodon recognition
and before GTP hydrolysis. These changes were deduced
from a rapid increase of ¯uorescence followed by a slow
decrease, re¯ecting two different levels of exposure of the
label. In that work, the same experiment in the presence of
kirromycin revealed an initial rapid increase of the signal,
while the slow decrease was completely suppressed. Thus,
the change that the tRNA structure undergoes upon codon
recognition is not reversed when the complex is bound to
the antibiotic. We conjecture that the structural change in
the tRNA deduced in the dynamic experiments (Rodnina
et al., 1994) is captured by the cryo-EM map we have
obtained, where the tRNA shows a distorted structure and
reaches the GAC in the 50S subunit, apparently sending
the signal for the GTP hydrolysis.

The idea of the tRNA having an active role in translation
is not new and has been postulated in several works by
Woese (1970) (and more recently Woese, 2001), a concept
that is at odds with the currently prevailing view of tRNAs
as mere adaptors during the process.

Flexibility of tRNA: codon recognition
and accommodation
By proposing that the relative movement of parts of the
tRNA acts as signal after the codon±anticodon recognition
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we assume that the tRNA possesses ¯exibility. Indeed, in
our data, the tRNA appears distorted and we have been
unable to ®t any atomic structure of tRNA from the CCA
end all the way up to the anticodon loop without leaving
signi®cant parts of the nucleic acid outside the map. The
change in the structure of the tRNA occurs during
the interaction with the ribosome following cognate
tRNA±mRNA recognition (Rodnina et al., 1995). The
question is, can the codon±anticodon interaction promote
structural changes in the aa-tRNA? Interesting results were
introduced with the crystal structure of a yeast tRNAAsp

(Dumas et al., 1985). In the 3D crystals the tRNA
molecules were interacting via their GUC anticodon
sequence with a slight mismatch at the uridine position,
and the structure was considered a model for the effects of
a codon±anticodon binding on the tRNA (Moras et al.,
1986). The comparison with the yeast tRNAPhe structure
revealed a more rigid anticodon loop and a gain in
¯exibility of the T and D loops in tRNAAsp versus
tRNAPhe. Studies with tRNA mutants have shown that
tRNAs with altered D and T arm interactions have
different degrees of stability on the ribosome and favor
near-cognate recognition (reviewed in Yarus and Smith,
1995). These authors proposed a general `waggle' theory
that attributes some role to the ¯exibility and structural
reorganization of the elbow region in the tRNA during the
decoding process. Thus, there are data that suggest
conformational changes in the D and T arms of the
tRNA after the pairing of the anticodon loop with the com-
plementary RNA sequence, and indicate that the disrup-
tion of this region has direct effects on the accuracy of the
decoding process. The present work brings direct evidence
of a structural modi®cation in the tRNA within the ternary
complex after the codon±anticodon pairing.

In the delivery of the aa-tRNA to the ribosome it moves
from the A/T position to the position in the A-site. The
tRNA structure inferred from the density map shows a
better ®t in the anticodon loop if we use the position of a
full A-site tRNA interacting with the mRNA (Yusupova
et al., 2001) than the tRNA structure within the ternary
complex crystal structure (Nissen et al., 1995). The kink
that the anticodon arm shows represents a modi®cation
from the known structures of tRNAs that could explain the
phase mismatch between an anticodon loop already
accommodated and an acceptor arm still residing in the
T site. The kirromycin has stalled the complex at the stage
where the tRNA has moved toward the ribosome to contact
the GAC. This interaction could trigger the GTPase
activity of EF-Tu, and the subsequent liberation of the
acceptor arm of the tRNA from the binding with the factor
could allow the acceptor arm to swing and reach the PTC.
Furthermore, the contacts of the tRNA with two different
parts of protein S12 would connect the movement of the
acceptor arm with the previously described reorganization
of the decoding site, particularly the helix 44 of 16S rRNA
(VanLoock et al., 2000; see also Carter et al., 2001), in a
way that both changes could be synchronized. In any
event, the ¯exibility of the anticodon arm of tRNA would
have an interesting role as a mechanism to absorb the
temporary discrepancy between the positions of acceptor
and anticodon arms of the tRNA in the transition toward
the A-site position.

A 5 ¢-stacked anticodon loop?
After the submission of the present work, Simonson and
Lake (2002) presented the `transorientation hypothesis',
where they revive the idea that the tRNA might ¯ip
between a 5¢-stacked and a 3¢-stacked anticodon loop
structure (Woese, 1970), and that these two conformations
might facilitate both the codon recognition and the
accommodation process. All the X-ray-determined struc-
tures for tRNAs are in the 3¢-stacked form, and no direct
structural evidence for the existence of the 5¢-stacked form
has been reported. Nevertheless, the authors of this
hypothesis constructed an energy-minimized model for a
tRNA with a 5¢-stacked anticodon loop. We have used this
model to see if its conformation is compatible with our
cryo-EM density (details shown in Supplementary data).
By using the anticodon of this modeled tRNA we can ®ll
the whole density of our cryo-EM map satisfactorily.
However, in the best ®t, the codon and the anticodon run in
the same 3¢®5¢direction, showing a parallel orientation
rather than the antiparallel one required for base pairing
(S.M.Stagg and S.C.Harvey, personal communication). In
order to accomplish the codon recognition, the whole
tRNA would have to be rotated by about 180° around the
anticodon arm. Thus, given the antiparallel base pairing
requirements, and the known orientation of the mRNA,
our map is not compatible with such a tRNA structure.

Materials and methods

Preparation of 70S´aa-tRNA´EF-Tu´GDP´kirromycin complex
Escherichia coli ribosomes (10 pmol) were incubated with 15 pmol of
MF-mRNA (Triana-Alonso et al., 1995) and 14 pmol of [35S]fMet-
tRNAf

Met (575 d.p.m./pmol) at 37°C for 10 min in 30 ml of a buffer
containing 20 mM HEPES±KOH pH 7.5, 6 mM MgCl2, 150 mM NH4Cl,
4 mM 2-mercaptoethanol, 0.05 mM spermine and 2 mM spermidine
according to Blaha et al. (2000). Three microliters of a 100 mM
kirromycin solution were added to the reaction mixture and the incubation
was continued for another 5 min. Separately, another incubation with
14 pmol of [14C]Phe-tRNAPhe (996 d.p.m./pmol), 20 pmol of EF-Tu, and
8 ml of a 2.5 mM solution of [a-32P]GTP (150 d.p.m./pmol) was carried
out for 10 min at the same temperature. The samples with the 70S
ribosomes and with the ternary complex were mixed and another 10 min
incubation at the same temperature was performed before the cryo-grids
were prepared. The occupancy of individual components on the ribosome
was measured by ®lter-binding assays in parallel incubation mixtures, and
was found to be ~60% for both, the P-site fMet-tRNAf

Met and the A-site
Phe-tRNAPhe. The radioactivity contributed by the a-32P moiety of the
GDP served to calculate a ~50% occupancy for the elongation factor.

Electron microscopy and image processing
The grids for cryo-EM were prepared following standard procedures
(Wagenknecht et al., 1988). Micrographs were taken following low-dose
procedures on a Philips EM420 at 120 kV and a magni®cation of 352 000.
The micrographs were digitized with a step size of 14 mm on a Zeiss/
Imaging scanner (Z/I Imaging Corporation, Huntsville, AL), correspond-
ing to 2.69 AÊ on the object scale. The 3D reconstructions were calculated
using 3D projection alignment procedures (Penczek et al., 1994; Frank
et al., 2000). The volumes were CTF-corrected in defocus groups, with an
average of ~1000 individual images per group (Frank and Penczek, 1995)
and the resolution was estimated by the Fourier shell correlation with a
0.5 threshold (Malhotra et al., 1998). X-ray solution scattering data for the
E.coli ribosome were used to correct the Fourier amplitudes of the maps
(Gabashvili et al., 2000). Difference maps were calculated by subtracting
an E.coli 70S ribosome reference volume that had both P- and E-sites
occupied with tRNAs (M.Valle, unpublished). Before the subtraction, the
maps were normalized taking into account their average density and their
variability (s) and in the rendering only signi®cant values (>2s) were
displayed. The isolation of tRNAs and ternary complex within the
volumes was performed by masking out the ribosomal subunits and
selecting the remaining masses by clustering procedures.
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Fitting of atomic structures
After docking of X-ray structures into the cryo-EM volume using
program O (Jones et al., 1991); the visualization of the density maps was
performed in IRIS Explorer (Numerical Algorithms Groups, Inc.,
Downers Grove, IL). EF-Tu domains were taken from the E.coli crystal
structure (PDB code 1EFC, from Song et al., 1999) and aa-tRNA or the
whole ternary complex (PDB code 1TTT, from Nissen et al., 1995) as the
initial coordinates for ®tting. The EF-TU´GTP (PDB code 1EFT, from
Kjeldgaard et al., 1993) and EF-TU´GDP (PDB code 1TUI, from
Polekhina et al., 1996) were also used. The coordinates of the ribosomal
proteins and rRNAs were taken from published atomic structures (PDB
code 1FFK for the 50S subunit, from Ban et al., 2000; PDB code 1FJF for
the 30S, from Wimberly et al., 2000). For the ®nal rendering of ®tted
structures, the Ribbons package (Carson, 1997) was used. For compu-
tation of the cross-correlation coef®cient, the ®tted PDB coordinates were
converted into electron densities, which were low-pass ®ltered to the
resolution of the cryo-EM map.

Coordinates
The atomic coordinates of E.coli EF-Tu (GDP form; Song et al., 1999)
and yeast Phe-tRNAPhe (Nissen et al., 1995), independently ®tted into the
cryo-EM map, have been deposited in the Protein Data Bank (http://
www.rcsb.org) with the accession code 1LS2. In addition, the anticodon
loop region of the tRNA, ®tted separately into the cryo-EM map, has been
deposited with the accession code 1LU3.

Supplementary data
A description of the supervised classi®cation method is provided as
Supplementary data, available at The EMBO Journal Online.
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