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ABSTRACT

In eubacteria, translation of defective messenger RNAs (mRNAs) produces truncated polypeptides that stall on the ribosome. A
quality control mechanism referred to as trans-translation is performed by transfer-messenger RNA (tmRNA), a specialized RNA
acting as both a tRNA and an mRNA, associated with small protein B (SmpB). So far, a clear view of the structural movements of
both the protein and RNA necessary to perform accommodation is still lacking. By using a construct containing the tRNA-like
domain as well as the extended helix H2 of tmRNA, we present a cryo-electron microscopy study of the process of
accommodation. The structure suggests how tmRNA and SmpB move into the ribosome decoding site after the release of
EF-Tu�GDP. While two SmpB molecules are bound per ribosome in a preaccommodated state, our results show that during
accommodation the SmpB protein interacting with the small subunit decoding site stays in place while the one interacting with
the large subunit moves away. Relative to canonical translation, an additional movement is observed due to the rotation of H2.
This suggests that the larger movement required to resume translation on a tmRNA internal open reading frame starts during
accommodation.
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INTRODUCTION

Translation of defective messenger RNAs (mRNAs) caused
by transcription errors, mRNA degradation, or recoding
events produces truncated polypeptides that stall on the
ribosome (Keiler 2008). In eubacteria, a trans-translation
surveillance is performed by a ribonucleoprotein complex
composed of the small protein B (SmpB) and transfer-
messenger RNA (tmRNA), a specialized RNA with prop-
erties of both a tRNA and an mRNA, to provide a key
component of the translation quality control pathway. The
multifunctional roles of SmpB include alanylation enhance-

ment of tmRNA (Shimizu and Ueda 2002) and association
with tmRNA entering the empty A-site of the ribosome
(Hanawa-Suetsugu et al. 2002). tmRNA–SmpB interacts
with translational complexes blocked at the 39-end of
defective mRNAs to release stalled ribosomes and target
their nascent polypeptides and mRNAs for degradation.
The mRNA is always cleaved before trans-translation starts,
avoiding a competition with canonical translation to occur.
A quaternary ‘‘tmRNA–SmpB–EF-Tu�GTP’’ complex en-
ters the A-site of the stalled ribosome still carrying the
peptidyl-tRNA in the P-site. Recent biochemical and
structural data indicate that SmpB provides contacts in
place of the tRNA anti-codon stem, being a functional
mimic of the pairing between a codon and an anti-codon at
the ribosome decoding center (Nonin-Lecomte et al. 2009).
At an early stage during trans-translation, two molecules of
SmpB are recovered per stalled ribosome, one on each
subunit and both contacting the ‘‘tRNA-like domain’’
(TLD) of tmRNA (Hallier et al. 2004; Kaur et al. 2006).
After transpeptidation, the TLD moves to the P-site while
the encoded tag reading frame of the tmRNA enters the
mRNA path. The truncated mRNA is removed and de-
graded while the stalled ribosome switches the translation
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process to the tmRNA coding sequence resume codon,
adding the tag peptide to the C terminus of the nascent
polypeptide. One SmpB molecule is predicted to accom-
pany tmRNA during its passage through the ribosome
(Bugaeva et al. 2008).

Three-dimensional structures of SmpB from thermo-
philes in solution (Dong et al. 2002; Someya et al. 2003)
and bound to the TLD (Gutmann et al. 2003; Bessho et al.
2007) have been determined. These findings all indicate
that the SmpB-bound tmRNA functionally mimics a ca-
nonical tRNA during aminoacylation and entry into the
ribosome. The structure of the remaining portion of the
RNA relies on solution mapping (Felden et al. 1997)
combined with cryo-electron microscopy (cryo-EM) re-
constructions of the RNA backbone within the electron
density of a preaccommodated complex (Kaur et al. 2006;
Gillet et al. 2007). The subsequent stages of trans-trans-
lation, such as tmRNA accommodation, however, remain
unknown.

During canonical translation, initial selection corresponds
to the reversible association of the tRNA anti-codon with
the codon in the 30S A-site, while the aminoacyl-acceptor
end is still bound to elongation factor Tu (EF-Tu) (Ogle
and Ramakrishnan 2005). Recognition between the codon
and anti-codon stabilizes the ternary complex on the ri-
bosome and the transmission of a signal to EF-Tu that
hydrolyzes GTP (Schuette et al. 2009; Villa et al. 2009).
After the release of the inorganic phosphate, EF-Tu re-
arranges into a GDP-bound conformation that dissociates
from the aminoacyl end of the tRNA and from the ribo-
some. Either the aminoacyl end of tRNA moves into the
A-site of the 50S subunit (accommodation of cognate aa-
tRNA), which leads to formation of the peptide bond, or
the aa-tRNA dissociates from the ribosome (proofreading
of near-cognate aminoacyl-tRNA [aa-tRNA]) (Daviter et al.
2006). Accommodation is linked to the dynamic properties
of the tRNA, acting as a molecular spring (Frank et al. 2005).

During trans-translation, the fate of the TLD after
accommodation is of particular interest because the entry
of Ala-tmRNA into the A-site of a stalled ribosome occurs
without a codon–anti-codon interaction. The structure of
an accommodated ‘‘tmRNA–SmpB’’ complex into stalled
ribosomes will allow its comparison with the one of
aminoacyl tRNAs that is promoted by codon recognition
during canonical translation. Also, the movement of the
aminoacyl-end of tmRNA into the A-site upon accommo-
dation of the TLD is expected to produce a steric clash of
the molecule of SmpB bound to the 50S with the P-site
tRNA (Gutmann et al. 2003). Therefore, we can predict
that the molecule of SmpB bound to the 50S subunit has to
move away, but the questions are when and how it
happens. To address these questions, we used cryo-EM
three-dimesional reconstruction to study a ribonucleopro-
tein complex made of the TLD as well as the extended helix
H2 of tmRNA bound to SmpB into stalled ribosomes.

RESULTS AND DISCUSSION

Structural design of the accommodated complexes

Previously, we carried out a cryo-EM study of full-length
tmRNA in an accommodated state (Kaur et al. 2006).
However, the recovered density was weak and several
portions of tmRNA did not show up, preventing us from
visualizing the movements of tmRNA and SmpB when
entering the ribosomal A-site. This result can be interpreted
as a consequence of (1) the RNA disorganization in and
around the pseudoknots PK2–PK4 of the tmRNA and (2)
the overall heterogeneity of the accommodated samples,
due to the absence of complete purity, low occupancy, and
conformational stability of the complexes. Therefore, in
order to reduce its flexibility and increase its occupancy in
the stalled ribosomes, we decided to work with a truncated
version of tmRNA, depleted from its four pseudoknots
and internal coding portion. This RNA, named PKF for
pseudoknot-free tmRNA, is a 113-nucleotide-long molecule
that contains the TLD of Thermus thermophilus tmRNA as
well as the extended helix H2 (Fig. 1A). In this construct,
H2 was capped by a GAAA tetraloop as used in previous
structural studies (Gaudin et al. 2003). We reasoned that
this short version of tmRNA might retain the tRNA
function of tmRNA and its capability to bind SmpB (Karzai
et al. 1999) as well as EF-Tu (Rudinger-Thirion et al. 1999)
and AlaRS (Himeno et al. 1997). Indeed, a similar short-
ened version of tmRNA from Escherichia coli that lacks the
messenger region and three of the four pseudoknot struc-
tures had been previously shown to be correctly folded and
binding SmpB and EF-Tu�GTP simultaneously to its ac-
ceptor arm (Barends et al. 2001).

Biochemical characterization of the accommodated
complexes

As for full-length tmRNA (Barends et al. 2001), the yields
of aminoacylation of PKF were increased in the presence of
EF-Tu�GTP and SmpB. A maximum of 65% alanylation of
1 mM PKF was achieved in the presence of 4 mM AlaRS,
6 mM EF-Tu�GTP, and 2 mM SmpB, after 30-min incubation
at 37°C. The accommodated state was obtained by in-
cubating a quaternary complex made of aminoacylated
PKF, SmpB, and EF-Tu�GTP in the presence of a stalled
ribosome. As a control, the preaccommodated state of the
same complex was also prepared by adding 100 mM
kirromycin (Stark et al. 1997). After formation, the com-
plexes were loaded on a Superdex 200 gel filtration column
(GE Healthcare) and recovered in the void volume while
the unbound fraction of PKF could be discarded. The
calculated occupancy of the ribosomes by PKF was close to
100% when stalled by the antibiotic kirromycin (preac-
commodated state). In the absence of the antibiotic (to
allow an accommodated state), the occupancy of ribosomes
by PKF drastically reduces to close to 0% (data not shown).
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This is because the peptidyl transfer reaction lowers the
stability of the complex before translocation (Semenkov
et al. 2000; Shoji et al. 2009). Therefore, in order to prevent
the subsequent ribosome-PKF complex instability, a deac-
ylated P-site tRNAfMet was used to produce accommodated
alanyl PKF. In this way, an occupancy of z65% could be
achieved. This rather high fraction has to be compared to
the 45% of occupancy previously obtained by using a full-
length accommodated tmRNA (Kaur et al. 2006), confirm-
ing the higher stability of the shorter construct PKF. The
stoichiometry of SmpB within both complexes was evalu-
ated by Western blot. Band intensity analysis indicates that
the amount of SmpB present in the preaccommodated state
is almost twice that recovered after accommodation (2 vs.
1.2, respectively) (Fig. 1B), suggesting that accommodation
triggers the departure of one ribosome-bound protein. At
least one SmpB protein remains on each ribosome, in-
cluding those lacking PKF (see below, Classification of the
Subpopulations of the Complexes), which may account for

the higher occupancy of SmpB relative to PKF after ac-
commodation (1.2 vs. 0.65, respectively) (Fig. 1B).

Classification of the subpopulations of the complexes

Images of frozen-hydrated ribosomal complexes were
recorded using a LaB6 microscope operating at 200 kV.
Micrographs were digitized, and 153,785 individual images
of ribosomal particles were extracted semi-automatically. The
first iterations of image processing allowed us to discard
isolated views of the 30S (5409 particles) and 50S subunits
(30,952) as well as ratcheted ribosomes with PKF (41,359).
Therefore, 76,035 images were extracted and used for align-
ment and three-dimensional reconstruction. After initial
alignments of images, the first three-dimensional reconstruc-
tion clearly indicated heterogeneity in the raw images. This
was revealed by the presence of additional densities located in
various places of interest inside the ribosome. In addition, the
overall ribosome reconstruction was not well defined. These
observations indicated that the reconstruction resulted from
the back-projection of ribosome images that correspond to
the view of ribosomes in different conformational states.
Knowing the exact components used to form the complexes,
we could easily extrapolate which type of ribosomal confor-
mational state could be present in solution. We then decided
to use the local multivariate statistical analysis (MSA) method
(Klaholz et al. 2004; Penczek et al. 2006) to separate images
with respect to the different conformational states of the
ribosome. This method allows the sorting of images into
various subsets, depending on the densities present or absent
in the area delimited by a mask applied on the projections. The
use of a specific mask enabled us to directly sort the projections
into two subsets that allowed us to compute two template
structures. To eliminate any bias of the splitting procedure and
to improve the initial assignment of the projections, the two
template structures were projected in quasi-evenly distrib-
uted angular directions, and the two sets of reference projec-
tions were placed in one set. Then the entire data set of pro-
jections was compared with the combined set of reference
projections in a standard multireference alignment procedure.

Three conformational states brought to light

Three consecutive two-dimensional masks were applied on
the low-pass filtered images. The first mask was placed on
the location of EF-Tu, at the entrance of the ribosome,
followed by a second two-dimensional mask located in the
A-site, and, finally, a third mask placed toward the peptidyl
center. The first two-dimensional mask enabled us to sort
12,557 projections, corresponding to the preaccommodated
state (Fig. 2A). As for full-length tmRNA (Valle et al. 2003;
Kaur et al. 2006), the TLD of PKF binds EF-Tu at the
entrance of the L7/L12 stalk of the ribosome, whereas helix
H2 protrudes along the beak of the 30S small subunit.
However, the current map was obtained in the absence of

FIGURE 1. (A) Secondary structure comparisons of PKF and full-
length tmRNA from T. thermophilus. The domain in common,
comprising the TLD (tRNA-like domain) and the helix H2, is shown
in black. The figure is adapted from the tmRDB website (http://
rnp.uthct.edu/rnp/tmRDB/tmRDB.html) (Andersen et al. 2006). (B)
Biochemical characterization of the ribosomal complexes. After puri-
fication by size exclusion chromatography, ribosome complexes were
analyzed by SDS-PAGE. The elongation factor EF-Tu was identified
on the silver-stained gel, while SmpB and PKF occupancies were
measured by Western blot and radiolabeling, respectively.
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kirromycin that immobilizes EF-Tu on the elongating
ribosome after GTP hydrolysis. Because of the lack of this
antibiotic, some flexibility is recovered on the reconstructed
complex, preventing us from determining the exact location
of the SmpB proteins or the subtle differences between the
conformations of EF-Tu before and after GTP hydrolysis.
Nevertheless, the isolation of the preaccommodated state
of PKF allowed us (1) to show that the recognition of
a ribosome stalled by PKF bound to EF-Tu�GTP occurs as
for a full-length tmRNA and (2) to discard this set of
particles from the reconstruction of the accommodated
state. Subsequently, to discriminate ribosomes containing
PKF, the second local-MSA process was applied with a two-
dimensional mask located in the A-site, which allowed us to
separate 34,144 particles that do not contain PKF. The
resulting three-dimensional map showed empty ribosomes
with a density present in the decoding site, which was
compatible with the presence of a single SmpB molecule
(Fig. 2B). This state was already described when incubating
free SmpB with stalled ribosomes, in the absence of tmRNA,
indicating the high stability of the complex (Gillet et al.
2007; Kurita et al. 2007). From the 29,334 remaining
images, a third two-dimensional mask was placed toward
the peptidyl center and allowed separation of 15,447
particles containing a homogeneous density in the A-site.
This third subset corresponds to the accommodated state of
the PKF–SmpB complex after the release of EF-TU�GDP
(Fig. 2C,D). To interpret the cryo-EM data, the coordinates
of the atomic model of a T. thermophilus 70S (Protein Data
Bank [PDB] accession codes 2HGP and 2HGQ) (Yusupova
et al. 2006) were fitted into the map. The overall structure of
70S is identical, in a classic, nonratcheted A/A-P/P config-
uration. The densities at the A- and P-sites were attributed
by fitting the X-ray coordinates of the rigid tRNAs from the
70S crystals. Despite the weak density recovered at the
expected location of the acceptor branch, which may
account for its mobility when using a deacylated tRNA
(Selmer et al. 2006; Agirrezabala et al. 2008), the tRNA
placed into the P-site fits into the difference map (Fig. 3A,C,
blue) and its orientation toward the peptidyl-center is
obvious. Next, the orientation of the ‘‘PKF–SmpB’’ complex
in the A-site was determined. As for the P-site tRNA,
coordinates from the rigid tRNA of the crystal were first
docked into the difference map recovered in the A-site, with
the acceptor arm directed toward the peptidyl-center and
the anti-codon loop interacting with the decoding site (Fig.
3A, red). Then, the X-ray coordinates of the TLD–SmpB
complex from T. thermophilus (PDB accession code 2CZJ)
(Bessho et al. 2007) were included by superimposing the
acceptor arm of the TLD with the one from the A-site tRNA
(Fig. 3B, green and black). When substituting the A-site
tRNA with the TLD–SmpB structure in the cryo-EM map,
a good correlation of the remaining portion of the complex
with the experimental density was observed (Fig. 3C). The
open L-shaped conformation of the TLD (Stagg et al. 2001;

Gutmann et al. 2003) orientates SmpB toward the decoding
site, while the rest of the PKF chain (H2) points to the beak
of the 30S subunit. Due to the lack of an anti-codon stem-
loop, the TLD of tmRNA is connected to the irregular helix
H2 that is composed of four helical sections 2a–2d (Fig. 1A)
abutting to pseudoknot PK1 (Zwieb et al. 1999). The TLD
construct used by Bessho et al. (2007) contains H2a.

FIGURE 2. (Legend on next page)
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Therefore, a three-dimensional model of the E. coli tmRNA
in the tmRDB database (Andersen et al. 2006) was used to
fit the internal loop and H2b-d modules into the non-
attributed density from the cryo-EM map (Fig. 3C). The
orientation, as well as the size and shape of H2 imposed
by the fit of the density of the ‘‘TLD–SmpB’’ complex, con-
vincingly match the remaining density recovered on the
cryo-EM map from the accommodated complex (Fig. 3C).
H2b-c is in line with H2a along the beak of the 30S subunit.
The bulge between H2c and H2d (Fig. 1A) orientates H2d
to direct the arc made by the following domains around the
beak. This position suggests that a large movement is still
necessary for the internal ORF to reach the ribosomal
mRNA path.

Interactions of accommodated PKF–SmpB complex
with the stalled ribosome

One of the main hurdles during the movement of PKF into
the A-site is the expected steric clash between SmpB-1
bound to the large subunit and the P-site tRNA (Gutmann
et al. 2003). As depicted on the map (Fig. 3C), the ac-
commodation of PKF leads to the departure of SmpB-1
from the large subunit after the release of EF-Tu�GDP.
This result is in agreement with the decrease of SmpB
observed by Western blot analysis (Fig. 1B). Despite being
absent from the accommodated PKF, the protein could
migrate to another tmRNA binding site, located in the
pseudoknot string containing the internal ORF, to func-
tionally assist translation resumption (Metzinger et al.
2008). On the other hand, the placement of SmpB-2
confirms interactions with the decoding site during ac-
commodation (Bessho et al. 2007; Kurita et al. 2007;
Nonin-Lecomte et al. 2009). The orientation of SmpB-2
agrees with the predicted interactions between the globular
body of the protein and the top of helix 44 (comprising

decoding bases 1492 and 1493), while its C-terminal tail is
directed toward helix 18 (containing decoding base G530).
The superimposition of the individual maps of the PKF
complex before and after accommodation reveals addi-
tional interesting features (Fig. 4). Relative to canonical
translation, the process of accommodation of tmRNA
involves an additional rotational movement of H2, cen-
tered in the conserved internal loop connecting 2a to 2b.
This rotation pushes the TLD, including H2a, deep into
the ribosomal A-site, while H2b-d moves away from the
beak (Fig. 4C, gray arrows). Such a movement is expected
to drag the arc made of the following modules around the
beak, suggesting that the movement required to resume
translation starts during accommodation.

In conclusion, the present cryo-EM reconstruction of
tmRNA accommodation suggests how the process takes
place in the ribosome decoding site after the release of
EF-Tu�GDP. The SmpB protein interacting with the small
subunit decoding site stays in place while the one interact-
ing with the large subunit moves away. The rotation move-
ment of H2 triggered by the accommodation prepares the
larger shift necessary to switch translation on tmRNA in-
ternal ORF (see Fig. 5). Work is now in progress to mon-
itor the fates of SmpB and tmRNA during the EF-G de-
pendent translocation of the complex into the P-site of a
stalled ribosome.

MATERIALS AND METHODS

Preparation of ribosomal complexes

Salt-washed T. thermophilus 70S ribosomes free of S1 were
prepared as previously described (Clemons et al. 2001). His-
tagged AlaRS from E. coli, His-tagged SmpB, and EF-Tu from
T. thermophilus were overexpressed in E. coli using the T7 expres-
sion system and isolated by Ni2+ precharged HisTrap chelating
column, according to the manufacturer’s procedures (GE Health-
care). The T. thermophilus PKF gene was directly cloned into
a pUC19 plasmid, downstream of a T7 RNA polymerase pro-
moter. Plasmids were linearized by BstNI restriction enzyme, and
the corresponding RNAs were synthesized for 4 h by using the T7
MEGAscript kit (Ambion). Purification was performed by elec-
trophoresis on denaturing gels followed by electro-elution in
a S&S BIOTRAP elution chamber (Schleicher and Schuell).
EF-Tu�GDP was activated to EF-Tu�GTP immediately before use,
by incubation for 15 min at 37°C in 50 mM HEPES-KOH (pH 7.5),
60 mM NH4Cl, 7 mM MgCl2, 2 mM GTP, 6 mM phosphoenol-
pyruvate (PEP), and 10 mg/mL pyruvate kinase (PK). The PKF
was heated for 2 min at 80°C in a folding buffer (10 mM HEPES-
KOH at pH 7.5, 20 mM NH4Cl, 5 mM MgCl2) and cooled for
30 min at room temperature before being aminoacylated. The
alanylation was performed by incubation for 30 min at 37°C in
50 mM HEPES-KOH (pH 7.5), 60 mM NH4Cl, 7 mM MgCl2,
2 mM ATP, 6 mM PEP, 10 mg/mL PK, 30 mM alanine, 6 mM
EF-Tu�GTP, 2 mM SmpB, 1 mM tmRNA PKF, and 4 mM AlaRS.
The rates of alanylation of the PKF were measured by TCA
precipitation of radiolabeled alanines, as previously described

FIGURE 2. Reconstruction of PKF–SmpB complex bound to the
stalled ribosome. (A) Cryo-EM map generated from the first subset
sorted by the local MSA method, corresponding to a preaccommo-
dated state before the release of EF-Tu. (Blue) Density for EF-Tu–
PKF–SmpB. (B) Cryo-EM map generated from the second subset and
corresponding to a stalled ribosome in the absence of PKF with
a molecule of SmpB nested into the decoding site of the small
ribosomal subunit. (Green) Density for SmpB. (C) Cryo-EM map
generated from the third subset and corresponding to the accommo-
dated state after the release of EF-Tu�GDP (same orientation as in A).
(Red) Density for PKF-SmpB; (purple) the P-site tRNA. B adopts the
same orientation as in A, while C allows a better view of the
positioning of PKF compared to the tRNA stuck in the P-site. (D)
View of map shown in B after a rotation by +90° around the vertical
axis and �90° around the horizontal axis. The density corresponding
to the ribosome is semitransparent. (Blue) The 50S subunit; (yellow)
the 30S subunit. Landmarks on the 50S subunit are as follows: CP,
central protuberance; L7/L12, stalk formed by proteins L7/L12; ptc,
peptidyl transfer center; L1, protein L1. Landmarks on 30S subunit
are: b, beak; dc, decoding center; sh, shoulder; sp, spur.
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(Gillet and Felden 2001). After the addition of 0.1 volume of 2 M
ice-cold potassium acetate (pH 5.0), the sample was concentrated
10-fold on a 5-kDa cut-off Microcon centrifugal unit (Millipore).
Stalled ribosomes were obtained by incubat-
ing 70S ribosomes (1 mM) with 2 mM of an
mRNA consisting of the GGCAAGGAGGU
AAAAAUG sequence, and E. coli deacylated
tRNAfMet (2 mM), for 30 min at 37°C in 5
mM HEPES-KOH (pH 7.5), 10 mM NH4Cl,
10 mM MgOAc, 50 mM KCl, and 6 mM
b-mercaptoethanol. The final complexes
were obtained by mixing 1 mM of stalled
ribosomes with 2 mM of SmpB in the pres-
ence (preaccommodated complex) or ab-
sence (accommodated complex) of 100 mM
kirromycin for 5 min at 37°C. The concen-
trated solution of EF-Tu�GTP–AlaPKF–
SmpB complex was then added for 15 min
at 37°C.

Purification of ribosomal
complexes by size-exclusion
chromatography

After filtration through 0.22-mm filters, sam-
ples (100 mL) were applied to a Superdex
200 HR 10/30 column (GE Healthcare) pre-

equilibrated with 5 mM HEPES-KOH
(pH 7.5), 10 mM NH4Cl, 10 mM MgOAc,
50 mM KCl, and 6 mM b-mercaptoethanol
at 4°C. The fractions containing the purified
70S ribosomes were pooled and concentrated.
70S concentration was determined by UV
absorbance using an extinction coefficient of
35 3 106 M�1cm�1 at 260 nm. To measure
its occupancy, a 32P-radiolabeled PKF was
used and subsequently quantified within the
purified 70S fractions by liquid scintillation
counting on a Wallac 1409 (Perkin-Elmer).
The rate of occupancy was determined by
dividing the amount of PKF by the total
amount of ribosomes in the assay. Protein
analysis was performed by SDS-PAGE anal-
ysis on the same fractions. Gels were stained
by using the PlusOne Silver Staining kit (GE
Healthcare) or subjected to SmpB immuno-
detection by Western blot. Detection was
performed by using chemiluminescence (GE
Healthcare). SmpB occupancy within the ri-
bosomal complexes was obtained by analyz-
ing 2 pmoles of the purified ribosome com-
plexes by Western blot, using anti-SmpB
antibodies. Signal intensities were calculated
by using ImageJ (Abramoff et al. 2004).

Cryo-EM and image processing
of the ribosomal complexes

The accommodated state complexes were
diluted to a final concentration of 80 nM.

Suspensions were applied to Lacey carbon grids. The excess of
solution was blotted, and the grids were flash-frozen in liquid eth-
ane, using the Vitrobot automat (FEI). This resulted in ribosomal

FIGURE 3. Fitting of the 30S subunit, A- and P-site tRNAs, and PKF–SmpB into the cryo-EM
map of the accommodated state. (A) Cryo-EM map of the 30S subunit (yellow), with the
densities corresponding to TLD–SmpB complex in red and tRNAfMet in purple. The fitted 30S
crystal structure from T. thermophilus with canonical tRNAs in A- and P-sites is shown in
ribbon inside the map (yellow, 30S subunit; red, A-site tRNA; blue, P-site tRNA). (B)
Superimposition of the acceptor arm from A-site tRNA with the one from the crystal structure
of the TLD–SmpB complex. (red, A-site tRNA; light green, TLD; black, SmpB). (C)
Substitution of the A-site tRNA by the TLD–SmpB atomic model in the cryo-EM map. The
coordinates for helix H2 (dark green) were satisfactorily docked into the unexplained region.
Landmarks on 30S subunit are: b, beak; dc, decoding center; sh, shoulder; sp, spur. For clarity,
50S subunit is not shown.

FIGURE 4. Movements of PKF during accommodation. (A) Cryo-EM map of the pre-
accommodated state. (B) Accommodated state. For clarity, density for the 50S subunit is
shown as semitransparent. (C) Superimposition of the PKF complex before (semitransparent
blue) and after (red) accommodation. The orientation is the same as in A and B.
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complexes embedded in a thin film of vitrified ice. Electron
micrographs were recorded under low-dose conditions at liquid
nitrogen temperature with a Tecnai Sphera LaB6 200-kV trans-
mission electron microscope. Images were collected at 50,0003

magnification with a defocus range of 1–1.8 mm. With the aim of
getting the maximal number of complex ribosomal particles and
three-dimensional reconstruction in the range of 15–20 Å reso-
lution, good micrographs were digitized on an Epson Perfection
V750 Pro with a step size of 10 mm. Single-molecule images were
selected semi-automatically from raw micrographs using the
BOXER subroutine of EMAN (Ludtke et al. 1999) and were
coarsened by a factor of 2, resulting in a pixel size corresponding
to 4 Å. The phase-contrast-transfer function was corrected by
phase flipping, and all image processing was done in the context of
the IMAGIC-V software system (van Heel et al. 1996). The first
iterations of image processing (multireference-alignment, multi-
variate-statistical-analysis, and structure refinement) allowed us to
discard ratcheted ribosomes and dissociated 30S and 50S subunits
and to compute a first three-dimensional map of the ribosomal
complex. As the resulting map displayed some heterogeneity, an

approach by local MSA (Klaholz et al. 2004; Penczek et al. 2006)
with three consecutive masks delimiting area of interest on the
ribosome (location of EF-Tu on the ribosome, 30S decoding site,
and 50S A-site) was developed to obtain three three-dimensional
structures corresponding to the preaccommodated state with PKF
and EF-Tu, stalled ribosomes with SmpB in the decoding site, and
the accommodated state without EF-Tu. The maps of the
preaccommodated state and stalled ribosome with a molecule of
SmpB were low-pass filtered to 20 Å. The estimated resolution,
using FSC (Fourier shell correlation) coefficient 0.5 (van Heel
et al. 2000), of the map of the accommodated state is 17.9 Å. The
visualization and the fitting of the cryo-EM densities with the
atomic models were performed using the program Chimera
(Pettersen et al. 2004).
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