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Abstract

Translocation of MRNA and tRNA through the ribosome is a crucial step in protein synthesis,
whose mechanism is not yet understood. The crystal structures of three Thermus
ribosome-tRNA-mRNA:-EF-G complexes trapped with GDPNP or fusidic acid reveal
conformational changes occurring during intermediate states of translocation, including large-
scale rotation of the 30S subunit head and body. In all complexes, the tRNA acceptor ends occupy
the 50S subunit E site, while their anticodon stem-loops move with the head of the 30S subunit to
positions between the P and E sites, forming chimeric intermediate states. Two universally
conserved bases of 16S rRNA that intercalate between bases of the mRNA may act as “pawls” of
a translocational ratchet. These findings provide new insights into the molecular mechanism of
ribosomal translocation.

Introduction

One of the most critical and complex steps of protein synthesis is the coupled translocation
of mMRNA and tRNAs through the ribosome, catalyzed by the GTPase elongation factor EF-
G. Although several of the main steps have been identified, the underlying molecular
mechanisms of translocation are poorly understood. Immediately following peptide bond
formation, the A (aminoacyl-tRNA) site is occupied by the newly extended peptidyl-tRNA
and the P (peptidyl-tRNA) site by a deacylated tRNA. In the first step of translocation, the
acceptor end of the deacylated tRNA moves into the 50S subunit E (exit) site, forming the P/
E hybrid state, and the acceptor end of the peptidyl-tRNA moves into the 50S P site,
forming the A/P hybrid state (1, 2). Hybrid-states formation can occur spontaneously and
reversibly invitro (1, 3, 4), and is correlated with intersubunit rotational movement (4-6).
Although this step can proceed in the absence of EF-G or GTP, the observation that EF-G
favors hybrid-states formation (5) suggests that it is catalyzed by EF-G in vivo.
Translocation is completed when the anticodon stem-loops (ASLs) of the tRNAs move from
the 30S A and P sites to the P and E sites, respectively, coupled to movement of their
associated mMRNA codons. The latter step is rate-limiting (7), and strongly dependent on EF-
G. There is increasing evidence that it is coupled to a rotational movement of the head of the
small subunit (8-11). Although several cryo-EM reconstructions of EF-G-ribosome
complexes have been determined (8, 12-14), until now only a single crystal structure has
been reported, for a post-translocation complex in which EF-G was trapped on the ribosome
with fusidic acid in the non-rotated state (15). Here, we describe crystal structures for three
ribosome complexes containing EF-G, mRNA and tRNA trapped in intermediate states in
which the 30S subunit head undergoes large-scale (15°-18°) intrasubunit rotations and the
30S body smaller (3°-5°) intersubunit rotations. Our findings provide insights into the
molecular mechanisms of EF-G-catalyzed translocation.
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Results

EF-G-Dependent Structural Changes in the Ribosome

Ribosomes from Thermus ther mophilus were co-crystallized with the 27-nucleotide mv27
mRNA, elongator tRNAMet and EF-G in the presence of GTP and the antibiotic fusidic acid,
which allows GTP hydrolysis but prevents release of EF-G (16), or with EF-G and GDPNP,
a non-hydrolyzable analogue of GTP. Crystals of the fusidic acid complex (Fus) diffracted
to 3.6A, and those of the two other complexes, GDPNP-I and GDPNP-I1, which crystallized
under slightly different conditions, to 3.5A and 4.1A, respectively (Table S1). The most
notable structural change is a large-scale counterclockwise rotation of the 30S head domain
by 15° (Fus and GDPNP-I) or 18° (GDPNP-II), relative to the classical-state ribosome (17),
around an axis roughly parallel to the long axis of the subunit (Fig. 1C-E). This is
accompanied by smaller 3° (Fus and GDPNP-I) or 5° (complex GDPNP-II)
counterclockwise rotations of the 30S body relative to the 50S subunit. These rotational
movements resemble those observed for an EF-G-ribosome cryo-EM reconstruction (8) and
for an RF3-ribosome crystal structure (18). Additional large-scale changes include a 14A
inward movement of the 50S subunit L1 stalk to contact the elbow of the tRNA (Fig. S1),
and a 12A inward movement of the L11 stalk to avoid clash with its contact site on domain
V of EF-G. Rotation of the 30S head results in 25-30A displacements of the contacts
forming intersubunit bridge Bla between 30S protein S13 and the A-site finger (helix H38
of 23S rRNA)), resulting in formation of a new bridge with protein S19, and an 11A upward
movement of H38 in the Fus and GDPNP-I complexes; in the GDPNP-II complex, this
increases to 14A because of greater rotation of the 30S head.

Trapping of tRNA in the Chimeric pe*/E Intermediate State of Translocation

Binding of EF-G to the ribosome with either GTP and fusidic acid or as a GDPNP complex,
under the conditions of complex formation and crystallization, results in movement of the
tRNA from its initial binding state in the classical P site (P/P state) into new binding states.
During rotation of the head of the 30S subunit, the P-site contacts between the ASL and the
head (19, 20) are maintained, while those between the ASL and the 30S body and platform
are disrupted. In the classical-state ribosome, a 14A constriction between nucleotides 790 in
the platform and 1340 in the head blocks movement of the ASL between the 30S P and E
sites (21). Rotation of the 30S head widens this gap to 22A in the Fus and GDPNP-I
complexes, and to 24A in GDPNP-II, allowing sufficient room for the ASL to move
between the P and E sites (Fig. 2). The ASL precisely follows the rotational movement of
the 30S subunit head, placing it midway between the positions of the classical P and E sites
(Fig. 2). The positions of the ASLs in the Fus and GDPNP-I complexes superimpose
closely, while the ASL in GDPNP-II is displaced further toward the E site. Interactions
between tRNA and the 50S subunit are similar to the E-site interactions observed for tRNA
bound in the classical E/E and hybrid P/E states (Fig. S1) (19, 20). Because the ASL is
simultaneously bound to P-site elements of the 30S head and to features that lie between the
P and E sites of the 30S body and platform, we refer to this new state as a chimeric pe*/E
hybrid state. Repositioning of the tRNA is promoted not only by structural changes in the
ribosome, but also by conformational changes in the tRNA itself. We imagine that the pe*/E
state represents an intermediate between the P/E and E/E states.

Aligning the structures of tRNAs bound in these three states on their ASLs (Fig. 3) shows
that the body of the E/E tRNA bends downward and sideways toward the P site, relative to
the P/E tRNA (Fig. 3A,D). The pe*/E tRNA closely matches the downward bend of the E/E
tRNA (Fig. 3C,F), but with a sideways bend half the magnitude of that of the E/E tRNA,
consistent with its intermediate state of translocation. The main position of flexing of the
tRNAs is localized to the junction between their D and anticodon stems at the non-canonical
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26-44 base pair, as has been seen for kinking of the A/T-state tRNA in the EF-Tu ternary
complex during tRNA selection (22, 23). These findings provide further evidence that tRNA
does not transit the ribosome as a rigid body during protein synthesis, but exhibits
considerable flexibility.

mMRNA Interactions

Well-resolved electron density allows fitting of 23 of the 27 nucleotides of the mv27 mRNA
in the GDPNP-1 and Fus complexes (Figs. 4, S3). The path of the mRNA and its contacts
with the 30S body and platform (which serve as static reference points for mMRNA
movement) in the GDPNP-I complex can be compared with those of a mMRNA from a
previously determined structure of a complex containing tRNAs bound in classical states
(Fig. 4)(17). In the classical-state complex, protein S11 contacts the mRNA upstream from
the E site at positions -6 and -7, (where position +1 is defined as the 5" nucleotide of the P-
site codon in the initially formed complex); in the EF-G Fus complex, the corresponding
contacts are made with positions —3 and —4, respectively, indicating a displacement of the
mRNA by 3 nucleotides, or one codon. Using another landmark, 16S nucleotide U1498
packs against riboses +1 and +2 of the mRNA in the classical complex; in the Fus and
GDPNP-I complexes, U1498 packs against ribose +4 and phosphate +5, corresponding
again to translocation of nearly 3 nucleotides, or one codon. However, calibration against
G926 gives a smaller displacement; in the classical complex, G926 H-bonds with phosphate
+1, whereas in the EF-G Fus complex, it interacts with phosphate +3. This net displacement
of the mRNA by about 2 nucleotides in the EF-G-GDP-fusidic acid complex extends through
the downstream region to position +11, while upstream of the P site, the mRNA translocates
by about 3 nucleotides, or one full codon. This difference may be due to flexibility in the
downstream part of the mRNA chain caused by the sparse downstream contacts resulting
from a vacant A site. Codon-anticodon base pairing is disrupted in the Fus and GDPNP-I
complexes; however, pairing with the first two codon bases is retained in the GDPNP-11
complex (Fig. S4).

An important question concerning the mechanics of translocation is how the translational
reading frame is maintained. Slippage of the reading frame will occur if the movement of
mMRNA and tRNAs are not precisely synchronized, resulting in translation of a stream of
incorrect codons and most likely, an out-of-frame termination codon that risks creating a
dominant, toxic product. Of potential relevance to this question is the intercalation of two
bases from 16S rRNA between bases at two positions of the mMRNA (Figs. 4, S5). In the Fus
and GDPNP-1 complexes, C1397 stacks on A+10 (Fig. 4), partially intercalating between
bases +9 and +10; it is not clear whether this interaction occurs in the GDPNP-1I complex,
because of disorder in this region of its mMRNA. Intercalation of C1397 was also observed in
a termination complex formed with release factor RF2 (24). Previously unreported is the
intercalation of A1503 between positions -1 and -2 (Fig. 4), which is observed in all three
complexes. These interactions would block mMRNA movement in either the forward or
reverse direction. We propose that they act as “pawls” of a translocational ratchet to prevent
reversal of the movement of the mMRNA chain during translocation. In the classical-state
complex (17), where both the extended structure of the mRNA and bases 1397 and 1503 are
well resolved, both bases are retracted from their intercalated conformations, a state that
would permit mMRNA movement; in the state observed for our EF-G-containing complexes,
their intercalation would lock the register of the mMRNA, preventing slippage of the
translational reading frame. At some point prior to the next round of translocation, the bases
would need to retract from their intercalated state to allow mRNA movement. The universal
conservation of bases 1397 and 1503, from bacteria to archaea to eukarya, is consistent with
such a critical role. Both bases project from the tips of conserved, compact, tertiary hairpin-
like structures that seem optimized to facilitate intercalation (Fig. 4C,D). Moreover, the two
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hairpins are connected by a conserved, tertiary Watson-Crick base pair between C1399 and
G1504, suggesting that their movements could be coordinated during translocation.

Structuring of Switch Loop | of EF-G

EF-G is bound in the subunit interface of the ribosome, where its domain | binds to the
sarcin-ricin loop (SRL) (Fig. S8) and protein L6 of the 50S subunit, domains 11 and 111 with
16S rRNA helices h5 and h15 and protein S12 in the 30S subunit, domain 1V with the
MRNA and helix h34 in the 30S subunit and domain V to the L11 stalk of the 50S subunit.
In all previous structures of EF-G, the switch loop I region (25), was disordered. This
functionally important feature of EF-G (residues 40-67 in T. thermophilus EF-G) is now
well resolved in the GDPNP-1 complex, revealing its contacts with other regions of EF-G,
with the ribosome and with GDPNP (Fig. 6). Structuring of the conserved core of switch
loop I (positions 59-67 in T. thermophilus EF-G) completes the cage that encloses GDPNP
and fixes its position with a network of H-bonded and Van der Waals interactions (Fig. 6B).
Arg61 in switch loop I interacts with the phosphate of G2663 in the SRL, while Thr64
contacts the - and y-phosphates of GDPNP via a coordinated magnesium ion. The NKXD
motif (residues 137-140) interacts with the guanosine end and the phosphate binding loop
(residues 20-27) wraps around the triphosphate end of the nucleotide cofactor (Fig. 6B). The
position of the conserved His87 in the switch loop 11 does not allow it to act as a general
base as in a previously proposed universal mechanism for the GTPase reaction (26)(Fig. S9).
Structuring of switch loop | appears to fix the relative geometry of domains I, 1l and V
through contacts with domain 111. Comparison with the crystal structure of EF-G-GDP in its
free form (27), whose switch loop | is unstructured, shows rearrangement of domains Il and
V relative to domain | (Fig. 6E,F). In the GDP form, contacts between domain 111 and the
30S subunit and domain V and the L11 stalk are disrupted, likely causing release of EF-G
from the ribosome. The position of fusidic acid in the Fus complex overlaps that of residues
63-66 in the conserved core of switch loop I, mimicking the stabilizing contacts between
domains | and 111 made by the structured switch loop (Fig. 6C,D). This finding explains how
fusidic acid stabilizes a conformation virtually identical to that of the GDPNP-I complex,
allowing EF-G to bind stably to the ribosome in the presence of GDP.

Comparison of the folds of the crystal structures of the four different translational G proteins
in which switch loop I is ordered shows that while the conserved core of switch loop |
(residues 59-67) is positioned similarly in all four cases, the folds of the N-terminal of the
switch loop (residues 40-58) diverge into two classes (Fig. S10). In one class, which
includes EF-G and EF-Tu (26), the N-terminal region of the loop continues in the direction
of the al helix, then loops back toward the beta-phosphate of GDPNP where it joins the
conserved core. The other class comprises EF-G-2 (28) and RF3 (18), in which the loop runs
parallel to the al helix and then forms a complex fold that packs against GDPNP before
joining the conserved core. The crystal structure of free EF-G-2-GTP was fitted to the
electron density for EF-G from a cryo-EM reconstruction of an EF-G-ribosome complex
(28). However, the resulting interdomain geometry for EF-G-2 differs from that of the EF-G
structures, particularly for domain I11, which is shifted by as much as 9A relative to that seen
in GDPNP-I. Details of the interactions between the C-terminal domain (CTD) of protein
L12 and the G’ domain of EF-G, which are believed to be important for recruiting EF-G to
the ribosome and for stimulating GTP hydrolysis (29, 30) can be visualized in both the Fus
and GDPNP-1 complexes (Figs. 5A-B, S6). These involve residues A67, K71, T82, K87 and
K90 of the CTD with K215, E218, D222, Y231 and V232 of the G’ domain, the majority of
which are universally conserved.
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Interdomain Movement in EF-G

Comparison of the different structures of EF-G in its ribosome-bound state shows that the
largest conformational changes occur in domains 111 and 1V, between the EF-G-post
complex (15) and the Fus and GDPNP-I complexes. Domain IV moves upward toward the
head of the 30S subunit by ~6A and domain 111 by ~3A (Figs. 5C, S7) (Fig. 1G). At the tip
of domain 1V, the loop containing the conserved Gly502 moves by ~5A between the post
and GDPNP-1 and Fus structures, as its contact with the mRNA backbone switches from
position +2 to +4 (Fig. 1F,G). Although the largest displacement of domain 1V in the
ribosome is seen in the GDPNP-II complex, this is a mainly a result of the overall rotational
movement of EF-G relative to the ribosome, rather than internal movement of the EF-G
molecule. In the GDPNP-11 complex, 23S rRNA features that contact EF-G, including the
SRL, the L11 stalk and H89, move by 2—-4 A in concert with movement of EF-G, which
follows the increased intersubunit rotation of the 30S subunit; on the 30S side, this results in
disruption of contacts between domain 111 of EF-G and protein S12. Rotation of the 30S
subunit head and body in the GDPNP-I1 complex brings the tip of domain IV into contact
with helix 34 of 16S rRNA in the GDPNP-11 complex, as observed previously by cryo-EM
(8), where the backbone oxygens of VVal530 and the universally conserved Gly531 form H-
bonds with phosphate 1210 and ribose 1209 of 16S rRNA, respectively (Fig. 1H). This
interaction appears to participate in fixing the position of the head of the 30S subunit in the
rotational state observed for the GDPNP-1I complex.

Discussion

In the absence of continuous rotary motion (31) (which is unlikely for an asymmetric
structure like the ribosome), translocation of MRNA and tRNA through the ribosome must
be based on some kind of ratchet mechanism, as was realized many decades ago (32).
Intersubunit rotational movement, which is coupled to hybrid-states formation, has been
termed “ratcheting” (4, 6, 12, 33-35); however, ribosomes containing bound tRNAs have
been observed to undergo spontaneous, reversible, back-and-forth intersubunit rotation in
the absence of EF-G or GTP (3), unlike the behavior of a true ratchet. Moreover, the step of
translocation that is critically dependent on catalysis by EF-G is the movement of mMRNA,
coupled to that of the tRNA ASLs, on the 30S subunit (1, 7). In a cryo-EM reconstruction of
fusidic acid-trapped EF-G complexes, Spahn and co-workers recently resolved a previously
unobserved sub-population of particles in which rotation of the 30S subunit head was
accompanied by movement of the ASL of a P-site tRNA into a novel intermediate state (8).
Because the tRNA maintained contact with the P site on the 30S head and simultaneously
established interaction with the E site on the 30S platform, they termed this the ‘pe/E’
hybrid state. In our crystal structures, head rotation in the three different trapped EF-G
complexes results in movement of the ASLs to positions midway between the 30S P and E
sites (Fig. 2); accordingly, we term these states chimeric pe*/E hybrid states. Close
comparison with the cryo-EM structure (8) shows that the ASL in their pe/E state is
positioned 5A further toward the E site from the pe*/E ASL in the GDPNP-I and Fus
structures, and 2.7A further in the GDPNP-II structure. The pe/E and pe*/E states appear to
represent intermediate states between the hybrid P/E and classical E/E states, near the
completion of the EF-G-catalyzed translocation of a P-site tRNA. The larger body rotations
observed for some ribosome complexes (6, 18, 36), together with the large head rotation
observed in the GDPNP-II complex, may be sufficient to complete the movement of tRNA
fully into the eventual E/E state, as predicted from the rotational values observed for a
ribosome-RF3 complex (18). Finally, our structures suggest that C1397 and A1503 act as
molecular pawls to fix the position of the mRNA ratchet; we do not know if there are
separate pawls to prevent back-slippage of tRNA during reverse rotation of the 30S head, or
indeed, whether the movements of mRNA and tRNA are coupled simply through their
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codon-anticodon interactions, or instead are translocated by separate structural features of
the translation apparatus, albeit in a coordinated fashion.

Construction of Thermus thermophilus strain HB27_L9d

The L9-protein-coding region plus an additional 1000 nucleotides upstream and 2200
nucleotides downstream was PCR-amplified from Thermus thermophilus HB27 genomic
DNA with primers
5TTGAATTCTAGACGCCATTTTGGACCTGACCCTCGCCGGTCAGG and
STTTCCATTTAAGCTTGGCTTCGCAACATGGGAGACCCTGGCTAGCCC, which add
Xba 1 and Hind 11 sites to facilitate cloning. Site-directed mutagenesis (37) with oligo
5GGAGGGGCCTAAGGGGTTTGCCCCTGCAGCGTTCACCCCCTACTTCCGCACC
was used to delete the entire L9-protein-coding region and replace it with a Pst 1 restriction
site, generating plasmid pL9d. The KAT cassette (coding for thermostable kanamycin
adenyl transferase downstream of a Thermus thermophilus promoter) was cut from plasmid
pKT1 (38) and ligated into the Pst 1 site of pL9d, to generate plasmid pL9d_KAT. For
unknown reasons, pL9d_KAT made E. coli (DH5alpha) cells very sick, and plasmid
prepped from the transformed E. coli strain contained a mixture of pL9d and pL9d_KAT.
HB27 cells were transformed with pL9d/pL9d_KAT as described (38), plated on ATCC 697
medium plus 20 ug/ml kanamycin, and grown at 70°C for 24 hours. Kanamycin-resistant
colonies were screened for deletion of L9 by PCR, using primers that flank the L9-coding
region. Surprisingly, we did not detect colonies that contain the KAT-protein-coding
sequence inserted into the genome at the L9 position, but instead obtained “clean deletions”
of L9 in which the genomic copy of L9 was replaced with a Pst 1 restriction site. The
resulting HB27 L9 deletion strain was only transiently kanamycin resistant, and we suspect
it arose from double-transformation with pL9d and pL9d_KAT.

Purification of Thermus thermophilus EF-G

Thermus thermophilus EF-G, cloned into pET24b (Novagen), was expressed in E. coli strain
BLR(DES3) by induction with IPTG (1 mM final concentration). Cells were lysed in 25 mM
Tris-Cl (pH 7.5), 60 mM NH4CI, 10 mM MgC2, and 5 mM BME, and ribosomes were
removed (pelleted) by centrifugation in a Ti70 (Beckman) rotor at 55,000 rpm for 2 hours at
4°C. The supernatant was heated at 65°C for 20 minutes to denature E. coli proteins, which
were removed (pelleted) by centrifugation in a JA20 rotor at 30,000 x g for 20 minutes at
4°C. EFG was purified by FPLC chromatography using a 6 ml Resource-Q anion-exchange
column (Pharmacia) and eluted with a 200 ml salt gradient from 60 to 300 mM KCl in
buffer A [25 mM Tris-Cl (pH 7.5), 60 mM NH4CI, 5 mM BME]. EFG-containing fractions
were concentrated to less than 0.4 ml using an Amicon Ultra 15 concentrator (Millipore;
10,000 molecular weight cutoff), before additional purification on a 24 ml Superdex 75 gel-
filtration column (Pharmacia) preequilibrated in buffer A. Aliquots were flash-frozen in
liquid nitrogen and stored at —80°C.

Ribosome preparation

Ribosomes were prepared from Thermus thermophilus strain HB27_L9d. Cells were
resuspended in buffer B [25 mM Tris-Cl (pH 7.5), 100 mM NH4CI, 52.5 mM MgCls, 2.5
mM EDTA, and 5 mM BME], lysed, and pelleted through cushions containing 1.1 M sucrose
and buffer B supplemented with NH4CI to 1M. Ribosomes were purified over a Toyopearl
Butyl-650S column, and eluted with a gradient of 0.7 M to 0.2 M AS. To remove
endogenous tRNA, ribosomes were dissociated into subunits by dialysis against buffer C [55
mM Tris-Cl (pH 7.5), 100 mM NH4CI, 1 mM MgCl,, and 5 mM BME], then pelleted
through cushions containing 25% sucrose in buffer C. The pellets were resuspended in
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buffer D [20 mM KHepes (pH 7.5), 100 mM NH4Cl, 10 mM MgCly, 1 mM spermine, and 5
mM BME] and ribosomes were re-associated by heating at 65°C for 5 minutes before
loading onto gradients containing 10-35% sucrose in buffer D. The 70S ribosome peak was
collected and the ribosomes were pelleted, resuspended in buffer D, flash-frozen in liquid
nitrogen and stored at -80°C.

Complex formation

400 pmol ribosomes, 800 pmol tRNA-Met (MP Biomedicals), and 1000 pmol mRNA mv27
(GGCAAGGAGGUAAAAAUGGUAAAAAAA; IDT) were incubated at 37°C for 30
minutes in 10 mM KHepes (pH 7.5), 100 mM NH4CI, 5 mM MgCl,, and 1 mM spermine.
3000 pmol of EF-G pre-incubated for 30 minutes at 37°C with either GTP plus fusidic acid,
or GDPNP, in 10 mM KHepes (pH 7.5) and 100 mM NH4CI, were added to the ribosome-
tRNA complex, and incubated at 37°C for 15 minutes. The final conditions were 10 mM
KHepes (pH 7.5), 100 mM NH4CI, 1-1.5 mM MgCl, (GDPNP-I and Fus complexes) or 0.5
mM MgCl, (GDPNP-1I complex), 0.5-0.8 mM spermine, 2 mM DTT, 0.25 mM fusidic acid
and 0.5 mM GTP, or 1 mM GDPNP in a total volume of 100 pl. In complexes containing
viomycin, it was added to a final concentration of 0.5-1 mM. Deoxy Big Chap (Hampton)
was added to 0.5 mM right before crystallization.

Crystallization

Both the EF-G-GDPNP ribosome-mRNA-tRNA and EFG-GDP-fusidic
acid-ribosome-mRNA-tRNA complexes were grown via vapor diffusion in 96-well plates by
adding 1-2 pL of reservoir solution [100 mM Tris (pH 7.0), 200 mM KSCN, 2.9%
PEG20K, 2.8% PPG P400, 5.1% PEG550MME), to 1-2 pL of sample. Viomycin-containing
complexes were crystallized under the same conditions. After 10 days at 22°C, crystals grew
to dimensions of up to 1000x600x60 pM. After slowly adding PEG 400 to a final
concentration of 25% (v/v) for the GDPNP-I and Fus complexes or 20% for the GDPNP-II
complex, the crystals were harvested and flash-frozen in liquid nitrogen.

Crystal screening and data collection

Crystals were screened at beamline 12-2 at the Stanford Synchrotron Radiation Laboratory
(SSRL) and at beamline 12-3-1 at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory. Data were collected at beamline 12-3-1 at the ALS, and at beamline
23ID-D at the Advanced Photon Source at Argonne National Laboratory using 0.3°
oscillations. Diffraction data were indexed and integrated in XDS (39) and scaled in SCALA
(40).

Molecular replacement, model building and structure refinement

The 50S and 30S models from previously published structures (24) were used as initial
search models for molecular replacement using the program Phaser (41). Two 70S
ribosomes were found per asymmetric unit in space group C2. Clear density was visible in
unbiased F,—F. difference electron density maps for EF-G, mRNA and tRNA in all of the
above complexes. Four-rigid-body refinements were performed initially in Phenix (42), and
the refined models were subjected to 600-rigid-body refinement and TLS group, B group
and B individual minimization refinements in Phenix and in CNS (43).

Models for tRNA, mRNA, EF-G domain 1V and switch loop, GDPNP, GDP and fusidic acid
were initially built manually in O (44) or Coot (45) against simulated-annealing Fo-F omit
maps calculated in Phenix. The C-terminal domain of L12 was built manually based on a
previous poly(Ala) model (15).

Science. Author manuscript; available in PMC 2014 April 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al. Page 8

Inclusion of viomycin improved the resolution of EF-G complex crystals as found
previously for crystals of RF3-ribosome complexes (18). Statistics for the fusidic acid
complex crystallized in the absence of viomycin are presented in Table S1 for comparison.
Structures of viomycin-free complexes were also solved at 4.1A and 4.3A, respectively, for
the GDPNP-I1 and GDPNP-II complexes (data not shown); the sole structural differences
detected between viomyin-containing or viomycin-free structures are that16S rRNA bases
A1492 and A1493 and 23S rRNA base A1913 are flipped out in the viomycin complexes
while retaining their original positions in the viomycin-free complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of trapped 70S ribosome-EF-G complexes

(A,B) Overall views of the (A) non-rotated 70S-EF-G-post complex (15) and (B) Fus
70S-EF-G complex with tRNA bound in the pe*/E state. (C-E) Interface views showing 30S
subunit body and head rotation in the (C) EF-G-post state (15); (D) GDPNP-I and Fus
complex; and (E) GDPNP-11 complex. (F-H) Close-up views of EF-G domain IV
interactions with the 30S subunit head in the (F) EF-G-post complex (15); (G) GDPNP-I and
Fus complex; and (H) GDPNP-II complex. 16S rRNA, cyan; 30S proteins, blue; 23S rRNA,
grey; 50S proteins, magenta; mRNA, green; P/P tRNA, red; E/E tRNA, yellow; pe*/E
tRNA, red; EF-G, orange.
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Fig. 2. Movement of tRNA from the P/P to the pe*/E state

(A) Electron density map (2F4-F¢) contoured at 1.50 for pe*/E tRNA from the Fus complex.
(B) Superimposition of tRNA positions for the P/P (blue), E/E (grey) and pe*/E states from
the Fus, (red); and GDPNP-II (pink) complexes, aligned on the 23S rRNAs from each
complex. The pe*/E tRNAs move from the P site to positions midway between the P and E
sites. (C) Positions of the ASLs of tRNA in the Fus (red) and GDPNP-II (pink) pe*/E states
compared with those of the classical P/P (blue) and E/E (grey) (17) and hybrid-state P/E
(yellow)(6) tRNAs, aligned on the 30S subunit body. (D) Interactions of (left) a P/P
classical-state ASL (17) and (right) the pe*/E ASL from the 70S:EF-G Fus complex with the
30S subunit. The 15° rotation of the 30S subunit head in the EF-G opens the constriction
blocking passage of the tRNA from the P site to the E site from 14A to 22 A, allowing
translocation. (E) Side views of the complexes shown in (D). Rotation of the head moves the
tRNA ASL away from its contacts with C1400 and A790 in the body and platform as it
translocates into the pe*/E state.
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Fig. 3. Flexing of tRNA during translocation

Comparison of the conformations of tRNA in the (A,D) hybrid P/E and classical E/E states;
(B,E) chimeric pe*/E and P/E states; (C,F) pe*/E and E/E states, aligned on their respective
ASLs. The main site of flexing is localized to the non-canonical base pair at positions 26—
42, between the D and anticodon stems. The P/E and E/E structures are from (6, 15).
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Fig. 4. Interactions of MRNA with the 30S subunit

(A) mRNA bound to a classical-state 70S ribosome (17). (B) mRNA bound to the Fus
complex with EF-G and pe*/E tRNA. The positions of proteins S3, S11 and S18 are shown
as blue transparent molecular surfaces; also shown are the positions of EF-G; the anticodon
stem-loops of EF-G, P-tRNA, E-tRNA and pe*/E tRNA; the Shine-Dalgarno helix (S/D).
Elements of 16S rRNA are shown in cyan. The A-, P- and E-site codons for the mRNAs
during complex formation are shown in yellow, orange and red, respectively. The mRNAs
are numbered with +1 corresponding to the 5" nucleotide of the P-site codon. (C,D) The
conformations of the tertiary hairpin-like structures containing the intercalating bases C1397
and A1503 (shown in red) in (C) the classical-state ribosome and (D) the 70S-EF-G Fus
complex. The structures of these features in the GDPNP | and Il complexes are similar to
those of the Fus complex. The universally conserved C1399-G1504 base pair is shown in
dark blue.
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Fig. 5. EF-G interactions and dynamics

(A) Overall view of the position of EF-G on the 50S subunit. (B) Detailed view of the
contact surface between the G’-domain of EF-G and the C-terminal domain (CTD) of one of
the four copies of protein L12. 23S rRNA (grey), 50S proteins (magenta), EF-G (orange),
L12 CTD (magenta in A, blue in B). (C) Superimposition of EF-G from the fusidic acid post
complex (grey) (15) with EF-G from the GDPNP-I complex (orange) by alignment on their
domains | shows rearrangements in the orientation of domains 111 and IV. (D) Alignment of
the same two EF-G structures in panel C on their respective domains IV shows local
rearrangement of the loop containing the conserved Gly502-Gly503 residues (cf. Fig. 1F-
H).
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Fig. 6. Structuring of switch loop |

(A) EF-G GDPNP-I showing the path of switch loop | (residues 40-67) which was
disordered in all previous EF-G structures. The conserved core (residues 59-67) is shown in
blue, and the rest of the switch loop | (residues 40-58) in magenta. (B) Structure of the
GDPNP binding pocket, showing interactions with switch loop I (light blue), the guanosine
recognition motif (cyan) and P loop (orange). A magnesium ion coordinating the 3 and y
phosphates of GDPNP is shown as a green sphere. (C) The switch I region in the GDPNP-I
complex and (D) The fusidic acid binding site in the Fus complex, in the same view as for
(C). In (C) and (D), showing the conserved core of switch loop I (blue) and the rest of
switch loop | (magenta), guanosine recognition motif (cyan), phosphate binding loop
(orange) and switch loop 2 (green) and domain 111 contacts (yellow); the components are
shown with transparent molecular surface representations. (E) EF-G from the GDPNP-I
structure containing a structured switch loop I (blue, magenta) compared with (F) the
structure of free EFG-GDP containing a disordered switch loop | (27) showing movement of
domains Il (yellow), IV and V (cyan).

Science. Author manuscript; available in PMC 2014 April 09.



