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After four decades of research aimed at understanding tRNA selec-
tion on the ribosome, the mechanism bywhich ribosomal ambiguity
(ram) mutations promote miscoding remains unclear. Here, we pres-
ent two X-ray crystal structures of the Thermus thermophilus 70S
ribosome containing 16S rRNA ram mutations, G347U and G299A.
Each of these mutations causes miscoding in vivo and stimulates
elongation factor thermo unstable (EF-Tu)-dependent GTP hydrolysis
in vitro. Mutation G299A is located near the interface of ribosomal
proteins S4 and S5on the solvent sideof the subunit,whereas G347U
is located 77 Å distant, at intersubunit bridge B8, close to where
EF-Tu engages the ribosome. Despite these disparate locations, both
mutations induce almost identical structural rearrangements that
disrupt the B8 bridge—namely, the interaction of h8/h14 with L14
and L19. This conformation most closely resembles that seen upon
EF-Tu·GTP·aminoacyl-tRNA binding to the 70S ribosome. These data
provide evidence that disruption and/or distortion of B8 is an impor-
tant aspect of GTPase activation. We propose that, by destabilizing
B8, G299A and G347U reduce the energetic cost of attaining the
GTPase-activated state and thereby decrease the stringency of
decoding. This previously unappreciated role for B8 in controlling
the decoding process may hold relevance for many other ribosomal
mutations known to influence translational fidelity.

The molecular mechanisms controlling the fidelity of DNA
replication, transcription, and translation have been areas of

intense interest since the discovery of the genetic code. Ther-
modynamic differences between standard Watson–Crick and al-
ternative (e.g., wobble) base pairs in solution are insufficient to
explain the high fidelity for any of the three polymerase reactions
of the central dogma (1), indicating an active role for the enzymes
in substrate selectivity (1–3). Mechanistic studies of polymerases
have revealed some common themes, such as the specific recog-
nition of Watson–Crick base pair geometry, larger forward rate
constants for correct substrates (induced fit), separate opportu-
nities for incorrect substrate rejection (kinetic proofreading), and
postincorporation correction mechanisms (1–5).
During translation, the ribosome must select aminoacyl-tRNA

(aa-tRNA) substrates based on the mRNA sequence. Extensive
biochemical studies have shed light on the kinetics of this
decoding process (reviewed in ref. 6). The aa-tRNA is delivered to
the ribosome as part of a ternary complex (TC) with elongation
factor thermo unstable (EF-Tu) and GTP. Initial binding of TC,
mediated primarily by L7/L12 of the 50S subunit, is followed by
the sampling of codon–anticodon interactions in the 30S A site.
Codon–anticodon pairing leads to GTPase activation and GTP
hydrolysis, which allows release of the acceptor end of aa-tRNA
from EF-Tu. The aa-tRNA then either moves completely into the
ribosomal A site (a step termed accommodation), where it can
participate in peptide bond formation, or is rejected and released
into solution (7, 8).
For each decoding event, the ribosome selects cognate aa-

tRNA from a large pool of non- and near-cognate aa-tRNAs
with high speed (>20 s−1) and fidelity (error rate ∼10−4) (1).
High fidelity can be explained in part by a kinetic proofreading

mechanism, in which differences in substrate binding affinity are
exploited twice to increase the overall level of discrimination (7–9).
Basically, the functionally irreversible GTP hydrolysis step of the
pathway provides a second independent opportunity for rejection
of near-cognate aa-tRNA. It is clear, however, that kinetic proof-
reading is not maximally exploited for fidelity (6, 10). Instead, the
ribosome additionally employs an induced-fit mechanism to ach-
ieve both high speed and fidelity in decoding. Indicative of this
mechanism is that cognate codon recognition increases the for-
ward rate constants for GTPase activation/GTP hydrolysis and
accommodation (11–14), which allows rapid incorporation of
cognate aa-tRNA specifically, effectively obviating the need for
substrate binding equilibria to be approached.
An important question is how cognate codon recognition stim-

ulates GTPase activation by EF-Tu. Cognate codon–anticodon
pairing results in docking of A-site rRNA nucleotides A1492,
A1493, and G530 into the minor groove of the first two base pairs
of the codon–anticodon helix (13). Presumably, these changes in
the decoding center are transmitted via conformational signaling
∼80 Å to the GTPase domain of EF-Tu, although the molecular
basis of such signaling remains unclear. One potential conduit for
signaling is the tRNA itself, which is known to adopt a distorted or
bent conformation in theGTPase-activated state (15, 16). Another
possibility is that conformational signaling occurs through the 30S
subunit. Crystallographic studies of the 30S subunit suggest that
cognate A-site codon recognition is accompanied by a global
conformational change in the subunit termed domain closure (13).
Domain closure involves an inward rotation of the 30S shoulder
domain, which may facilitate productive engagement of the TC
and GTPase activation (5).
Most chromosomal mutations affecting the fidelity of decoding

have mapped to ribosomal protein genes rather than rRNA genes,
presumably because the latter typically exist in multiple copies.
Recently, a specialized ribosome system was used to isolate a
number of 16S rRNAmutations that increase miscoding (referred
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to as ribosomal ambiguity, or ram mutations) (17). Many of
these ram mutations clustered along interfaces between the 30S
shoulder domain and other portions of the ribosome, generally
consistent with a role for shoulder movement in aa-tRNA selec-
tion. Nearly half the mutations mapped to helices 8 (h8) and 14
(h14), which interact with each other and with the 50S subunit
proteins L14 and L19, forming intersubunit bridge B8. Ribosomes
with truncation of either h8 or h14 retain activity but are error-
prone and exhibit elevated rates of EF-Tu–dependent GTP hy-
drolysis (17). These data indicate that B8 acts in some way to
negatively regulate GTP hydrolysis by EF-Tu.
Another cluster of 16S rammutations mapped to h12 (17), close

to the interface of ribosomal proteins S4 and S5. In earlier studies,
numerous mutations affecting decoding fidelity were mapped to
the S4/S5 interface (18–20). These mutations were isolated based
on their ability to suppress certain S12 mutations, which confer
streptomycin dependence and hyperaccurate decoding. Unlike S5,
S4 is part of the shoulder domain, and hence domain closure
results in slight separation of these two proteins. It has been pro-
posed that the S4/S5 mutations destabilize the open state of the
30S subunit and thereby influence decoding fidelity (5). However,
several of these S4 suppressor mutations have been found to
confer a restrictive (hyperaccurate) phenotype rather than the
expected ram phenotype (21). Moreover, analysis of S4/S5 muta-
tions in a yeast two-hybrid system showed no correlation between
S4/S5 interaction and decoding fidelity (22). These observations
cannot be easily reconciled with the domain closure model and
hint that another mechanism may be at play.
Here, we present two X-ray crystal structures of the Thermus

thermophilus 70S ribosome, containing ram mutations G299A or
G347U. Thesemutations lie 77Å apart, in h12 and h14, respectively
(Fig. 1). Despite this, both structures show similar rearrangements
of the B8 bridge that mimic rearrangements resulting from TC
binding (16, 23). These data provide evidence that GTPase activa-
tion involves B8 disruption and reveal long-distance conformational
signaling across the 30S.

Results
Mutations G299A and G347U Promote Activation of EF-Tu. It was
shown previously that mutations predicted to disrupt the in-
teraction between h8 and h14 cause defects in the initial selection
phase of decoding (17). These mutations (e.g., G347U and trun-

cations of either h8 or h14) stimulate EF-Tu–dependent GTP
hydrolysis, particularly in the near-cognate case. To test whether
G299A similarly affects initial selection, control and G299A ribo-
somes were purified and used to assemble 70S initiation complexes
programmed with either a cognate 5′-UUU-3′ or a near-cognate 5′-
CUU-3′ codon in theA site (Materials andMethods). Each complex
(at various concentrations ≥0.5 μM) was rapidly mixed with EF-
Tu·[γ-32P]·GTP·Phe-tRNAPhe (<0.3 μM), and the rate of GTP
hydrolysis wasmeasured. Apparent rates were plotted as a function
of ribosome concentration, and the data were fit to a hyperbolic
function to obtain the maximal rate (kGTPmax) and the concentra-
tion at which half-maximal rate is observed (K1/2; Table 1; Fig. S1).
In the cognate case, the G299A mutation increased kGTPmax and
K1/2 by ∼twofold, whereas in the near-cognate case, G299A in-
creased kGTPmax by ninefold with little or no effect on K1/2. These
effects of G299A are similar to those seen for G347U, h8Δ3, and
h14Δ2 (17). Previous studies of EF-Tu–dependent GTP hydrolysis
by Rodnina and coworkers (11, 12, 24) have demonstrated that
a conformational change attributed to GTPase activation is rate-
limiting in the near-cognate case and partially rate-limiting in the
cognate case. Hence, each of these 16S rammutations acts, at least
in part, by accelerating the GTPase activation step (17). Indeed, in
the framework of the Rodnina model, an increase of the forward
rate constant for GTPase activation of the same magnitude in both
the cognate and near-cognate cases would be sufficient to reduce
the selectivity of the reaction, as we observe.

Crystallization and Structural Analysis of T. thermophilus G299A and
G347U Ribosomes. To understand the structural basis of the effects
of ram mutations G299A and G347U, T. thermophilus strains
containing homogeneous populations of mutant ribosomes were
genetically engineered. T. thermophilus ribosomes were used be-
cause of their ability to produce crystals that are amenable forX-ray
structure determination (25). One of the two 16S rRNA genes
(rrsB) was first replaced with the mutant allele, and then the other
(rrsA) was replaced with the null allele ΔrrsA::htk1, marked with
the high-temperature kanamycin resistance 1 gene (26). In both
Escherichia coli (strain Δ7 prrn) and T. thermophilus, G299A con-
ferred a larger growth defect thanG347U.MutationG299A slowed
the growth of E. coli by 40% and T. thermophilus by 37%, whereas
G347U slowed the growth of E. coli by 6% and T. thermophilus by
7% (Table S1).
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From theseT. thermophilus strains, 70S ribosomes carrying either
the G299A or G347U mutation were purified, pretranslocation
complexes were formed with P-site tRNAfMet and A-site tRNAPhe,
and these complexes were crystallized using established conditions
(25). The structures were solved using molecular replacement with
the most complete available model of the 70S ribosome (27). The

70S G299A and G347U structures were refined at 3.5 and 3.9 Å
resolution, respectively (Materials and Methods; Table S2).
In both structures, P-site tRNAfMet, A-site ASLPhe, and mRNA

were clearly visible in the original, unbiased difference Fo–Fc
density. Regions that had noticeably shifted compared with the
start model and required rebuilding included h8 and h14 (Fig.
S2) and h12 for the G299A structure only (Fig. S3). The codon–
anticodon interactions in the A and P sites, the placement of the
tRNAs in the E, P, and A sites, and the mRNA path all look
identical to those of the wild-type 70S structure (27).

G347U Directly Alters h14, Thereby Disrupting Bridge B8. The 16S
rRNA nucleotide G347 is located in h14, which, together with h8,
contacts L14 and L19 of the large subunit to form intersubunit
bridge B8 (Figs. 1 and 2A) (28). The G347Umutation is 87 Å from
where tRNA initially engages the ribosome at the 30SA site, and is
one of several rammutations that cluster to the B8 region (17, 29).
G347 is normally involved in a base triple interaction with C342
of h14 and A160 of h8 (Fig. 3A), forming a Watson–Crick and
Hoogsteen interaction, respectively (30). Our structure reveals
that the G347U mutation disrupts this base triple, resulting in
a widening of the entire h14 (Fig. 3B). This widening also causes
movement away from the large ribosomal subunit, thereby pre-
venting interactions that form B8 (Fig. 2B). From original, un-
biased Fo–Fc difference density, the entire phosphate backbone of
h14 moves away from the large subunit between 2 Å and 6 Å (Fig.
S2). In wild-type 70S structures, interactions are observed between
the E36 side chain of L19 and the phosphate oxygens of 16S rRNA
h14 nucleotides 345 and 346 via a Mg2+ ion; the K35 side chain of
L19 and the phosphate oxygen of 16S rRNA nucleotide 346; and
the main chain of residues V116/A118 of L14 and the phosphate
oxygen of nucleotide 347 via a Mg2+ ion (Fig. 2A). The movement
of the 16S rRNA h14 backbone away from the 50S subunit results
in distances that are too large to maintain this hydrogen bonding
network with L14 and L19. Not all of the side chains of L14 and
L19 were interpretable, and therefore these residues were kept
modeled as in the wild-type 70S structure. Only one specific B8
interaction remains between theR97 side chain of L14 and the 16S
rRNA backbone phosphate oxygen of C339.

G299A Indirectly Alters h14, also Disrupting Bridge B8. The 16S
rRNA G299A mutation is located in h12, near previously identi-
fied rammutations at the interface of ribosomal proteins S4 and S5
(18, 19) (Fig. 1; Fig. S3A). G299 normally interacts with the con-
served 16S rRNA 560 loop, which contains several sharp backbone
turns and links the 5′ and central domains of 16S rRNA (Fig. S3B).
TheWatson–Crick face of G299Amakes hydrogen bonds with the
Hoogsteen face of G566 and coordinates a Mg2+ ion with G558,
appearing to stabilize the 560 loop (Fig. S3B) (25). The G299A
mutation results in a loss of coordination to the Mg2+ ion, pre-
sumably due to the predicted electrostatic repulsion between the
N6 of adenosine and the metal (17). In addition to the loss of the
Mg2+ ion, the mutation to adenosine precludes interaction with
G566 (Fig. S3B). The loss of these two interactions does not,
however, disrupt the compressed fold of the 560 loop.
Despite the modest nature of the local changes around the

G299Amutation, significant structural changes occur ∼80 Å away,
at B8 (Fig. S2B). As in the G347U structure, contacts between h14

Table 1. Kinetic parameters for EF-Tu–dependent GTP hydrolysis on control and mutant
ribosomes

Ribosomes

Cognate Near cognate

Selectivity* SourcekGTPmax, s
−1 K1/2, μM kGTPmax, s

−1 K1/2, μM

Control 51 ± 3 1.1 ± 0.2 1.8 ± 0.1 1.5 ± 0.2 39 This study and ref. 17
G299A 110 ± 9 2.3 ± 0.4 17 ± 1 1.0 ± 0.2 2.7 This study
G347U 130 ± 10 2.8 ± 0.5 15 ± 1 2.5 ± 0.4 7.7 Ref. 17

*(Cognate kGTPmax/K1/2)/(Near-cognate kGTPmax/K1/2).
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and L14 are abrogated as h8 and h14 shift away from the 50S
subunit (Fig. 2C); this indicates an important role for RNA tertiary
interactions between h12 and the 560 loop, which have long-range
implications for h14 positioning. These data provide direct evidence
that 16S rRNA helices are capable of transmitting conformational
signals across the ribosome subunits.Moreover, the similar structural
effects of G299A and G347U imply that they influence decoding
via a common mechanism.

Comparison of G347U and G299A Structures with Previous 70S
Structures. We compared our two 70S ram structures with other
ribosome structures using the program Theseus (31, 32). This
program uses maximum-likelihood superpositioning of the phos-
phate backbone and is a powerful method to look at conforma-
tional changes between two similar structures. Consistent with the
original difference maps (Fig. S2), the most striking backbone
differences between our two 70S ram structures with that of an
analogous wild-type 70S structure (27) occurs in the 16S rRNA at
h8 and h14 (Fig. 4B and Figs. S4B and S5). These helices, along
with h5, move upon binding of TC binding to the 70S (stabilized
with a nonhydrolyzable GTP analog or the antibiotic kirromycin)
(16, 23). When we compare the two 70S ram structures to either
TC-bound structures, we see little to no backbone changes at h8/
h14 for theG299A structure (Fig. 4C) and reduced changes for the
G347U structure (Fig. S4C) [The G347U mutation causes addi-
tional distortions in h14 not observed in either the G299A or TC-
bound 70S structures (Fig. S4C), presumably because themutation
is located nearby.] These data indicate that G347U and G299A
mutations partially recapitulate the conformational changes that
occur upon TC binding, in the absence of this factor (Fig. 5).
Overall, there were minimal differences between the 5S and 23S

rRNA except for previously seen L1 stalk movements that depend
upon which tRNA is bound at the E site (nucleotides 2116–2165)
(33) and 5S rRNA changes (nucleotides 83–94) that appear to
arise from either different crystal packing interactions (16, 23) or
the lack of A-site ligands (34).
The mutant ribosomes were crystallized in the presence of the

miscoding antibiotic paromomycin, which might raise concern that
the observed conformational changes are due to the antibiotic.
However, all of the structures compared above derive from com-
plexes containing paromomycin, and thus the changes seen in h8/h14
can be specifically attributed to the 16S rRNAmutations.Moreover,
there is no evidence for paromomycin-dependent conformational
changes in h8/h14 from earlier structural studies (25, 27).

Discussion
In this study, we report X-ray crystal structures of 70S ribosomes
carrying mutation G299A or G347U in 16S rRNA. Each of these
mutations confers a strong miscoding phenotype in vivo and
accelerates the GTPase activation/GTP hydrolysis step of aa-
tRNA selection in vitro (17). The most prominent structural
effects of these mutations are remarkably similar—each widens
h14, resulting in a loss of the base triple involving nucleotides 342,
347, and 160 and disruption of many of the specific contacts
contributing to B8. Comparison of the mutant ribosome struc-
tures with other previously determined ribosome structures shows
that the altered conformation of h8/h14 is most similar to that
seen in the TC-bound structures (16, 23), which are believed to
closely resemble the GTPase-activated state of decoding. To-
gether, these observations provide compelling evidence that dis-
ruption of B8 is an important aspect of GTPase activation.
Consistent with this interpretation, rammutations are found in B8
on both subunits, in h8/h14 on the 30S and in L14 and L19 on the
50S (17, 29). Moreover, truncations of either h8 or h14, which
undoubtedly disrupt B8, cause miscoding and accelerate GTPase
activation/GTP hydrolysis by EF-Tu (17). We propose that all of
these ram mutations, which compromise (or effectively “predis-
rupt”) B8, reduce the energetic cost of attaining the GTPase-
activated state and thereby increase miscoding.
The combination of biochemical and structural results reported

herein indicate that B8 puts a “brake” on, or negatively regulates
GTPase activation of TC. How does this occur, because B8 com-
ponents h8 and h14 do not physically interact with TC (23)? Helix
5 of 16S rRNA, which is physically adjacent to h14 (Fig. 5A),
interacts with domain 2 of EF-Tu and the acceptor end of aa-
tRNA in the TC-bound ribosome structures. Data from EF-Tu
mutants confirms this interaction is crucial for GTPase activation
(35). Comparison of structures of wild-type 70S with and without
bound TC suggests that movement of h8/h14 away from the 50S
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ferences are almost exclusively in the h8 and h14 regions. The coordinate error for the wild-type 70S (0.8 Å) and 70S G299A structures (1.0 Å) are shown as
gray and blue dashed lines, respectively. (C) Same comparison as in A of 70S TC and 70S G299A. Differences in h8 and h14 as seen in B are absent. The
coordinate errors for the 70S G299A (1.0 Å) and 70S TC structures (0.6 Å) are shown as blue and black dashed lines, respectively.
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subunit is accompanied by a movement of h5. Despite h8/h14
clearly moving in TC-bound ribosome structures (16, 23), its sig-
nificance was not noted. Our structures reported here show that
rammutants can disrupt B8 in the absence of TC, positioning both
h5 and h14 so that they mimic theGTPase-activated conformation
(Fig. 5B). The basis for the coupling of h5 and h14 movement is
likely the base triple formed by U56·A356·C352 (Fig. 5B). As h5
and h14 adopt their GTPase productive conformation, this tertiary
interaction between them is maintained rather than broken,
causing the helices to move as a unit. This observation establishes
a link between B8 disruption and GTPase activation.
Because the general features of aa-tRNAdelivery to the ribosome

are conserved in all organisms, one would expect the details of
GTPase activation of TC to also be conserved. In fact, most h5 and
h14 nucleotides are greater than 90% conserved in cytoplasmic
ribosomes across all three domains of life, making these helices a
“hotspot” for rRNA sequence conservation similar to other known
functional regions, such as the decoding center (36). Structurally, the
U56·A356·C352 base triple is present in all of the X-ray crystallo-
graphic models of prokaryotic ribosomes as well as the eukaryotic
ribosome structure from Saccharomyces cerevisiae (25, 37, 38). This
conservation provides additional support for the functional impor-
tance of the role for h5 and h14 in GTPase activation.
An unexpected and remarkable finding of our study is that h12

mutationG299A causes the largest structural changes∼80Å away,
in h8/h14 at B8. How such long-range signaling is mediated
remains unclear, although we imagine that G299A acts in a man-
ner analogous to well-studied allosteric mutations in protein
enzymes (39, 40). In this view, enzymes are inherently dynamic,
interconverting between multiple distinct (but similar) conforma-
tional states at timescales relevant for catalysis. Intermediates
along the reaction coordinate are similarly well described as dy-
namic ensembles of related conformational states, and hence the
reaction proceeds through a combinatorial multitude of in-
terrelated parallel pathways. These dynamics, which largely govern
catalysis, entail coordinated motions of elements across the whole
enzyme. By perturbing the overall conformational equilibria of
the enzyme, an allosteric mutation impacts the active site from

a distance. In the case of G299A, its long-range effect on h8/h14
presumably shifts the conformational equilibria of the ribosome
forward along the reaction coordinate of decoding, enabling the
GTPase-activated state to be more readily attained.
Mutation G299A lies near the interface of ribosomal proteins

S4 and S5, where a number of mutations affecting decoding
fidelity have been mapped (18–20). It was hypothesized that these
mutations act by destabilizing the S4/S5 interface to promote
domain closure (5, 17). However, our current findings suggest that
G299A acts by disrupting B8 and raises the possibility that nearby
S4/S5 mutations also act by influencing B8. Intriguingly, the ma-
jority of ribosomal mutations that affect decoding fidelity cluster
to either B8 or the h12/S4/S5 region (Fig. 1) (17, 19, 29). It is
tempting to speculate that nearly all rammutations either directly
or indirectly destabilize B8, similarly altering the conformational
equilibria of the ribosome. Further experiments will be necessary
to investigate this possibility.
In summary, our results provide evidence for a long-range in-

teraction network across the 30S subunit to communicate with the
GTPase center of EF-Tu. It is unknown whether this network is
normally used for signaling by wild-type ribosomes, but such
a scenario seems plausible. For example, cognate codon recog-
nition in the 30S A site might promote conformational signaling
to h8/h14 via the same interaction network, facilitating disruption
of B8 and productive interaction of EF-Tu within the intersubunit
space. Undoubtedly, GTPase activation is controlled by several
other events, such as distortion (bending) of the tRNA and con-
formational changes resulting from interaction between h5 of
the 30S shoulder and domain 2 of EF-Tu. Further biochemical
analyses are necessary to elucidate the relative contribution of
each of these events to GTPase activation and other aspects of the
decoding process.

Materials and Methods
Bacterial Strains. E. coli Δ7 prrn strains harboring derivatives of plasmid
p278MS2 (41) were made as described previously (42). T. thermophilus strains
expressing homogeneous populations ofmutant ribosomeswere constructed
as follows. A ∼1,500-bp DNA fragment that includes the 5′ two-thirds of rrsB
and adjacent DNA upstreamwas amplified from the T. thermophilus genome
and cloned into pUC18-htk1, a vector encoding a thermostable kanamycin
adenyltransferase (26, 43). The resulting plasmid pMD3 was subjected to site-
directed mutagenesis to produce the derivatives pMD5 and pMD6, with
mutations corresponding to 16S rRNA substitutions G347U and G299A, re-
spectively. These plasmids were each transformed into T. thermophilus HB8
(44), selecting for kanamycin resistance (KanR). Transformants were screened
by PCR to identify those in which the plasmid integrated into the rrsB locus, as
opposed to rrsA. Such isolates were cultured for several days in the absence of
kanamycin and then plated for single colonies. These colonies were screened
for kanamycin sensitivity (KanS), due to loss of the integrated plasmid through
a second recombination event, and such KanS isolates were further screened
by PCR and sequencing to identify those in which rrsB was replaced with the
mutant allele. Finally, these mutant strains were transformed with chromo-
somal DNA from HG286 (ΔrrsA::htk1) to delete the rrsA gene (26), producing
strains KLF1211 and KLF1212.

Kinetic Assays. Single-turnoverGTPhydrolysisexperimentswereperformedwith
ribosomes purified from E. coli Δ7 prrn strains as described previously (17).

T. thermophilus 70S Purification and Crystallization. T. thermophilus ribosomes
containing either the G299A or G347U mutations were purified as described
previously (25). E. coli tRNAfMet and tRNAPhe were purchased from Chemical
Block. The mRNA oligonucleotide was chemically synthesized (Dharmacon)
with a sequence of 5′ GGCAAGGAGGUAAAAAUGUUCAAAA 3′, where the
underlined AUG and UUC represent the P- and A-site codons, respectively.
Ribosome complexes were formed, and crystals were grown and cryoprotected
using previously established procedures (25). The crystals were soaked in a final
cryo-solution containing 200 μM paromomycin for 4 h before being harvested
and flash frozen in liquid nitrogen for data collection.

Data Collection and Refinement. X-ray diffraction datawere collected on three
crystals for each structure at the Southeast Regional CollaborativeAccess Team
(SER-CAT) and Northeastern Collaborative Access Team (NE-CAT) beamlines at
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Fig. 5. Conformational changes in h14 are propagated to h5. (A) An
overview of the 5′ domain of 16S rRNA (Left) with the secondary structure
diagram of the junction between h5 and h14 of 16S rRNA (E. coli numbering;
Right). Nucleotides conserved at >90% in all cytoplasmic ribosomes are
colored red (36). The base triple between C352 and the U56·A356 base pair is
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the Advanced Photon Source (Argonne, IL). Data were integrated and scaled
using the XDS software package (45). The structures were solved by molecular
replacement using the PHENIX software suite using Protein Data Bank (PDB)
ID codes 2WDG, 2WDH, 2WDI, and 2WDJ as a search model with all ligands
removed (46). Coordinate refinement was performed with each ribosomal
subunit defined as a rigid group followed by additional rigid and Translation,
Liberation, Screw-movement (TLS) refinement with groups defined by the
head, body, platform, and 3′ minor domain of the 30S subunit, along with
mobile elements of the 50S subunit: 5S rRNA, L1 arm, protein L9, A-site finger,
and the central protuberance. Modeling of conformational changes in rRNA
and ribosomal proteins along with the placement of mRNA, tRNA, and Mg2+

ionswasperformedusing Coot guidedbyMolProbity identificationof all-atom
contacts (47, 48). Iterative rounds of model-building were followed by posi-
tional and atomic displacement parameter (ADP) refinement in PHENIX,
yielding a final model with the statistics reported in Table S2. Figures were
generated using PyMOL (www.pymol.org).

Global Phosphate Backbone Changes. The 23S, 5S, or 16S platform domains
(residues 560–912) were superpositioned using the program Theseus to generate
maximum-likelihood covariance weighting for the wild-type, TC-bound, or

70S ram mutant structures (32). Individual rRNA was pairwise aligned against
the wild-type tRNA 70S structure as a reference (27). Nucleotide movement
was analyzed for each pairwise alignment by determining the phosphate-
to-phosphate distance (Å) between the two structures.
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