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ABSTRACT

The ribosome decodes mRNA by monitoring the geometry of codon–anticodon base-pairing using a set of universally conserved
16S rRNA nucleotides within the conformationally dynamic decoding site. By applying single-molecule FRET and X-ray
crystallography, we have determined that conditional-lethal, streptomycin-dependence mutations in ribosomal protein S12
interfere with tRNA selection by allowing conformational distortions of the decoding site that impair GTPase activation of EF-
Tu during the tRNA selection process. Distortions in the decoding site are reversed by streptomycin or by a second-site
suppressor mutation in 16S rRNA. These observations encourage a refinement of the current model for decoding, wherein
ribosomal protein S12 and the decoding site collaborate to optimize codon recognition and substrate discrimination during the
early stages of the tRNA selection process.
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INTRODUCTION

The ribosome is a universalmacromolecularmachine that de-
codes the genetic information encoded in messenger RNA
(mRNA) with remarkable precision. It does so by selecting
aminoacyl-transfer RNAs (aa-tRNAs) fromapool of structur-
ally similar substrates based on the geometry of base-pairing
between the anticodon of the aa-tRNA and the codon of the
mRNA within the aminoacyl (A) site of the small ribosomal
subunit. The stereochemistry of this interaction is directly
sensed by a set of universally conservednucleotide bases locat-
edwithin a structurally dynamic “decoding site,” an asymmet-
ric internal loop element within helix 44 (h44) of the 16S
rRNA (Yoshizawa et al. 1999; Ogle et al. 2001; Hermann
2006; Lescoute and Westhof 2006; Sanbonmatsu 2006).
While differences in the dissociation rates of cognate

and near-cognate aa-tRNAs contribute to decoding fidelity
(Pape et al. 1999), the ribosome uses an induced-fit mecha-
nism to discriminate between structurally similar tRNA sub-
strates (Pape et al. 1999; Ogle et al. 2002; Geggier et al. 2010).
Thismechanism includes local conformational changes in the
decoding site that preferentially occur in response to cognate
codon recognition (Ogle et al. 2001). In a process related to
codon–anticodon recognition, global structural transitions

in the 30S ribosomal subunit from an open to a closed form
allosterically trigger GTPase activation and GTP hydrolysis
by elongation factor Tu (EF-Tu), to drive tRNA selection in
the forward direction (Ogle et al. 2002; Voorhees et al.
2010). GTP hydrolysis divides decoding into two steps—ini-
tial selection and proofreading—providing the ribosomewith
two independent opportunities to reject incorrect substrates.
The two-state domain closure model (Ogle et al. 2002) has

provided a highly effective structural framework for inter-
preting decades of experimental data, but recent findings in-
dicate that the decoding mechanism remains to be fully
elucidated (Gregory et al. 2009; Geggier et al. 2010; McClory
et al. 2010; Zaher and Green 2010a,b; Schmeing et al. 2011;
Demeshkina et al. 2012). This point is highlighted by observa-
tions of a kinetically unstable intermediate in the selection
process that exhibits low FRET in single-molecule fluores-
cence resonance energy transfer (smFRET) investigations
(Blanchard et al. 2004; Geggier et al. 2010). This transient
intermediate represents a codon recognition complex early
in the initial selection process that is distinct from those
observed thus far by static structural methods such as cryo-
electron microscopy or X-ray crystallography. Structural
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characterizations of this important intermediate in the selec-
tion process will be essential to further elucidating the in-
duced-fit mechanism.

Crystal structures have revealed that the closed conforma-
tion of the 30S subunit is stabilized by contacts between con-
served amino acid residues of ribosomal protein S12 and 16S
rRNA h44 at the decoding site (Ogle et al. 2002). S12 is an
essential protein (Sharma et al. 2007), and amino acid substi-
tutions at its interface with the decoding site generally cause
the ribosome to be hyperaccurate and resistant to the error-
promoting antibiotic streptomycin (the SmR phenotype).
Streptomycin-dependence (SmD) phenotypes are caused by
conditional-lethal mutations that undermine the process of
tRNA selection so severely that either streptomycin or a sec-
ond-site, streptomycin-independence (SmI), mutation, is re-
quired for viability (for review, see Gale et al. 1981; Kurland
et al. 1996). Despite the important role that SmD mutants
have played in developing our understanding of decoding
by the ribosome, the precise mechanism by which SmD mu-
tations impose the dependence phenotype has yet to be estab-
lished. In vitro studies have shown that SmD ribosomes have
decreased A-site binding affinity (Ruusala et al. 1984; Bilgin
et al. 1992; Karimi and Ehrenberg 1994), which, in the con-
text of the induced-fit model, likely results from perturba-
tions in the induced-fit mechanism underpinning initial
selection such as the balance between the open and closed
states (Ogle et al. 2002).

Here, we asked whether the SmDmutant phenotype could
also result from distortion or destabilization of the decoding-
site conformation required for proper tRNA selection in
which residues A1492 and A1493 are extruded away from
the helical axis of h44 toward the codon–anticodon binding
site. The inherent plasticity of the decoding site is evident
from structural investigations of decoding-site oligonucleo-
tide analogs (Fourmy et al. 1996, 1998), ribosomes in cognate
decoding complexes (Ogle et al. 2001; Schmeing et al. 2009),

and ribosomes in complexes with antibiotics (Carter et al.
2000; Borovinskaya et al. 2008; Stanley et al. 2010; Demirci
et al. 2013) or initiation factor IF1 (Carter et al. 2001). The
effects of SmD mutations on global aspects of ribosome con-
formation have been revealed by chemical probing (Allen and
Noller 1989) and crystallography (Vila-Sanjurjo et al. 2003),
but the mechanistic underpinnings of the SmD phenotype
remain unclear. To advance our understanding of this elusive
aspect of the decoding mechanism, we examined SmD and
SmI mutant ribosomes using a combination of smFRET
and X-ray crystallography. Our observations provide a mech-
anistic explanation for the SmD phenotype and indicate a
direct role for ribosomal protein S12 in structuring the de-
coding site during the early stages of the decoding process.

RESULTS

Isolation and genetic analysis of SmD and SmI
mutants of T. thermophilus

Todetermine the structural basis for the streptomycin-depen-
dence phenotype, we isolated SmD mutants of the ther-
mophilic bacterium Thermus thermophilus. This was done
using HG286 (genotype ΔrrsA::htk1) (Gregory and Dahlberg
2009), a derivative of the natural isolate HB8 (Oshima and
Imahori 1974) in which the rrsA gene has been deleted and re-
placed with the heat-stable kanamycin adenyltransferase gene
htk (Hashimoto et al. 2001), leaving a single 16S rRNA gene,
rrsB. A spontaneous mutant of HG286, designated HG533
(ΔrrsA::htk1 rpsL-P90L), was identified in a selection for
SmDmutants andwas found to possess a single basemutation
in rpsL that creates aP90L amino acid substitution in ribosom-
al protein S12. We had previously identified this same muta-
tion in an SmD isolate of the Icelandic T. thermophilus strain
IB-21 (Gregory et al. 2001). SmD mutants of Escherichia coli
have been found with substitutions at several S12 positions,
including P90, G91, P41, K43, P44, and N45 (Timms and
Bridges 1993). These residues are highly conserved and are
in close proximity to h44 and the decoding site (Fig. 1A,B;
Schluenzen et al. 2000; Wimberly et al. 2000).
In a previous study (Carr et al. 2005), we determined that

bulkier side-chain substitutions at P90, including P90L,
P90R, P90E, P90M, and P90W, produced SmD phenotypes,
whereas smaller side chains at this position, such as P90G,
P90A, and P90C, produced the less severe SmR phenotype.
These findings suggested that steric clashes of these side
chains of protein S12 with h44 underlie the SmD phenotype.
To explore this possibility, we examined both the rpsL-P90L
and rpsL-P90W mutations. Because replacement of a pro-
line codon (CCN) with a tryptophan codon (UGG) requires
multiple base mutations, the P90W substitution has never
been identified in genetic selections for spontaneous mu-
tants. The rpsL-P90W allele was obtained from JC452, con-
structed previously by site-directed mutagenesis and gene
replacement (Carr et al. 2005). As this allele was originally

FIGURE 1. Location of SmD mutations affecting ribosomal protein
S12. (A) Structure of the 30S ribosomal subunit from T. thermophilus
(PDB entry 4DR1) (Demirci et al. 2013), indicating ribosomal protein
S12 (purple) and 16S rRNA h44 (blue). (B) Close-up view of the decod-
ing site, showing residues in ribosomal protein S12 (purple) mutated in
SmD mutants identified in this and other studies. The upper portion of
16S rRNA h44 is colored blue and residues involved in monitoring co-
don recognition (G530, A1492, and A1493) and the site of the SmI mu-
tation identified in this study are indicated.
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constructed in a T. thermophilus IB-21 genetic background
(Kristjansson et al. 1986), we transferred this mutant allele
to T. thermophilus HB8 by transformation, selecting strep-
tomycin dependence to produce HG944 (rpsL-P90W).
Genomic DNA from HG944 was then used to transform
HG286 to streptomycin dependence to produce HG962
(ΔrrsA::htk1 rpsL-P90W).
Using an enrichment scheme targeting rrsB, we derived,

from HG 533, a spontaneous SmI double mutant bearing a
C1490U base substitution in 16S rRNA h44 that reverses
the SmD phenotype of the P90L mutation. The presence of
a single 16S rRNA locus in the genome of mutants derived
from HG286 allows the expression of potentially recessive
rRNA mutations and also provides a pure population of
mutant ribosomes for subsequent in vitro experiments. For
this enrichment, a hygromycin B–resistant (HmR) mutant
of HG286, HG470 (ΔrrsA::htk1 rrsB-U1406A) (Gregory and
Dahlberg 2009), was transformed to SmD with genomic
DNA from HG533 to produce HG574 (ΔrrsA::htk1 rpsL-
P90L rrsB-U1406A). Using genomic DNA from a pool of sev-
eral hundred spontaneous SmI derivatives of HG533, HG574
was transformed to SmI and screened for loss of the HmR
phenotype. Given the tight genetic linkage between muta-
tions in rrsB (Gregory and Dahlberg 2009), loss of the
HmR phenotype indicated the presence of an SmI allele in
rrsB. Among the transformants found to be hygromycin B
sensitive was HG589 (ΔrrsA::htk1 rpsL-P90L rrsB-C1490U)
in which the U1406A mutation had been replaced by a
C1490U mutation in rrsB. For reasons that are presently un-
clear, despite several attempts, we were unable to identify
spontaneous SmI derivatives of the P90W mutant HG962.
30S ribosomal subunits from HG533, HG589, and HG962
were used for kinetic and structural analyses.

Single-molecule imaging of the selection process
on the T. thermophilus ribosome

We performed single-molecule FRET experiments using
T. thermophilus 70S ribosomes programmed with mRNA
and with native E. coli fMet-tRNAfMet in the P-site fluores-
cently tagged with a Cy3 fluorophore at the naturally oc-
curring s4U8 modification via maleimide chemistry as
previously described (Blanchard et al. 2004; Geggier et al.
2010). The process of aa-tRNA selection was imaged under
pre-steady-state conditions using T. thermophilus EF-Tu in
a ternary complex with GTP and E. coli Phe-tRNAPhe labeled
as previously described (Blanchard et al. 2004; Geggier et al.
2010) with Cy5 at the naturally occurring acp3U47 residue.
As anticipated from analogous experiments with E. coli ri-
bosomes (Blanchard et al. 2004; Geggier et al. 2010), the
accommodation of aa-tRNA into wild-type T. thermophilus
ribosomes proceeded through low- and intermediate-FRET
intermediate configurations on-path to a high-FRET state
(Fig. 2A,B). Previous investigations of aa-tRNA selection us-
ing the E. coli components suggest that such configurations

correspond to codon-recognition (CR), GTPase-activated
(GA), and fully accommodated states (AC), respectively
(Blanchard et al. 2004; Geggier et al. 2010).
In line with these assignments, binding of the same ternary

complex to ribosomes programmed with a near-cognate
mRNA codon in the A-site was transient, where rejection
principally occurred from short-lived, low- and intermedi-
ate-FRET configurations. Thus, under the conditions of these
experiments, the aa-tRNA selection process on T. thermophi-
lus ribosomes operates with high fidelity, where the ternary
complex rapidly dissociates during initial selection prior to
GTPase activation and GTP hydrolysis (Blanchard et al.
2004; Geggier et al. 2010). In contrast, the binding of the ter-
nary complex to ribosomes programmed with a cognate
mRNA codon in the A-site in the presence of the nonhydro-
lyzable GTP analog GDPNP resulted in the formation of a
relatively stable complex exhibiting intermediate-FRET, as
expected from previous descriptions of the structural and
kinetic features of the GTPase-activated (A/T) complex
(Moazed et al. 1988; Pape et al. 2000; Blanchard et al. 2004;
Geggier et al. 2010). In this state, aa-tRNA adopts a bent con-
figuration in the A-site that is stabilized by domain closure of
the small subunit and recognition of the minor groove of the
mRNA codon–tRNA anticodon pair by residues A1492 and
A1493 (Valle et al. 2003; Schmeing et al. 2009).
Ribosomes from both SmDmutants exhibited marked de-

fects in the selection process that significantly reduced the
rate at which aa-tRNA achieved complete accommodation
(Fig. 2C,D). Here, the cognate ternary complex appeared to
fluctuate reversibly between low- and intermediate-FRET
configurations for extended periods prior to successful ac-
commodation (Fig. 2E) or dissociation. These results are in
line with earlier experiments using E. coli SmD ribosomes
that found a 20-fold decrease in GTP hydrolysis rates
(Bilgin et al. 1992) and globally consistent with rapid kinetic
measurements of restrictive SmR ribosomes from E. coli
(Zaher and Green 2010b). Unexpectedly, both SmDmutants
exhibited slow aa-tRNA dissociation rates (∼0.15 sec−1) from
the ribosome in the presence of GTP, on par with that ob-
served for GDPNP-stalled wild-type ribosomes (Fig. 2B–D,
cf. the left panels). Visual inspection of individual smFRET
trajectories from the SmD ribosome complexes exhibited
reversible FRET fluctuations between low- and intermedi-
ate-FRET states (Fig. 2E). We conclude from these observa-
tions that the mechanistic defect during initial selection
manifests as repeated, failed attempts of the ternary complex
to achieve the GTPase-activated state at a step that is sub-
sequent to codon recognition. As anticipated from earlier
studies (Bilgin et al. 1992), streptomycin efficiently sup-
pressed this functional defect in both the P90L and P90Wmu-
tant backgrounds (Fig. 2C, center panel; Fig. 2D, right panel).
The C1490U substitution in 16S rRNA, selected for its ability
to reverse the SmD phenotype, also restored function, albeit
to a lesser extent. These observations argue that the SmD phe-
notype can be attributed to the stalling of the ternary complex
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FIGURE 2. Single-molecule observations of tRNA selection on T. thermophilus 70S ribosomes. (A) Representative single-molecule fluorescence (Cy3
[green]; Cy5 [red]) and FRET trajectories [FRET = ICy5/(ICy3 + ICy5)] obtained during stopped-flow delivery of the ternary complex with Cy5-labeled
Phe-tRNAPhe to ribosome complexes containing Cy3-labeled P-site fMet-tRNAfMet. The first 2 sec of the FRET trajectory (yellow) is expanded be-
neath, showing clear progression from zero-FRET to a fully accommodated (AC), high-FRET state via on-path intermediates in the tRNA selection
process. (B) Post-synchronized FRET trajectories combined in two-dimensional contour plots fromwild-type ribosomes decoding near-cognate UCU
codon (left), cognate UUC codon with GTP replaced by the nonhydrolyzable GTP analog GDPNP (middle), and cognate UUC codon (right). (C)
Decoding by P90L ribosomes (left), P90L ribosomes in the presence of 40 μM streptomycin (middle), and P90L/C1490U SmI mutant ribosomes
(right). (D) tRNA incorporation by P90W ribosomes in the absence (left) or presence (right) of 40 μM streptomycin. (E) Representative traces state
from P90L (left) and P90W (right) complexes showing molecules that successfully reached the fully accommodated (AC) state after fluctuating re-
versibly between FRET states assigned to codon recognition (CR) and GTPase-activated (GA) states. Fluorescence and FRET trajectories are shown
as described in Figure 1A.
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on the ribosome during the initial selection process at a step
between codon recognition and GTPase activation.

Crystallization of mutant ribosomes

We determined X-ray crystal structures of mutant 30S ribo-
somal subunits to uncover the structural basis for the tRNA
selection defects observed through smFRET. Under the
same conditions used to obtain crystals of wild-type 30S sub-
units (space group P41212, unit cell dimensions∼403 Å × 403
Å × 176 Å, hereafter referred to as crystal form 1) (Clemons
et al. 1999; Tocilj et al. 1999), SmD 30S subunits adopted a
novel crystal form (space group P41212, unit cell dimensions
∼400 Å × 400 Å × 215 Å, hereafter referred to as crystal form
2) (Supplemental Fig. S1A). A contact involving helix 33a (the
30S subunit “beak”) and ribosomal protein S11 of a neighbor-
ing subunit (Supplemental Fig. S1B) is
absent from crystal form 2 due to an
∼10 Å shift in the position of this helix
in the 30S subunit head. This new crystal
form contains a contact between ribo-
somal proteins S10 of neighboring sub-
units and a contact between ribosomal
proteins S4 of adjacent subunits (Supple-
mental Fig. S1C,D) that are not found in
crystal form 1. Overall, crystal form 2 re-
sults fromavariation in the packing inter-
actions seen in the original crystal form,
with the helix 6 “spur” inserted into the
P-site of a neighboring subunit (Supple-
mental Fig. S1E,F; Carter et al. 2000).
While SmDmutant subunits in the apo

form adopted crystal form 2, SmI mutant
subunits adopted crystal form 1. Notably,
both SmD and SmI ribosomes adopted
crystal form 1 when cocrystallized with
streptomycin. Thus, the crystallization
behavior of SmD and SmI ribosomes
correlated with their in vivo phenotypes,
suggesting that changes in structural
dynamics occurring near the decoding
site are propagated to distant sites within
the 30S subunit, thereby affecting inter-
subunit packing. The P90L mutant 30S
subunits adopted both crystal forms with
approximately equal frequency, while
the P90W mutant 30S subunits almost
exclusively adopted crystal form 2. P90W
ribosomes in crystal form 1 and wild-
type ribosomes in crystal form 2 could
also be found, implying that the two crys-
tal forms are manifestations of an equi-
librium between distinct 30S subunit
conformations that is shifted bySmDmu-
tations, SmI mutations, or streptomycin.

Structural impact of the SmD mutations

The universally conserved 16S rRNA bases A1492 and A1493
in h44, as well as G530 in helix 18, are inherently dynamic
and change conformation to directly monitor codon–antico-
don base-pairing geometry (Ogle et al. 2001). The present
findings suggest that ribosomal protein S12 is involved in or-
chestrating this process. In crystal form 2, the structural im-
pact of both SmD mutants was revealed as a distortion of the
decoding site, immediately adjacent to ribosomal protein
S12, and includes A1492 and A1493. These effects are readily
visible upon comparison of composite omit maps of the
wild-type and P90Wmutants (Fig. 3A–D). In the P90Wmu-
tant, the backbone of A1492 was found to be compacted into
a kinked conformation, where the phosphate atom shifted by
9.5 Å perpendicular to the helix axis (Fig. 4A; Table 1). This

FIGURE 3. Distortion of the decoding site by SmD mutations in ribosomal protein S12, as ob-
served in composite omit maps contoured at 1σ, of the wild-type (A,D,G), the P90L mutant (B,E,
H), and the P90W mutant (C,F,I). (A–C) The decoding site viewed through ribosomal protein
S12 (pink). The density for ribosomal protein S12 is excluded from this view for clarity. The po-
sition of A1492 is indicated. (D–F) View of the decoding site after an ∼100° rotation about the
vertical axis of h44 of the view shown in panels A–C, and showing interaction between S12
and the decoding site. (G,H) Composite omit maps, contoured at 1σ, of ribosomal protein S12
residues 82–96. The densities for the proline and the leucine and tryptophan substitutions at po-
sition 90 are clearly visible.
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rotates the base further into the helix toward A1408, whose
N1 is shifted 3.6 Å toward the minor groove. The C1409–
G1491 base pair is also displaced away from its native posi-
tion. The N1 of G1491 and the N3 of C1409 shift 7.0 Å
and 6.1 Å, respectively, toward the minor groove (Fig. 4B).
The A1493 base also rotates toward the helix axis, with the
N1 shifted by 3.3 Å, and G1494 is disordered in this structure.
The altered backbone conformation of A1492 positions both
the ribose and the base such that the reorientation necessary
for codon recognition is likely to be substantially compro-
mised if not completely abolished. Similar effects were ob-
served for both SmD mutants (Table 1).

The conformational effects of the SmD mutations on h44
were also seen to extend beyond the decoding site. The lateral
repositioning of the upper part of h44 causes the bases from
G1410 to G1415 to shift in register (Fig. 4C). Distortion of
the decoding site and the adjacent G1410 region of h44 was
previously shown to be induced by translation initiation fac-
tor IF1 (Carter et al. 2001), which prevents binding of aa-
tRNA to the A-site of the 30S initiation complex (Fig. 4D).
However, SmD mutations and IF1 cause opposing shifts in
h44 near its interface with protein S12. Specifically, G1410

is shifted 3.5 Å upward by IF1, while it is shifted 6.6 Å in
the opposite direction by the P90W substitution (Table 1).
The positions of G1491 and A1492 differ the most (11.6 Å
and 13.7 Å, respectively) between the IF1 and P90W mutant
structures, indicating the potential range of flexibility of the
decoding site.
Wild-type ribosomes found in crystal form 2 did not show

this same distortion (Fig. 5A,B; Supplemental Fig. S2), indi-
cating that the conformation of h44 is independent of crystal
packing forces. While only a small backbone shift near A1492
was visible in the subpopulation of P90W SmD ribosomes
adopting crystal form 1 (Fig. 5C), a more pronounced dis-
placement was clearly evident in the P90L mutant in this
crystal form (Fig. 5D). These observations suggest that the
native and distorted conformations represent two ground-
state configurations of the 30S subunit existing in an equilib-
rium that is susceptible to structural perturbations of the de-
coding site.
Consistent with this model and the ability of streptomycin

to suppress the tRNA selection defects of SmD mutants, co-
crystallization of SmD ribosomes with streptomycin favored
the formation of crystal form 1, in which the distortions in

FIGURE 4. The conformational distortion caused by the SmD muta-
tions. (A) Alignment of wild-type and the P90W mutant in crystal
form 2, showing the shifts in position of A1491–A1493. (B) Alignment
of wild-type and the P90Wmutant in crystal form 2 indicating the shifts
of A1408 and the C1409–G1491 base pair. (C) Alignment of wild-type
and the P90W mutant in crystal form 2, showing a shift in helix register
of bases in the vicinity of G1410–G1415. (D) Alignment of wild-type
and P90W mutant in crystal form 2 with the published cocrystal struc-
ture of the 30S subunit bound to initiation factor IF1 (PDB entry 1HR0;
orange) (Carter et al. 2001). The P90W mutation and IF1 induce shifts
centered around A1492 and C1411 that occur in opposite directions.
(Gray) The wild-type 30S; (blue) the P90W mutant; (orange) 30S–IF1
complex.

TABLE 1. Displacement of 16S rRNA h44 backbone phosphate
atoms in wild-type 30S and in the P90L and P90W mutants, all in
crystal form 2, and comparison with displacements caused by IF1

Residue WT-P90W WT-P90L WT-IF1 P90W-IF1

A1408 1.9 1.5 1.7 2.7
C1409 5.3 4.8 2.1 6.4
G1410 7.2 7.0 3.5 9.9
C1411 6.6 6.7 5.1 11.1
C1412 5.1 5.6 5.3 9.3
A1413 4.7 5.2 4.3 6.1
U1414 5.6 5.4 4.4 3.1
G1415 5.7 5.6 4.3 1.4
G1416 5.9 5.3 4.6 1.5
G1417 5.5 5.1 5.3 1.5
A1418 3.6 3.4 3.9 2.1
G1419 1.8 1.2 2.6 2.4
U1481 2.5 1.2 0.6 1.5
G1482 2.3 1.4 0.6 1.2
A1483 1.8 0.9 1.2 1.3
C1484 2.2 0.8 1.8 2.5
U1485 2.9 1.8 2.2 2.6
G1486 4.2 3.3 1.5 3.6
G1487 3.4 2.8 2.2 1.9
G1488 2.8 2.8 1.6 2.7
G1489 4.8 5.3 2.1 5.4
C1490 6.4 7.2 2.6 8.6
G1491 8.2 9.0 4.2 11.6
A1492 9.5 10.7 5.0 13.7
A1493 2.4 2.1 6.8 6.8
G1494 2.2 2.2 1.9 2.5
U1495 2.0 0.9 1.4 1.2

See Carter et al. (2001). Measurements are given in angstroms (Å)
and were determined using the measurement function of PyMOL,
after alignment of the 16S rRNA phosphates of residues 1–1399.
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the decoding site were reversed (Fig. 5E,F). Importantly, pre-
formed P90W crystals in form 2, when soaked with strepto-
mycin, also showed a reversal of decoding-site distortions
and a near-native conformation (Fig. 5G). This finding indi-
cates that the structural changes resulting from SmD muta-
tions are readily reversible. The ability of streptomycin to
favor a near-native conformation of the decoding site of
the SmD ribosome is in line with our own recent crystallo-
graphic data showing the drug to stabilize binding of near-
cognate anticodon stem–loop analogs (ASL) by favoring a
near-native conformation of the decoding site of wild-type
ribosomes (Demirci et al. 2010). The binding energy of strep-
tomycin, which interacts with several structural elements of
the 30S subunit, is apparently sufficient to overcome the
less favorable P90 side-chain conformation resulting from
its steric clash with h44. These data also suggest that strepto-
mycin lowers the activation energy for the transition between
the distorted and native conformations.
The decoding site of the P90L/C1490U SmI double mutant

did not exhibit the distorted conformation seen in the SmD
mutants but instead resembled that of the wild-type ribo-
some (Fig. 5H). C1490 is located close to P90 such that sub-
stitution of one residue should influence the other. C1490
pairs with G1410 in the wild-type 30S structure, and the ge-
ometry of this base pair is affected by the C1490U substitu-
tion. This substitution could act either by compensating for
the steric effect of the P90L substitution or by destabilizing
the distorted conformation of h44 and freeing it to adopt
the more favorable native conformation. Although the reso-
lution of the SmI mutant structure is too low (3.7 Å) to make
a definitive statement about the structural basis for suppres-
sion of the SmD phenotype, alignment of the wild-type and
mutant structures shows that the 2′-OH at position 1490 ap-
pears to be shifted 2.7 Å away from the leucine at position 90.
This is consistent with the change from a C-G Watson-Crick
pair to a U-G wobble pair. While the backbone between po-
sitions 1490 and 1493 is still displaced due to the P90L sub-
stitution (2.7 Å between the G1491 phosphate atoms), the
direction of this displacement differs from that seen in the
P90L single mutant. Thus, while the SmI mutant is able to
decode in the absence of streptomycin, the native conforma-
tional equilibrium has not been fully reestablished. These
structural data mirror the smFRET findings, suggesting a
structural basis for the observed defects in decoding and its
rescue by either streptomycin or an SmI mutation.

DISCUSSION

When bound simultaneously to the ribosome and EF-Tu, aa-
tRNA assumes a bent configuration of the anticodon helix in
order to execute codon–anticodon pairing (Valle et al. 2003;
Schmeing et al. 2009). The energetic penalty associated with
tRNA bending is derived, in part, from the stabilizing con-
tacts between the codon–anticodon complex and the decod-
ing site, suggesting that both contribute to the mechanism of

FIGURE 5. Structural distortion of the decoding site by the P90W SmD
substitution and the effect of streptomycin binding. (Gray) The wild-
type 30S subunit (PDB accession code 4DR1) (Demirci et al. 2013);
(blue) the P90W mutant; (purple) the P90L mutant; (green) the
P90L/C1490U mutant. Wild type aligned with the P90W mutant (A)
or P90L mutant (B) in crystal form 2. Wild type aligned with the
P90W mutant (C) or the P90L mutant in (D) in crystal form
1. Alignment of wild type with the P90W mutant (E) or the P90L mu-
tant (F), each cocrystallized with streptomycin. (G) Alignment of wild
type and the P90Wmutant after addition of streptomycin in preformed
crystals in form 2. (H) Alignment of wild type with the P90L/C1490U
SmI mutant in crystal form 1.
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GTPase activation. Consistent with this notion, tRNA muta-
tions that facilitate tRNA bending accelerate the rate constant
for GTPase activation (Cochella and Green 2005; Schmeing
et al. 2011). SmD mutations that distort the decoding-site
conformation could therefore block GTPase activation by
impairing the ribosome’s capacity to achieve the native co-
don–anticodon interactions and tRNA bending that are pre-
requisites for productive early selection culminating in GTP
hydrolysis. As both the efficiency and fidelity of GTPase acti-
vation during tRNA selection likely require a properly orga-
nized decoding site, we posit that the functional defects
associated with SmD mutations are a direct consequence of
the deformation of the decoding site. In this view, while
aa-tRNA is able to interact with the mRNA codon in the
A-site, structural transitions in the ribosome and tRNA
during initial selection, which follow codon recognition,
are either inhibited or altered in amanner that effectively pre-
vents GTPase activation. Given the apparent stability of ter-
nary complexes on the SmD ribosomes, we suggest that the
step affected likely relates to domain closure events.

X-ray crystallographic studies of 30S subunits with ASL
and mRNA bound to the A-site have been instrumental in
elucidating the mechanism of codon recognition (Ogle
et al. 2001; Murphy and Ramakrishnan 2004; Murphy et al.
2004; Dunham et al. 2007; Kurata et al. 2008). In the present
study, binding of cognate ASL and mRNA to SmD mutant
30S crystals failed to produce the corresponding electron
density, either in the absence or presence of streptomycin.
We interpret this observation to indicate that codon–antico-
don interaction alone is insufficient to counteract the distor-
tion of the decoding site caused by the SmD mutations.
Earlier studies showed that binding of near-cognate ASL
andmRNA to 30S subunits produces only weak electron den-
sity, unless binding is stabilized by the error-inducing amino-
glycoside antibiotic paromomycin (Ogle et al. 2002). We
did not attempt to stabilize binding of ASL and mRNA
with paromomycin or other aminoglycosides, as these drugs
relieve the SmD phenotype (Sokolski et al. 1962; Gorini et al.
1967; Quesnel et al. 1971); indeed, paromomycin-depen-
dence mutations and streptomycin-dependence mutations
are one and the same (Quesnel et al. 1971; Carr et al.
2005). Presumably paromomycin and other aminoglycosides
satisfy drug dependence by at least partly restoring a native
decoding-site conformation and/or by stabilizing codon–an-
ticodon interaction.

The decreased binding affinity of cognate ASL and mRNA
for SmD ribosomes could be exaggerated by the inherently
lower binding stability of ASLs compared with the ternary
complex. This resembles observations with near-cognate co-
don–anticodon interaction; while near-cognate ASLs do not
produce electron density in 30S subunit crystals in the ab-
sence of paromomycin (Ogle et al. 2002), near-cognate aa-
tRNA in the fully accommodated (A/A) state can be observed
bound to 70S ribosomes (Demeshkina et al. 2012). While we
did not observe binding of ASL and mRNA to SmD ribo-

somes, we were able to observe binding of the ternary com-
plex to SmD 70S ribosomes in single-molecule FRET
experiments. Earlier biochemical studies showed that bind-
ing of the cognate ternary complex to 70S ribosomes is de-
creased 2.3-fold by an SmD mutation (Ruusala et al. 1984).
The distortions of the decoding site we describe here were
not detected in the earlier crystal structure of the 70S ribo-
some from an E. coli SmD mutant (Vila-Sanjurjo et al.
2003). This could be accounted for by stabilization of the na-
tive decoding-site conformation by the presence of aa-tRNA
once it has achieved stable binding in the accommodated
state. Future studies of 70S SmD ribosomes are a next logical
step to address these issues, including 70S ribosomes with
fully accommodated aa-tRNA bound to the A-site (Voorhees
et al. 2009) and 70S ribosomes with the ternary complex in
the A/T state.
Recently, the crystal structures of 70S ribosomes from two

ram mutants having single-base substitutions in helices 12
and 14 of 16S rRNAwere determined and shown to resemble
the GTPase-activated state (Fagan et al. 2013). The large dis-
tance of the ram mutations from the decoding site suggests
that they act via long-range signaling to the decoding site
or by affecting conformational signals involved in GTPase ac-
tivation. We did not observe any effect of the rpsL-P90L mu-
tation on the conformation of 16S rRNA in the vicinity of the
ram mutations; the presence of paromomycin in the decod-
ing site of the former structures precludes any direct compar-
ison of the decoding sites of the ram and SmD ribosomes.
While our data do not directly address how SmD muta-

tions impact the domain closure process, impairment of
this transition cannot be the sole basis for the SmD pheno-
type because it fails to explain the distorted conformation
of the decoding site or how this distortion is relieved by strep-
tomycin or second-site mutations. Furthermore, the obser-
vation that mutations at K42 of S12 can act as internal
suppressors of SmD mutations at P90 (Björkman et al.
1999; Carr et al. 2005) and the existence of error-prone mu-
tations in S12 (Agarwal et al. 2011) are also not explained by a
simple steric model. Instead, our observations suggest that
SmD mutations interfere with the ability of S12 to structure
the decoding site. This notion is indeed consistent with
the observation that SmR ribosomes stemming from S12mu-
tations exhibit defects in codon recognition (Zaher and
Green 2010b). Thus, in addition to the current model in
which the S12–h44 interactions serve only to stabilize the
closed 30S subunit conformation, our findings show that ri-
bosomal protein S12 also plays a direct role in preorganizing
the decoding site in the open state so that it is properly poised
for substrate binding and codon recognition.
A model in which S12 contributes to the structuring of the

decoding site in preparation for aa-tRNA binding and to
the subsequent domain closure process provides a new
framework for explaining the phenotypes of the many mu-
tations impacting decoding accuracy that have been identi-
fied in S12 or in the decoding site itself. Other amino acid
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substitutions in S12, such as those at the conserved R85, ex-
hibit an intermediate, streptomycin pseudo-dependence
(SmP) phenotype (Gregory et al. 2001), while those at R53
are extremely error-restrictive (Tubulekas et al. 1991). Base
substitutions in h44 have been shown to act as SmImutations
(Allen and Noller 1991), nonsense suppressors or antisup-
pressors (Gregory and Dahlberg 1995; Murgola et al. 1995),
or missense suppressors (McClory et al. 2010). It seems plau-
sible that restrictive mutations could impact decoding by
favoring various non-native decoding-site conformations,
while nonsense or missense suppressor mutations could act
by favoring a conformation normally achieved only upon
cognate codon recognition. The inherent flexibility of the de-
coding site is essential for the induced-fit mechanism by play-
ing a direct role in distinguishing between structurally similar
cognate and near-cognate substrates (Ogle et al. 2002). This
same fine balance among decoding-site conformations also
makes the ribosome highly susceptible to perturbations by
small molecules and mutations.

MATERIALS AND METHODS

Bacterial strains and culturing

All strains were derived from T. thermophilus HB8 (ATCC27634)
(Oshima and Imahori 1974) and cultivated in TEM medium
(ATCC medium 1598). Streptomycin sulfate was obtained from
Sigma-Aldrich. Transformation with genomic or plasmid DNA
was performed as previously described (Koyama et al. 1986). Trans-
formants were purified by twice serially streaking for single colonies.
All mutant alleles were confirmed by DNA sequencing.

Purification of T. thermophilus initiation factors
(IF1, IF2, and IF3) and EF-Tu

Genomic DNA was extracted from T. thermophilus HB8 using the
PureLink Genomic DNA Mini kit (Invitrogen). Genes encoding
IF1, IF2, IF3, and EF-Tu were PCR-amplified from genomic DNA
and cloned into the Champion pET SUMO Expression System
vector (Invitrogen). E. coli strain BL21(DE3) carrying the expres-
sion plasmids was cultured at 37°C to an OD600 of 0.5 and induced
with 0.5 mM IPTG. Cells were harvested after 4 h of expression and
lysed in 50 mM potassium phosphate buffer (pH 7.5), 50 mM
potassium chloride, and 5 mM β-mercaptoethanol. Proteins were
purified using Ni-NTA resin (QIAGEN) following the manufactur-
er’s instructions.

Formation of ribosomal complexes for single-molecule
FRET experiments

Wild-type andmutant T. thermophilus ribosome complexes were as-
sembled with biotinylated mRNA and fMet-tRNAfMet (labeled with
Cy3 at s4U8) in the presence of IF1, IF2, and IF3 as described
(Blanchard et al. 2004). The ternary complex formed from Phe-
tRNAPhe (labeled with Cy5 at acp3U47) and EF-Tu in the presence
of GTP was delivered by stopped-flow to surface-immobilized 70S

ribosomes (Blanchard et al. 2004). Fluorescence signals were re-
corded at 15-msec time resolution under 200 mW, 532 nM laser il-
lumination. FRET trajectories were determined according to the
equation FRET = ICy5/(ICy3 + ICy5). Single-molecule FRET trajecto-
ries were post-synchronized to the first observation of FRET above
the 0.13 FRET threshold and combined into a two-dimensional
contour plot. Complexes contained either near-cognate mRNA (co-
don UCU) or cognate mRNA (codon UUC) in the A-site. Where
indicated, complexes contained 40 μM streptomycin. The same ri-
bosome preparations were used for both FRET experiments and
crystallization (see below).

Preparation and crystallization of 30S ribosomal
subunits

30S ribosomal subunits were purified and crystallized essentially as
described (Clemons et al. 1999). Ribosome–streptomycin complex-
es were cocrystallized by mixing 30S subunits with 400 μg/mL strep-
tomycin, filtering with a 0.22-μm filter, and incubating for 10 min at
55°C before cooling to 4°C. All crystals were sequentially transferred
to a final buffer with 26% (v/v) 2-methyl-2,4-pentanediol (includ-
ing streptomycin for cocrystals) for cryoprotection.
Diffraction data from apo and streptomycin-soaked P90W mu-

tant crystals in form 2 were each collected from single crystals
with a Pilatus 6M detector at beamline X06SA at the Swiss Light
Source in Villigen. Diffraction data for wild-type subunits in crystal
form 2were collected from a single crystal with a Pilatus 6M detector
at beamline X25 at the National Synchrotron Light Source at
Brookhaven National Laboratory. All other data sets were collected
from single crystals with an ADSC 315 detector at beamline ID-24-C
at the Advanced Photon Source in Argonne.
P90L and P90W streptomycin cocrystal data sets were processed

with HKL2000 (Otwinowski and Minor 1997), and all other data
sets were processed with XDS (Kabsch 2010). Wild-type, P90W,
and P90L apo structures in crystal form 2 were solved by molecular
replacement, using wild-type 30S structure in crystal form 1 (PDB
entry 4DR1) (Demirci et al. 2013) as a search model with Phaser
(McCoy et al. 2007). The best solution was refined against wild-
type, P90W, and P90L mutant data sets with the PHENIX software
package (Adams et al. 2010). During initial refinement of P90W and
P90L structures, the entire 16S rRNA h44 region was omitted, and
the new h44 model was built into unbiased difference density using
RCrane (Keating and Pyle 2012). For all other data sets, either the
wild-type apo (PDB entry 4DR1) or wild-type streptomycin-bound
30S structure (PDB entry 4DR3) (Demirci et al. 2013) was used as
the starting model for refinement with the PHENIX software pack-
age. After simulated-annealing refinement, individual coordinates,
individual B factors, and TLS parameters were refined. Potential po-
sitions of magnesium or potassium ions were compared with those
in a high-resolution (2.5 Å) 30S subunit structure (PDB entry
2VQE) (Kurata et al. 2008) in Coot (Emsley et al. 2010), and posi-
tions with strong difference density were retained. All magnesium
atoms were replaced with magnesium hexahydrate, and water mol-
ecules located outside significant electron density were manually re-
moved. Structure alignments were performed using the alignment
algorithm of PyMOL (Schroedinger 2012) with the default 2σ rejec-
tion criterion and 50 iterative alignment cycles. Alignments used to
detect repositioning of the 30S subunit head domain in crystal forms
1 and 2 were performed using 16S rRNA phosphate atoms from
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residues 1–926 (excluding the head domain and helices 44 and 45).
Alignments used for analyzing structural changes in the decoding
site included only 16S rRNA phosphate atoms from residues 1–
1399 (excluding helices 44 and 45). All figures were produced
with PyMOL (Schroedinger 2012).

DATA DEPOSITION

Coordinates of all structures have been deposited into the Pro-
tein Data Bank with the accession codes 4JI0 (P90L apo, crystal
form 1), 4JI1 (P90L streptomycin cocrystal, form 1), 4JI2 (P90W
apo, crystal form 1), 4JI3 (P90W streptomycin cocrystal form 1),
4JI4 (P90L/C1490U apo, crystal form 1), 4JI5 (wild-type apo, crystal
form 2), 4JI6 (P90L apo, crystal form 2), 4JI7 (P90W apo, crystal
form 2), and 4JI8 (P90W streptomycin soak, crystal form 2).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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