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Structural Analysis of Base Substitutions in Thermus thermophilus 16S
rRNA Conferring Streptomycin Resistance
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Streptomycin is a bactericidal antibiotic that induces translational errors. It binds to the 30S ribosomal subunit, interacting with
ribosomal protein S12 and with 16S rRNA through contacts with the phosphodiester backbone. To explore the structural basis
for streptomycin resistance, we determined the X-ray crystal structures of 30S ribosomal subunits from six streptomycin-resis-
tant mutants of Thermus thermophilus both in the apo form and in complex with streptomycin. Base substitutions at highly con-
served residues in the central pseudoknot of 16S rRNA produce novel hydrogen-bonding and base-stacking interactions. These
rearrangements in secondary structure produce only minor adjustments in the three-dimensional fold of the pseudoknot. These
results illustrate how antibiotic resistance can occur as a result of small changes in binding site conformation.

he ribosome is the macromolecular machine responsible for

the translation of genetic information and is the target of nu-
merous antimicrobial agents (reviewed in references 1 and 2).
Chemical footprinting experiments (3) suggested that many anti-
biotics bind primarily or exclusively to rRNA. This was shown to
be the case for aminoglycoside antibiotics by nuclear magnetic
resonance and crystallography experiments using oligonucleotide
analogs of their 16S rRNA binding site (4, 5). X-ray crystallogra-
phy of intact bacterial and archaeal ribosomes has shown that
antibiotic-rRNA interactions are indeed the predominant mode
of antibiotic binding (reviewed in reference 6); from such studies
it is possible to infer the structural basis for the mechanisms of
antibiotic action, which include the stabilization of nonproduc-
tive ribosome conformations, the impairment of essential confor-
mational transitions, and the physical obstruction of substrate
binding sites. Some antibiotics, such as the aminoglycosides, in-
duce translational errors, apparently by stabilizing productive
end-state conformations (7-9). Ribosome structural studies can
also be used to infer mechanisms of antibiotic resistance that arise
from mutations affecting components of the ribosome and have
the potential to provide the basis for the rational design of novel
antimicrobial agents effective against resistant pathogens.

Mutations conferring resistance to aminoglycoside antibiotics
were first identified in ribosomal protein genes (10, 11) due to the
ease of detecting protein alterations biochemically. The recogni-
tion of the primary involvement of rRNA in antibiotic binding
was delayed partly because of the multicopy nature of rRNA genes
in many experimental organisms that can mask resistance pheno-
types and also because there was no way to rapidly identify the
presence of rRNA mutations prior to the availability of rRNA gene
sequences and facile DNA sequencing methods. Aminoglycoside
resistance mutations were subsequently identified in the single-
copy rRNA genes of chloroplasts of Euglena gracilis (12), Chlamy-
domonas reinhardtii (13, 14), and Nicotiana plumbaginifolia (15).
These studies laid the foundation for later identification of strep-
tomycin resistance (Str") mutations in the single rRNA gene cop-
ies of the bacterium Mycobacterium tuberculosis (16—18). The use
of multicopy plasmids expressing rRNA has allowed an analysis of
Str" mutations in Escherichia coli 16S rRNA (19-23). Similarly,
developments in the genetic manipulation of the rRNA genes of

4308 aac.asm.org

Antimicrobial Agents and Chemotherapy p. 4308-4317

the extremophile Thermus thermophilus (24), used in many ribo-
some structural studies, have facilitated determination of the
structure of resistant ribosomes. While strains producing pure
populations of mutant ribosomes are a great advantage crystallo-
graphically, they also allow the identification of resistance muta-
tions conferring a recessive resistance phenotype.

Some mutations conferring antibiotic resistance produce per-
turbations in ribosome structure beyond the antibiotic binding
site, while others replace chemical groups that are directly in-
volved in antibiotic-ribosome contacts and produce only minimal
effects on ribosome structure (25, 26). Amino acid substitutions
in ribosomal protein S12 conferring streptomycin dependence
cause distortions of the decoding site of 16S rRNA (27). Thus,
while some mutations confer antibiotic resistance by causing sig-
nificant conformational deformities, others can act with only
minimal effects on the structure.

The aminoglycoside antibiotic streptomycin induces misread-
ing of mRNA (28) by binding near the site of codon recognition in
the 30S subunit (8). The streptomycin binding site is rich in rRNA
tertiary structure, including two pseudoknot interactions and
multiple helix-packing interactions; the drug makes extensive
backbone contacts with 16S rRNA helices 1, 18,27, and 44 (Fig. 1A
and B), and base substitutions in these structures can cause resis-
tance. Binding of streptomycin also destabilizes a tertiary interac-
tion between 16S rRNA helices 44 and 45 (29). Streptomycin is in
position to contact several lysine e-amino groups of ribosomal
protein S12, including K42, K43, and K87 (8), and resistance is
frequently conferred by amino acid substitutions at any one of
these positions (30-32). Deficiency in N-7 methylation of G527 of
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FIG 1 Location of Str* mutations in the central pseudoknot of the 30S subunit. (A) Secondary structure model of T. thermophilus 16S rRNA (GenBank accession
number M26923) (48), with the central pseudoknot indicated by a square. (B) X-ray crystal structure of the wild-type T. thermophilus 30S subunit-streptomycin
complex (PDB accession number 4DR3) (29). The central pseudoknot is shown as a blue surface, and ribosomal protein S12 is shown as a pink surface.
(C) Secondary structure of the central pseudoknot, with helices 1 and 27 (h1 and h27, respectively) colored blue. The base substitutions examined in this
study are labeled. (D) Partial structure of the central pseudoknot, indicating base pair and base triple interactions (blue) affected by mutations. Also
shown are streptomycin (orange sticks) and residues of S12 involved in streptomycin binding (pink). (E) The streptomycin binding site, showing

ribosome-streptomycin contacts.

16S rRNA by the RsmG methyltransferase produces low-level
streptomycin resistance (33, 34). How substitution of K42, K43, or
K87 of S12 confers streptomycin resistance is somewhat self-evi-
dent, whereas predicting with any precision the mechanism of
resistance conferred by base substitutions or a deficiency in base
methylation is made difficult by the absence of any base-specific
contacts between streptomycin and 16S rRNA.

We previously described the isolation and characterization of
spontaneous Str" mutants of the thermophilic bacterium T. ther-
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mophilus with amino acid substitutions in ribosomal protein S12
(35) or base substitutions in 16S rRNA (24, 36). Mutant ribo-
somes with base substitutions in the central pseudoknot exhibit
altered reactivity to base-specific chemical probes, suggesting an
effect of the mutations on the hydrogen-bonding arrangement of
the pseudoknot (24). In five of the mutants studied here, resis-
tance results from base substitutions in and around the central
pseudoknot formed by helices 1 and 27, at the junction of the three
major domains of the 16S rRNA molecule (37-39) (Fig. 1C and
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D). We also previously identified mutants deficient in the modi-
fication at the 7-methyl-guanosine at position 527 (m’G527) due
to a transposon insertion into rsmG (40) or deletion of rsmG (41).
Here we describe the X-ray crystal structures of 30S ribosomal
subunits bearing each of the five base substitutions or lacking the
m’G527 modification. The results from these experiments indi-
cate that alternative RNA secondary structure arrangements can
adopt nearly native backbone conformations and that a series of
small changes combines to abrogate streptomycin binding. They
also suggest that conformational dynamics play a role in modu-
lating antibiotic resistance.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All experiments were con-
ducted with mutants derived from T. thermophilus HB8 (ATCC 27634).
All strains used in this study have been described previously (24, 41).
HG917 (ArsmG::htk1) is a derivative of HB8 in which the rsmG locus has
been deleted and replaced with the htk gene encoding a thermostable
kanamycin-adenyltransferase. HG286 (ArrsA::htk1) is a derivative of HB8
having a single gene encoding 16S rRNA (rrsB), with rrsA having been
deleted and replaced with the htk gene. All other strains were derived from
HG286 and included HG422 (ArrsA::htkl rrsB-U13C), HG451 (ArrsA::
htklI rrsB-U20G), HG419 (ArrsA::htkl rrsB-A915G), HG420 (ArrsA::htkl
rrsB-A914G), and HG426 (ArrsA:htkl rrsB-C912A). Cultures were
grown in Thermus enhanced medium (TEM; ATCC medium 1598) in
liquid or on plates solidified with 2.8% Bacto agar (Difco). Liquid cultures
were grown aerobically in an Innova 4200 shaker incubator (New Bruns-
wick) at 72°C with shaking at 180 rpm. Strains were maintained as 25%
glycerol stocks, stored at —80°C.

Purification and crystallization of ribosomes. 30S ribosomal sub-
units were purified and crystallized essentially as described previously
(42), with the exception that crystallization growth times were extended
to 4 to 8 months. Ribosome-streptomycin complexes were prepared by
mixing 30S subunits with 400 wg/ml streptomycin sulfate, filtering with a
0.22-pm-pore-size filter, and incubating at 55°C for 10 min before cool-
ing to 4°C and were then crystallized. All 30S crystals were sequentially
transferred to a final buffer with 26% (vol/vol) 2-methyl-2,4-pentanediol
(including 400 pg/ml streptomycin for cocrystals) for cryoprotection.
Crystals were kept in the final cryoprotection buffer for at least 1 week.
Crystals were frozen in liquid nitrogen before data collection.

Data collection and refinement. Diffraction data for each mutant or
mutant-streptomycin complex were collected from single crystals (U13C,
U20G, C912A, A914G, and ArsmG mutants) or two crystals (A915G mu-
tant) with an ADSC 315 detector at the Advanced Photon Source in Ar-
gonne National Laboratory. The data sets for the U13C, U20G, A914G,
A915G, and ArsmG mutants (apo and streptomycin-bound forms) were
collected at beam line ID-24-C, and data sets for the C912A mutant (apo
and streptomycin-bound forms) were collected at beam line ID-24E. Dif-
fraction data were processed with the HKL2000 package (43). Either the
wild-type apo 30S structure (PDB accession number 4DR1) or the wild-
type streptomycin-bound 30S structure (PDB accession number 4DR3)
was used as the starting model for refinement with the PHENIX software
package (44). After simulated-annealing refinement, individual coordi-
nates and TLS parameters were refined. Potential positions of magnesium
or potassium ions were compared with those in a high-resolution (2.5-A)
30S subunit structure (PDB accession number 2VQE) [45] in the Coot
program (46), and positions with strong difference densities were re-
tained. All magnesium atoms were replaced with magnesium hexahy-
drate. Water molecules located outside significant electron density were
manually removed.

Structural alignments. Alignments were performed using the align-
ment algorithm of the PyMOL molecular graphics system with the default
20 rejection criterion and 50 iterative alignment cycles. Alignments used
phosphate atoms from residues 50 to 500, avoiding residues participating
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in streptomycin binding and regions known to be especially mobile. All
figures were generated with PYMOL (47).

Protein structure accession numbers. Atomic coordinates for all
structures have been deposited in the RCSB Protein Data Bank (PDB;
www.pdb.org) under accession numbers 4DUY (U13C, apo form), 4DUZ
(U13C, streptomycin-bound form), 4DVO (U20G, apo form), 4DV1
(U20G, streptomycin-bound form), 4DV2 (C912A, apo form), 4DV3
(CI912A, streptomycin-bound form), 4DV4 (A914G, apo form), 4DV5
(A914G, streptomycin-bound form), 4DV6 (A915G, apo form), 4DV7
(A915G, streptomycin-bound form), 4NXM (ArsmG, apo form), and
ANXN (ArsmG, streptomycin-bound form).

RESULTS AND DISCUSSION

Structural effects of base substitutions on the central pseudo-
knot. We examined 30S ribosomal subunits with one of five base
substitutions in and around the central pseudoknot of T. thermo-
philus 16S rRNA (U13C, U20G, C912A, A914G, and A915G) or a
30S ribosomal subunit lacking the m’G527 modification due to a
deletion of the rsmG locus (Fig. 1). Ribosomes from T. thermophi-
Ius have proven to be effective targets for structure determination
by X-ray crystallography, and we were able to crystallize mutant
30S subunits using methods originally developed for wild-type T.
thermophilus (38, 42). In total, we collected 12 X-ray diffraction
data sets with resolutions ranging from 3.3 A to 3.85 A and with
coordinate errors ranging from 0.28 A to 0.37 A (see Table S1 in
the supplemental material). These included mutant 30S subunits
in the apo form or cocrystallized with streptomycin.

Three of the five bases substituted in these mutants, U13, U20,
and A915, form a base triple in the wild-type ribosome, as shown
in Fig. 1D. The fourth mutated base, A914, pairs with G21 to form
a sheared G-A base pair engaged in a stacking interaction with the
U13-U20-A915 base triple. The fifth mutated base, C912, estab-
lishes a Watson-Crick pair with G885 to close helix 27. Across the
three phylogenetic domains, U13, U20, A914, and A915 are found
in 99.4%, 98.9%, 99.7%, and 99.8% of small-subunit rRNAs, re-
spectively (48). Position 912 is conserved at the domain level;
while a G885-C912 Watson-Crick base pair predominates in bac-
teria (96.8%), a G885-U912 wobble pair predominates in eukarya
(99.6%) and archaea (99.1%), indicating that these base identities
were fixed prior to the divergence of the three domains from their
last common ancestor. The methylated base m’G527 is located in
16S rRNA helix 18 and is in close proximity to G530, which di-
rectly participates in codon recognition (9). This residue is also
highly conserved (99.2% in bacteria, 100% in archaea, and 99.9%
in eukarya), and its N-7 methylation has been found in the few
bacterial, archaeal, and eukaryal species whose rRNA modifica-
tions have been systematically examined (49).

In the mutant crystal structures, each of the base substitutions
eliminates the hydrogen-bonding and base-stacking interactions
that are formed in the native structure. Similar observations for
mutations in the peptidyltransferase active site have been made
(26). Despite some substantial rearrangements in secondary
structure, all mutants maintained a nearly native backbone con-
formation of the pseudoknot and the surrounding tertiary struc-
ture (Fig. 2 to 4). Ribosome-streptomycin complexes showed a
clear difference in electron density attributable to the antibiotic
(see Fig. S1 in the supplemental material), as well as the disruption
of the contact between helix 45 and helix 44 that we recently re-
ported for the wild-type 30S-streptomycin complex (29). This
binding occurs at a concentration (400 pg/ml) that is below that
needed to inhibit the growth of the mutants. From our previous
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U13C apo U13C str

G A915G apo H A915G str

FIG 2 Structural rearrangements in the U13C, U20G, and 915G mutants. (A and B) Wild type (wt); (C and D) U13GC; (E and F) U20G; (G and H) A915G. (Left)
apo structures; (right) structures cocrystallized with streptomycin (orange sticks). The mutated residue in each structure is shown in blue.

studies (24, 41), 500 pg/ml completely inhibited the growth of the  g/ml. The ArsmG mutant was only weakly resistant, being par-
CI912A mutant, partially inhibited the growth of the U20G, tially inhibited by 50 wg/ml and almost completely inhibited by
A914G, and A915G mutants, and had no effect on the growth of 100 pg/ml. Binding of streptomycin largely reversed the structural
the U13C mutant. All mutants were completely inhibited by 1,000  changes induced by base substitutions. This suggests that effects

August 2014 Volume 58 Number 8 aac.asm.org 4311


http://aac.asm.org

Demirci et al.

D A914 str

FIG 3 Structural rearrangement in the A914G, C912A, and ArsmG mutants. (A and B) Wild type; (C and D) A914G; (E and F) C912A; (G and H) ArsmG. (Left)
apo structures; (right) structures cocrystallized with streptomycin (orange sticks). The mutated residue in each structure is shown in blue.

on streptomycin binding are at least in part due to changes in local
conformational dynamics. Each mutant exhibited individual
structural characteristics, which are described below.

U13C. The U13-U20-A915 base triple seen in the wild-type 30S
subunit (Fig. 2A and B) is disrupted by the U13C base substitu-
tion, with a large-scale reorientation (a 7.2-A movement of the
pyrimidine N-3) of the mutated base that is stabilized by a stacking
interaction with U14 (Fig. 2C). The hydrogen-bonding arrange-
ment between U20 and A915 also changed to a wobble-like juxta-
position, with loss of the lone hydrogen bond between A915 N-6
and U20 O-2. This loss is apparently compensated for by a shift in
the position of A915 toward the major groove that results in im-
proved stacking of A915 over the N-6 of A914. Thus, the displace-
ment of the C at position 13 is stabilized by alternative or im-
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proved stacking interactions of both the mutated residue and
A915. These conformational changes induce only small changes in
the backbone trajectory in the vicinity of these residues in the
streptomycin binding site that are sufficient to confer resistance.
Binding of streptomycin to the mutant 30S subunit stabilizes the
rRNA backbone in the vicinity of positions 13 and 915 (Fig. 2D).

U20G. In the U20G mutant structure, the 13-20-915 base triple
is largely obliterated, with U13 being in a flipped-out configura-
tion but not stacked on U14, as in the U13C mutant (Fig. 2E). It
should be noted that the electron density for U13 is weakly defined
in both the apo and streptomycin-bound U20G structures in omit
difference electron density maps, indicating that this base is
largely disordered as a consequence of the U20G substitution (see
Fig. S2 in the supplemental material). The A915 base is shifted
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FIG 4 Backbone shifts in the decoding site. (Left) Wild-type and mutant
structures were aligned using the phosphate atoms of 16S rRNA residues 50 to
500. Gray, wild type; pale cyan, mutants. Side chains for residues C1490,
G1491, A1492, and A1493 are also shown. (Right) Composite omit 2mF, —
DF_ electron density maps for the same four residues. (A) Wild type; (B) wild
type and U13C; (C) wild type and U20G; (D) wild type and C912A; (E) wild
type and A914G; (F) wild type and A915G; (G) wild type and ArsmG.

toward the native U13 position, as observed in the U13C mutant,
and also displaced from the bulkier G now present at position 20.
The N-2 of this G forms a single hydrogen bond with the N-1 of
A915. The lateral displacement of A915 is reversed by binding of
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streptomycin, causing it to assume a position similar to its native
orientation (Fig. 2F). U13 rotates back toward a native-like orien-
tation in the presence of streptomycin, restoring a nearly isosteric
13-20-915 base triple.

A915G. In contrast to the U20G data, electron density maps
were well defined for the A915G mutant structures (see Fig. S2 in
the supplemental material). The base triple conformation in the
A915G apo form closely resembles that of the U13C mutant, with
the structural rearrangement of the U13 base stacking on Ul4
(Fig. 2G). In this mutant, the G at 915 and U20 adopt a G-U
wobble configuration, similar to the anomalous A-U wobble con-
figuration observed for A915 and U20 in the U13C mutant. This
reinforces the notion that the movement of U13 into its alterna-
tive stacking arrangement on U14 is sufficiently stable to compen-
sate for the unfavorable configuration of A915 and U20 in the
U13C mutant. Binding of streptomycin induces small changes in
the backbone at positions 13 and 915 toward the native confor-
mation (Fig. 2H).

A914G. Compared to the wild-type structure (Fig. 3A and B),
the A914G mutant structure shows a dramatic rearrangement.
The sheared pair between A914 and G21 is lost, with G21 flipping
out of its native orientation to stack onto A573 (Fig. 3C). Similar
to the reorientation of U13, this formation of a new stacking ori-
entation compensates for the loss of native hydrogen-bonding
interactions. The A914G mutant base is shifted toward the native
position of G21, analogous to the compensatory shift of A915 in
the base triple mutants. The U13-U20-A915 base triple interac-
tion remains intact in this mutant structure, with a small rota-
tional adjustment in the U20 base due to the loss of the stacking
interaction with G21. The coordination of streptomycin to this
mutant induces a further displacement of the A914G mutant base,
which may reflect a higher degree of flexibility in the absence of
any stabilizing hydrogen-bonding interactions (Fig. 3D).

C912A. Of the five bases altered in Str" mutants, the one that
does not directly participate in the pseudoknot is C912. The
C912A substitution replaces a Watson-Crick G-C pair (Fig. 3E
and F; see Fig. S4C and D in the supplemental material) witha G-A
mismatch having a geometry similar to that of the pseudo-Wat-
son-Crick G-A base pair seen in tRNAP"® (50), but with the aden-
osine base displaced toward the minor groove of helix 27. There
are no apparent hydrogen-bonding interactions between these
two bases, consistent with the reactivity of the N-1 position to
dimethyl sulfate (24). Only a minor shift in the backbone position
of the adenosine is sufficient to accommodate it into the helix 27
structure. Shifts in the position of the mutant A at position 912
alter the streptomycin binding site and could also alter the posi-
tion and orientation of the lysine residue in ribosomal protein S12
that interacts with the antibiotic. As with the other mutant struc-
tures, the binding of streptomycin reverses the small backbone
shifts and induces small adjustments of the U911 and C912A base
positions (see Fig. S4D in the supplemental material).

ArsmG. In contrast to the Str" mutations in the central pseu-
doknot, the loss of the m’G527 modification due to the ArsmG
mutation showed no detectable structural distortion (Fig. 3G and
H). All base-base hydrogen-bonding interactions observed in the
wild-type ribosome remain intact in this mutant. These results are
consistent with the lower resistance levels in vivo.

Effects of base substitutions on dimensions of streptomycin
binding site. In several of the mutant structures, the most signif-
icant structural changes were located in helix 44, on the side of the
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TABLE 1 Shifts in phosphate atom positions induced by Str* mutations”
Distance (A)

U13C U20G C912A A914G A915G ArsmG
Residue (4DUY) (4DV0) (4DV2) (4DV4) (4DV6) (4NXM)
U13 0.5 0.8 0.2 0.5 0.6 0.2
Ul4 0.9 0.6 0.3 0.2 1.0 0.0
G15 0.5 0.6 0.3 0.1 0.5 0.1
C526 0.3 0.6 0.4 0.2 0.2 0.1
m’G527 1.1 0.3 0.2 0.7 0.8 0.2
C912 0.6 0.5 1.4 0.3 0.8 0.2
A913 1.1 1.1 0.3 0.4 1.2 0.1
A914 0.7 0.4 0.5 1.0 0.5 0.4
A915 0.8 1.0 0.2 0.5 0.8 0.2
C1490 1.2 0.4 1.4 0.4 1.1 0.2
G1491 1.3 0.6 3.4 0.6 1.4 0.4
A1492 1.9 0.7 3.6 0.7 2.3 0.7
A1493 0.8 1.8 2.9 0.9 1.5 0.4

@ Coordinate errors are provided in Table S1 in the supplemental material. Root mean
square deviation values for the overall alignments were 0.219 (U13C), 0.262 (U20G),
0.247 (C912A), 0.204 (A914G), 0.250 (A915G), and 0.188 (ArsmG). Residues involved
in streptomycin binding are U14, C526, m’G527, A914, C1490, and G1491. PDB
accession numbers are given in parentheses.

streptomycin binding site opposite the central pseudoknot (Fig. 4;
Table 1). In the wild-type 30S subunit, streptomycin contacts he-
lix 44 via backbone interactions at C1490 and G1491 (Fig. 1E), and
the shifts in phosphate positions at these residues could account
for the decreased streptomycin binding affinity. This is particu-
larly true for the C912A mutant, which shows a 3.4-A shift of the
G1491 phosphate. The U13C, U20G, and A915G mutants also show
some distortion in this vicinity, while the A914G and ArsmG mutants
show little or no detectable distortion of this region (Fig. 4).

Effects on the dimensions of the streptomycin binding site
were also detectable (Table 2). Small changes in the distance be-
tween phosphates directly involved in streptomycin binding may
combine to distort the binding site and decrease binding affinity.
These small differences noticeable in the apo subunit structures
were eliminated upon binding streptomycin (Table 3). These data
suggest that streptomycin binding requires a precise three-dimen-
sional structure of the binding site and that several subtle changes
in binding site geometry (each on the order of 1 or 2 A) are suffi-
cient to confer resistance.

In our wild-type structure, ribosomal protein S12 residues
K42, K43, and K87 were all in position to contact streptomycin.
This is consistent with the identification of Str' mutants with

TABLE 2 Streptomycin binding site dimensions in apo 30S structures”
Distance (A)

wild

type U13C U20G  C912A  A914G  A915G  ArsmG
Residue pair (4DR)1 (4DUY) (4DVO0) (4DV2) (4DV4) (4DV6) (4NXM)
U14-C526 12.5 12.7 12.8 12.4 12.5 12.7 12.6
U14-m’G527 8.7 9.3 9.1 8.7 9.0 9.2 8.9
Ul14-A914 6.7 7.0 7.3 6.7 6.6 7.4 7.0
U14-C1490 18.7 19.1 19.3 17.4 18.8 19.2 18.7
U14-G1491 16.8 17.4 17.3 14.2 17.2 17.9 16.6
C526-A914 6.6 6.4 6.5 6.5 6.3 6.3 6.6
C526-C1490 17.9 17.1 17.7 17.4 17.9 17.1 17.9
C526-G1491 15.0 14.3 14.7 15.2 15.3 14.5 15.2
m’G527-A914 6.2 6.2 6.4 6.0 5.8 6.5 6.6
m’G527-C1490 19.6 18.8 19.4 18.7 19.5 18.6 19.6
m’G527-G1491  15.9 15.0 15.6 14.9 15.9 15.2 15.8
A914-C1490 15.9 15.6 15.7 14.7 16.0 15.2 15.7
A914-G1491 14.1 14.0 13.7 12.5 14.3 13.9 14.0

“ Distances between phosphate atoms of each pair of residues indicated. Coordinate
errors are provided in Table S1 in the supplemental material. PDB accession numbers
are given in parentheses.
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TABLE 3 Streptomycin binding site dimensions in ribosome-
streptomycin complexes”

Distance (A)

Wwild

type U13C U20G  C912A  A914G  A915G  ArsmG
Residue pair (4DR3) (4DUZ) (4DV1) (4DV3) (4DV5) (4DV7) (4NXN)
U14-C526 12.1 12.4 12.3 12.2 12.4 12.2 12.2
Ul4-m’G527 8.8 9.0 9.0 8.9 9.0 8.8 8.6
Ul14-A914 6.9 7.4 7.2 6.9 7.0 7.3 7.0
U14-C1490 18.5 19.0 18.7 18.3 18.4 18.4 18.3
U14-G1491 16.9 17.5 16.9 16.8 16.5 16.9 16.8
C526-A914 6.1 5.9 6.1 6.1 6.1 59 6.2
C526-C1490 17.0 16.7 17.0 17.2 17.1 17.0 16.9
C526-G1491 14.0 14.0 13.9 14.0 14.0 14.2 13.8
m’G527-A914 6.7 6.8 6.9 6.7 6.7 6.7 6.9
m’G527-C1490 18.8 18.6 19.2 19.0 19.0 18.8 18.8
m’G527-G1491  15.1 15.0 15.3 15.1 15.1 15.1 14.9

A914-C1490 15.4 15.4 15.5 15.6 15.6 15.5 15.4
A914-G1491 13.8 14.0 13.8 13.8 13.6 14.0 13.9

“ Distances between phosphate atoms are indicated for each pair of residues in the
streptomycin binding site in 30S subunits complexed with streptomycin. Coordinate
errors are provided in Table S1 in the supplemental material. PDB accession numbers
are given in parentheses.

amino acid substitutions at each of these positions. While in com-
posite omit maps we observed clear electron density for ribosomal
protein S12 backbone atoms, side chain electron density was not
consistently observed (see Fig. S5 and S6 in the supplemental ma-
terial). Thus, it remains unclear how 16S rRNA mutations influ-
ence S12 contacts and how such defects might contribute to strep-
tomycin resistance.

Structural basis for streptomycin resistance. The nature of
the streptomycin binding interaction indicated that the structural
basis for the Str" phenotype would be distinct from that of other
antibiotic resistance mutations (8). While most antibiotics make
sequence-specific interactions with rRNA bases, streptomycin in-
teracts exclusively with rRNA backbone atoms and lysine amino
groups of ribosomal protein S12. The structural rearrangements
caused by the pseudoknot mutations produce a series of small
changes in the backbone conformation of the streptomycin bind-
ing site. Because the pseudoknot is engaged in extensive helix-
packing interactions with the rest of the 30S subunit, the small
backbone changes needed to confer resistance may require sub-
stantial disruption of base-base hydrogen-bonding interactions.
These characteristics distinguish the Str" phenotype from resis-
tance to antibiotics binding to the peptidyltransferase center,
which make base-specific contacts and whose binding interaction
can be disrupted by the loss of a single functional group without
distortion of the rRNA fold (25). As observed in the crystal struc-
ture of the Haloarcula marismortui 50S subunit, the base substitu-
tions C2452U and U2500A both eliminate antibiotic-rRNA con-
tacts without greatly distorting the binding site conformation
(26). The A2058G mutation introduces an N-2 amino group,
blocking macrolide interaction (25). This is also true of mutations
conferring resistance to aminoglycoside antibiotics that bind to
the decoding site via both backbone and base-specific interac-
tions; base substitutions can both remove functional group con-
tacts and perturb the backbone trajectory (51).

Ribosomal protein S12 residues K42, K43, and K87 appear to
make or are in a position to make direct contact with streptomy-
cin. These positions are all also sights of Str" mutations identified
in various organisms, including T. thermophilus (35). Our ability
to draw definitive conclusions regarding the effects of base substi-
tutions in the central pseudoknot is limited by the current resolu-
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tion of 30S structures. Nevertheless, small changes in the positions
of rRNA residues in the streptomycin binding site, together with
the loss of one or more contacts with S12, could combine to re-
duce streptomycin binding. The effect of base substitutions in the
pseudoknot could perturb S12-streptomycin contacts, as S12 also
makes direct contact with the pseudoknot. Given that single
amino acid substitutions at K42, K43, or K87 can confer high-level
streptomycin resistance, disordering of these side chains indi-
rectly through distortion of S12-rRNA contacts could provide a
straightforward explanation for streptomycin resistance.

Thus, rather than being attributable to the loss of a specific
single antibiotic-ribosome contact, resistance due to these 16S
rRNA mutations results from a distortion of the streptomycin
binding site brought about by a series of small local changes in
backbone position. These changes are expected to increase the
energetic cost of drug binding. Previous studies using E. coli ribo-
somes (21, 22) showed that similar or identical mutations (U13A,
U13C, C912U, A913G, A914U, A914G, and A915G) effectively
abolish streptomycin binding. This phenotype is therefore mech-
anistically distinct from streptomycin dependence (Str?), in which
decoding requires binding of streptomycin to alleviate a structural
distortion of the decoding site (27).

Nature of the restrictive phenotype of Str* mutants. Since the
1960s it has been known that streptomycin causes misreading (28)
and that many Str" mutations causing amino acid substitutions in
ribosomal protein S12 produce hyperaccuracy or error-restrictive
phenotypes (52). Such restrictive Str" mutations confer a fitness
cost, at least in part due to the decreased catalytic efficiency of
protein synthesis (53). Str" mutations in the pseudoknot, includ-
ing some of the same base substitutions examined here, have been
shown previously in E. coli to produce an error-restrictive pheno-
type (54), which is best explained by the data presented here, in
particular, the perturbation of the critical decoding site residues
A1492 and A1493. These two bases undergo a conformational
change to directly monitor codon-anticodon base pairing (9). It
seems quite probable that shifts in backbone position would in-
fluence the kinetics of this conformational change.

These data, together with our own, indicate that the central
pseudoknot and the decoding site are conformationally coupled.
C912 is in close proximity to positions A908 and A909 in helix 27
that engage in a packing interaction with A1413 and G1487 in
helix 44, near the decoding site. This packing interaction has been
shown by chemical probing of E. coli ribosomes to be influenced
by restrictive S12 mutations and ram S4 mutations (55). What is
not clear is if changes in the dynamics of A1492 and A1493 actually
contribute to the resistance phenotype. We previously found that
the A1408G base substitution confers streptomycin resistance in
T. thermophilus (36). A1408 is located on the far side of helix 44
away from the central pseudoknot and the contacts with strepto-
mycin, suggesting that changes in conformational dynamics could
extend some distance.

Possible effects of conformational dynamics on streptomy-
cin binding. It is not yet known whether streptomycin binding
occurs via an induced fit mechanism or by a stochastic gating
mechanism, as indicated by molecular dynamics simulation of
gentamicin binding (56). Comparison of the interphosphate dis-
tance between residues m’G527 and G1491 of the apo 30S struc-
ture with the streptomycin-bound structure indicates a closure
upon drug binding. In a stochastic gating model, the dynamics of
this transition could be slower in the mutant ribosomes, thus re-
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ducing the lifetime of the conformation optimum for binding.
Such changes are likely to be missed using static structural ap-
proaches. Nevertheless, the ability of mutant ribosomes to adopt a
native-like conformation upon streptomycin binding is consis-
tent with increased conformational dynamics, rather than a rigid
distortion of the binding site.

The decoding site, especially in the vicinity of helix 44, is
known from structural studies to be conformationally dynamic;
bases A1492 and A1493, in particular, can adopt two distinct con-
formations, a tucked-in conformation in the apo state of the ribo-
some or a flipped-out conformation in the actively decoding ribo-
some (9). The latter conformation is stabilized by aminoglycoside
antibiotics, such as paromomycin (7, 8). That the decoding site is
intrinsically dynamic is supported by molecular dynamics simu-
lations (57).

Comparison of the T. thermophilus pseudoknot structure
(PDB accession number 4DR1) (29) with that of the mesophile E.
coli (PDB accession number 2AVY) (58) reveals no significant
structural difference that would suggest differences in structural
stability (see Fig. S7 in the supplemental material). The nucleotide
sequences of the pseudoknots are identical, with the exception an
A19-U916 base pair in E. coli versus a C19-G916 base pair in T.
thermophilus. Nevertheless, we would expect the streptomycin
binding site to be more conformationally dynamic at the physio-
logical temperature for T. thermophilus (72°C) than at the physi-
ological temperature for E. coli (37°C) or at the low temperatures
at which crystals are prepared. This could in part account for the
lower intrinsic streptomycin sensitivity of T. thermophilus com-
pared to that of E. coli (although differences in streptomycin up-
take could also contribute). Changes in conformational dynamics
could therefore constitute an important component of the resis-
tance mechanism, especially given the small magnitude of struc-
tural changes that we observed. This also provides a plausible ex-
planation for the resistance phenotype of the rsmG mutant, for
which no structural changes were detected. Notably, the hydro-
phobic N-7 methyl group introduced by the RsmG methyltrans-
ferase is in close proximity to the 3-methylthio modification of
ribosomal protein S12 residue D88 (59), forming a hydrophobic
pocket. While mutants deficient in 3-methylthio modification are
viable (60, 61) and do not exhibit substantial streptomycin resis-
tance, the hydrophobic interaction of these two modifications
could nevertheless have the effect of stabilizing the conformation
of the streptomycin binding site. Unfortunately, it is not possible
to obtain high-resolution structural information at physiological
temperature using currently available crystallographic ap-
proaches. However, recent developments in the application of X-
ray-free electron lasers to obtain crystallographic data at room
temperature (62) present one potential solution to addressing the
role of conformational dynamics in antibiotic resistance.
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