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Pseudouridine modifications influence binding
of aminoglycosides to helix 69 of bacterial
ribosomes†

Yogo Sakakibara‡ and Christine S. Chow *

Development of antibiotics that target new regions of functionality is a possible way to overcome anti-

biotic resistance. In this study, the interactions of aminoglycoside antibiotics with helix 69 of the E. coli

23S rRNA in the context of complete 70S ribosomes or the isolated 50S subunit were investigated by

using chemical probing and footprinting analysis. Helix 69 is a dynamic RNA motif that plays major roles

in bacterial ribosome activity. Neomycin, paromomycin, and gentamicin interact with the stem region of

helix 69 in complete 70S ribosomes, but have diminished binding to the isolated 50S subunit.

Pseudouridine modifications in helix 69 were shown to impact the aminoglycoside interactions. These

results suggest a requirement for a specific conformational state of helix 69 for efficient aminoglycoside

binding, and imply that this motif may be a suitable target for mechanism-based therapeutics.

Introduction

The aminoglycoside class of antibiotics is clinically important.
The existence of antibiotic-resistant bacteria is a global
problem that prompted us to examine the detailed mechanism
of action of aminoglycosides, for which questions still remain.
Aminoglycosides, as well as several other classes of antibiotics,
inhibit bacterial ribosome function by binding to ribosomal
RNA (rRNA). Their interactions with specific rRNA motifs
disrupt ribosomal proofreading,1 inhibit tRNA/mRNA trans-
location,2 and impact ribosome recycling.3 Aminoglycosides are
composed of a highly conserved 2-deoxystreptamine (2-DOS)
core typically connected to an aminosugar (Fig. 1A). Because
of the ability to bind RNA, 2-DOS serves as a promising motif
for the design of semi-synthetic and modified aminoglycosides
with improved activity.4–11 Elucidating the details of drug
binding at the ribosome level is important in order to gain a
deeper understanding of target selectivity, particularly because
of the highly cationic nature of aminoglycosides and their
ability to bind multiple targets.

The primary binding site of the aminoglycosides has been
shown to be helix 44 (h44) of the 30S subunit of bacterial
ribosomes,12–15 which also involves intersubunit bridge B2a
region and helix 69 (H69) of the 50S subunit.16 Bridge B2a

comprises part of the aminoacyl-tRNA site (A site), which plays
an important role in tRNA selection by monitoring codon–
anticodon interactions.14,15 Previous studies revealed that
aminoglycosides interact with h44 and induce an extrahelical

Fig. 1 (A) Chemical structures of aminoglycoside and peptide anti-
biotics, paromomycin (P), neomycin (N), gentamicin C1A (G), and
capreomycin (C), are shown. (B) The secondary structure of H69 is given
(Ψ, pseudouridine; m3Ψ, 3-methylpseudouridine).
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nucleotide conformation of A1492 and A1493.14,15,17,18 Similar
base orientations were observed in structures of ribosomes
complexed with cognate tRNA and mRNA,14,15 suggesting that
aminoglycosides stabilize the h44-mRNA-tRNA complex and
cause decoding errors.

A combined X-ray crystallography and single-molecule
imaging approach revealed that neomycin also interacts directly
with H69 and induces global structural changes in the ribosome,
offering a secondary mechanism for how aminoglycosides
inhibit ribosome function.19 Helix 69 also makes direct contacts
with cyclic peptide antibiotics (e.g., viomycin and capreomycin)
of the tuberactinomycin family.20 These studies demonstrated
the importance of direct interactions between H69 and anti-
biotics in perturbing ribosome activity; however, details of the
molecular mechanism were still missing, such as the role of
conserved modified nucleotides at the subunit interface region.

Helix 69 (Fig. 1B) plays important roles in ribosome function,
including subunit association,21,22 translational fidelity,23–25

tRNA translocation,26 translation termination,21,27–29 and ribo-
some recycling.30,31 The B2a interaction between the two sub-
units is maintained during ribosome translocation, suggesting
that the conformation of H69 is flexible and dynamic in order to
adapt to structural reorganizations between the ribosomal sub-
units.32,33 Previous chemical probing results revealed the impor-
tance of conserved pseudouridines in the loop region of H69 in
mediating H69 conformations.34,35 Thus, H69 could be an ideal
candidate for drug targeting. In this study, the interactions of
aminoglycoside antibiotics were investigated in order to
further elucidate the relationship between binding activity and
H69 conformational states that may be regulated by modified
nucleotides.

Results and discussion
Footprinting of aminoglycoside binding to the H69 stem
region of 70S ribosomes

Crystal structures of E. coli 70S ribosomes with aminoglycoside
and peptide antibiotics revealed their interactions with
H69;3,20 however, the relationship between binding, H69 solu-
tion structure, and post-transcriptional modifications was less
clear. To probe the binding of aminoglycoside and peptide
antibiotics, dimethylsulfate (DMS) footprinting analysis with
sodium borohydride and aniline treatment was performed in
the presence of the drugs.13 Methylation by DMS at the N7 of
G followed by reduction is known to cause instability of the
glycosidic linkage in the presence of a base such as aniline.36

Products of the DMS/borohydride/aniline reaction with 23S
rRNA in context of 70S ribosomes (E. coli) were analyzed by
reverse transcription with a suitable DNA primer in the H69
region. Notable protection of the N7 of G at one specific
position, G1922, was observed (Fig. 2A) after aniline treatment
when comparing RNA with no drug (lane ND) or incubated
with aminoglycosides (lanes N, P, and G). At 5 µM drug con-
centrations, structurally similar aminoglycosides neomycin,
paromomycin, and gentamicin protected the N7 of G1922

from DMS at varying levels, 68, 58, and 54%, respectively. In
contrast, weaker protection by the peptide antibiotic capreo-
mycin was observed, even at 50 µM drug concentrations (28%
at 50 µM) (Fig. 2B and C). When the drug concentrations were
increased to 50 µM, neomycin and paromomycin protected the
N7 of G1922 to a similar extent (66 to 68%). In contrast, pro-
tection by gentamicin decreased to 18% at the higher drug
concentration (Fig. 2B and C).

Gentamicin has a 4,6-substituted 2-DOS moiety instead of
the 4,5-substituted 2-DOS found in neomycin and paromo-
mycin (Fig. 1A), which impacts the binding to H69. In a titra-
tion experiment, the protection level increased between 5 and
10 µM gentamicin, but decreased when the concentration was
above 25 µM (Fig. S1†). At the higher concentrations, gentami-
cin appears to have a secondary binding site on H69 or an
altered binding mode that leads to different interactions and
increased exposure of G1922 (and thus higher DMS reactivity).
Similar differences were obtained previously with A-site RNA
constructs, in which the 4,6-linked aminoglycoside displayed
binding stoichiometries greater than 1 : 1.11

In addition to protection of residue G1922, protection at
the N7 of G1906 by aminoglycoside antibiotics was also
observed, but the product bands had very low intensities likely
due to the strong reverse transcription stop at the preceding
methylated residue m3Ψ1915 (Fig. 2A). Protection of G1906

Fig. 2 Autoradiogram for DMS footprinting followed by primer exten-
sion analyses of antibiotic binding to H69 in 70S ribosomes. (A) Data
with 5 µM antibiotics are shown (U, A, and G sequencing; NR, no DMS;
ND, no drug; N, neomycin; P, paromomycin; G, gentamicin; C, capreo-
mycin). Reverse transcription stops before the DMS modification site, so
the product mobility differs from the sequencing lane by one nucleo-
tide. Band intensities were normalized to a non-specific stop site (stan-
dard) and % protection of G1922 was calculated relative to ND.
(B) Footprinting data in the presence of 50 µM antibiotics and
(C) summary of % protection (average of triplicate footprinting analyses)
of G1922 at 5 and 50 µM are given. (D) The crystal structures of
H69 from 70S ribosomes with or without neomycin (PDB ID: 4 V6C and
4 V52)3,33 are shown with A1913 in red, G1922 in magenta, and A1492
and A1493 from h44 in yellow.
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and G1922 at the N7 positions suggests that the aminoglyco-
sides bind in the major groove of the H69 stem, as was
observed in crystal structures of 70S ribosomes and indicated
in NMR studies with H69 RNA constructs (Fig. 2D).19,37

Footprinting analysis on 70S ribosomes revealed that the
binding mode for peptide antibiotic capreomycin to H69 is
different from that of the aminoglycosides. Capreomycin was
shown to interact with rRNA at the interface of bridge B2a in a
crystal structure of 70S ribosomes.20 The lack of protection in
the H69 stem by chemical footprinting is in good agreement
with that structure; however, we cannot exclude the possibility
that capreomycin–ribosome interactions require the presence
of mRNA and tRNAs.

In addition to interactions of aminoglycosides with H69,
the known binding site on 16S rRNA (the A site of h44) was
also examined by primer extension analysis using the same
rRNA samples (from 70S ribosomes) used for H69 footprint-
ing. Neomycin, paromomycin, and gentamicin are known to
protect a specific nucleotide, A1408 at N1, in the A site of the
30S subunit from DMS. The N1 methylation can be detected as
a direct reverse transcription stop site without sodium boro-
hydride or aniline-induced strand scission.13 Complete protec-
tion of the N1 of A1408 of 16S rRNA in the presence of all
three aminoglycosides (5 µM) was observed (Fig. S2†).
Together, these results indicate that aminoglycosides interact
with both h44 and H69 under solution conditions, as observed
previously in X-ray crystal structures.3 In contrast, capreomycin
did not protect A1408 of h44 from DMS reactivity. In a crystal
structure of 70S ribosomes complexed with capreomycin, it
appears that the peptide antibiotic contacts h44 from the
opposite side as the aminoglycoside.20 Therefore, lack of pro-
tection from DMS reactivity at residue A1408 by capreomycin
is consistent with this altered binding mode.

H69 as a secondary binding site

To compare relative binding affinities of neomycin for H69
(50S subunit) with the A site (30S subunit), neomycin titrations
were performed on 70S ribosomes with DMS reactions
(reduction and direct strand scission with aniline in the case
of H69) and reverse transcription analysis. Neomycin strongly
protected A1408 of h44 (68% relative to the control without
neomycin) at 0.5 µM (Fig. 3A), whereas at least 10 µM of the
drug was required for a similar level of protection on H69
(Fig. 3B). The level of protection observed therefore gives
approximate dissociation constants (Kd values) of 0.5 µM for
h44 and 10 µM for H69. Within the context of 70S ribosomes
in solution, the greater than 10-fold stronger affinity of neo-
mycin for h44 relative to H69 is in good agreement with apparent
Kd values obtained through biophysical experiments on model
A-site RNAs, which range from 60 nM to 1 µM, depending on
the method and solution conditions employed.11,17,38,39 Our
experimental Kd value determined by isothermal calorimetry
(ITC) under near physiological conditions (20 mM HEPES,
70 mM NH4Cl, 30 mM KCl, pH 7.3 at 25 °C) on a short hairpin
A-site RNA was 0.4 µM (data not shown). In contrast, the appar-
ent Kd value of neomycin for a small hairpin H69 RNA with

modified bases (Ψ1911–m3Ψ1915–Ψ1917) was 1.1 µM under
identical conditions, consistent with previous results.37,40

Combined with the footprinting analysis, H69 appears to be a
secondary binding site for aminoglycoside antibiotics, with a
three- to 10-fold difference in affinity between the 30S and 50S
sites of the complete ribosome. These results illustrate the
general lack of selectivity of aminoglycosides, even at the
ribosome level.

Diminished aminoglycoside binding to H69 in isolated 50S
subunits

The H69 loop is known to undergo structural rearrangements
upon subunit association, which was observed through chemi-
cal probing under solution conditions.35 In contrast, high-
resolution X-ray structures of 50S subunits and 70S ribosomes,
as well as NMR studies on smaller RNA constructs, all showed
similar conformations for the H69 stem portion.16,41,42

Therefore, the binding mode of aminoglycoside antibiotics to
isolated 50S subunits was compared to that of 70S ribosomes,
even though binding occurs in the H69 stem region. Weak
binding by neomycin to H69 in 50S subunits compared to 70S
ribosomes was observed with G1922 protection only at high
drug concentrations (50 µM) (data not shown). At 5 µM con-
centrations of aminoglycosides, G1922 protection on 70S ribo-

Fig. 3 Autoradiogram for footprinting analysis of (A) h44 and (B) H69
with increasing (0–50 µM) neomycin concentrations (U, A, and G
sequencing; NR, no DMS). The same 70S ribosome samples were used
for analysis of H69 and h44 to directly compare neomycin binding
levels. (C) Footprinting comparison of 50S subunits and 70S ribosomes
with 5 µM drug concentrations (NR, no DMS; ND, no drug; N, neomycin;
P, paromomycin; G, gentamicin). Samples were treated with sodium
borohydride followed by aniline-induced strand scission. (D) Summary
of % protection of G1922 relative to the standard is given (done in
duplicate).
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somes was greater than five-fold higher than protection on 50S
subunits (Fig. 3C and D).

Comparison of the probing data on complete 70S ribo-
somes and isolated 50S subunits (Fig. 3C) revealed another
noticeable difference between them – the N7 of G1921 was
much more accessible (exposed) towards DMS in the isolated
50S subunits than in 70S ribosomes. Subunit association and
intersubunit B2a formation between H69 of the 50S subunit
and h44 of the 30S subunit led to protection of A1912, A1916,
and A1918 in the H69 loop region from DMS reaction at the
N1 position.35 In contrast, high-resolution X-ray crystal struc-
tures did not reveal involvement of either G1921 or G1922 in
this interaction.32 Therefore, the different accessibility of the
N7 of G1921 can be interpreted as a local conformational
rearrangement in the H69 stem region that is coupled with
ribosomal subunit association. Since previous chemical
probing studies were consistent with conformational changes
in the H69 loop upon subunit association,35 this result
suggests crosstalk between the H69 stem and loop regions on
the ribosome level, which was previously observed in
H69 model systems.41,43 Such conformational rearrangements
appear to affect the binding scaffold for aminoglycosides
within the stem region of H69, as shown by the differences in
DMS reactivity at G1922 (i.e., protection by neomycin or
paromomycin) between isolated subunits and complete
ribosomes.

Binding of neomycin alters DEPC reactivity patterns on H69

To further investigate the relationship between antibiotic
binding and H69 conformation, diethylpyrocarbonate (DEPC)
probing was performed in the presence of aminoglycosides
and the cyclic peptide antibiotic. The level of alkylation by
DEPC at the N7 position depends on the adenosine environ-
ment within a given RNA tertiary structure.44 Since the readout
for this reaction differs from that of the DMS reaction, comp-
lementary information can be obtained from this analysis. As
shown in Fig. 4A, DEPC reactivity was enhanced three-fold at
position 1913 with increasing Mg2+ from 6 to 20 mM,
suggesting a more exposed conformation at the higher di-
valent metal concentration. The opposite effect was observed
with added neomycin (5 µM). The level of DEPC reactivity at
A1913 in the presence of 5 µM neomycin was diminished by
∼30% compared to the control reaction with no drug (Fig. 4A).
In contrast, the other compounds did not cause a decrease in
A1913 reactivity, suggesting that they have different binding
modes than neomycin. The overall DEPC reactivity did not
change in the presence of neomycin as indicated by the
similar reactivity pattern in the H68 region (e.g., positions
A1847 and A1848, Fig. 4A). These results suggest that neo-
mycin induces a conformational change of the H69 loop, which
alters DEPC reactivity. A similar change was observed at A1918
(Fig. 4B). As reported previously,35 A1918 is not very accessible
towards chemical reagents in 70S ribosomes, such that the
overall DEPC reactivity is quite low. Nonetheless, A1918 and
A1919 reactivity was even further reduced (∼40% and ∼60%,
respectively) in the presence of 5 µM neomycin, with similar

results observed for higher Mg2+ concentrations (Fig. 4B and C).
In contrast, only minimal (less than 10%) changes in DEPC
reactivity were observed at A1918 and A1919 with paromomycin,
gentamicin, or capreomycin.

The different impact of aminoglycoside binding on residue
A1913 is consistent with previous results obtained with
H69 model constructs. Differing changes in fluorescence were
observed upon titration of the aminoglycosides with pseudour-
idylated H69 containing a 2-aminopurine substitution at posi-
tion 1913.40 In that case, neomycin binding had the biggest
impact on the H69 loop conformation relative to the other
aminoglycosides, and similar increases in fluorescence were
observed with Mg2+ titrations. However, for DEPC probing at
A1913, opposite trends were observed with Mg2+ and neomycin
titrations, suggesting different ligand-induced conformational
states. In the presence of neomycin, A1913 could be interact-
ing with another component of the ribosome making it less
reactive. In 70S crystal structures containing aminoglycosides,3

A1913 is projected towards h44 and the N7 position appears to
be solvent accessible; however, the DEPC probing data suggest
that the N7 is less accessible under the given solution con-
ditions when neomycin is present. A detailed mechanism for
the binding and conformational rearrangement induced by
neomycin is not known, but the activity is consistent with the
observation that only neomycin induces a different H69 loop
structure and causes a more open conformation in the smaller
model RNA systems.35,40 Combined with the DMS probing
results, it is inferred that the H69 conformational change with
concomitant chemical protection is induced by the interaction
of neomycin with the H69 stem in 70S ribosomes.

Fig. 4 (A) Autoradiogram for DEPC probing of 70S ribosomes in the
presence of 5 µM drug and 20 mM Mg2+. In the A1871 and A1847
regions, DEPC reactivity is similar in the presence of drugs or high Mg2+

concentrations; therefore, different reactivities of H69 are attributed to
different nucleotide conformational states induced by neomycin. (B) An
enlarged and higher contrast image of the H69 region is given. Band
intensities were normalized to the non-specific band at 1921.
(C) Autoradiogram of DEPC footprinting of H69 with increasing concen-
tration of neomycin (0–20 µM) is given.
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Pseudouridine modifications play a role in aminoglycoside
binding to H69

In nature, RNA is modified at many specific sites in order to
provide functional advantages or to expand the genetic code.45

The H69 loop region contains three pseudouridines (Ψ)
(Fig. 1B). Previous probing experiments with SHAPE chemistry
revealed a disordered H69 conformation in 70S ribosomes iso-
lated from a pseudouridine-deficient strain RluD(−), which is
lacking H69 modifications. Therefore, Ψ modifications in the
H69 loop region are associated with modulation of the confor-
mational states.34,35,46,47 As such, we hypothesized that a lack
of Ψs in H69 might also affect the binding interactions with
aminoglycoside antibiotics. A low level of DMS protection
(∼20%) at G1922 in RluD(−) 70S ribosomes was observed at
5 µM neomycin and paromomycin, with higher levels (∼50%)
at 50 µM concentrations (data were normalized to U1915, a
non-specific stop site) (Fig. 5A and B). Protection on H69 by
gentamicin and capreomycin was not observed in RluD(−) 70S
ribosomes at 5 µM drug concentrations. It should be noted
that the resolution of these data was lower than that observed
with wild-type E. coli ribosomes due to higher levels of non-
specific degradation of the unmodified rRNA during the
process of aniline-induced strand scission, possibly due to a
less compact tertiary structure. In comparing the 5 µM neo-
mycin binding data between wild-type and RluD(−) 23S rRNA,
the lower level of DMS protection at G1922 on the unmodified
RNA suggested an approximate 10-fold reduction in binding
affinity in the context of 70S ribosomes.

Aminoglycoside antibiotics demonstrate similar binding
affinities to h44 within the context of RluD(−) and wild-type

70S ribosomes, with complete protection at A1408 (direct DMS
probing) (Fig. 5C). Thus, loss of Ψ modifications in H69 in the
50S subunit did not appear to influence aminoglycoside inter-
actions with the A-site of the 30S subunit. Since bridge B2a for-
mation was observed through protection of residues A1912
and A1918 as with wild-type ribosomes, it appears that the
conditions used in this experiment were sufficient to favor 70S
ribosome formation. Therefore, the possibility of RluD(−) 70S
ribosome dissociation leading to the diminished binding of
aminoglycosides to H69 was excluded. As with wild-type ribo-
somes, capreomycin did not show any interaction at A1408 in
the RluD(−) 70S ribosomes (Fig. 5C).

DEPC probing of RluD(−) 70S ribosomes revealed no
change of the H69 conformation, particularly at A1913, in the
presence of antibiotics (Fig. 5D). These results suggested that
loss of Ψ modifications altered the H69 loop conformational
states that were induced upon aminoglycoside binding to the
stem region of H69. This result is consistent with previous
studies employing smaller model RNAs in which binding to
unmodified and modified variants of H69 by aminoglycosides
was similar in terms of affinity, but only the modified RNA
underwent significant conformational changes at A1913 in the
presence of neomycin.40 Another difference between the wild-
type and RluD(−) rRNAs occurred at G1910 (Fig. 5A). The N7 of
G1910 exhibited strong reactivity towards DMS in RluD(−) 70S
ribosomes. This level of reactivity was not observed in wild-
type 70S ribosomes or 50S subunits (Fig. 2A and 3C). Even
though we cannot exclude the possibility that the strong
primer extension stop at m3Ψ1915 masks detection of the
G1910 band in wild-type 23S rRNA, our data suggest that a
change in the H69 loop conformation caused by loss of Ψ
modification also influences the H69 stem conformation.35,48

Biological implications of neomycin binding to H69

Aminoglycoside antibiotics–H69 interactions within the ribo-
some have been observed previously in high-resolution X-ray
crystal structures,3 and their influence on ribosome dynamics
has been studied at the single molecule level.19,49 A compari-
son of X-ray structures of 70S ribosomes at different stages of
translation revealed the flexible nature of H69 (Fig. 6) and
demonstrated its ability to adopt a variety of conformational
states.3,29,50–56 The binding of aminoglycoside antibiotics
appear to further expand the range of conformational states of
H69, as shown in Fig. 6. Despite this detailed knowledge about
H69, information on its solution conformational changes at
the nucleotide level, particularly in the presence of drug mole-
cules, was still lacking. The impact of modified nucleotides on
these processes was relatively unexplored. In this work, we
provide evidence that aminoglycoside antibiotics interact with
the stem region of H69 in 70S ribosomes under solution con-
ditions. In particular, neomycin demonstrated moderate
affinity (µM) and induced conformational changes of H69 that
could be detected with chemical probes that report on nucleo-
tide accessibility. These probing experiments also revealed a
role for H69 pseudouridylation in mediating the interactions
with aminoglycoside antibiotics.

Fig. 5 (A) Autoradiogram for DMS reactions (sodium borohydride/
aniline treatment) on H69 in RluD(−) 70S ribosomes under different drug
concentrations. (B) Quantified gel data with % protections at 5 and
50 µM drug concentrations are compared. (C) Autoradiogram for DMS
footprinting (no aniline) of h44 in RluD(−) 70S ribosomes (the same ribo-
some samples as in panel (A)) is shown. (D) Autoradiogram for DEPC
footprinting of H69 in RluD(−) 70S ribosomes in the presence of anti-
biotics is given.
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The results presented in this report indicate that neomycin,
paromomycin, and gentamicin bind to the H69 stem and
protect positions G1922 and G1906 from DMS reactivity, even
at low drug concentrations (5 µM). This binding mode is in
good agreement with X-ray and NMR data.3,37 The binding of
aminoglycosides to H69 is believed to be a secondary inter-
action relative to the A site (h44) because of the stronger DMS
protection pattern at residue A1408 and higher affinity for this
16S rRNA motif as revealed by titration experiments. The possi-
bility of synergistic binding of aminoglycosides to H69 and
h44 cannot be excluded, since they are located in close proxi-
mity within the 70S ribosome and make contact with one
another. Furthermore, only weak binding of aminoglycosides
to H69 was observed with isolated 50S subunits. Indeed, syner-
gistic effects of H69 and h44 in drug susceptibility have been
proposed for different types of antibiotics. For example,
Monshupanee et al. noted the importance of methyl modifi-
cation at both C1409 of h44 and C1920 of H69 in enhancing
drug sensitivity to capreomycin.57 It is not clear, however,
whether the enhanced sensitivity is related to direct alterations
of drug interactions by methylation or through indirect effects
such as methyl-induced conformational changes of H69 and/
or h44. Nonetheless, increased sensitivity by a single methyl-
ation event on H69 suggested conformational alterations of
this dynamic motif. Such effects could be further impacted by
the presence of Ψ modifications. Thus, H69 may play an
important role in the activity of aminoglycoside antibiotics
together with h44.

Chemical probing with DMS and DEPC showed that neo-
mycin alters the H69 loop conformation upon binding, but
paromomycin and gentamicin displayed different effects on
nucleotide accessibility, despite their structural similarities to
neomycin (Fig. 1A). The biological function of the neomycin-
induced H69 conformational change is likely to be important.

Indeed, toe-printing analyses with aminoglycoside antibiotics
showed that neomycin has a stronger influence than paromo-
mycin on POST-to-PRE ribosome back translocation.58 Single-
molecule experiments showed that neomycin-bound ribo-
somes had an increased population of the hybrid-tRNA con-
figuration over the classical-tRNA configuration with increas-
ing concentrations of the drug. Other aminoglycosides did not
show such transitions in the ribosome configurations.59

Single-molecule studies further revealed that neomycin, but
not structurally similar kanamycin, altered global ribosome
states and stabilized an intermediate state.19 These results
showed that a stabilized intermediate state dominated when
greater than 5 µM neomycin was present. Consistent with
those reports, the chemical probing data at 5 µM neomycin
showed protection of the H69 stem residue G1922 with conco-
mitant altered accessibility of H69 loop nucleotides. Thus, the
DMS and DEPC probing data provide further evidence that
neomycin has a secondary binding mode and activity.
Furthermore, since the binding modes of aminoglycosides on
h44 of the 30S subunit are similar,3,12 it can be suggested that
the H69 conformational state specifically induced by neomycin
influences the global ribosome conformation or tRNA posi-
tioning as observed in single-molecule studies, thus correlat-
ing with their differing biological activities.58,59

We also observed lower binding affinity of aminoglycosides
for Ψ-deficient H69 within ribosomes. More specifically, the
ability of aminoglycosides to protect specific nucleobases and/
or alter the H69 loop conformation was reduced in 70S ribo-
somes lacking Ψs on H69 (from the RluD(−) strain). We also
observed increased accessibility of G1910 N7 in Ψ-deficient
ribosomes, suggesting a more open major-groove confor-
mation of the unmodified H69 stem. Previously, we proposed
that Ψ modifications cause H69 to favor a more closed state
with lower nucleotide accessibility, and also noted the possible
existence of cross-talk between the stem and loop region of
H69.35,48 Conversely, it is suggested that the lack of loop Ψ
residues and structural rearrangements cause indirect altera-
tions of the H69 stem conformation as well, resulting in less
favorable interactions with aminoglycosides. Within a more
complex biological system, other ribosome components likely
play roles in modulating key conformational changes of H69.
Therefore, further studies to understand the relationship
between rRNA conformation, ligand binding, and post-tran-
scriptional modifications will be necessary in order to fully
understand antibiotic mechanisms or drug resistance, as well
as to develop novel rRNA-targeting compounds.

Conclusions

Our findings highlight the role of induced or stabilized H69
conformations by aminoglycoside antibiotics, which may
explain observations such as neomycin altering ribosome
translational states or tRNA positioning. These results further
emphasize the significant functional roles of H69 in the ribo-
some, and suggest that developing unique antibiotics targeting

Fig. 6 The positioning of H69 nucleotides in crystal structures of 70S
ribosomes under various conditions or stages of translation is shown
(PDB ID: 4 V52 with neomycin;3 4 V6A post-association;50 4 V5G pre-
accommodation;51 4 V6F post-accommodation;52 4 V9 K pre-transloca-
tion;53 4 V5F post-translocation;54 4 V5E termination;29 4 V5A pre-
dissociation55). Structures for the H69 region were aligned through the
stem region. Residue A1913 and neomycin are shown in ball-and-stick
representation.
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H69 of bacterial ribosomes by disturbing its ribosomal states
and tRNA-sensing mechanisms could be valuable. Overall, we
observed that the H69 stem region undergoes conformational
rearrangements coupled with ribosomal subunit association
and changes in the loop region, which are affected by both
small molecule ligands and pseudouridylation. Although
aminoglycosides are known to have a high level of non-specific
interactions with nucleic acids, the binding mechanism with
H69 features a specific role for pseudouridine and the
6′-amino functionality of neomycin that differs in paromomycin
(6′-OH). Importantly, these results suggest that small mole-
cules could be developed that recognize not only a bacterial
over eukaryotic RNA such as the functionally important H69,
but also a specific modification status of the ribosome.

Experimental
Ribosome isolation

Ribosomes were prepared as described elsewhere.60 Simply,
E. coli MRE600 or RluD-deficient (RluD(−)) E. coli cells were
grown to 0.5 OD600 and cell pellets were collected. Cell pellets
were resuspended in lysis buffer (20 mM HEPES, pH 7.4 at
4 °C, 10 mM MgCl2, 100 mM NH4Cl, 4.6 mM 2-mercaptoetha-
nol, and 0.5 mM EDTA) and lysed by passing twice through a
French press at 12 000 psi. Lysate was centrifuged twice for
30 min at 11 000 rpm followed by ultracentrifugation for 4 h at
42 000 rpm. Crude ribosome pellets were gently resuspended
in ribosome buffer (20 mM HEPES, pH 7.4 at 4 °C, 1 mM
MgCl2, 200 mM NH4Cl, and 4.6 mM 2-mercaptoethanol for
subunit isolation and 20 mM HEPES, pH 7.4 at 4 °C, 6 mM
MgCl2, 100 mM NH4Cl, and 0.6 mM 2-mercaptoethanol for
70S ribosome isolation). The crude ribosome solution was
layered on a 10–30% sucrose gradient containing 1 or 6 mM
Mg2+. Ribosomes were separated by centrifugation at 19 000
rpm for 18 h, followed by elution from the bottom of the tube.
The peaks of each ribosomal subunit and 70S ribosomes were
observed at 260 nm and fractionated. Magnesium concen-
tration of the pooled sucrose solution was adjusted to 10 mM
and ribosomes were pelleted by ultracentrifugation for 24 h at
42 000 rpm for subunits and 24 000 rpm for 70S ribosomes.
Purity of the subunits and 70S ribosomes was checked by both
sucrose gradient and agarose gel electrophoresis of extracted
rRNA (Fig. S3†). Isolated subunits and 70S ribosomes were
quickly frozen and stored at −80 °C in stock buffer (20 mM
HEPES, pH 7.3, 6 mM MgCl2, and 30 mM NH4Cl).

DMS and DEPC footprinting in the presence of
aminoglycoside and peptide antibiotics

DEPC (diethylpyrocarbonate) and DMS (dimethylsulfate)
probing reactions were carried out using a modified literature
procedure.35,36,44,61 The isolated 70S ribosomes were incubated
for reactivation at 37 °C for 15 min under the following con-
ditions; 20 mM HEPES, 6 mM Mg2+, 100 mM NH4Cl, pH 7.3 at
37 °C. Buffer conditions were adjusted for DMS footprinting
(80 mM HEPES, 6 mM Mg2+, 100 mM NH4Cl, pH 7.3 at 37 °C)

and ribosome concentration was adjusted to 0.3 µM by
dilution. The 70S ribosomes were again incubated at 37 °C for
10 min in footprinting buffer. Each antibiotic tested (neo-
mycin, paromomycin, gentamicin, and capreomycin stocks in
footprinting buffer at 100 µM or 1 mM) was added at a 5 to
50 µM final concentration, and incubated at 37 °C for an
additional 10 min. DMS or DEPC footprinting was initiated by
the addition of 2 µL DMS in cold ethanol (20 mM DMS final
reaction concentration) or 2 µL DEPC for 40 µL final volume,
and incubation proceeded at 37 °C for 10 min. The reaction
mixture was quickly terminated by adding 10 µL stop buffer
(3 M 2-mercaptoethanol, 1 M Tris-HCl, pH 7.5 at RT, 10 mM
MgCl2) followed by ethanol precipitation. The pelleted ribo-
some was dissolved in buffer (50 mM Tris-HCl, 2 mM EDTA,
pH 7.5 at RT). The rRNAs were prepared by general phenol–
chloroform extraction. All footprinting assays were performed
at least three times independently, unless otherwise noted.

Sodium borohydride and aniline-induced strand scission at
N7 of G

Sodium borohydride and aniline-induced strand scission was
performed as follows. The chemically probed rRNAs were dis-
solved in 10 µL of 1 M Tris-HCl (pH 8.3) with 2.5 µg of carrier
tRNA, and incubated on ice in the dark for 30 min with 10 µL
of freshly prepared 0.2 M sodium borohydride. The reaction was
quenched by adding 10 µL of 3 M sodium acetate (pH 5.3) and
cold ethanol, and then quickly precipitated by centrifugation.
The RNA pellet was rinsed with 70% ethanol and dried briefly.
The RNA pellet was dissolved in 10 µL of freshly prepared 1 M
aniline-acetate (pH 4.5), and incubated at 60 °C for 20 min. The
reaction was terminated by putting the tube on ice for 1 min fol-
lowed by addition of 100 µL of 0.2 M sodium acetate (pH not
adjusted). The quenched solution was extracted with phenol–
chloroform, followed by an additional chloroform extraction
and ethanol precipitation. The pelleted rRNA was used for
reverse transcription as described previously.34,35
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