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ABSTRACT

The aminoglycoside resistance conferred by an N1-
methylation of A1408 in 16S rRNA by a novel plasmid-
mediated methyltransferase NpmA can be a future
health threat. In the present study, we have de-
termined crystal structures of the bacterial riboso-
mal decoding A site with an A1408m'A antibiotic-
resistance mutation both in the presence and ab-
sence of aminoglycosides. G418 and paromomycin
both possessing a 6’-OH group specifically bind
to the mutant A site and disturb its function as a
molecular switch in the decoding process. On the
other hand, binding of gentamicin with a 6’-NH3*
group to the mutant A site could not be observed
in the present crystal structure. These observations
agree with the minimum inhibitory concentration of
aminoglycosides against Escherichia coli. In addi-
tion, one of our crystal structures suggests a possi-
ble conformational change of A1408 during the N1-
methylation reaction by NpmA. The structural infor-
mation obtained explains how bacteria acquire re-
sistance against aminoglycosides along with a mini-
mum of fithess cost by the N1-methylation of A1408
and provides novel information for designing the
next-generation aminoglycoside.

INTRODUCTION

Aminoglycosides such as neomycin and gentamicin are a
class of antibiotics that cause mRNA miscoding (1,2), in-
hibit translocation (3,4) and inhibit ribosome recycling (5),
and have been widely used in treatment of serious bacte-
rial infectious diseases. They are produced by Streptomyces
(-mycin) and Micromonospora (-micin) species (6). These
aminoglycoside producers have several mechanisms to pre-
vent self-toxicity by nature; (i) modifying the target site, (ii)
modifying aminoglycoside itself, (iii) decreasing intracellu-
lar drug concentration (7,8). As the WHO (World Health

Organization) recently warned about global threat of an-
tibiotic resistance (9), pathogenic bacteria acquired these
antibiotic-resistance mechanisms from the antibiotic pro-
ducers due to the excessive, inappropriate and often unnec-
essary use of antibiotics.

Aminoglycosides except streptomycin commonly tar-
get the ribosomal A-site molecular switch in 16S rRNA
composed of highly conserved 15 nt residues (Figure 1)
(10). During the decoding process, the molecular switch
changes its conformation between ‘off’ (with tucked-in
A1492 and/or A1493) and ‘on’ (with bulged-out A1492 and
A1493) states, and discriminates a single cognate-tRNA
from several near-cognate tRNAs by recognitions between
the bulged-out A1492/A1493 residues and the first two base
pairs in the tRNA-mRNA complex through A-minor in-
teractions (11-13). The binding specificity of aminoglyco-
sides to the bacterial A-site switch is mainly conferred by
its ring I, which makes a pseudo pair with the universally
conserved A1408 in the bacterial A site through two hydro-
gen bonds (Supplementary Figure S1) (12-26). The interac-
tion forces the A site to adopt the ‘on’ state even when near-
cognate tRNAs are delivered to the A site, thereby reducing
the accuracy of the decoding process resulting to cell death.
Therefore, it is reasonable that the aminoglycoside pro-
ducers possess chromosomally encoded 16S rRNA methyl-
transferase (e.g. KamA, KamB, CmnU and Kmr) as a self-
defense system that methylates the N1 position of A1408 to
disturb the pseudo-pair formation (27). However, in 2007,
Wachino et al. first isolated an aminoglycoside-resistant Es-
cherichia coli strain possessing a plasmid-encoded A1408-
N1-methyltransferase NpmA from Japanese clinical set-
tings (28). Since the npmA gene is encoded in a plasmid,
rapid spread of antibiotic-resistant bacteria by its horizon-
tal transfer between pathogens can be a future threat. Re-
cently, structural insights into the methylation of A1408
by A1408-N1-methyltransferases have been revealed by
crystal structures of NpmA and KamB themselves and
NpmA in complex with the substrate 30S ribosome (29—
31). These structural information are useful for design-
ing A1408-N1-methyltransferase inhibitors. In the present
study, in order to obtain a structural basis for the intrin-
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Figure 1. Secondary structure of the bacterial ribosomal A site with the
antibiotic-resistant A1408m!A modification and chemical structure of
1-methyladenosine (m'A). The rRNA residues are numbered according
to the numbering used in Escherichia coli 16S rRNA. The A/m!A1408,
A1492 and A1493 residues are colored in orange, blue and red, respec-
tively.

sic and acquired antibiotic resistance conferred by the N1-
methylation of A1408, we have determined crystal struc-
tures of the m' A1408-modified A site both in the presence
and absence of aminoglycosides.

MATERIALS AND METHODS
Sample preparations and crystallizations

An RNA duplex designed to fold as a double helix con-
taining two bacterial A sites with the A1408m' A antibiotic-
resistant modification was used in the present study (Sup-
plementary Figure S2). Such RNA duplexes have been ex-
tensively used as successful models in a series of crystallo-
graphic studies of the bacterial (14-26), protozoal (32-34)
and human (35-38) ribosomal RNA A sites, since their crys-
tal packing interactions mimic a molecular crowding en-
vironment around the A site in the ribosome (see exam-
ples below) (39). A chemically synthesized RNA oligomer
(Gene Design Inc., Japan) was purified by 20% polyacry-
lamide gel electrophoresis under a denaturing condition
containing 3.2 M urea and then desalted by C18 reversed-
phase chromatography. Prior to crystallization, RNA so-
lutions (1 mM RNA, 50 mM sodium cacodylate (pH =
7.0)) with and without 2 mM aminoglycoside (Figure 2;
G418, Paromomycin or Gentamicin) were prepared. Crys-
tallizations were performed at 20°C by the hanging-drop
vapor diffusion method by mixing 1 pl of RNA solution
and 1 pl of crystallization solution containing 50 mM
sodium cacodylate (pH 7.0), 0-10 mM spermine tetrahy-
drochloride, 1-10% (v/v) 2-methyl-2,4-pentanediol and
10-750 mM cation chlorides. The crystallization droplets
were equilibrated against 250 wl of a reservoir solution
containing 40% 2-methyl-2,4-pentanediol. Four types of
crystals were obtained both in the absence and presence
of aminoglycosides G418, Paromomycin and Gentamicin
(A1408m'A, A1408m'A-G418, A1408m'A-Paromomycin
and A1408m'A-Gentamicin crystals, hereafter). Detailed
crystallization conditions are summarized in Supplemen-
tary Table S1.

Data collections and structure determinations

X-ray datasets of the four crystals were collected at 100K
with synchrotron radiation at the structural biology beam-

lines, NW12A, BL-17A and BL-5A, of the Photon Fac-
tory (Tsukuba, Japan). Each dataset was processed with
the program CrystalClear (Rigaku Americas Corp., TX,
USA). The obtained intensity data were further converted
to structure-factor amplitudes using the program TRUN-
CATE from the CCP4 suite (40). The statistics of data col-
lections and the crystal data are summarized in Table 1.

The initial phases of the four crystals were derived with
the molecular replacement method by using the program
AutoMR from the Phenix suite (41,42). The molecular
structures were constructed and manipulated with the pro-
grams Coot (43,44). The atomic parameters of each struc-
ture were refined using the program phenix.refine from the
Phenix suite (41,45) through a combination of simulated-
annealing, crystallographic conjugate gradient minimiza-
tion refinements and B-factor refinements. The statistics of
structure refinements are summarized in Table 1. Molecu-
lar drawings were made using the program PyMOL (46).
The atomic coordinates and experimental data of the
A1408m'A, A1408m'A-G418, A1408m'A-Paromomycin
and A1408m'A-Gentamicin crystals have been deposited
in the Protein Data Bank (PDB) with the ID codes 4WCP,
4WCQ, 4WCR and 4WCS, respectively (Supplementary
Figure S2).

RESULTS
Aminoglycoside binding to the m' A1408-modified A site

In the A1408m'A-G418 and A1408m'A-Paromomycin
crystals, aminoglycosides G418 and paromomycin both
possessing a 6'-OH group specifically bind to the m' A1408-
modified A site and force it to adopt the ‘on’ state con-
formation with fully bulged-out A1492 and A1493 (Figure
3, top). It is very important to note that these bulged-out
adenines recognize two consecutive Watson-Crick G = C
base pairs in a symmetry-related molecule through the A-
minor interactions (Supplementary Figure S3). This crys-
tal packing interaction perfectly mimics the recognition be-
tween the A site and the tRNA-mRNA complex occur-
ring in the ribosome (12,13,39). Ring I of G418 and paro-
momycin stack on top of G1491. A short distance between
the CH3 group attached to N1 of m'A1408 and the 6'-OH
group of ring I suggests that a C-H...O interaction may
exist between them and supports formation of a pseudo
pair between m'A1408 and ring I (Figure 3, middle). An-
other possibility is that 6'-OH of ring I simply accommo-
dates in the binding pocket without any steric/electrostatic
hindrance with m'A1408. On the opposite side of ring I,
the O3 and O4’ atoms make hydrogen bonds to the phos-
phate oxygen atoms of A1492 and A1493 (Figure 3, bot-
tom). In addition, ring I, which is also referred to as 2-DOS
(2-deoxystreptamine) ring and important for the specific
recognition of the A site, makes hydrogen bonds from its N3
atom to the phosphate oxygen atoms of A1493 and A1494
(Figure 3, bottom), so that A1492 and A1493 are fixed in
the bulged-out conformation. G418 that belongs to the 4,6-
disubstituted subclass makes 17 direct contacts (13 hydro-
gen bonds and 4 C-H... O interactions) to the mutant A site
(Figure 3A, bottom). On the other hand, paromomycin that
belongs to the 4,5-disubstituted subclass makes 11 direct
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Figure 2. Chemical structures of G418 (geneticin), gentamicin and paromomycin.

Table 1. Crystal data, statistics of data collections and structure refinements
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Crystal code A1408m'A A1408m'A-G418 A1408m! A-Paromomycin A1408m! A-Gentamicin

PDB-ID 4WCP 4WCQ 4WCR 4WCS

Crystal data

Space group 2 P2,2,2 P2:2,2 P212,2

Unit cell (A, ©) a=159.7 a=334 a=31.6 a=32.6
b=46.5 b=89.8 b=90.8 b =920
c=38.8 c=46.8 c=46.8 c=47.7
B =964

VA 1.5 1 1 1

Data collection

Beamline NWI12A of PF BL-17A of PF BL-17A of PF BL-5A of PF

Wavelength (A) 1.0 0.98 0.98 1.0

Resolution (A) 38.5-2.4 44.9-2.1 32.6-3.5 42.3-3.1

of the outer shell (A) 2.5-2.4 2.2-2.1 3.6-3.5 3.2-3.1

Unique reflections 11198 8419 1848 2851

Completeness (%) 99.4 96.6 97.2 99.3

in the outer shell (%0) 99.5 98.4 100.0 100.0

Rmcrgcb (%) 4.2 5.9 14.3 6.8

in the outer shell (%0) 33.0 36.5 48.7 28.4

Redundancy 7.0 6.4 5.8 6.3

in the outer shell 6.9 6.7 6.2 6.7

I/o(I) 224 154 8.2 13.0

in the outer shell 4.7 43 2.2 2.7

Structure refinement

Resolution range (A) 38.5-2.4 44.9-2.1 30.0-3.5 40.0-3.1

Used reflections 11197 8418 1847 2847

R-factor® (%) 17.7 20.7 20.5 25.5

Rireed (%) 21.6 25.1 22.8 28.4

Average B-factor

of RNA 48.1 39.1 137.8 107.5

of ligand 32.6 132.2

of water 51.6 42.9 78.7 126.0

No. of atoms

of RNA 1461 920 937 920

of ligand - 68 42 -

of water . 137 142 8 19

R.m.s.d. bond length (A) 0.005 0.021 0.058 0.007

R.m.s.d. bond angles (°) 1.0 1.6 1.0 1.1

4Number of RNA duplex in the asymmetric unit.

b
Rmerge = 100 x il —

<Dnety> | Eprety<Inty>-

¢R-factor = 100 x ZlIF,l - IFll / T1F,l, where |F,| and |F¢| are optimally scaled observed and calculated structure factor amplitudes, respectively.
dCalculated using a random set containing 10% of observations.
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Figure 3. Binding of aminoglycosides, G418 (A) and paromomycin (B), to the ‘on’ states of the m! A1408-modified A site. Overviews (top), pseudo pairs
between m' A1408 and ring I (middle) and detailed interactions of aminoglycosides to the mutant A site (bottom) are shown. The m' A1408, A1492 and
A1493 residues are colored in orange, blue and red, respectively. In the top figures, local F,-F, omit maps calculated after removing aminoglycosides are
drawn in dark blue at 3 o contour level. In the middle figures, hydrogen atoms colored in white are added for a better understanding. Hydrogen bonds and
C-H...O interactions are shown as bold and thin dashed lines with distances in A, respectively.

contacts (9 hydrogen bonds and 2 C-H...O interactions)
(Figure 3B, bottom).

In the A1408m'A-Gentamicin crystal obtained in the
presence of gentamicin with a 6'-NH;3* group, binding of
the aminoglycoside to the mutant A site could not be ob-
served (Supplementary Figure S2). We cannot exclude a
possibility that gentamicin did not bind only in the present
crystal form due to, for example, crystal packing effect or
degrade of gentamicin. However, it can be assumed by a
molecular modelling that ring I with the 6'-NH;* group is
less likely to form a pseudo pair with m'A1408, because
the NH;3" group may repel the CHj group attached to the
positively-charged N1 atom (Figure 4).

DISCUSSION
Minimum inhibitory concentration

The present crystal structures shown above agree with the
minimum inhibitory concentrations (MICs) of aminogly-
cosides against E. coli (Supplementary Table S2) (28). Es-
cherichia coli CSH-2 strain without the npmA gene is sus-
ceptible to both paromomycin (MICcsy.; = 0.5 pg/ml) and

ring |
m'A1408 (Gentamicin)

Figure 4. Molecular modelling of an impossible pseudo pair between
m!A1408 and ring I of gentamicin. The 6'-NH3™ group repels the CHj
group attached to the positively-charged N1 atom of m' A1408.

gentamicin (MICcgpy.o < 0.06 pg/ml). On the other hand,
the clinically isolated antibiotic-resistant E. coli ARS3
strain and E. coli CSH-2 strain possessing a conjugative
plasmid carrying the npmA gene (CSH-2 (pARS3)) exhibit
high-level resistance to gentamicin with the 6'-NH3* group
(MICars3 > 256 pg/ml; MICcsh (pars3) = 125 pg/ml).
These antibiotic-resistant strains exhibit low to moderate
level resistance to paromomycin with the 6/-OH group
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Figure 5. Local structures of the ‘off” states of the wild-type (A; PDB-ID
= 3BNL (33)) and m' A1408-modified (B) A sites. A dashed line indicates
a hydrogen bond. The CH3 group attached to N1 of m! A1408 is shown as
an orange sphere.

(MICpRrs3 = 64 pg/ml; MICcsh2 (pars3) = 4 g/ml) prob-
ably due to attenuation of pseudo-pair stability by the N1-
methylation of A1408 (Supplementary Figure S1), but it can
also be said that paromomycin is moderately active against
the mutant strains. Although MICs of G418 against the
antibiotic-resistant strains are not reported, it is expected
by our crystal structure that the compound with the 6'-OH
group should be active against resistant bacteria with N1-
methyltransferase.

Effects of the N1-methylation of A1408 on translation effi-
ciency and fitness of the host

From a total of four crystals obtained in this study, nine
m!A1408-modified A site structures were observed (Sup-
plementary Figure S2). These structures, as well as accumu-
lated wild-type A site structures obtained from crystal struc-
tures of the 30S and 70S ribosomes (12,13) and the A-site
RNA model (14-26,38), allow us to speculate and compare
the motions of the modified and wild-type A site molecu-
lar switches. In the case of the wild-type, the A site molec-
ular switch takes relatively stable ‘off” states, in which one
of the two adenines form a cis Watson—Crick AQOA base
pair with A1408 through N1...H-N6 (38,47) (Figure 5A
and Supplementary Figure S4). On the other hand, in the
case of the m! A1408-modified A site, the A site switch can-
not take any stable ‘off” state, since the CH3 group attached
to N1 of m!' A1408 inhibits base-pair formation with A1492
or A1493 (Figure 5B). Since the modified A site takes the
‘on’ state with two bulged-out adenines, which is identical
to that of the wild-type A site, the m' A1408-modified A site
maintains its function as the molecular switch. These ob-
servations suggest that the ON/OFF switching might favor-
ably occur in the m' A1408-modified A site compared to the
wild-type. Recent study revealed that there is a simple lin-
ear trade-off between speed and accuracy of decoding (48).
Therefore, it can be expected that the energetically ‘softer’
mutant A-site molecular switch may display lower accuracy
of translation compared to the wild-type one.

Recently, effect of m' A1408 modification on translation
efficiency and fitness of the host have carefully been ana-
lyzed by Grillot-Courvalin and co-workers (49). According
to their analyses, several important insights have been eluci-
dated; (i) expression of NpmA interferes with endogenous
methylation at the neighboring C1407 residue (m>C1407
modification) by blocking action of a housekeeping methyl-
transferase RsmF. (ii) Escherichia coli strains with and with-
out the npmA gene had the same growth rate, but in vitro
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competition experiments between them revealed a small dis-
advantage of the former cell (loss of 2.7% per generation).
On the other hand, (iii) there was no reduction in growth
rate of E. coli without the housekeeping rsmF gene relative
to the wild-type E. coli, and no fitness decrease in compe-
tition experiments performed between E. coli strains with
and without the rsmF gene (relative fitness of 1). In ad-
dition, dual luciferase assays showed that (iv) a decrease
in the +1 reading frame maintenance (16%) and in UGA
readthrough (20%) was observed in the presence of NpmA,
and a decrease in the UGA readthrough (24%) was also ob-
served in the absence of RsmF. These results are summed
up that the exogenous N1-methylation at A1408 is a part
of the causes of the slight fitness cost and the decreasing
of translation accuracy. The present comparative analysis
of the motions of the A-site molecular switches with and
without m'A1408 modification suggests at least that the
N1-methylation of A1408 affects fitness cost and transla-
tion accuracy only at a minimum level but provides a good
level of resistance against aminoglycosides.

A possible conformational change of A1408

Based on the crystal structure of NpmA in complex with
the substrate 30S ribosome, Dunkle et al. proposed how
NpmA binds to the 30S ribosome and changes its con-
formation for inducing conformational changes of the ri-
bosomal RNA that allows A1408 to enter the active site
of NpmA to be methylated (31). The A1408 residue is lo-
cated opposite the conformationally dynamic A1492 and
A1493 residues. Thus, A1408 is likely to be easily bulged
out, and then might be captured and stabilized by NpmA
residues R207 and W107/W197, respectively. However, de-
spite the accumulated structural information of the bacte-
rial ribosome, structure of the A site with bulged-out A1408
has not been reported so far. Recently, we have successfully
captured a partially bulged-out conformation of A1408 in
our previously reported crystal structure of the bacterial A
site in complex with a synthetic aminoglycoside (Figure 6,
middle) (26). The structure may be one of the intermediate
states of the A1408 flipping. The partially bulged-out A1408
could easily be captured by R207, and then be taken into
the catalytic core of NpmA composed of W107 and W197
(Figure 6).

CONCLUSION

In the present study, we have shown how bacteria ac-
quire high-level resistance against aminoglycosides with
the 6/-NH3* group along with a minimum of fitness
cost by the Nl-methylation of A1408 in 16S rRNA. In
addition, we have confirmed at the atomic level that
aminoglycosides with the 6¢'-OH group are still effective
against antibiotic-resistant bacteria possessing the A1408-
NI1-methyltransferase. These observations indicate that a
hydrogen-bond acceptor at the 6’ position of ring I is an es-
sential element for designing the next-generation aminogly-
cosides (33,50,51). Taken together with a result of our previ-
ous crystallographic study on the A1408G spontaneous mu-
tation at chromosomal level found in clinical isolates (32),
structural bases for the antibiotic resistance conferred by
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“off” state

intermediate state

NpmA binding state

Figure 6. A possible conformational change of A1408. In the ‘off” state (left; PDB ID = 3BNL (38)), A1408 (orange) stays inside the A-site helix and
forms a base pair with A1493 (red) through a hydrogen bond. In a possible intermediate state (middle; PDB ID = 4PDQ (26)), A1492 (blue) and A1493
(red) are bulged in and A1408 (orange) is partially bulged out. In the NpmA binding state (right; PDB ID = 40X9 (31)), A1408 is fully bulged out and

stabilized by NpmA residues R207, W107 and W197 (green).

mutations at A1408 in 16S rRNA are now completely elu-
cidated. Obtained structural information is of great value to
overcome a part of the issue of antibiotic resistance.
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