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£ 1T al LEREINELH & FERINEHIZ 31T 5 NDM-1 EEAKRD A IR LB LA
B~_RRLZ X BEIEAROZER

PBELIEFI£E (mm)

S vral CERER veal BT

INRRL AR A A IRNRA S ABRRA
E. coli 10014 (Japan) 15 12 27 28
K. pneumoniae 9926 (Sweden) 0 0 23 18
K. pneumoniae 10700 (UK) 0 0 25 19
E. coli 10701 (UK) 0 0 24 19
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AV UTHEL D TPRBOHBE L TWAZ EFALNII LT, TV 2a<A ¥ U
HWEOMHE#E BT 5 0 FBEFRMIT 21TV, TE b0 EERIIE R E ermB &
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ZHEN 11 BRRE SN L ORI S
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(2) TEL it S1215 (MIC=4pg/ml) DiittEREF
ERET LR . ermB ZRA L, & 512 23S IRNA

MIC (g/mi)
J: range S0 - 2 %0
telithromycin «<0.125-4 ‘ <0.125 0.5
erythromycin <0.125->128 32 >128
clarithromycin <0.125->128 >128
azithromycin <0.125- >128 >128 >128
spiramycin <0.125- >128 128 >128
tylosin <0.125->128 >128 ‘»128
rokitamycin <0.125- >128 0s 32
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28bp DREMBA LM 7257, ZDREMN ermB
metylase B ER A5 & EZ L, TELiEZ b7-5
L7-FlREEE B XD LN TE B,

(3) TEL MMEOREL 25 ermB OIEEHES

Strain MIC  ermB mef 23SrRNA riboprotein
(TEL) AfE
Domain Domainll DomainV u 122
)
51215 4 + - T150C wt wt S20N wt
s1 4 + - A138G C7247 wt S20N wt

¥'$1215: serotype 15C
a 84-year-old woman sputum
Ibaraki, Nov. 2009

¥ 51: serotype 68
a 61-year-old woman sputum .
Nagasaki, Dec. 2001,

B &S T D712, S1215 W N 2001 4512 45
& 7= TEL Tt P3084055 (S1)D ermB J&30 fEisk
DIEERR 2 (ToT-. emB X7 v 742 )
&L F(tetM)Z & e b 7 2 RR Y U NZHAIA
FNTHEEHDO N LV ARY 2EEL Ut
THFINEZEL REINTWNDE I ENL, ZhbD
BEEID b T ARY AEEE OB EITo T, £
DFER. S1IX Tn3872 HEDHEEIZ K& R K2
STHREINTZ L, EHIT S1215 (21X Tn6002
¥ED ermB element #8535 EHERI S iz,

(4) FWEAEKE TEL B EEHE(CHS O T 8I7 —

HE2B/BHT-HIT, S (MIC=4pg/ml))> b EER=E|Z
T EMEE SPS2  (MIC g =128pg/ml) % i#4R L
T2 SpS2 WMRET D ermB% /) v 77 U b LTk
B MICrgL li<0125pg/ml WK T L2 Enb,
ermB 73 TEL /& EMHELICE b 2 BELRRFTH
HEEZBLNT-, Z D ermB % S1, YRR TIGR4,
Sp184 (SpS2ermB / v 7 7 v bEK) IZEAT 5
L. FREN MICrg 1T 4pg/ml, 1pg/ml, 128pug/ml
ThHo7=Z &Eh b, Sp52 @ TEL EEEmMEILICIE
ermB (ZMAMMOERBLTFNREEGT 5 LHEEX
177, Sp52 Tl riboprotein L22 12 K94E DA R
MNAEL TV, ermB & K94E DERDOFHFESE
12XV TEL 2@ EmtEL 3 2 FTREtEA 58 < /g
i,

strain origin erm gene mutationin  mutation  WIC (ug/ml)
2 int4
TEL ERY
s1 clinical  erm(B) wt S20N 4 >128
Sp182 s1 Yerm(B):Sp  wt S20N <0.125 <0.125
Sp52 51 erm(B) K94E S20N >128 >128
Spis4 Sp52 ?erm(B):Sp  K94E S20N <0125 <0.125
Spl84erm(B) Sp184 erm(B) K94E S20N >128 >128
complement
D. £#

AREEOPITIT LY B S 7= R EKE S1215
@ TEL itk D EER T4 B RF ermB T
D EEX LI, ermB DERFIZAN X . riboprotein
L22 LD K94E E R4 U 5 & TEL & EMMEE
HIETHZENALMNE 272, L22 D 94 LD
7 I /B FIL. ermB methylase |2 X % 23STRNA
DAEHRERLL 2058 MLICHR bITEETHZ b, =
NoHOEEIZHESE TEL @ EMEL D FEH 72 8

BOR 2 RFEERT D,
E. #i

iR ERE O SR N ERICEITL, FTYH
EHINE~7 074 FIZHT % & EmEEs
AL 7> TD, TELIZ~Z7 874 K&
EMEEICE I TH DM, BRAEZII LD LT D54
AHETIX, 9 CIC TEL BEEMMEEN /38 ST
BYOBEIBNTLEFOHR EEMIEES
NTE, BEDOL ZAEHNTOHBRIZENL O
LEZbND, ZHIXENTIX TEL OfEFAHEE
DMEWFIRZ B LTV LHEERTE 5, LAl
~ 774 RORDFERIZL-T, ¥ v 74 FK
BEZHEPEREN THREICHEMLTWS Z &
SOICMHEENHIRT S Z ERALMNE 5T,
X HIZHKELET ermB OEEZBICY R Y —LEA
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2007 £ 7 AD D 2011 £ 1 A £ TIZ 8 IR THrBE S =/ EE
PERRYGYE SRR ERE 441 BROEFIRSZHABE L= L = 5,

MmiFM™ 19A T — 7 = A ¥ A 7 ST320 Z =T HiZ, 6 LT
MRX=vVY 2 GDOMIC £ LT24 pg/mL, A a~XxA0D MIC
E LT 0.25-05 pg/mL /R~ L7z, ZHHDORTIZR=VY Uit
BIABRICERERRR LN, 5%, NER 7 fizrvasr— L
U7 FERERILRICE 720 20 &) 2 3EHI T 0 4> B
EDOLEAPBEIND, BRBS~DORERE L EROERMNE
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A. BFFERH
AFMTH, 2010 FE 2 AL v/NEH 7
iz ol —rU2F L (PCVDR
B REIC R o7z, FFEk 11 » AD
MIZ/NRREERAE» S S h
TEHRERE O PCVT 12X B H "\ —=
1 77.9%& . PCVT ¥5ER1D H /38—
76.7% L tb~, BB RS2 hoT-
(B BAEE A BE 2010 FEEHE
£). 2011 FFIZFEIN TV L EREE
R#BRRGIZE bR, A%, R
FEFTEHBFEIRTWVWS, —F,
OOREICBWTYH, KETRLATWY
55X 97 PCVT IZ&EN Tz
BRIZL2EREEREOHEMMNIE
LTIV ENWIBEN LN
TW5, FEFEE DB TIL, PCV7
WCERENDMREKEOMBRD 5> 5,

6B, 14, 19F, 23F MiREKED -7 7
& DF MRS O fEAT 24TV, Rl — D
mFER/IR—Dy—r = 2B AT
STDOHFTHLR=vY U #EE&T-AA
HE (PBP) IR Z22EENRHY, #
N B-7 7 &7 LFIMEEBEEL TW
DT LERE Lo, REEDIFIETIX,
PCVTIZEENTWARWTH 5 i
T O19A FiREKE 2 55 L U, KA
& ST DT # BT lao T,

B. #5t 5k

200747 A5 2011 4E1 A £ TIz 8
W T Bt S v 7=/ R AR BRI R E
AR ERE 441 BRD H b MIER 19A
FREKEE 33 BRZ xR & LTz, AR
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MM aroFE, gdh, gki, recP, spi, xpt, dd)
» B ¥ x * E L
http://spneumoniae.mlst.net (2 THk
REIToT=, £, B-77 % LAEIUK
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Abstract

Seven plasmid-mediated 16S rRNA methyltransferases (MTases), RmtA, RmtB,
RmtC, RmtD, RmtE, ArmA, and NpmA, conferring aminoglycoside resistance
have so far been found in Gram-negative pathogenic microorganisms. In the
present study, by performing an RNase protection assay, primer extension, and
HPLC, we confirmed that RmtC indeed methylates at the N7 position of
nucleotide G1405 in 16S rRNA as found in ArmA and RmtB. RmtC has an MTase
activity specific for the bacterial 30S ribosomal subunit consisting of 16S rRNA
and several ribosomal proteins, but not for the naked 16S rRNA, as seen in ArmA,
RmtB, and NpmA. All seven 165 rRNA MTases have been found exclusively in
Gram-negative bacilli to date, and no plasmid-mediated 16S rRNA MTase has been
reported in Gram-positive pathogenic microorganisms. Thus, we checked whether
or not the RmtC could function in Gram-positive bacilli, and found that RmtC
could indeed confer high-level resistance to gentamicin and kanamycin in Bacillus
subtilis and Staphylococcus aureus. 16S rRNA MTases seemed to be functional to
some extent in any bacterial species, regardless of the provenance of the 16S rRNA

MTase gene responsible for aminoglycoside resistance.

Introduction

Large amounts of aminoglycosides have been used thus far
for the treatment of infections caused by Gram-negative and
Gram-positive bacteria in clinical settings and for growth
promotion in livestock-farming settings. On the other hand,
bacteria have acquired various resistance mechanisms to
cope with aminoglycosides.
Plasmid-mediated 165 rRNA methyltransferases (MTases),
which confer a high level of resistance to various aminogly-
cosides, especially to those containing 4,6-disubstituted 2-
* deoxystreptamine (2-DOS), have been widely distributed
among pathogenic microorganisms belonging to the family
Enterobacteriaceae and glucose nonfermentative Gram-
negative bacteria such as Pseudomonas aeruginosa and
Acinetobacter baumannii isolated from clinical and live-
stock-farming environments (Chen et al., 2007; Yamane
et al., 2007). RmtA (Yokoyama et al., 2003), RmtB (Doi
et al., 2004), RmtC (Wachino et al., 2006), RmtD (Doi et al.,
2007), RmtE (Davis et al., 2010), ArmA (Galimand et al.,
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2003), and NpmA (Wachino et al, 2007) have so far
been reported as plasmid-mediated 16S rRNA MTases
conferring aminoglycoside resistance, but methylation sites
have only been determined as G1405 for RmtB and ArmA,
and A1408 for NpmA (Liou et al., 2006; Perichon et al.,
2007; Wachino et al., 2007). As for RmtA, RmtC, RmtD, and
RmtE, the site of methylation in the 16S rRNA has not been
described.

Plasmid-mediated 16S rRNA MTases have only been
found in Gram-negative pathogenic bacteria, and not in
Gram-positives. It remains controversial whether or not 16S
rRNA MTase as described above is functional and confers
aminoglycoside resistance in Gram-positives as well as in
Gram-negatives, although it was revealed previously that
armA controlled under the original promoter could confer
aminoglycoside resistance in Bacillus subtilis (Liou et al.,
2006). Therefore, in this study, we aimed to determine
exactly the residue modified by RmtC, and investigated
whether RmtC can provide aminoglycoside resistance in
Gram-positive pathogens.

FEMS Microbiol Lett 311 (2010) 56-60
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Materials and methods

Production and purification of RmtC

The rmtC gene was amplified with the P1 primer (5'-GGA
ATT CCA TAT GAA AAC CAA CGA TAA TT-3": Ndel
restriction site added), the P2 primer (5'-GCT CTA GAT
TAC AAT CTC GAT ACG ATA-3': Xbal restriction site
added), and the pET-His-rmtC vector (Wachino et al.,
2006) as a DNA template. The amplified fragments were
digested with endonucleases, cloned into pCold-II vector
(Takara), and introduced into Escherichia coli BL21(DE3)-
pLysS. Cells were grown until Ageonm 0.5 at 37°C in
Luria-Bertani medium. After the addition of isopropyl-B-
p-1-thiogalactopyranoside (0.5mM), cells were grown at
15°C for 24 h, and disrupted with a French press. Protein
purification using nickel-nitrilotriacetic acid was performed
according to the manufacturer’s instructions (GE Health-
care). The eluted recombinant protein was loaded on size-
exclusion chromatography column Superdex™ 200 10/300GL
(GE Healthcare), and eluted with 20mM phosphate buffer
(pH 7.4) containing 0.5M NaCl and 1 mM- dithiothreitol.
Finally, the purified protein (Hise-RmtC) was concentrated
using an Amicon Ultra-15 Centricon (Millipore). The purity
of the protein was proven by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

In vitro methylation of 16S rRNA

Ribosomal subunits were extracted from E. coli JM109 using
ultracentrifugation with the sucrose density gradient.
Methylation assay was performed as described elsewhere
(Wachino et al, 2007). In brief, purified Hise-RmtC,
S-adenosyl-L-[methyl->H]methionine (GE Healthcare), and
the substrate (30S ribosomal subunit, 505 ribosomal sub-
unit, or naked 16S rRNA) were mixed and incubated at
35°C. Aliquots were taken at 0, 5, 15, and 30 min, and
purified using an RNeasy mini kit (Qiagen), according to
the instructions provided by the manufacturer. The radio-
activity of the samples was determined with a scintillation
counter.

RNase protection assay

[*H]-methyl-labeled 16S tRNA produced by RmtC was
hybridized with oligonucleotides spanning the A-site of
E. coli 16S rRNA. The oligonucleotides used were the same
as those in our previous study (Wachino et al, 2007).
RNaseA (Wako) was added and incubated at 37 °C. The
reaction was quenched by the addition of ice-cold trichlor-
oacetic acid (TCA). The samples were passed through
cellulose nitrate filters and washed with ice-cold trichloro-
acetic acid (TCA). The filter was dissolved in scintillation
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fluid, and the radioactivity of the samples was measured
using a scintillation counter.

Primer extension analysis

The 16S rRNA was extracted from E. coli JM109 (pBC-KB1)
that expresses RmtC. The recombinant plasmid, pBC-KBI,
was constructed in our previous study (Wachino et al.,
2006). The 16S rRNA was then treated with borohydride
and aniline as described previously (Liou et al., 2006). The
primer extension was performed using the primer
(5’-biotin CCA ACC GCA GGT TCC CCT ACG G-3) com-
plementary to nucleotide 1530—1509 positions. The cDNA
transcripts were analyzed using PAGE.

Detection of 7-methylguanosine (m’G) by HPLC

The 165 rRNA of three E. coli strains, BW25113,
BW25113AgidB, and BW25113AgidB(pBC-KB1) expressing
RmtC, were extracted and treated with nuclease P1 (Wako)
and alkaline phosphatase (Takara). The resulting product
was analyzed using HPLC with an HRC-ODS column
[4.6 mm (inner diameter) by 250 mm; Shimadzu].

Introduction of rmtC into Gram-positive
microorganisms

The rmtC gene and its promoter region were amplified with
the P3 primer (5'-CGC GGA TCC AGT GTATGA AAA ATG
TCT GG-3': BamHI restriction site added) and the P4
primer (5'-CCC AAG CTT GGT GTG TTA GAA TTT GCC
T-3’: HindIII restriction site added), and then cloned into
the pHY300PLK shuttle vector (Takara). The recombinant
plasmid, pHY300rmtC, was introduced into B. subtilis strain
ISW1214 and Staphylococcus aureus strain RN4220 by
electroporation. The rmtC gene was also amplified with the
P5 primer (5'-TTT TTC GGC CGG CAT GAA AAC CAA
CGA TAA TT-3': Eco52I restriction site added) and the P6
primer (5'-ATT TTT CGC GAC AAT CTC GAT ACG ATA
AA-3": Nrul restriction site added), cloned into E. coli-S.
aureus shuttle expression vector pMGS100 (Fujimoto & Ike,
2001), and expressed in S. aureus RN4220. MICs of kana-
mycin, gentamicin, and neomycin. for the transformants
were measured according to the protocol recommended by
the Clinical and Laboratory Standards Institute (2009).

Results and discussion

Assay of the methylation activity of RmtC

In the previous study (Wachino et al., 2006), we purified C-
terminal histidine-tagged RmtC with the combination of a
pET29a vector and an E. coli BL21(DE3)pLysS. However,
only approximately 1mg of protein was purified from a
1L culture. Therefore, we generated another expression
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Fig. 1. Methyl acceptor activity of the 30S ribosomal subunit, the 505
ribosomal subunit, and naked 165 rRNA using [*H]-S-adenosyl-.-methio-
nine and purified Hiss-RmtC. Values are the averages of three measure-
ments. Error bars indicate SDs.

construct consisting of a pCold-II vector and an E. coli
BL21(DE3)pLysS to improve the protein purification pro-
" ductivity. Optimized conditions yielded 8 mg of purified
protein per 1L culture, and its purity seemed very high on
SDS-PAGE (data not shown). The native molecular weight
(M) of the Hise-RmtC protein was determined to be
approximately 34 000 by gel filtration chromatography.

Purified Hiss-RmtC protein specifically had an MTase
activity against an assembled 30S ribosomal subunit consisting
of 165 rRNA and several ribosomal proteins, but no methyla-
tion activity was detected against protein-free 165 rRNA in the
presence of the methyl group donor S-adenosyl-L-methionine
(Fig. 1). This substrate specificity of RmtC to the 308
ribosomal subunit, not to naked 16S rRNA, has been com-
monly observed among 165 rRNA MTases such as ArmA
(G1405), RmtB (G1405), Sgm (G1405), RsmF[YebU]
(C1407), and NpmA (A1408), which methylate the nucleotide
within the ribosomal A-site (Andersen & Douthwaite, 2006;
Liou et al., 2006; Wachino et al, 2007; Savic et al., 2008;
Cubrilo et al., 2009; Schmitt et al., 2009). The specific activity
of these 165 rRNA MTases for the 30S ribosomal subunit
would indicate that ribosomal proteins play a crucial role in
the precise substrate recognition.

Determination of methylation site by RmtC

To determine the precise nucleotide position modified by
RmtC, we used three approaches: RNase protection assay,
primer extension, and HPLC. [°H]-methyl-labeled 165
rRNA modified by RmtC in vitro was hybridized with
oligonucleotides complementary to the rRNA region, and
treated with RNaseA, and the radioactivity was measured to
confirm the region to which the [*H]-methyl group was
added. The hybridization of oligonucleotides spanning from
G1392 position to the G1421 position was able to maintain
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Fig. 2. RNase protection assay with [3H]-methyl-labeled 165 rRNA and
DNA oligonucleotides complementary to the regions from positions
1392 to 1421 or positions 1478 to 1507. Values are the averages of
three measurements. Error bars indicate SDs. Open bars, undigested;
solid bars, digested with RNaseA.
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Fig. 3. Primer extension analysis of methylated 165 rRNA by RmtC.
Lanes: 1, without aniline/borohydride treatment; 2, aniline/borohydride
treatment. Dideoxy sequencing lanes (C, A, U, and G) were generated
with the amplified PCR products of Escherichia coli 165 rRNA gene as the
template. Primer extension termination at position U1406 is indicated by
an arrow.

the radioactivity after RNaseA treatment (Fig. 2), suggesting
that the nucleotide residue methylated by RmtC was located
between G1392 and G1421 of 16S rRNA.

A primer extension analysis was performed as the second
assay for the determination of the methylated position. The
165 rRNA prepared from the 30S ribosomal subunit of E. coli
JM109 expressing RmtC was treated with NaBH,/aniline
before the primer extension reaction, and the site of methyla-
tion was determined by acrylamide gel electrophoresis. By
primer extension analysis, one reverse transcription stop was
observed at position U1406 as a result of B-elimination at the
3/-end of the N7-position of the nucleotide G1405 (Fig. 3).
The termination of transcription at U1406 was not observed
without the treatment with NaBH,/aniline (Fig. 3). Thus,

FEMS Microbiol Lett 311 (2010) 56-60
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