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Mutational Analysis Elucidates the Role of Conserved 237 Arginine in
23S rRNA Methylation, Which is in the Concave Cleft Region of ErmSF
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The Erm family of adenine-N* methyltransferases (MTases) is responsible for the development of resistance to
macrolide-lincosamide-streptogramin B antibiotics through the methylation of 23S ribosomal RNA. Recently, it has
been proposed that well conserved amino acids in EmC’ located in concave cleft between N-terminal ‘catalytic’
domain and C-terminal ‘RNA-binding’ domain interacts with substrate RNA. We camied out the site-directed
mutagenesis and studied the function of the ErmSF R237 mutant in vitro and in vive. R237 amino acid residue is
located in the concave cleft between two domains. Furthermore this residue is very highly conserved in almost all the
Erm family. Purified mutant protein exhibited only 51% enzyme activity compared to wild-type. Escherichia coli with
R237A mutant protein compared to the wild-type protein expressing E. coli did not show any difference in its MIC
(minimal inhibitory concentration) suggesting that even with lowered enzyme activity, mutant protein was able to
efficiently methylate 23S rRNA to confer the resistance on E. coli expressing this protein. But this observation
strongly suggests that R237 of ErmSF probably interacts with substrate RNA affecting enzyme activity significantly.

Keywords: antibiotic resistance factor protein, in vivo, in vitro activity test, MLS, (macrolide-lincosamide-
streptogramin B) site-directed mutagenesis, protein-RNA interaction

AR Aol 2R3 Q)= macrolide-lincosamide-streptogramin
B 3AEA] MLSpA| AN ol gt v gEo] 2H= WAL 7]&9
G REY A NN TaE= WA ZE 717 =mF
BT ek 2, FAAS) SH8 watol] o3t AR A
(chemical modification of antibiotics), SAFA| 2] A ZY 5
AAAgo 24 el = WA 7]1ZK(inhibition of antibiotic uptake),
SRR 247 o] HE o] o)t YA 7] 2 (target site modification)
So]th(Leclercql and Courvalin, 1991). o] & 7} & A 2
A 9918 23S rRNA 9] petidyl transferase loopo]] ZA3l= &
A obdld Zk7](A2058, E. coli numbering) @] N°® $]2]¢]] mono-
EL dimethylationo] §&E|o] Uehdch 1 A2 MLSg A
FAAEZ © o]/ ribosomeo]] F2E 4= §lojA] VehbA |
th(Skinner et al., 1983; Weisblum, 1995; Roberts, 2004). ©|&]
3t 712 35k T AL Erm (erythromycin resistance
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methyltransferase) 2.2 o] Tl A E-2 olu]l Al Ao glofA
o RAMT BEAH0| BT 1 gl FUFER AR T2
£ 7 Aoz A7 E o] shito] Thld family = EFE o] ot
(Weisblum, 1995). o] S22 ofu]wit 4 AAol ] G4k
Aol obH spel 24 SR RE fUHUS AoR 24
T3 QQth(Park et al., 2010). Erm TH2E = ErmAM (ErmB=2
A B, Roberts et al., 1999)3} ErmC’ 9] FLx7} x}7]|FHH
(Yu et al., 1997) == thal 2] A A3} 7] (Bussiere ef al., 1998)
2 Folo] k2t wral Atk N2 2919] Zujwo ol catalytic
domain)} 7] A A= Q1 (substrate binding domain) 2.2 HHH
C-Id 29 5 F /9 =rle g FA=o] glom o] f1xo
AT BES 7) &3} 7o) et ofu|ieAbEo] FE5E 0] 9]
THBujnicki, 1999; Fauman et al., 1999). ErmSF+= 7}&o]] AR
)&= YA 21 tylosin®] AAMtF21 Streptomyces fradiaeol A &
Ax= A (Lai et al., 1973; Skinner et al., 1983; Birmingham
et al., 1986; Cundliffe, 1989)2 &7 ErmSZ AEE =0} glo
o] Roberts ef al., 1999), MLSyA| 3434) 242 olAshe
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Table 1. Bacterial strains and plasmids

Bacterial strain or plasmid

Description

Reference or source

Bacterial strains

E. coli BL21(DE3) Host for plasmid expression vectors that utilize the T7 promoter: possesses T7 RNA Novagen
polymerase gene under /ac control
E. coli HJJ105 E. coli BL21(DE3) carrying plasimd pHJJ105 14
E. coli H1J401 E. coli BL21(DE3) carrying plasimd pHJJ403 this work
Plasmids
pET 23b Vector for high-level expression under T7 promoter, with Hiss-tag at C-terminal end Novagen
pHJJ105 pET23b containing ermSF Ndel-HindllI gene cartridge 14
pHJJ403 pET23b containing ermSF R223A Ndel-Hindlll gene cartridge this work

QU4 THe) Brm SIS F9] Sjolch, AT ErmC oA
W sRe] obu]iALS AR Wol DA BHS St
7191 RNAS A5 283 A2 F25E ofu|idhg 4
HHe2 yaoen], 721 L40] MEE  C-UT 3
o] 1A=L) ofu] A Mrhe N-TE )2 Suj
delat T wrjelo] A2 AR 083 F $91) opojAl
Eo] 7|2 RNAS} A5 2H231= #A o 2 A gslgthiMaravic et
al., 2003). ErmSF®] 237 o}2 2 U(Arg) 2] N-2tha} C-
wret mololo] A2 AAEel oBe F& BT o 91
ofl ZA\31 9510 0] T2 A719] BAo] M B2
gFsto] A5k (Fig. 1), @4 957 31579 Erm &d 5
29%9] o] HEEo]Irk(Fig. 2). o] ofn|iAke] Tl
ol M2 71552 Bhlst7] Slskel Srebd(Ala) 0.2 Agkste] 1
XS in vivo, in vitro Aol A 15}t

TH= 9 bt
o, ECtADIE U S2|0F38QEIE
£ A7 A AgE F5 9 ZetAv| == Table 19 2|5t
o} 18 229 Y5te] AMEE LeluRAY Qe
Table 29| A &]3} .

C
I—Catalytic domain — Substrate-binding J

domain

Fig. 1. Schematic diagram of Erm protein. Erm protein consists of
two domains, larger N-terminal ‘catalytic’ domain and smaller
C-terminal ‘RNA-binding” domain. R237 is located in the concave
cleft between two domains.

Xl XM x|2t cHEE RTxle| S2d

ORI ermSF SRR 224 Eo]= pHITI05 (Kovalic
et al., 1994)2 %% 0 2 3}0] olig-17} R237A Eddo]E Qo
7]+ olig-3-& Z}Z} forward, reverse primer2 ©]-83}¢] PCRS
$388}e] ZF 9] A A X E(site directed substitution) Ho|E
e N-dT 59 DNA AHS dojyigle 22 Hies
oligo-2¢} oligo-4-& Z+Z+ forward, reverse primer2 3}¢] PCR
& 2atel 2t 97 A AR DAY R O RofS
o2& DNA B Qolj3ict. Holxl 2}7}e] N-get 2.9)
DNA W} C-2g 9] DNA RS AolZ F Ndel =

213 X 247
b ms SRREFRPYWPRVDSGE] LRI ERRERPLLPS-ARA
et mi PREYFHPEFEWNSSL | RLHRKE -KSRISH-KD
et me PAECFHPEPEWHEYL IELTRH-TTOVPO-RY
ermif PASSFRPRPAVDAGLLTI TRRHRPLAVDS-AD
ermid SADAFRPRPGYOAGLLTI TRRGEPLYVPT-AD
er mdd SANAFRPRPTYOAGLLTI TRRAHP MIDA-AD
ermdi PAFAFRPMP GVDGEYLAL RERSAPLY---G1
et ml PRFAFRPAPSYDGE] LI ERRPEPLY---RE
er mi PRTSFDPYPSYDGGE] LY ERRSAPLLOD-AC
erm3l RASSFRPMPRVDGEYLT RERPRPLLPE-SR
Saliniaren PRTAFRPYPRWWAGI LRI ERRREPLLP G-ARA
et mi GRERFCPAPRYDAG] LRI ERRPTALLT GAARA
ar my GRRSFRPYEVDAGI WRI ERRRTPLLAP-GA
et mE DRRELFEPYPEMVDSA] MALRRRAEPLLEG-ARA
er mH SRREWFRPYFANVDSAYLRLERRPYPLIPP-GL
Hocardia DRRHFFRPYPRYWOGAL LHLRERPDPLLAG-AA
ermh DRTLFTPYPRWHSAI MRLRERPEPLLRDARA
et mBACHA SRECFSPPPENVDSAMYE L SEEPDP 1 WP -KD
et ml SREHFSPPPENVDSAMYR] TREKDAPLSH-EH
ermid SRSSFSPPPEMVDSAL VR VREGHPLFPY-KE
er mF GPESFLPPP T SALLMI KRE-HLFFOF-KD
ermid WPESFLPPF TR SALLRI ERK -2 SLO1-GL
et mi HPEDFHPMP SVOCAWL W KREYEY DI SE-DE
et mi PRY¥YFHPEPEVDSAL | WLKRE -PAEMAF-KE
erml PREYFHPEFRYNESL [MUKRH-PSRISL-RD
ermy PEEYFHPEPRINSSL [ ILKRH-PSEISY-RKD
et mh PPLYFHPEPSWOSVL [MLERH-RPLISE-KD
Erm QCEIH FRT%FHPRP SO SWL IMLERH-ERPLILE-KD
armii PPLYFHPEPSWOSYL | MLERH-0PLISE-ED
e mh PREBEFAPYPGSOTET LLVYRSRPRPLAPW-5R
erml SRHNEFSPYWFRADTAT L\YMPRRRP SWPW-RE

Fig. 2. Multiple sequence alignment of the Erm family. Conserved
amino acid residues are shown in gray. R237 residue studied by
mutagenesis in this work is indicated by asterisks (*).



Table 2. Oligonucleotide primers for R237A coding gene cloning

ErmSF 2] methylation HJof| 4] 2379 o}2xd 9] H& 107

Oligonucleotide primer

Sequence and description

5' GGAATTCCATATGGCTCGTGCACCCCGTTCTC (32mer)

Oligo-1 upstream (forward) PCR primer for Wild type ErmSF and ErmSF mutants
Oligo-2 5! CGGATCGAGGCGCGQGAGCGGCCCCTGCTG (30mer)
upstream (forward) PCR primer for R237A
Oligo-3 5' CGCTCGCGCGCCT CGATCCGGAGGATGC(29mer)
downstream (reverse) PCR primer for R237A
Oligo-4 5' CCCAAGCTTCCGTCCGGCCGGTCGGCT (27mer)

downstream (reverse) PCR primer for Wild type ErmSF and ErmSF mutants

The underlined sequences in oligo-1 and -4 introduced Ndel, HindIII restriction sites, respectively. The italicized sequence in each oligonucleotide was added
nucleotides at the end of DNA fragment for cleavage to occur more easily. Oligo-2 and -3 are overlapping oligonucleotides which contained complementary
sequences and allowed the joining of two DNA fragments to produce R237A coding DNA fragments in the final PCR. Bold letters represent mutation sequences.

HindIIl A|gta 2 Q14 A2|¢} DNA HH Tk o] Agtas
Zh-go] Polu=g Hgo ¥ w2 e =7t 234 oligo-1
45 Y primer 3t ThA] FHH PCRE $-3510] 2379
ol2xdo] ged ez X|ghe T A& XY sk= DNA dHE
Qojyi et €oixl Z- DNA Aol A|gta A Ndeld}: Hindll-<
Astar 22 AlRta LS X235t FF G| (expression vector) {1
pET23b (Novagen, USA)o]l H3tst & T7 RNA 3 EA 94
A= -3t E. coli BL21(DE3) (Studier and Moffatt, 1986)¢]]
2 Agstact ZF djAS 13 3H= DNA ZHo| reading
frameo] A Ao 7|90 EE2& EtAv|E £ E AlgA
4 A3} dideoxy chain termination sequence analysis©] 23}
of AHsI3iTh 714 Fojxl Eet=n| =5 27} pHIJ403 2
BstAch 28a o] ESt=u|EE e S E. coli
HIJ403.0.2 gt

AR XIH x|2t RHXIe| Ll

2 GAlo 23] 71997 2} Wol {AAe] W2 ofu] I
H ermSF F37H] W o] ZABke{(Jin, 2011) That
Zo| sttt s St v 24 it AlZE =2
HiX]o) 10% (v/v)Z2 Z 0|3} Ago©] 0.8-1.00] H=E 37Co
A wljoFst & IPTG (isopropyl-B-D-thiogalatopyranoside) S %
Z55E7k 1 mMo| EE2 271t AT A7 e g 217
37l 8417 o wiFstetc. ol wiopoh e Abgstel Thalale)
@7} leaky 'WE -2 SDS-PAGEE o]-8-3to] A 31tt.
WSIEl CHEZIOl M) LH EH ZAM(EHEX| L ZAD

A W AN ofw| T E HS ARESEe] A W
2 A gste] AAsHTHTin, 1999). 73] 71481 d theat Zct.
L& 9] AEF0](Whatmann 3 M)¢] 200 mg/ml2] erythromycin
12 100 pg L 1,000 pgo] HEE Y1 5 arel ok )
A flofl oY = Ho] TS ISt Al 9 R HEE
S MletE W82 ARESto] =23 11 919] erythromycin
golg YA U] ARTIS A AZ Al LA F o= 5
¢t vjoF3}o] 1 inhibition zone-S &5 T

Erythromycin Z|& XeHSE(minimal inhibition concentration,
MIC) 24
A% F WA UloR R2ITA W] gl 9AAE 2

pHIJ403 ZatAn|=2 xsta Q= E coli HIJ403S 50
pg/ml ampicilling g2 |22 LB jz|of 1:502.2 3|43t &
ODeoll 4 0.8-1.00] HE= wjopatgic. vfopolg 7o o
ampicilling Z35 LB 120 plof 5x10° A 27} 5= 545}
I thoFst 5= 9 erythromycin (4,096 pg/mIZHE B4 )4
8} 0.03125 pg/mi7tA])S i 22 2704 18417 54t T
WeFato] erythromycinel] et 2|2 A 85w 2 HASHAT

USIEl CHHEIol Fx|
Ho| Tzl o] HA= 7|Ee wxd #WHEE AHE(Jin and
Yang, 2002), kg skl AASHITh 7heks] A&shE TR
I At s Bt vt ZF i AlZE A2 viA o
10% (v/v)Z2 HA0]3}aL Agpo®] 0.8-1.00] E=Z= 37 C oA v
3 % IPTGE | mMo| 552 A7 7 tjgf ual el chaj el
84 DR O] ATS Y 2=E R5o] 22T oA 184
7+ o vjFetSitt. 100 ml LB s x|l wjekst 2+ Ho| Tl als
ddsts diaS AR (8,000xg)5t] dojXl A|EZE
lysozyme (5 mg/ml)& $H3-3}= buffer A (20 mM Tris-HCI,
pH 7.0, 500 mM NaCl, 5 mM Imidazole)o]| x| BAIA]7] & AL
ol Al 20&3F T lysozymeo] 3] AlZ8lo] Eali==g 3F4
o}, o 3 -80C oA U F HoiA] AT} BHEES sl
oj7]o] DNase I (2.5 pug/ml) & RNase A (2.5 pg/ml)& @11 1t
SA7 F QARSI AEAL A3ch. Wolx AFozy
§ Tl Bels 334 (Novagen)7}h Al 53 3Hg ol 24, Ni**
affinity column chromatographyof 9Jsle] E2|5t%ch
Buffer A2 HE-& o|& His 285A71 249 Al HellA
Aoj R a2l Lol-g ZLA 3 & buffer B (20 mM Tris-HCI; pH
7.0, 500 mM NaCl, 80 mM imidazole)S A}&-5lo] AP o] HA
w7 gL 2% BT A Hol Yok Tag
300 mM imidazole©] 385 buffer BE AFg-3}o] oot

Domain V@] in vitro transcription0f| 2|t M=

Erm o] ]51o] Q14]5)3 methylation = 4= 9l ¢4
71221 23S rRNA domain V (Vester and Douthwaite, 1994)S
et e 71 dRE AL o] AASFETH(Jin,
2006). 7Fes] AMashd oheat 2t} B subtilis 23S rRNA
Domain V (BDV)E #|=3l= DNA 27+ 7] ¢Jate] B.
subtilis BD1709] chromosomal DNAES FFo 2 3lo] T7



108 Jin Hyung Jong

promoter A G-& Z3 L1 FZH LB E 5 taatacgactcact
atagagagactcggtgaaa®} 5 cctetcgtactaaggacacg S 242} forward,
reverse primer2 ARE3}o] PCRS 3)sle] dojuyiict. 2
9] &Y I HFEY LE|ELE B. subtilis 23S tRNA nucleotide 2]
2022-2042, 2672-2692¥ 7o) SFETh. HojA DNA THHe
22|12 LE =X AlFE= T7 promoter A F(o| A
A7 E)S 7H 1 ) =2 T7 DNA-dependent RNA poly-
meraseE ©]-85t] RNAE ddte=t FHO2 ARSI
3HA] B2 transcription buffer (40 mM Tris-HCI; pH 8.1, 1
mM spermidine, 0.01% Triton X-100, 5 mM DTT)¢]] 80 mM
polyehylene glycol (MW, 8,000), NTP (4 mM each), 28 mM
MgCl,, 300 nM DNA F%-2 #7}5}3 T7 RNA polymerase S
4.0 5 37 C o)A 4A]7F =<2t incubationd}$ith. Phenol: chloroform:
isoamylalcohol (25:24:1) £8-& ARE3le] &3 $ &k 2
ANAT ol WHEE TE ¥olo] 56] 7 M urea, 4%
polyacrylamide gel& ©]83}o] BDV RNA bandE ZaHH &
|23t Sl

HHIE SRETIO| in vitro B 24

AAE A9 in vitro YL 7] S0l EHRE YEES A
H3sle] M3} tH(Zalacain and Cundliff, 1989; Jin and
Yang, 2002). 50 mM Tris-HCl (pH 7.5), 4 mM MgCl,, 40 mM
KCl, 10 mM DTT9 =XAL 714 4Z=89do 66 nM
S—[methyl—SH]adenosylmethionine (SAM; Amersham, arlington
Height, IL; sp act 80.7 Ci/mmol), 200 nM 2] domain V RNA 2}
R237A Wo] @eidg du Z Bu]7} 300 ul H=F skef 37C

IPTG induction
- | +

_(kDa) empty wt

Fig. 3. Sodium dodecyl! sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of expression of R237A mutant ErmSF protein in E.
coli with and without IPTG induction. After 8 h incubation in the
presence of IPTG at 37°C following transfer into new medium, cell
culture was boiled to disrupt the cells in 6x sample buffer, resolved
on 10% sodium dodecyl sulfate-polyacrylamide gel and then
stained with Coomassie brilliant blue.

oA §-SAIZ] 0, 5, 10, 30 18] 2 608 vt} 50 ul¥ Hojuj
o] 12% trichloroacetic acid2 ¥Fg-2 FZAA|7] thS AAES
Azxstl §AE PAAEE S8t

N

R237A HO| ErmSF2| LHEFOIAIS] wisd

doj % R237A ¥o] ErmSFE X3 3d= DNA HHE 333t
pET23b (pHIJ403)2 E. coli BL21(DE3) (E. coli HIJ403)o] &
AAg 3 3 IPTGE ¥dS f=3ty I ¥d A=E
SDS-PAGEE AME-8te] EA5¢IthFig. 3). o83 EmmSFE]
IPTG fr=of 93t Ud =& &It 7]& A+(Jin, 2008)2t
Zo] & FHS] o] ghild e BT | mM IPTGE LdE f&
St o Al Well A di=f dE = e IPTGE H7tshA] ¢
o dE FE5HA] oS wolli= P8 % ErmSFe} o] ujj-2
oF3t leaky W& YERY AT

R237A tHO| ERMSF2| M| LHollAM] &4 ZAH

R237A Wo] ErmSF2| A Woll A 9] S4d& E1skr] st
o Al WollA @ §lo] deidof of%h A S &l
8}ic}. Erythromycin 100 pg& 23t 98 9 AFFolE 52
plateo| A= ¥1 pET23b E2tAn| =5 -3 A2 A9t 2
£ Aol A Aol eJste] AB7Fo] A 3fjEl= H2](inhibition
zone)7} AE YEREA] gt ont, 1000 pge HAT 439 A
SE°1E ¥ plateol| A= ¥l pET23b SSAn| =5 T3 Al
T2 =S 2o wiste] mje A1 SER|RE R237A WO
ErmSFE U@st= Aot #9F ofe} o % ErmSFE dst
= Aol Az A o o] A Fio] FYUsHA
et AS ER1E = A%t} wEka] Mol ErmSFE '#dst
= AlE= o ErmSFE Wdske Al Zo] gAgA ol ofst
WS A8 S22 & o= UATh(Fig. 4). £ Ho| T
L W= Aol tdte] erythromycino] 3t 24 A &
EMICs)E &elstgltt o3 E ErmSFE W@ stk= A2 4
Folli= >4,096 pg/mle YER Y ti2Ql ¥l Setav|Es
ZTTE A2 64 ug/mlE YERH STt R237A WHo| ErmSFE
st Al op Y Tl A S I sk Aot 22 >4,096
pg/ml 2] MICZ-E Y $ith(Table 3). whaha] opfE 9 ol
CHl A S 0] Al A ol A 9] /g2 2ol 7} ¢lieh

HulE THEEIO| jn vitro Y ZAM

Aol A HAE R237A ¥Ho] TS WA= Al
o ErmSFE W@ sk= At Zo] 3872 erythromycin
of et WAL SYsHA et 22 BEE¢lck(Table 3
and Fig. 4). 21} 285 ¥o|9] a4 B4 & Hr}
AEs] WAty A= in virroo| ] B4 S o] o|B
2 opE ErmSFe} Ho| Thull 2l ato] § A8Hd-S vl wslr] 9|3)
4 223 Ho| Tl d-g o] 8510 in vitroo| 4 9] /43S Em
iz o] 9bd 7)12 2 ¥HE) R domain V (Vester and Douthwaite,
1994) 5 AMg3te] AAEHIT R237A o] g de opxid



Table 3. Effects of R237A mutation on erythromycin resistance

ErmSF variant Em MIC (pg/ml)

Negative control (empty pET23b) 64
Wild-type >4,096
R237A >4,096

ErmSFo|| H]gto] gk AJIZF REEAI] & cpme H| WSS o
51% 9] E4<& Vet Ack(Fig. 5).
s
Erm T2 % ErmBe} ErmC” Sh0] 327} v A 5o,
o o] F EmC -2 co-factorgl SAMI}e] A3z 7} ghe] FA|
ok, 7120 RNASRS] A2 A Q1A gt 7271 ¥
A0 Erm ha A5 0] N-UEk .94 40% o]4F] DNAS] N-of
gy == N-A| E Al methyltransferase T - S9] 120 7|4l
sto] ofu|icAl HEE v - EAEIHS o o]SoA FEHL
2 VeEhE= 97l (motif X and motif I-VIII, Malone et al., 1995)
o] 2 B9 motifSo] §UsHA| SAFIh Erm T AL of
212 motif F4E Zo)=01l 2lof -2k gjof & 7)ol a
-helix 27 9 22 =W 7 Sl &, F 719 =H
oz 748 o]t Erm Tl Evie] Hsto) HEE
RIsHE S wf £212 2 79 o-helix29F 14 H -2 el
3} Nk 329]9) Soleo st A s 29t FiehE B
ofalietto] 7] $EFoIgon] = mujlo] AT el
71291 RNA®] & 233 4 9l 283 Fol j$ 2 teht
AT Yu et al., 1997; Bussiere et al., 1998). o] &3t %FA35}2] B
ol 27I5}od C-argh 329]0] Fe E92lg ‘substrate-binding

erythromycin 100 pg

Fig. 4. Antibiotic susceptibility assay. Erythromycin stock solution
(100 mg/ml) was dropped on Whatmann 3 M paper circle to reach
the final amount of erythromycin 100 or 1,000 pg. In each section of
agar plate, E. coli cells containing DNA fragment encoding wild type
or mutated ermSF were spread with cotton swab. In the center of
each section, paper circle containing 100 or 1,000 pg erythromycin
was placed. The resulting agar plate was incubated overnight at 37°C.
All grew well in the 100 pg of erythromycin except cells containing
empty vector. But the inhibition zone which appeared in section 2, 3
were much smaller than that of section 1 in the 1,000 pg of
erythromycin. Sections: 1, E. coli cells harboring empty vector; 2, E.
coli cells harboring pHIJ105; 3, E. coli cells harboring pHJJ403.

ErmSF 2] methylation Hgof| 4] 2370 o}2xd 2] H& 109

domain’ (Yu et al., 1997), = ‘RNA-recognition domain’
(Bussiere et al., 1998)o|2} WHstg Tt a8y C-Ud H9]9
2h2 =rQlof 23E ZE Y opn]AlS X|gsto] 71 :o] 4
328 58 Be 54 SAS ARFH R AT AFolA o]
Tl AHAH o2 712 RNAQL R2E]7] Hrhs N-Od £
o) & =m0 27 MAFE FAok= AL R ARE S
™ (Maravic et al., 2003) E3L, o] = =H¢lS Basle] whz
AsllS o) BT S84 TS st A= dreutt
(Jin, 2001). 7]& Ao 2 N-Uet 29 =9l o] N-Z
o 2] TrQlo] C-et 299 A2 el AAHE &, &
53 &5 st FEo EAste ofn|xAbEe] 71
RNAS} A} 5 2 g-81= A o 2 BA x| Q) th(Maravic et al. 2003).
ErmSF&] R237-& HIZ 11 Q53 Fof /|2]6te 7| Awte] A5
Zhgo] A= AchFig. 1). @A7HA] ¥57l Erm Tzl oF
309 o] &3} (Cocito et al., 1997; Seppala et al., 1998), ©]
£ SRe ofu]ieAt H Aol e SAM0] FolA she] 2
A duwd2 Ry g8 HE Ao FHHIL Jlem(Park e
al., 2010), 1 28 7]2to] FYste o] 5 T d2 1 271 A
9] A Ao R &= o] At ErmSFe|A 9] 65Q, 93/95/97G,
114E, 116D, 159P, 222F, 224/226P S:9] ofu]izAhe @R71%]
85170 315:9] 2.E Em ol EUsp 2Eslo] 9o o
o)Al 2H71 &2 Erm @i #at ol gt SAME co-factor=
AME-S1E methyltransferase ol 4] 35222 LER}=, co-factor
e} - o7 A5 A5 1= motifS(Malone et al., 1995;
Schluckbier et al., 1999) T+, E}Zl ofd| U3} AFSZ-g-8131 Q)
= motif (Goedecke et al., 2001)9]] E3}+E olu| - AMS 0|t} o]
9} Zo] g Erm Tl F o] A -2 ofm| Ak 2 WEE X179
73%-ol= Erm Tl d #ut opuj 2l o2 £33 9] methyltransferase
NM = LA F2T QTS FPdk= ofn| Al S RIS
2= 919jt} ErmSF2] R237-& 1838t motifol 3= X = x| qH
RE Erm T oA o 2F9HS A Q]etal BE 2 ofju| it

100000
80000 -
E
5 60000 -
P 51%
2 40000 |
&
20000 -
O ,
wit R227A

Fig. 5. In vitro methylation assay of R237A mutant ErmSFs. In vitro
methylation activity of wild-type and mutant ErmSFs. Methylation
of the RNA (23S rRNA domain V) was measured by incorporated
radio-activity (cpm) from tritium labeled SAM. Reaction was
carried out in methylation buffer (50 mM Tris-HCI; pH 7.5, 40 mM
KCl, 4 mM MgCl,, 10 mM DTT) containing 0.2 pM RNA, 0.2 pM
protein, 0.66 uM [methy1-3H]AdoMet (80.7 Ci/mmol) in a total
reaction volume of 0.3 ml. Methylation reactions were carried out at
37°C for up to 60 min.



110 Jin Hyung Jong

Q1 of2Ad 0 2 FUsHA| HEE|o]§lo|(Fig. 2) A4 B0 T8
o oJake sl 18 7540l AAEIRICE. o W R237A
Ho| T2 Jac operon®] ZH= 24 7]2}H9] leakinessol| ©]st
o] IPTGoll $=5%] kot 2248 vl o] HAjels
HA = 1 9] 7]5o] A WellA waE o A
erythromycinof] tfaf W2 5=(100 pg)ollAe WS et
%Ak, ob§d ErmSFE sk Al ofbel 4% Ashs
= E2 &9 erythromycin (1,000 pg)o| A= R237A Ho| ot
w28 WEshs Al opld EmSFE Washs Mg e
BEo) 44 Aofuke e ATk (Fig. 4). ol wlo] T
T YA thsto] SR WS SRS UL 2 S 9lgl
o}, g o] Tl A S Walsi Al@e A Aa = @A of
AR 2 >4,096 pg/ml LHEHEH © 24 (Table 3) LAE
2] B f /oA 2 Aol= ERIE 4= §igith 2L R237A
dlo] TR g g Bste] in vitro AtolN ) TE AAsH
S o ool HIste] 51% 9] BdTha UEbl ich(Fig. S).
SDS-PAGE Aol 8}elgt o] chile] wazke opigel
L@ 2 20l JrhFig. 3). waha] T@Z] o A
o] Ftf=]o] et AL ohd Ao = A=t ErmSF=
AA| Q] tylosin®] AR Streptomyces fradiae)| A LA E
= SRR AL YA FAAA o 2dte A El=
A& 97] fJsto] ZF=g Who] 712 &, Ao gk g WA
& vpelolob 8 olsd, 7L vl 4 214<) EmSFe] &4
o] mf-¢-7FEE Aotk AA| R 1= YA (MIC>4,096 pg/ml)
2 Yyell= AL 9 HYFQ Streptococcus pneumoniae
ofl 4 271E] YA 2 2 SaI<) ErmBof W]}d ErmSF
in vitrool|A &4 EAJo] oF 108 A= 73514 Vel tunpublished
resuly. webA] o hal et wo] thade] o] of
gro 2 AsjE e Ao et SE23 WS A" &
S Ao ARt TR in vivool A o] TS
UEs = Al opdE Dl aS ddsks AltollA 2 XtolH
o] SelE|x] 3t Fo2 WekEgTh R2370] $IAlakE Hohe
7129) RNA® 524 B A2 oS EE N-Ueh C-2rg
Eojolo] A2 QAEe] 288 T YA i HAUL
DEBRE o o] V)7L 7HRA L e S 714 Q1 RNASL
ABAGRAG B ATHET 4 I 8L AT Ut
2 Wl 2] BE Erm thalo] 4 Uzt ofuiAte 2 1
250] gl A0 Hol Ae] BE Em huldolH Sgt 7]
ZhE YT A2 AT 5 ST oA A= FAEA Y
A g el 2hg 712 9 1 el g AsA) A 2,
SAME co-factor2 AREsHE B2 £79] methyltransferase ]|
e 77 97 Em gl ol BolHos Ag 4 g
oA Aol =22 E 5 9L o2 Azt

= o
=

Erm @2 23S rRNAS] 54 obdld #7] N° $jx]o]
methylationS €0 JAIA OS2 = Q3HA AMEE+= macrolide-
lincosamide-streptogramin B7| &AAo] WAL A1t

2|2 ErmC’ ol A N-Ltt catalytic domain®} C-H¢} substrate
binding domaing QA ©BF T FHRo] EAJoh 2
wzw ofulidh 717} 7|43} ALE A g A OR A
ot £2&= EmSFoJA F domain®] A2 F9]9] 253 Fof
S35k 7107he] 4Bk go] SAED Egt Brm TS A}
ool A mj-¢- EA HEEO|Gl= 237H ol 2AW W& Xt
o I 71%& in vivo, in vitro’Fol|x HMste] EA5HHT
R237A Wlo] SIS WSk Alge by Tl e w
Sz Al B2t in vivo Aol A& XFolE UERHA] e
U 588 3 T in vitroo| A 9] 4 /42 oI F o vl
s19%ake Ueflo] 1 2717k 713 23 7158 Saeka gt

2 Ak 4 Ak

ZAtel g

B ATE 20120 % FHe] QU R FRATATE] 4 UL
wol S4E A7ZT] AR(20120002499)2 oo FAH=T
Y.

rak

ik

02

Bimmingham, V.A., Cox, K.L., Larson, J.L., Fishman, S.E., Hershberger,
C.L., and Seno, E.T. 1986. Cloning and expression of a tylosin
resistance gene from a tylosin-producing strain of Streptomyces
fradiae. Mol. Gen. Genet. 204, 532-539.

Bujnicki, JJM. 1999. Comparison of protein structures reveals
monophyletic origin of the AdoMet dependent methyltransferase
family and mechanistic convergence rather than recent
differentiation of N4-cytosine and N6-adenine DNA methylation.
In Silico Biol. 1, 1-8.

Bussiere, D.E., Muchmore, S.W., Dealwis, C.G., Schluckebier, G.,
Nienaber, V.L., Edalji, R.P., Walter, K.A., Ladror, U.S., Holzman,
T.F., and Abad-Zapatero, C. 1998. Crystal structure of ErmC', an
rRNA methyltransferase which mediates antibiotic resistance in
bacteria. Biochemistry 37, 7103-7112.

Cocito, C., Di, Giambattista, M., Nyssen, E., and Vannuffel, P. 1997.
Inhibition of protein synthesis by streptogramins and related
antibiotics. Antimicrob. Agents Chemother. 39, 7-13.

Cundliffe, E. 1989. How antibiotic-producing organisms avoid suicide.
Annu. Rev. Microbiol. 43, 207-223.

Fauman, E.B., Blumenthal, R.M., and Cheng, X. 1999. Structure and
evolution of AdoMet-dependent MTases. S-Adenosylmethionine-
dependent Methyltransferases: Structures and Functions, pp. 1-38.
In Cheng, X. and Blumenthal, R.M. (eds.), World Scientific Inc,
Singapore.

Goedecke, K., Pignot, M., Goody, R.S., Scheidig, A.J., and Weinhold,
E. 2001. Structure of the N6-adenine DNA methyltransferase M.Taq
I'in complex with DNA and a cofactor analog. Nature Struct. Biol.
8, 121-125.

Jin, H.J. 1999. ErmSF, a ribosomal RNA adenine N6-methyltransferase
gene from Streptomyces fradiae, confers MLS(macrolide-lincosamide-
streptogramin B) resistance to E. coli when it is expressed. Mol. Cells
9,252-257.

Jin, H.J. 2001. Domain expression of ErmSF, MLS(macrolide-lincosamide-
streptogramin B) antibiotic resistance factor protein. Kor. J.



Microbiol. 37, 245-252.

Jin, H.J. 2006. Functional role of peptide segment containing 1-25 amino
acids in N-terminal end region of ErmSF. Kor. J. Microbiol. 42, 165—
171.

Jin, H.J. 2008. Functional role of 60RR61 in 23S rRNA methylation,
which is in N-terminal end region of ErmSF. Kor. J. Microbiol. 44,
193-198.

Jin, H.J. 2011. Investigation on inhibitory effect of ErmSF N-terminal
end region peptide on ErmSF methyltansferase activity in vivo
through development of co-expression system of two different
proteins in one cell. Kor. J. Microbiol. 47, 200-208.

Jin, HJ. and Yang, Y.D. 2002. Purification and biochemical
characterization of the ErmSF macrolide-lincosamide-streptogramin
B resistance factor protein expressed as a hexahistidine-tagged
protein in Escherichia coli. Protein Expr. Purif. 25, 149-159.

Kovalic, D., Giannattasio, R.B., Jin, H.J., and Weisblum, B. 1994. 23S
rRNA Domain V, a fragment that can be specifically methylated in
vitro by the ErmSF(TIrA) methyltransferase. J. Bacteriol. 176, 6992
—-6998.

Lai, C.J., Weisblum, B., Fahnestock, S.R., and Nomura, M. 1973.
Alteration of 23S ribosomal RNA and erythromycin-induced
resistance to lincomycin and spiramycin in Staphylococcus aureus.
J. Mol. Biol. 74, 67-72.

Leclercql, R. and Courvalin, P. 1991. Bacterial resistance to macrolide,
lincosamide, and streptogramin antibiotics by target modification.
Antimicrob. Agents Chemother. 35, 1267-1272.

Malone, T., Blumenthal, R.M., and Cheng, X. 1995. Structure-guided
analysis reveals nine sequence motifs conserved among DNA
amino-methyltransferases, and suggests a catalytic mechanism for
these enzymes. J. Mol. Biol. 253, 618-632.

Marabic, G., Bujnicki, J.M., Feder, M., Pongor, S., and Flogel, M. 2003.
Alanine-scanning mutagenesis of the predicted rRNA-binding
domain of ErmC' redefines the substrate-binding site and suggests
amodel for protein-RNA interactions. Nucleic Acids Res. 31,4941-
4949.

Park, A.K., Kim, H., and Jin, H.J. 2010. Phylogenetic analysis of IRNA

ErmSF 2] methylation 4gof| 4] 2370 o}2xd 9] S 111

methyltransferases, Erm and KsgA, as related to antibiotic
resistance. FEMS Microbiol. Lett. 309, 151-162.

Roberts, M.C. 2004. Resistance to macrolide, lincosamide, streptogramin,
ketolide, and oxazolidinone antibiotics. Mol. Biotechnol. 28, 47-62.

Roberts, M.C., Sutcliffe, J., Courvalin, P., Jensen, L.B., Rood, J., and
Seppala, H. 1999. Nomenclature for macrolide and macrolide-
lincomycin-streptogramin B resistance determinants. Antimicrob.
Agents Chemother. 43, 2823-2830.

Schluckebier; G., Zhong, P., Stewart, K.D., Kavanaugh, T.J., and
Abad-Zapatero, C. 1999. The 2.2 A structure of the rRNA
methyltransferase ErmC' and its complexes with cofactor and
cofactor analogs: implications for the reaction mechanism. J. Mol.
Biol. 289, 277-291.

Seppala, H., Skumik, M., Soini, H., Roberts, M.C., and Huovinen, P.
1998. A novel erythromycin resistance methylase gene (ermTR) in
Streptococcus pyogenes. Antimicrob. Agents Chemother. 42,257~
262.

Skinner, R., Cundliffe, E., and Schmidt, F.J. 1983. Site for action of a
ribosomal RNA methylase responsible for resistance to
erythromycin and other antibiotics. J. Biol. Chem. 258, 12702-
12706.

Studier; EW. and Moffatt, B.A. 1986. Use of bacteriophage T7 RNA
polymerase to direct selective high-level expression of cloned genes.
J. Mol. Biol. 189, 113-130.

Vester, B. and Douthwaite, S. 1994. Domain V of 23S rRNA contains
all the structural elements necessary for recognition by the ErmE
methyltransferase. J. Bacteriol. 176, 6999-7004.

Weisblum, B. 1995. Erythromycin resistance by ribosome modification.
Antimicrob. Agents Chemother. 39, 577-585.

Yu, L., Petros, A.M., Schnuchel, A., Zhong, P., Severin, J.M., Walter,
K., Holzman, T.F., and Fesik, S.W. 1997. Solution structure of an
rRNA methyltransferase (ErmAM) that confers macrolide-lincosamide-
streptogramin antibiotic resistance. Nature Struct. Biol. 4, 483-489.

Zalacain, M. and Cundliffe, E. 1989. Methylation of 23S rRNA by
tlrA(ermSF), a tylosin resistance determinant from Streptomyces
fradiae. J. Bacteriol. 171, 4254-4260.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


