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Characterization of Enzymes Methylating Exocyclic Amine Group of Nucleoside Bases in
the Marine Bacterium Celeribacter marinus IMCC12053

Jung Hee Kim

Specialized Graduate School Science & Technology Convergence

Pukyong National University

Abstract

DNA methylation is involved in diverse processes in bacteria, including
maintenance of genome integrity and regulation of gene expression. CcrM, the
DNA methyltransferase conserved in Alphaproteobacterial species, has N°-
adenine or N*-cytosine methyltransferase activities using S-adenosyl methionine

as a co-substrate.

Celeribacter marinus IMCC12053 and Novosphingobium pentaromativorans
US6-1 isolated from the marine environment are alphaproteobacteria. Both strains
replace the methyl groups of the exocyclic amines of CpG and GpC cytosines to

produce N4-methyl cytosine.

Vi



Using single molecule real-time sequencing method (SMRT), methylation
patterns of C. marinus IMCC12053 and N. pentaromativorans US6-1 were
compared using Gibbs motif sampler program. Both strains showed conversion of
adenosine of 5’-GANTC-3’ to N®-methyladenosine, and N*-cytosine of 5’-CpG-3’
(IMCC12053) and 5’-GpC-3’ (US6-1) to N*-methylcytosine. Exocylic DNA
methyltransferases from both of the species were chosen for cloning using

phylogenetic analysis.

IPTG induction were performed to confirm the methylation activity of the ORF’s
from the two strains when they were cloned into pQE30 vector. The genomic DNA
and plasmid carrying methylase-encoding sequences were extracted and cleaved
with restriction enzymes sensitive to methylation to confirm the methylation
activity. These methylases protected the restriction enzyme site by IPTG induced
changes in the DNA. Thus the recognition sequences cleaved by restriction
enzymes are decreased and DNA fragments protected by methylation increased in

accordance with the cytosine methylation.

In this study, characteristics of cloned exocyclic DNA methylases are
investigated for potential uses of novel type of CpG methylase for molecular

biology and epigenetics.

vii
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T

Aol dofA DNA  d€¥ st (methylation)®= F A FZ A (genome
integrity) A 2 4z &aeol 24 7]#o] T3t (Gonzalez, et al.,
2014). DNA Hl€lst= wlgst @Al ofa] DNAC wlE7]7F F7lH = Qo=
gzt  d7124  N-wdoluld (N-methyladenine) ¥  5-FlEA}o] EA(5-
methylcytosine)5©] =4 &t}h. DNA methyltransferase (MTase)oll ]3] ¥
¥ DNA methylatione +dA ZHAF(gene transcription), AI3¥ A% (cell
growth) % 2 (proliferation)= ZHst=d T8 4TS Fohli, et
al., 2017). DNA methylation 2 DNA methyltransferases (MTases)ol ois}

= AAE AL 7035 AF-H o Stk (Jurkowska and Jeltsch, 2016).

TR 2-o] Bodts F ol HWEMolEARYE Dandt AEFV-ZA

we dol &4 (cell cycle-regulated methyltransferase; CerM)7} lew, o

do
[

A1t 2] Dam methyltransferase(ME d o] a4 )= pap operond} &2 EA
2 HEo] FQo3l, DNA EA] ZHA(DNA replication initiation) % DNA

repair® 2 HAG%E FQsvfd <A dvh(Adhikari and Curtis, 2016).

CerM 4= diiEe <=y ¢ uby g]ol(Alphaproteobacteria) ol A

ke

FTEANOoZ BHEHO O™ (Gonzalez, et al., 2014), At ¥ d Fol A

-1-



F71-24 FAA(Cerd) o] &l W€ s (Methylation)7} F83kthe= ARA o
=ttt (Mohapatra, et al., 2014). CerM @=L Caulobacter crescentus
NA1000 59 Ed vAzodA 4 dds =dsts 8 7l @ &
A2 A Ao (Kozdon, et al., 2013), CerM ¥ DNA-(adenine N°)-w|
g o] g A (methyltransferases)= TS <> 2 Quteg]ole] AYE-3lof A
9 FQ3 &S dh(Maier, et al., 2015). CerM @=L 3k NO-
N-ml e koAl (methylase) A4S 7AW, S-obdl:=A v €] 2 (adenosyl
methionine)S 7]A& 3le] 5 -GANTC-3' <] DNA 471 AdAde] ofdd
(adenine)$& N°-w] 8 o}d| -2l (methyl adenosine)® = W33k ¥ ole} ojw
Ag-ol Aol EAl 971E N-wl" Alo] EAl(methyl cytosine) o2 wWe3} o
F AttJeltsch, et al., 1999). CerM &A1) N-2 N'-weglolx] & o
71¢] ' el g sl obnl Il mEvIE skl witel S-HlEAL
OlEAlS FAste HE EdsFH ol S} SEete] QEkarg|e] oinw HE

3}(exocyclic amino modification)o|2F & H T (Loenen and Raleigh, 2014).

Celeribacter marinus INCC12053 X MNovosphingobium pentaromativorans
US6-12 2Hzt ekt gol A e F8¥Ae™, . marinus INCC12053(Baek,
et al., 2014)2 vre|E] @ 3A] P12053LE wElste &F% AR&EH(Kang, et
al., 2012). Celeribacter %42 3d|FolA 2HE Fa Als ¥3 F 3tU=

Alphaproteobacteria A ALl Rhodobacteraceae A% /Yo, 13 JA



57 (Gram-staining-negative), H] &’ (non-motile), H]  Z(non-

pigmented) % H R ¥(rod-shaped)®] W E|olo]th(Baek, et al., 2014).
Alphaproteobacteria C. marinus IMCC12053 ¢5-2] €3} &ifE oft]i=ilo
Eo)x¢l wes G (adenosine-specific DNA methylase)Ql BAlo] N
cytosineo] Eo]Zel wWEst &4 (N'-cytosine specific DNA methylase) ¢

o] ol g},

N.  pentaromativorans US6-1% 3l 7 ] Al (Sohn, et a/., 2004)

&l -7 A

A

o2 draft genomes A3t IEAS] WEA  w©EgA
(aromatic-hydrocarbon-degrading genes)= &yl ®F A} (Lwo, et al.,

2012).

C. marinus IMCC120532] 1IMCC12053_18853 (Genbank acc. ALI55832)2 CpG
9 CpG Aol AlolEAale]l 9dkagle] ol (exocyclic  amine)S HE Y]
(methyl group)® X]|38ksto] N-w|€Arlo]EAS WA, 5 -GANTC-3' 7]

Ade] ol ¢gkarg]e] olHl(exocyclic amine)o W& 7| (methyl group)

AW

2 Agatol Noddeldeil e YHsE A FaAsigo

i

o
Ny
8
2
o
T =

2 nol obdAl @ Apo]EAS] HolH g 7bal

N. pentaromat ivorans US6-12] AIT787682 GpC 2 GpC 3 2] Alo]El 9
9)8Farg] o] o}l (exocyclic amine) © wWl€”] (methyl group) = X]3+&}o]

N-m Aol EX1S A gths 2

o
dor

skt

-3-



olel @
g etoAs Al

o
fol
DN
B
i)
%
fols
_o|L
ki
-]
=
=
o,
e
i)
2
il
oX,
g
oty
Ll

Al dl L o sk gl = = . z] 71 © U:HDO1 =2 Oz .,_':o]
1 o]_ﬂ A ] A A
J‘] S 1
X Rt <] =
= I
L s iy ]_L_ E
}\}1]
1__]
1= ] J = TI'% H

;H E o —] (o] [q ‘/‘(|_ al T = 3 Eq ol Q

= ]/\ =2 Z 2 S E ‘ — E O

= ] S — 1
7 s o
1 ]‘ el = <) E -
° O]—
DG
e} Qs
,9_/\

s B ]

€]

Ny
%0
o
£l
s
kl
it
)

o]oﬂ K
2ol
ATl A =
marinus &
IMCC12 )
053 4
=LA i
pentaromativoran |
s US6-1 +F
TRl T
o] vl
) }o} #
d

dd H 54
doll thall A~-sf
= A8



I. A8 3 ¥

1. Wesd 3 224 (Methylation pattern analysis)

2 | AV8¥ C. marinus IMCC12053 % N. pentaromativorans US6-1 & ¥+

o2
2

T A7) ol Aol Al AAlE PacBioRS 11 A 49 Axns @833l
th(Choi, et al., 2015, Yang, et al., 2017). F w=ol Widt A714dg A

B Table 1o 71<38}9it}.

2. AH8 75 R HjA

C. marinus INMCC12053 2 N. pentaromativorans US6-19] A+ pGEM T-
Easy, pGEM T Vector Systems (Promega, Madison, USA) % DH5a Chemically
Competent Z£. coli (Enzynomics, Daejeon, Republic of Korea) & %83}

Z=24d 3o HiYield Plus™ Plasmid Mini Kit (RBC, Taipei, Taiwan) = ©]

ro

43 plasmid DNAS F& 3t). LAREMS 93 B F249L pQE30 ¥

HE &8l



DNA methylase &84S {NAM dam/dem- 91 E.coli K12 strain (HIT™-

GM2163 Value 10°, RBC, Taipei, Taiwan)S AF& 3}9itTh.

N+ g w2+ 100pg/mle] ampicillin®] 323$HE Luria-Bertani
(LB) brothE AF&3low 37T shaking incubatorol Al 15A17F o)Ak v 9F%
t}. Agar plate T3F 100 pg/ml %9 ampicillin®] ¥3%¥ Luria-Bertani

(LB) broth agar plateE A}g£3lt}.

3. Genomic DNA & 2 =384 93 ¥HS(polymerase
chain reaction; PCR)

Genomic DNA= PureHelix Genomic DNA Prep Kit (Column type) (NanoHelix,
Daejeon, Republic of Korea)E Ab&3te] F=8Flth. Genomic DNAE PCRe
#9138+  template®Z  AFEHASH, € marinus  IMCC12053 H N
pentaromat ivorans US6-1 + 52 sequence-specific primers& Table 29}

ol AASAL.

rlo

=3
o =

30% B9 95TCoA 2k WA 25 cycles® SimpliAmp Thermal

cycler(life technologies, Carlsbad, USA)ollA] AA|sFAa, 30% &<+ ZHz+
9] primere] tal AAH %o A annealing dtal, 72ColA 187 27k Al

-6 -



A5t (Table 3). 5%%¥ PCR AH=S 1% agarose gelolA] Z7|d 5oz

2

2138} a1, SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad, USA) ©.2 A]Z+
3lettt. =ZE DNA 9HES pGEM T-Easy T+ pGEM T ¥WE 7|EES o] &

sto] Fzgstgon], 17 2 pe Teto]mE ALgstel MG B4 L An 2

4. pQE30 HE E2YE 93 AF &4 A8 (Restriction

digestion)

Celeribacter marinus IMCC120532] ALI55832E F b= AR ©wHo] A

3

84

l‘DI'

2A8+E Kpnl @ - Pst1 S olg3t3om, Novosphingobi um

pentaromat ivorans US6-12] AIT78768S F =3}

rr

7= Sph1 3 Sal 1 &
AHg-3FltH(Table 4). Digestione 2A17H&E<QE 37CelAl o]Fofxon, 1%

agarose gelol] 9J&] A7|dso=z 3

ro

5]

52
+

pQE30 vector 3% Kpnl /PstI 2 Sphl/Sall o= A833(Fig. 1),
Shrimp Alkaline Phosphatase® 37ColA] 3057 A7 3 65Col|A 5837+ 7F

dslo] EdA st A &4 A8 $ T4 DNA ligase (Promega cat.

-7 -



MI80A)E o] &3] wE e} AFel DNAS ligation 3t 5, & DHSeo] A

a3t

7

Qs

5. Induction, Genomic 2 Plasmid DNA &

C. marinus IMCC12053 % W.

pentaromativorans US6-19] 74 =}

ALT55832(IMCC12053_18853) @}  AIT78768= “Z+7t pQE30°] AB =23 F 100

uM IPTG= A g]sle] 3A17F &<k 37C shaking incubatoroll Al Hj % At}

W Es ¥ Genomic DNA 2 wWESS 7} HA &

&2 Genomic DNAE PureHelix

Genomic DNA Prep Kit (Column type) (NanoHelix, Daejeon, Republic of Korea)

=

E AMESY FE3 oW, 4mLe] celldlA FE=HULE.
w3 West @ plasmid DNA ¥ W€ 387t 5 #] 22 plasmid DNA«= HiYield
plus plasmid mini Kit (RBC, Taipei, Taiwan)E A}&3te] F&39 0™, 3mL

[e

9] celldld F=HA}.



6. Hlado] AAe A3 &4 x7 (Methylation sensitive

restriction digestion)

Methylation sensitive restriction digestion®] AFgH &4E+ Mol ,

MspI, Mlul, Pvulo] Qo™ (Table 5,6), controll.& dam/dcm- E. coli=

AF-8-313 .
ok F=3 wWE3sl ¥ Genomic DNASF WlElIS 7} & A] &2 Genomic DNA 2

plasmid DNAE A}&3] dHEdo]de wWHsk g4=2 2475 37Tl A

digestiond}t o™, 1%, 1.2% agarose gelel oJa] dA7|dso =



1. SMRT(single-molecule real-time)E ©]-€3F dIJZTZHQ
vlg| 2] o} (Alphaproteobacteria) &+ #FE5¢ DNA €714 <A

};—]

A

SMRT(single-molecule, real-time) W (Eid, ef a/., 2009)S ©]&3}o]

boiet .

Ol

At g2 g Qutg gole] £ T o#FY FA4A JAAES A
US6-1 2 IMCC120539] FAAl #4 A= o]gsle] DNA F7] M EA9

oftli=al B AfolEAl 47] Aldel Zzp N-wFeld|ieal 9 N-wEALo] E A

oz YEYst He= AL 7|Es 1 d"HE Gibbs motif sampler program
(Lawrence, et al., 1993)= ©o|-&3sto] A3 AH}E L&A (Yang, et
al., 2017).

C. marinus IMCC120532] IMCC12053_18853 (Genbank acc. ALI55832) = 5 -

GANTC-3" 7] Ade ofulx=ale] <3Fkag]e] o}%l(exocyclic amine) ol

-10 -



W 7] (methyl group)S X &Halo] No-mdold|=iS WASAT. €. marinus
IMCC120532] IMCC12053_18853 (Genbank acc. ALI55832)2 CpG % CpG ++#]
AtolExle] gkl ofwl(exocyclic amine)ol WWEZ|(methyl group)E
A gate] N'-weAlo] EAS A S TE (Table 7).

N.  pentaromativorans US6-12] AIT78768 5-GANTC-3’ A7l A4
ol :=Aale] 2)gkug]e] oFWl(exocyclic amine)o] WE 7] (methyl group)E
2gksle]  N-wjdold =S BASIY. N pentaromativorans US6-12]
AIT787682 GpC % GpC A AfolEAle] g e] oWl (exocyclic
amine)oll ™€l 7](methyl group)E X $alo] N-wEAlo|EAS AAEAT

(Table 8).

-11 -



2. F ZF7rDNA W2 A o) a4 1

K

o] F #FE FAAY 4] MDA N-mEolud, 5-wEALO| EAL,
aga N-wEalolEAle]  Eolz  7Ulg A1y F (specific  kinetic
signature) &  o|&ste] 7] AMEAe ofrlx=Al B Apo]EAIY Y3}
Fde #EZ F AAMH(Clark, et al., 2012).

C. marinus IMCC12053 2 V. pentaromativorans US6-1% A 4 A}
5 -GANIC-3' ¢ oldi=slg N-w|deldiesl oz Wzst= fHas 7HAx
9lom  NCBI Conserved Domain Database® CDD search(Marchler-Bauer, et
al., 2015)% F3A CerM& X3 dt= fFAF AL 78 & AAH(Table

9).

-12 -



3. C. marinus IMCC120539] o}w] =4t 7] L& o] &3 A&

M

}_\_-]

C. marinus IMCC120539] Q7|M L& ol&3l] + 7/ A% Y =5 #
AEF k. HA C. marinus IMCC12053¢] 93k 112] DNA wW€EglolA] o}m] =2k

H7IM <L

o

AsHoz FAs7]  fste], ®EE g ok(bacteria)®t LA
(archaea)?e] ©& 15 % <>z e e vte g]of(alphaproteobacteria) = 5

B AXF7-2d dEHolai(Cer)e AT WA FIFEE RAXML(ver.

7.3.4)(Stamatakis, 2006)= o]&3al AT, (Fig. 2).

RAXML(ver. 7.3.4)2 Randomized Accelerated Maximum Likelihood®] <F=}
2, A% A FEEE #1402 19 F parallel maximum likelihood®l

71HkS % inference ZE1#Ho|T},

N.  pentaromativorans US6-13} C. marinus IMCC12053S X313t 3709
Celeribacter sp., Thioclava sp., Brucella abortus, Caulobacter crescentus,
Haemophilus influenza, Moraxella bovisES X33k ¢ 97012] DNA W Eg}fo}
A D7IMEES gz 2 vt elol CerM MYRE  Caulobacter crescentus

NA10002} 22 1%

o

ﬁo/\

Olt
_|_,

Fom o= 94%° =& boot strap #HS o
ity EC 2.1.1.113¢] ©}& @z =2 Rebase database(Roberts, et al.,

2015)e] ]38 N'-cytosine methyltransferase @AS zZte= 4= FHE Y

-13 -



.

Uh=- 0.2 INMCC12053_188532] whujde] 1= DNA AM<E& o]&3 Bayesian
inference trees =T (Fig. 3). Caulobacter crescentus,
Novosphingobium pentaromativorans us6-1, Brucella abortus, Celeribacter
marinus, Celeribacter baekdonensisS -3Fsh= A9 5719 AL 68%2] 3

55 55 ¥ Caulobacter crescentus NA10009] <+u}> 2] @ vhe|g]o} CerMS-

=

e CerMl M2 52 FE(probability)fls 2 e Aldasn/d
detolAol M3 FEHE Au] IF(sister clade)S FAdF oW, e

%S N'-cytosine methyltransferase AL zt= wWdgolA So|tt. 43

i

T 29709 DNA A <€S MrBayes 3.25 AR&3] 13ow, XA (node)d

B = gAY (Fig. 3)

- 14 -



4. C. marinus IMCC12053 ¥ V. pentaromativorans US6-19] &
29 9 3y

100 uM  IPTGell eJ&ll 3A1zF &b 37ColAM & wiSd ¢ marinus

IMCC12053 % N. pentaromativorans US6-1 + 52 genomic(Fig. 4) 2

i

plasmid DNAS FZ3}3t). o|& o] &3te], A=3k A 25 AHE &

rot
ol

i

iz Lo® IPIGE FolakA %2 A3 dam—/dem— Competent £. colis At
&3ttt videtelAlE HdAsHA @ dam/dem- PO ) HFE o

&3k IMCC12053_1885 (ALI55832; C. marinus IMCC12053)E 71%l pQE30 #lE] <]

ol
o

Al

ot

a4 Mol 2 MsplolA] genomic DNAZ7} 25 Az gom, N
pentaromat ivorans US6-1 AIT78768S &3Sk pQE30HE el 4% IPIG
induction % Mbolo] HAeEA 2= AE g & 5 A (Fig. 5).
olgjst A3}Z Hol N. pentaromativorans US6-12] w|delolA] Aol FA)

&F3laL, GATC M4l ofdldelA wEsl7E dojtrhal Hojt,

wsk PTG Q19X ¥ ¢ marinus® plasmid DNAS W E ol AL

_]t
2

7] & Mlul /Pvul 3 Mlul /Pst I o2 ZHzZF F 709 @45 Abgs] =

e

ST, Mlul /Pvul @ Mlul /Pst I 2 Aws W= 3 Mlul /Pvul Z&o] A

- 15 -



3| 1] ] & 7 o] A (Hemi-methylation)

I ©] CGATCGOl A CpG =& €| o] 4d o]

dolrria 1

- 16 -



2 AT E A daret Ax G B S4E 2dskhed Fa3 A
g3 s 7 sle #E ol8ske] WEs ase] #d ATE A

=3k, olE SAs) obHlwAl % AlelEA WEs fHA4E AHn gk

Elgd) Celeribacter marinus IMCC12053 =2 Novosphingobium
pentaromativorans US6-1 & w#F= o| &3l HE3} aio EAS A8
ATk,

o4 wiLA

iy

S XMW, Spiroplasma sp. strain MQL(M.SssI)=H-E] DNA H]
g3t 345 codingdts frdate] ol =249 2 %3 (Renbaum, ef
al., 1990)°] Hi1xJo™  (Chlorella virus NYs-1ZF-E dinucleotide GpC
£ Q1243 cytosine-5-DNA methyltransferase(AFo]EA1-5-DNA W€ o] &
2)7F E.coli(NA+F) 2 Saccharomyces cerevisiaeol ] ZAEHAHF(Xu, et
al., 1998). M.Sssl @4E Alo]EAlS wEs) st vEdEdaw ol
g Zlo®m (pGo] EE AolEAlS HEst st Wb 2 ATolA AREH
Celeribacter marinus INCC12053¢] w|l€3} &A= 5'-GANTC-3'9] o}t Al

-17 -



xghste] 947] gAaang

Lo

olvl IS WYl sty Wk Chlorella virus
NYs-1& GpCe] AlolE4IS HWE S} s+ GpC HEE WAy folAoln} HE AT

o Mest g4t N-ddoldna T N-vEalo]EAS A= &0l

ol 53 e RuAMo|AMe ulolel~y Spiroplasma oA wlEelolAl &

ao A4S dpsidon aszzdovers] wWdaelAd #a Ay

rr
=
K
i

A e¥ok). B Ao M= Celeribacter marinus IMCC12053 <ol
A N-"dold sl e N-wEAlo|EAS AAstE WEENAH oA S

22 9w, ol FuUe s-ugAelEAS MYssE 6/l W el

gdyolde] wgrek a4AE AR & dwsigith. Mlul /Pvul # Mlul /Pst I
2 At = T Mlul/Pvul ZFlA v dEd o] A (Hemi-methylation)
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Table 1. Lists of gene sequence.

>Icl|CP012023.1_cds_IMCC12053 1885 1885 [gene=IMCC12053_1885] [protein=modification
methylase] [protein_id=ALI55832.1] [location=1851233..1852333] [Celeribacter marinus IMCC12053]

ATGACGACGAAAACACGTGAGGCAGCCACAGAGCTGCCGCTAAACCAGATTCTTGGTGGCGA
TTGCATCGAGATTATGAACAGCCTTCCCGAAGGATCTGTTGACCTGATCTTTGCAGATCCCCCG
TATAACCTACAGCTGCGCGGTGATCTTCACCGCCCTGACAATTCCAAAGTTGACGCCGTTGAC
GACGATTGGGATCAGTTCGATAGCTTTAAGGTCTATGACAACTTTACCCGCGATTGGCTTGCCG
CCGCGCGCCGTGTCCTCAAACCGAACGGTGCGATTTGGGCGATTGGCTCATATCACAACGTGT
ACCGCATGGGCGCCGAGCTCCAGAACCAAGGTTTCTGGATTCTGAATGACGTTGTGTGGCGC
AAATCGAATCCGATGCCGAACTTTCGGGGCAAACGATTCACCAATGCCCACGAAACCATTATC
TGGGCGTCCAAAAACGAAGCCGCGAAATACACGTTCAACTATGAGGCGCTCAAGTCGTTGAA
TGAGGGTATTCAGATGCGCTCCGATTGGGTCTTGCCGATTTGTAACGGTGGCGAACGTCTCAA
AAATGAAGACGGCGAAAAAGCGCACCCAACGCAAAAACCCGAAAGCTTGTTGCACCGTATT
CTGGTTGGCACGACCAATCCCGGCGATGTGGTGCTTGACCCGTTCTTTGGCACGGGCACAAC
CGGCGCTGTGGCCAAAATGCTAGGCCGTGAGTTCATCGGCATCGAGCGCGAATCCAAATACCG
CGAAGTTGCTCAAAAACGCATCGACGCCGTGCGCAAGTTCGACAAAGACGCGTTGCGTGTCT
CCACGTCCAAGCGCGCCGAACCACGTGTGCCGTTCGGCCAGTTGGTTGAGCGTGGCATGTTG
CGTCCGGGTGAGGAGTTGTCCTCCCTGAACGGTCGTCGCACGGCAAAGGTACGCGCAGATGG
AACTCTTGTGTCCAACGATGTCAAAGGGTCCATTCATCAGGTCGGTGCACATCTTGAGGGCGC
GCCCTCGTGCAATGGCTGGACGTATTGGACGTTCAAACGGGATGGAAAACAGGTTCCGATTG
ATGTGCTTCGTCAACAAATCCGCGCGGAGATGAACTAG

>(i|937545064|gb|AL155832.1] modification methylase [Celeribacter marinus IMCC12053]

MTTKTREAATELPLNQILGGDCIEIMNSLPEGSVDLIFADPPYNLQLRGDLHRPDNSKVDAVDDD
WDQFDSFKVYDNFTRDWLAAARRVLKPNGAIWAIGSYHNVYRMGAELQNQGFWILNDVVWRK
SNPMPNFRGKRFTNAHETIWASKNEAAKYTFNYEALKSLNEGIQMRSDWVLPICNGGERLKNE
DGEKAHPTQKPESLLHRILVGTTNPGDVVLDPFFGTGTTGAVAKMLGREFIGIERESKYREVAQKR
IDAVRKFDKDALRVSTSKRAEPRVPFGQLVERGMLRPGEELSSLNGRRTAKVRADGTLVSNDVKG
SIHQVGAHLEGAPSCNGWTYWTFKRDGK QVPIDVLRQQIRAEMN

>Icl|CP009291.1 cds_JI59_ 02550 448 [gene=JI59_02550] [protein=modification methylase]
[protein_id=AlT78768.1] [location=548358..549491] [Novosphingobium pentaromativorans US6-1]

ATGGGGCAGGTACTCGTCAAGGAAAGAATTCGTGCGCGCGCGCCTGCGCCGACGCCGAAGG
AACTGCTGCCGCTGGGTCAGATCATTCCCGGTGACTGCATCGAGGCGATGCGTACCATTCCC
GATGCTTCGGTGGACATGGTCTTCGCCGATCCGCCGTACAACCTGCAGCTGGGAGGCGATCT
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TTCGCGGCCGGATGGCAGCCACGTCGATGCCGTGACCGACGACTGGGACAAGTTCTCCAGCT
TCGCCGCCTATGACAAGTTTACGCGAGACTGGCTGACCGAAGCACGCCGCGTGCTCAAGCCG
GAAGGCTCGCTGTGGGTGATCGGTTCGTACCACAACATCTTCCGCCTCGGCGCGATCATGCA
GGACATGGGCTTCTGGATCCTCAACGACATCGTGTGGCGCAAGGCCAACCCGATGCCGAACT
TCAAGGGGACCCGCTTCACCAACGCGCACGAGACGCTGATCTGGGCCTCGATGGGCGAGAA
GTCGAAGTACACCTTCAATTACCGCGCGATGAAGACCCTCAACGACGAACTGCAGATGCGTT
CGGACTGGGTGCTGCCGATCTGTGGCGGGCAGGAGCGGCTCAAGAAAGGTGGCCGCAAGGT
TCACCCGACGCAGAAGCCAGAAGCGCTGCTCTACCGCGTGATGCTGGCCACGACCAACAAG
GGCGACGTCGTGCTCGACCCTTCTTCGGTACCGGCACCACCGGCGCTGTCGCCAAGCGCCTG
GGCCGCGACTGGATCGGTTGCGAGCGGGAATCCGACTATCGCGATGCGGCCATGGAACGCA
TCGAGATGGCGCTGGAACTCGACGAGTCGGCGCTCAAGACGATGCAGTCCAAGCGCAGTGC
ACCCAAGGTTGCCTTCGGAACGCTGGTCGAAACCGGCTGGATTGCGCCGGGCACGCAGATCT
TCGACAAGAAGCGCCGTTTCACCGCCACCGTGCGCGCCGACGGCTCGCTCGTCGCGGGCGAT
GCCAACGGTTCGATCCATGGCGTGGGTGCCCAGCTTCAGGGCGCGCCCTCGTGCAATGGCTG
GACGTTCTGGCATCTCGAGCATGAGGGCGAGATCAAGCCGCTGGATTCGATCCGCCAGCTCT
ACCTGCTTGCCACCGAGCCGTGA

>0i698179243]gb|AIT78768.1] modification methylase [Novosphingobium pentaromativorans US6-1]

MGQVLVKERIRARAPAPTPKELLPLGQIIPGDCIEAMRTIPDASVYDMVFADPPYNLQLGGDLSRPD
GSHVDAVTDDWDKFSSFAAY DKFTRDWLTEARRVLKPEGSLWVIGSYHNIFRLGAIMQDMGFWI
LNDIVWRKANPMPNFKGTRFTNAHETLIWASMGEKSKY TENYRAMKTLNDELQMRSDWVLPIC
GGQERLKKGGRKVHPTQKPEALLYRVMLATTNKGDVVLDPFFGTGTTGAVAKRLGRDWIGCER
ESDYRDAAMERIEMALELDESALKTMQSKRSAPKVAFGTLVETGWIAPGTQIFDKKRRFTATVRA
DGSLVAGDANGSIHGVGAQLQGAPSCNGW TFWHLEHEGEIKPLDSIRQLYLLATEP
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Table 2. Gene-specific primers used for PCR for cloning open reading frames for
methylases in this study.

Gene Direction Sequence Size (bp)
Celeribacter Forward 5-TGACGACGAAAACACGTGAGGC-3'
marinus 1,098
Reverse 5-AGTTCATCTCCGCGCGGATTTG-3'
IMCC12053
Novosphingobium  Forward 5-TGGGGCAGGTACTCGTCAAGG-3'
pentaromativorans 1,131
Rewverse 5'-ACGGCTCGGTGGCAAGCAGG-3'
Us6-1
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Table 3. Thermal cycles in the PCR for cloning inserts in the experiment.

Temperature Time Cycles
95°C 5 min
95°C 30 sec 25 cycles
58,60°C 30 sec 25 cycles
72°C 1 min 25 cycles
72°C 10 min
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Table 4. Characteristics of restriction enzyme sites.

Gene Restriction enzyme Site
Kpnl 5’-GGTACC-3’
Celeribacter marinus 3’-CCATGG-5’
IMCC12053
Pst] 5’-CTGCAG-3
3’-GACGTC-5’
sphi 5’-GCATGC-3’
Novosphingobium 3’-CGTACG-5’
pentaromativorans US6-1
Sall 5’-GTCGAC-C
3’-CAGCTG-5’
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Table 5. Methylation sensitive restriction enzyme for genomic DNA preparations.

Methylation sensitive Site Methylation Sensitivity

restriction enzyme

dam methylation: Blocked

Mbo 1 5’-GATC-3’ dcm methylation: Not Sensitive
3’-CTAG-5’
CpG Methylation: Impaired by
Overlapping

dam methylation: Not Sensitive
5’-CCGG-3’
Msp I 3’-GGCC-5’ decm methylation: Not Sensitive

CpG Methylation: Not Sensitive

* Msp | can cleave the sequence when the internal C residue is methylated.
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Table 6. Methylation sensitive restriction enzyme for plasmid DNA preparations.

Methylation sensitive Site Methylation Sensitivity

restriction enzyme

dam methylation: Not Sensitive

5’-ACGCGT-3’ . .
Mlu 1 3 TGCGCA5® dcm methylation: Not Sensitive
CpG Methylation: Blocked
dam methylation: Not Sensitive
5’-CGATCG-3’
Pw I 3’-GCTAGC-5’ dem methylation: Not Sensitive

CpG Methylation: Blocked
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Table 7. Sequence motif elements flanking m4C (N4-methylcytosine) and m6A (N&-
methyladenosine) modifications in the IMCC12053 genome.

Gibbs program (v3.1) was used for collecting DNA sequences (10 base pairs long window
size) and motif elements occurring greater than 50% of the time was used for visualization

of the patterns. Methylated bases are shown in black letters.

Motif Left Right No. Avg. Score

Element End End Motifs (-10 LogP)
{ xx2(0aa.0 9 0 43 25.7
|1 (C.C | -8 1 44 24.7
& chAc -7 2 70 25.1
1. G0Csza 6 3 10 234
| A CA» 5 4 439 25.4
¢ -3 6 172 25.7
| Cs AN Lo 7 19 25.3
] CTr6C_eks 1 8 9 28.1
Lrra(0ana 0 9 19 278
J «,WAAIT?AA -9 0 65 51.9
} __AAATT¢A,\ -8 1 35 51.9
] A+TC -4 5 1537 59.8
J AATCc -3 6 1110 59.3
J AAATTC -2 7 11 26.2
| oreTsc 8
AanahT<C . 0 ? ° 25
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Table 8. Sequence motif elements flanking m4C (N4-methylcytosine) and m6A (NS-

methyladenosine) modifications by in the US6-1 genome.

Gibbs motif elements (10 base pairs long window size) occurring greater than 50% of the

time was used for visualization of the patterns.

Motif Left Right No. Avg. Score

Element End End Motifs (-10 LogP)
PRI | R 19 0 22 24
S O ) 18 1 22 225
ISP 17 2 49 232
PR 16 3 34 22.9
o e tie s -15 4 12 22.1
O .14 5 20 22.6
o 13 6 28 23.4
PR R 12 7 69 234
5 il 5.0 11 8 7 24
o wiblie, e 9 10 16 232
oe Gl e 8 11 21 236
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28

13

20

82

76

63

100

42

43

35

2157

23

20.7

21.8

221

24.6

23.4

235

22.8

35.5

33.8

31.9

37.8

34.7

36.1

32.3

39.9
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10105

24

11

28
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34

25.2

36.5

24.4

25.3

32.9

33.8

32.9

35.3

32.9
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Table 9. Comparison of DNA methyl transferases among some strains from Alphaproteobacteria subdivision.

Organism Locus tag Description CDD result Comment
CCNA 00382 | adenine-specific methyltransferase | e o * | CorM
Caulobacter CCNA 00869 | 1ype Il restrictionenzyme, =1 Ereeveramm— adenine methyltransferase withan
vibrioides = methylase subunits e . . E— associated restriction enzyme domain
NA1000 CCNA_01085 DNA-cytosine methyltransferase = —— : —
CCNA 03741 DNA-cytosine methyltransferase el !.- = T -
Novosphingobium AIT78768 DNA modification methylase i WJ..., ...,._ restriction endonuclease subunit M
pentaromativorans Type II restriction enzyme — - - - —= | Annotated as “lactate dehydrogenase”
US6-1 AlTr9233 methylase subunit YeeA —— 2
IMCC12053_1885 | DNA modification methylase e e —— -
Predicted N°-adenine-specCific DNA | swe & - : =
Celeribacter IMCC12053_605 methylase i [ cperty | [ e
marinus o z =
IMCC12053_2040 | DNA modification methylase Sy,
IMCC12053 - ) e — =
IMCC12053_3116 | DNA modification methylase s =
Celeribacter B30_03115 adenine-specific methyltransferase | e=ye .
baekdonensis B30 i . y it e e
B30_06546 Predicted N6-adenine-specCific DNA | emye :
methylase & [ TP superfamily i = o
Celeribacter P73_0385 adenine-specific methyltransferase | sy, .
indicus P73 i et ms s
P73_4804 DNA-cytosine methyltransferase oy e,
P73_2233 Predicted N6-adenine-specific DNA | smyen. = '
methylase = TR aupertami L
P73 4799 C-5 cytosine-specific DNA

methylase

frdotiot_Hlowos superfosily




Table 10. Methylation sensitive restriction digestion of genomic DNA preparation.

Restriction digestion

Mbo I Msp 1

Celeribacter marinus IMCC12053

Novosphingobium pentaromativorans US6-1 +

Table 11. Methylation sensitive restriction digestion of plasmid DNA preparation.

Digestion with

MiuI/Pw 1 Milu I/Pst 1

Celeribacter marinus IMCC12053 +
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Celeribacter marinus IMCC12053

ATG

BamH I

Celeribacter marinus IMCC12053 ALI55832 m

HindII

Stop Codon

Novosphingobium pentaromativorans US6-1

ATG

BamH I

Novosphingo. pentammativo. 7 AIT78768

Fig. 1. DNA insert site of pQE30 vector.

IMCC12053 and US6-1 were cloned using respective restriction enzymes.
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6% — Novosphingobium pentaromativorans US6-1, AIT78768, modification methylase
| 81% | Celeribacter marinum IMCC12053, ALI55832, modification methylase
leene |* Celeribacter baekdonensis, WP_009570548, restriction endonuclease subunit M
|aa%  Celeribacter indicus, WP_043868221, restriction endonuclease subunit M
59% || Thioclava sp., WP_038145579, restriction endonuclease subunit M
g4%— Brucella abortus, B2S9YS, Adenine-specific methyltransferase Babl, EC 2.1.1.72
g | — Caulobacter crescentus, NA1000, AAA18913, adenine methyltransferase
aam | Haemophilus influenzae, P20590, Adenine-specific methytransferase Hinfl, EC 2.1.1.72
13%_ ———— Moraxella bovis, P34721, Adenine-specific methyltransferase MbolB; EC 2.1.1.72
: sy, [ Enterobacteria phage, P08763, Type Il restriction-modification system EcoPl methyltransferase; EC 2.1.1.72
BE% ! Klebsiella pneumoniae, P25238, Adenine-specific methyltransferase Kpnl., EC 2.1.1.72
20% | ——— Enterobacter cloacae, P14827, Adenine-specific methyltransferase Ecal., EC 2.1.1.72
™. — Moraxella bovis, P23192, Adenine-specific methyltransferase Mboll, EC 2.1.1.72
o1 | - Haemophilus parainfluenzae, P29538, Adenine-specific methyltransferase Hpal, EC 2.1.1.72
23%L[ Enterobacteriaceae, WP_001258895, MULTISPECIES: DNA adenine methyltransferase YhdJ|[Enterobacteriaceae].
2% |~ Rhodobacter sphaeroides, P14751, Adenine-specific methyltransferase Rsrl, EC 2.1.1.72
gen [ Citrobacter freundii, P14243, N(4)- cytosine-specificmethyltransferase Cfr9l, EC 2.1.1.113
ssw | — Xanthomonas campestris, P30774, N-4 cytosine-specific methyltransferase Xcyl, EC 2.1.1.113
g% | —— Serratia marcescens, P14230, N-4 cytosine-specific methyltransferase Smal, EC 2.1.1.113
M [ Methanothermobacter wolfeil, 059647, N-4 cytosine-specific methyltransferase Mwol, EC 2.1.1.113
5% | ——— Streptomyces fimbriatus, 052513, N-4 cytosine-specific methyltransferase Sfil, EC 2.1.1.113
| ggw ————— Bacillus amyloliquefaciens, P18051, N(4)-cytosine-specific methyltransferase BamHIl, EC 2.1.1.113
268 T3 i Bacillus sp., QILAI2, N(4)- cytosine-specific methyltransferase Bsll, EC 2.1.1.113
L Bacrﬂus subtilis, Q45489, N(4)- cytosine-specific methyltransferase Bglll, EC 2.1.1.113
6% Streptomyces caespitosus, 052692, N-4 cytosine-specificmethyltransferase Scal, EC2.1.1.113
——— Geobacillus stearothermophilus, P70986, N(4)- cylosine-specific methyliransferase BsoBI, EC 21.1.113
54% | Kocuria varians, P14244, N-4 cytosine-specific methyltransferase Mval, EC 2.1.1.113
L 8% | : Pyrococcus abyssi, QIUY 84, tRNA (guanine(10)-N2)-dimethyliransferase; EC 2.1.1.113
- Methanothermococcus thermolith, P05408, Probable tRNA (guanine(10)-N2)-dimethyltransferase; EC 2.1.1.213

0.10
Fig. 2. Phylogeny of CcrM methyltransferases from Alphaproteobacteria with other groups of bacteria and archaea.

Nine uppermost enzyme sequences represents Alphaproteobacterial CcrM sequences and they grouped with high boot strap value
(94%) with CcrM from Caulobacter crescentus NAL100O; others with EC number 2.1.1.113 are methylases with N4-cytosine
methyltransferase activities and they are listed in Rebase database (Roberts, et al., 2015). Tree was drawn with RAXML (version
7.3.4) with 29 amino acid sequences with 431 distinct alignment patterns with 100 rapid bootstrap for ML search. Gaps and
undetermined characters were 62.69% and 161 amino acids were used for each sequence. Substitution matrix was LG using fixed
base frequencies was exploited for the calculation of to anaccuracy of 0.1000000000 Log Likelihood units.
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Caulobacter crescentus adenine methyltransferase gene, U01032.1
—'Ebmp!ﬁmb&umpﬂamfﬁor&nsusm. CPo0gzat 1
N I - Brucella abortus strain BAB8416 chromosome 1, CPO08774.1
- Celeribacter marinus strain IMCC 12053, CP012023.1
——— Celeribacter baekdonensis B30, AMRK01000001 1
Celenbacter indicus strain P73, CP004393.1

B Thioclava atlantica strain 13D2W-2, ARC01000006.1

® Citrobacter freundii (RFLS) ch9IM gene for DNA (Cytosine-4)-Methyltransferase, X17022.1
% Serratia marcescens C protein, endonuclease/methylase, M8769.1
Methanobacteriurm wolfe MwolR/MwolM, AF051376.1
8 Xarthomonas campestris pv cyanopsidis methylasefendonuclease, M98768.1
Streptornyces fimbriatus Sfil endonuclease/methyltransferase (SRIR/SIM), AF039750.1
i Streptomyces caespiosus Scal restriction endonuclease/methyltransferase (scalRiscalM), AF044681.2
= unnamed protein product Escherichia cofi Sequence 1163 from Patent WO02010037714, HC506093. 1
— Rhodobacter spharoides Rsr| modification methykransferase, X16456,1
_ IMoraxella bovis genes for Mbol endonuclease/methyltransferase 013968.1, Mbol
&2 3 - . B, sfearothermophilus BsoBl restriction-modification genes, X98287.1
& = Micracoceus varians plasmid bome DNA-methylase (Mval), X16885.1
Methanobacterium thermolthotropicus ORF nifH (homolog.), X07500.1
) e Enterohacteria phage P1 mod and res genes, X06267.1
K.preumoniae Kpnl restriction endonuclease/methylase genes, M76435.1
Enterobacter cloacae DNA methylfransferase Ecal, X17111.1
a o M. bovis MbolIMMbol IR, X56877.1
Pyrococcus abyssi GES, HE613800.1
® 2 5 Haemophilus parainfluenzae Hpal restriction-modification genes, D10668.1
2 3 Bacilus BamH| proviral methylase gene for BamH| proviral methylase, X53032.1
n Bacillus subtilis subsp. globigii strain ATCC 48760, CP014840.1
Bacillus sp. NEB-606 RadC (radC) gene and (bslM/bsllRalpha/bsliRbeta), AF135181.1

Haemophilus influenzae methylasefendonuclease genes, M22862.1

03

Fig. 3. Bayesian Inference Tree of Protein-encoding DNA sequence of IMCC12053_18853 (GenBank Accession : AL155832).

Five uppermost enzyme sequences represents Alphaproteobacterial CcrM grouped with Caulobacter crescentus NA1000 (68%
probability). CcrM sequences formed a distinct sister clade of other restriction endonucleases/methylases with high probability value

of 99%; Others group are methylases with N4-cytosine methyltransferase activities. Tree was drawn with MrBayes 3.2 with 29 DNA

sequences and probabilities in percentage are shown at nodes.
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bp

12,000

3,000

M: 1Kb Plus DNA Ladder
1,000
Lane 1: Dam-

Lane 2: IMCC12053 (uninduced)
Lane 3: US6-1 (uninduced)

Lane 4: IMCC12053(induced)

Lane 5: US5-1 (induced)

100

Fig. 4. Genomic DNA isolated before and after IPTG Induction.

Samples was purified using the PureHelix Genomic DNA Prep Kit (Column
type) (cat. GCTN50, NanoHelix Co. Ltd), and each sample was analyzed on a

1% agarose gel.

1kb Marker from DM3200 (SMOBIO, Hsinchu, Taiwan).
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trol Celeribacter marinus Novosphingobium
contro IMCC12053 pentaromativorans US6-1
5 B B Mbol Mspl Mbol Mspl
< | 8 73
bp = = = U I U I U I U I

Fig. 5. Methylation sensitive digestion of genomic DNA preparations of wild-

type (Eberhard, et al., 2001) dam-/dcm- Competent E. coli, C. marinus

IMCC12053 1885 (ALI155832) and N. pentaromativorans US6-1 AIT78768.

Dam- strain was used as a control. N. pentaromativorans US6-1 clearly indicates

the adenine methylation activity of the cloned gene. SYBR stained 1% agarose gel.

1kb Marker from DM3200 (SMOBIO, Hsinchu, Taiwan).

*U: Uninduced, I: Induced
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Miul/Pvul MIul/Pstl Linearized only

12,000

5,000
4,000
3,000

1,500

1,000

500

Fig. 6. Methylation sensitive digestion of plasmid DNA preparations of wild-

type dam-/decm- Competent E. coli, C. marinus IMCC12053.

For linearization, two enzymes were used for digestion. Hemi-methylated or
partially methylated bands can be identified in Mlu I/Pvu T and CpG methylation

occurred in CGATCG (Pvu I).

Pst I was used for linearized only. SYBR stained 1.2% agarose gel.

1kb Marker from DM3200 (SMOBIO, Hsinchu, Taiwan).

*U: Uninduced, I: Induced
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