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Alphaproteobacteria methylate DNA by using the cell cycle-regulated DNA methyltransferase
(CerM). CerM does not contain a functional unit of restriction endonuclease, thus belonging to an
orphan methyltransferase. By methylating adenine in DNA sequences, CcrM influences the
interaction between DNA and proteins, regulates the expression of numerous genes, and is crucial
for the regulation of processes such as the cell cycle of Alphaproteobacteria. We reviewed the
function, structure, and epigenetic regulation of CcrM, clarified the mechanisms of CcrM in DNA
recognition, catalysis, and activity regulation, summarized the mechanism by which the global cell-
cycle regulator (GerA) utilizes the methylation signals produced by CcrM to regulate gene
expression, and provided an outlook on the potential future research directions of CcrM, providing

a reference for further in-depth study of the epigenetic regulation mechanisms in bacteria.
Keywords: CcrM; bacterial DNA methylation; epigenetic regulation; GerA

FEATA T DNA HIEAL 277, HiEERE
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CerM {if 14 52 20 JifL & 39 1) 2 2 ) 45 . 7
C. vibrioides H', CcrM & HANLTEHT 77 24 41 g vh
AR ], Jf#E DNA & il 58 iU A & 1R
FHRA G SR AE A 40 8 0 RE SR A R CorM,
20 ot I35 1o R 3l DNA S 4l i) 3
G022 W] CorM {1 A4 ek )4 i %o 240 i J 490
ZRORHEE, CorM MYTGPE R T /™4 1 5% S5 il
Fe s IRV o o AR T b DR ST Y A R S
WHTF CtrA BEELE S corM IR 8T, B00E corM
e (K )21, CtrA 1E C. vibrioides i 7353
210 R 9 2 4 i b i R HAS TR RS
L SR W 32 A B BRI LIRS s e 220,
CtrA X} cerM [P0 1652 3] small CtrA inhibitory
protein (SciP) Al ¥ 1) 4 4% (& 2), SciP # & 5
CtrA FVERH 1EHAH 3L RNA KA, M 77 il
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Bl CaMBIFFNRAISHEUNE. A: CaMAELGANTCH: G(6mA)NTC 7 75 Kl (IR 1% 1 R LA 25
U, RS BETR I EAZME); B: CaME{RL51y(PDB: 6PBD); C: CerMZ4& HlfHE L DNAYHL
(PDB: 6PBD)!'7), 41 {1,375 A DNA (double-stranded DNA, dsDNA), 4 0, FI4% (0,43 5146 7 CorM — SR {4 14
2R, R (o B AR SR r A TUN AL R RS | o (0 BRI 32 B 67 S 7 i A MR R
SMEA, HMBLAENAER T CaMP B FEMGANTCHILE, T IRBIGANTCIHLTF IS4
PIREHIE AR, P i (IS (B A REHOR A IR CZ M — SRR i i (LA, S (IS (A ok A 181 CZE M
TR AR, SREITEER T AR R U SE AL S A AR

Figure 1 Sequence recognition and catalytic mechanism of CcrM. A: Schematic diagram of CcrM catalyzing
the formation of G(6mA)NTC from GANTC (The adenine residue is presented in structural formula, and “dR”
represents phosphodeoxyribose); B: Structure of the CcrM monomer (PDB: 6PBD); C: Mechanism of CcrM
binding to and catalyzing DNA (PDB: 6PBD)!'”\. The dsDNA is shown in red. The blue and green colors indicate
the two monomers of the CerM dimer, respectively. The blue monomer mainly functions in recognition and
methyl-transfer of target site, while the green monomer is mainly involved in non-specific binding to the
complementary strand of the target site. The content within the dashed box on the right side shows a schematic
diagram of the mechanism by which CerM recognizes and catalyzes GANTC. Several motifs used for
recognizing the GANTC motif are all marked in a modular form. The modules with a blue background are from
the blue monomer in figure C, and the module with a green background is from the green monomer of the dimer
in figure C. The green arcs represent the motifs used for non-specific recognition of the complementary strand of
the target site.
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g2 R Lon 2K 11 P L3 i #5 CerM
TEANA P Y B B SEEXT CerM TGP A R4 (1A 2).
Lon & FIE#H1F CorM (1928 1 /K- Refg bl 25 4

HEJE 0 cor B S0 U Shmi AR 4EPY . A,
MucR Y — B ORSF A5G 5% 9 A7t RE S 45
CerM By 1EPE(IE 2), MucR i3 8 7 /F GANTC
F¥ EBHIE CarM 5 GANTC (9454, Ml
CerM b FIEss PR AP,

4 CerM By E

CerM 7F o B W & E RS, X T
A. radiobacter. B. melitensis 1 ¥ K i & FH
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CH, CH, CH,
CH; CH, ‘CH,
CH o .

> Cell division Regulation
L a

DNA
replication

B2 CorMEVFFEHLE . KA H Sk R e i
RN, BOECKFRES, A OHRFRREGE,
WO T IR RG], “CHy” &R t CorM A (L
MR|IGANTCHER? LRy %L, M4 32 CorMil]
FERE B , (R T AR PR A Bl e

Figure 2 Regulatory mechanism of CcrM. The grey
arrows represent the genes to be transcribed, the black
arrow indicates transcription, the red arrows indicate
the blue
inhibition, and “CH;3” represents the methyl group
transferred to the GANTC motif catalyzed by CcrM.
Each rectangle contains the biochemical processes

activation, “T”-shaped lines indicate

regulated by CcrM, and only representative genes and

biochemical processes are included.

(Ensifer meliloti) 5 20 T i 2& 77 & 06 75 gy 1112,
LKW CorM WY AE BRI BEXS o 28 JF T 2K 11 41
B, A RIBEFFLRIK coM N2 F 3K
GANTC o7 s 75 HEA 20 A SR 3 v df 2 A e 4
FAGIRZS, M A i 2 AR 2 5L Ry g
ik, BRIHREIVE, JRERENGE 72,
CerM b . 35 52 W 240 B 1 3z s 1k . A= ) P
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Ji AN EE HU FEARE B P CorM 5 A A
A7 G,

T8 C. vibrioides K2y 10% (5 H ik 2
cerM W SRS R A AR AL, Hh & K
Z: 55 4t Jif SR R A g R TR, s S R PR A L
2 X Sl H S — AN E S GANTC 370,
C. vibrioides T2 JiL J&) 1095 K A9 4 e F1i 2 4 i
oAk, CteA JA#E N FAEH R E AR .
ctrd J3 B EUFRE XA 2 4> GANTC
J¥, %A s FAUTE BT A BRI cord 5%
FB T CorM 76 DNA & I BAZR L, i
A DNA b T4 IR, BRI il 2= 4:
2 AR H BB A TR DNA, CerM IES&7E I B
WS s, A 2 {E DNA n) 4 H 2 {E
DNA M, #Emia] CueA 5845 1 %
P CtrA RERS5 52 RS 25 A DR R H
FACIRZE s gty R s, AE e sh 40 i
CtrA 3R S M E S 4h &, ORI A T
B EARS, AR RS K
TERAEA T, CtrA 8 HBE/K AR BOR TS, S
Ji 3 58 4 R AR S AT AE DnaA B4R H T H-0UR
g 2 HIPY . & T AE C. vibrioides ', CerM 7E
A. radiobacter’™ | B. melitensis® . R. meliloti®>"
25 o WL Bl i CtrA P84 DNA & il i WLl
HAGSF . HECER, CorM X4 73 iy 45
il & Caulobacter Fi51EH o

BT CrA 845 DNA 9 5 il A0 40 i
1k, CerM I 50— 51 20 it JE] 301 AH DG L R i)
IR 2)BY, FE C. vibrioides 125 DNA &l
ligd . gyrd . nrdA 5 3 H B 3R 8 3% CorM 7K
- ) S Fsz JEANMI A I E A, A
C. vibrioides. B. melitensis  A. radiobacter W
CerM 13 [i] GerA V& ¥ FtsZ B 3¢ k2241, %
C. vibrioides ' PopZ F1 PopJ 5 4 Lt 4 I8 15 (A
T2 CerM/GerA By E3EB4 (HAE B. melitensis
o Y K 8 IE R % CarM/GerA I 4510 ¥E
A. radiobacter H' CerM 183 GerA ek repABC"
PR\ T rh BRI Rk, R4 A R IR AN G R
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P AE C. vibrioides W AN E 2 SPERSE A T
FlaY . ZHHTE A H T CreS %332 5| CarM
R IAEPL B9 £ CorM A3 19 H 34k
Bl % dnad WFE P, BRI Z 5 9T oK
dnad WK 5 corM oM, B T 98757 40 i A
1, A. radiobacter 1) CerM A i i GerA 4% Ti
JEok A DL RNEE SRR FR . &2 CorM VA 40
i ST A S SE R ) HLAAR 5 B LR 1,

FEH 45 A0 M B S AR v R DR SFAE o SR T A 2
ZPEPE BRI T AR R, 10 popZ FN
popJ 1E C. vibrioides ' %5 CerM 1# #25, 1 1E
B. melitensis P ANSZFLR2M . CerM VAR5
PR B B0 S A: B A S L AR AR T CorM
DIRe AR e . B TR LA £,
B CorM 4 55 K 22 58 i HIL I B R R w8 BE RS

TER o BB H T CorM A IIER KL L RIER 2N PR T #2iE i GerA
FI7E DNA &2l . B S5T5H, AT CaM 2B 7 SRIKAAFEGE 1.
&1 CorMEHE B 40 E BRIt X & F
Table 1  Cell cycle-related genes regulated by CerM
Gene Function Activated (A)/ Activated by GerA Validated strain References
repressed (R) by
CerM
dnaA DNA replication Controversial Repressed by GerA Cv [8,33,45-47]
ligd DNA replication A - Cv [8]
gvrd DNA replication A - Cv, Bm [8,40,46]
nrdA DNA replication A - Cv [8]
recJ DNA replication A - Cv [8]
ssb DNA replication A - Cv [8]
thyA DNA replication A - Cv [8]
repABC DNA replication A Yes Ar [8]
nst4 Chromosome segregation A Yes Cv [41]
parE Chromosome segregation A - Cv, Bm [8]
ftsZ Cell division A Yes Cv, Bm, Ar [8,38-40]
fisN Cell division A Yes Cv, Bm [4,8,38,40]
ftsW Cell division R - Cv [8]
SfisE Cell division A - Cv [8]
mipZ Cell division A Yes Cv, Bm [4,38,40,45]
pleC Polarity A Yes Cv [4,43]
popZ Polarity R - Cv [8]
podJ Polarity regulator A Yes Cv [4,38,45]
tipF’ Polarity regulator A Yes Cv [4]
flay Motility A Yes Cv [4]
staR Stalk biogenesis A - Cv [8,46]
creS Cell shape A Yes Cv [8,43]
ctrd Cell cycle regulator R Yes Cv, Ar, Bm, Em [4,8,38,45,48]
mopJ pleiotropic regulator A Yes Cv [42]

— indicates that no information is available. Cv: C. vibrioides; Bm: B. melitensis; Ar: A. radiobacter; Em: E. meliloti.
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5 CerM/GerA XU REEZR S5
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AR R B R EARRIYE, FE P AR K SR
PFF ¥ 00wk F A7 40 i 43 P00 HE e =
CerM RO, GerA X 4 fa {4 X 38 ) 2% Al
BRI, et S e B8 L U TE M P (chromatin
immunoprecipitation sequencing, ChIP-Seq) 5 &
IESE, GerA 7R ML S &4 GANTC )7 (19
o’ PRI 3 F 25 41, GANTC iy 1 4k
XF GerA S5 ah FRIEEA E R EE, GerA X}
G(6mA)NTC AR i M T GANTCH L, 7&
— B A 5 B (BL3E mipZ JA8F) I, GerA
X AL GANTC 7 1y 25 A e 7 54k
(i) DNA 4%, PRIt GerA A fig il i 25 & F Ak
GANTC Filf RS R iy 3 s BE B 3 R R0 s
W5 GerA J&—Fh CerM 1) 22 Wit % 17
B, HRE S i M2 R 3
GANTC HUIEAIRZS M

T LI 7R T GerA 2544 S H
TR SR ILE . GerA A5 2 A EEAYZEH
B . {7 T N % 9 DNA %5 & 45 4 5 (DNA-
binding domain, DBD) Ay T C %51 o K+ HAE
25 ¥y 38} (o factor-interacting domain, SID) (/& 3),
DBD fft 5 Uil - 45 & B HE AL GANTC JE 57,
SID M5t 5 o T4 4, WKy,

L DNA 4541, DBD [WIRE-5% M -1R e 2
P EE R B AEE DNA R, Jfam Uk . HE
FR 3 55 A E A TR0 2 91 R ) GANTC 2
J¥P92, DBD KA 2 M4, BS54
# DNA 2 58k ERYHIRIEN . 55— R 4%
YHIEEE bR HERIE AL, BB TN D AR G 1 ik
Ry H LA ; DBD W] LAZE & dE ik Y
DNA, H54EH 3L DNA 1256 5454
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B4k DNA AR, FUEHFE56 AL Y
2SR, X fERE T A4 GerA 5 H L
{1k DNA A92EH1 778 T H 34k DNAPY,

GerA figfigi st SID 5 o’ HAE, Mg,
—~ GerA-67°-RNAP 4 i (& 3), IR 7E &K
?H DNA | sh 34402, DBD H 51 3 45 &
G(6mA)NTC J&, fHFHIE GerA-6-RNAP 7 DNA
L akEEIE S, fRIE RNAP 40T 8 80 St i A
(LE, WIS Ui 3 R0 5 st (181 3)P0, ik
4b, DBD 588l T4 Gl e e — e g I
PR B PR R, i s

6 SHEHRZ

CerM YER o AT TA P AR ~F Y9I LT B 72
i, 0T 29 S B 2 o A S ) 2 OC Hl A M A
Mo CerM REHZ %] DNA i) GANTC 27,
JEX R RIS 1Y 6 S AL AT F Ak JE X
Fifr R A S R AR 22 ik P ) e WL 35t A% A 4
CerM HYTH ML S TEAR AL, e s s 4
() Z R 25 92 BT AR CerM 17 P 114 i [] 45
il o GerA J& CerM S 3K R 3 3k 458 1) F 22 A
+, H DNA 255 S5 Sl RE 98 R S MR il 54k
) GANTC £:/7, o 7 B AES5 #5003 i 5
o T HAE, BIE N YRk,

18 v 2B W AR — TP 5 CerM AHXS B A A
JLH LR, B DNA BRIERS LB i (DNA
adenine methylase, Dam), Dam 5 CcrM — £ {f
AERRIRRG 6 5 1% FY Ak, )8 428 200 it o] 30 25 aot
o SR Dam 7EIR AL . B4 KIK Ty TS
CorM 17 7E i 2 A 6] o Dam Y 37 51 5 51 4
GATC, HHAEBAAE A FAP, CoM
SRR o A8 IR TR O R BB, 1 Dam mER
KEZFHFAFHIED, CerM F1 Dam 78 26 W 5 1434
FEMLH B 5 2RTR . CorM HipIRI % 306 R 1
GerA fE#EFEFRK, 1 Dam WA B JE A0 6l
leucine-responsive regulatory protein (Lrp). redox-
sensitive regulator (OxyR)55 5% 5% BHi8 &5 -5 5 3l
FHIZES, MM BIFEHE FAFF LM E P, 1t
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GANTC motif

E3 GerAMUEEEFRIEHMS . W% 645132 RGerAIDNAZE A 45 (DBD) /R A, 2655 MoK

GerAfolH F HEAESSHI(SID)/R A, W3 B K (Y linker RGBT ZEE, B ALK o P 7R B
B, WKL FRRRNAR A IR B, GerA# i DBDIAIG(6mA)NTC (LUK (AHIE), HiEdSIDY
"IN THAE, BUGESE. BIILT GonzalezZ5: MIWu P32 i 5 45 S M 25 241

Figure 3 Mechanism of GcerA activating gene expression. The blue structure represents the schematic model of
the DNA-binding domain (DBD) of GcerA. The purple structure represents the schematic model of the o-factor
interaction domain (SID) of GcrA. The two are connected by a grey linker (schematic model). The yellow
structure is the schematic model of the ’° factor, and the light-grey structure represents the schematic model of
RNA polymerase. GerA recognizes the G(6mA)NTC motif (rectangle with red background) through the DBD,
and then interacts with the ¢’° factor through the SID to activate transcription. The model was summarized and

drawn based on the research findings of Gonzalez et al. and Wu et al.l

Fk, CerM F1 Dam 7 21 fd J& 351 3 45 _E A AN (]
FTfRemin . Dam FEE Gl LG . FERCIEE . HE
AR AR ARV, T CerM
FERPEE S . MBS Ytk s B 5507 TH &
WHEREAEH . CoM Al Dam 2253 Bt T o A8
JEEH y AR L AR R AL 4% AR 1k
FEULIEL 1% 450 20 1 7 T MRS, CerM
TENZE . SR s AR )2 AR, B
RS 5ER N RIRWE? TE B. melitensis
SR AFTE P A B CorM A5 75 ) 5
(IR . SR EI/RHECEWISE A. radiobacter B 7]
FERFIRRS KB, CorM /5018 HH FEAb A% 1o

50-52]

GerA V457 g 3k R BT e SORE A A2 ), 3 T i 42
— Z G N R, X — R BIE T
CerM 1F A. radiobacter 5 113 K F2 ik P84 )
B, R A A B 9 D 4 R P A A
CorM P 3RE S 3R KB P

JE CorM it GerA WAL K F ik 1Y
BIEC BN, (B AH S B0R iy 5k
KI3Z 2] CerM JH#, M5 GerA LI TECE, A
Yy Fh3Z CorM/GerA I 1) S P 2 S AR K1,
AL o BB H T E EHZ GerA [ A0,
I, GerA AJAEFEAE CorM S B H: 26 Wt A4 8
ME—IR AR, T-HAMIT Al A S Y R 4
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J K CerM WAL T T 58 1 B 27 M 2 —
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(£ 1), 1 GerA E2l S5 o W7 HARMIE T
e e R Rk, R4 X L 52 3] CerM 41 4l
AIPLA Rt 27 RS GerA XN A 0 4]
K7 S 1T FFH 0 CorM AR 8 M 2 00 35t 1%
PP, R G 8 5T SR 0 DL UE (chromatin
immunoprecipitation, ChIP)& KEES GANTC
BFEE WA P BT, Rl PO HOR A B A
B B SR SR 5 R R — AP AT Y
Jitko

TEEAZAEY) DNA LR R G id
FEAE—DEZ A RAEE T, B DNA 2 4L
fitf . DNA FBEAL AN 25 F Lk it L [ ] 42 5 Bk
PRIZH 1 TR AR A o A AR W10 25 T LA il i
At —L k. DRI ALKB 7EK
HMERE AT 6mA ZHIFALPY, C. vibrioides alkB
HE A1) R AR T corM — 1 52 B 20 M ) 1 1) 52
M, AR o TEHE R ALKB RESR L
AL IR — S 5 R MR AL B0 . AR
M, BE WonTe s K C. vibrioides ' AlkB
XL ZH DNA /Y AT o4 e e s, -
FAHW T CoM MEER LR WAZ R T alkB =72
sz, BRI, o AR TR B AAE CorM X
IO7F8) 25 Y R AR Bl AT T i — 2D AR 5T o 424 o 728
T B Y 2 TR AR 2 B 2R L A M 0 S A
B AL X BT b T Ok Bt , A (R 7E
o ST TR ) DR 2 PP REAS 4R 21 T 22 P A Y 2 HT
At . AL, A0 58 A AR 2R 1 A AR — 4R
FP BRI A KA B T AE o 208 T 4R
CerM X i 1) 2 FREAL it

1E# Tk = A

Ei: WSCHIIREG R ERME
ACEE SR8 PhBNESCIRE ;s SR 1B
AR 53T,
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