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INTRODUCTION
We present in Table I an updated list of the sensitivities of 194 restriction

endonucleases to the site-specific DNA modifications: m4c, m5C, hm5C, and m6A
(M13,Ml5,M18,M20,N7). These four modifications are found commonly in DNA of
prokaryotes, eukaryotes, and their viruses.

Table II is a list of 117 characterized DNA methyltransferases. The cloning of
Type I and II restriction modification genes has been reviewed recently by Wilson (W17).

Many DNA methyltransferases are sensitive to non-canonical modifications within
their recognition sequences (B36,Ml9a,N7,P13), and this sensitivity may differ from that
of their restriction endonuclease partners. Table Ill lists the sensitivities of 22 Type II
DNA methyltransferases to m4C, m5C, hm5C, and m6A modification.

Several restriction endonuclease isoschizomers are known to differ in their
sensitivity to methylation at particular modified sites. Table IV lists fifteen known
isoschizomer pairs and the modified restriction sites at which they differ. Such pairs allow
the assay of methylation in genomic DNAs by restriction cleavage.
Effect ofm5CG and m5 on restriction endonucleases

Enzymes that are not sensitive to site-specific methylation are particularly useful for
achieving complete digestion of methylated DNA. For instance, endonucleases that are
unaffected by mSCG andmSCNG are useful for digestion of plantDNA which is
methylated at these positions. Endonucleases that are unaffected by these two cytosine
modifications include: AccHII, AfMl, AhMY, AsI, AsuII, BclI, BsHI, BspNI, BstEII

BstNI, CviQI, Dpnl, Draj, EcoRV, Hi:nCII, HpaI, KpI, MboII1, Msej, NdeI, NdeII,
RsaI, RspXI, SfiI, Spej, SphI, sI, TaqI, TthHBI and XmnI.

CpG sequences are particularly rare and often methylated inm lian genomes
(M19). Almost all the enzymes that could generate large fragments of mammalian DNA are
blocked by this mSCpG modification, including; BssHI, BspMfl, QaI, CspI, 5agI,
Eco47III, sI, MluI, NaeI, NarI, NotI, PvJI, RsrII, SalI, XhoI and XorII (see Table I).
Of enzymes with CpG in their recognition sequence, only AHIl, AsuJI, Cfr9I and XmaI
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are known to cut m5CG-modified DNA and will cut to completion at all of their restriction
sites in mammalian DNA.
Rate of cleavage at methylated restriction sites

m4C, m5c, hm5C, and m6A are bulky alkyl substitutions in the major groove of B-

form DNA. It is therefore not surprising that certain site-specific DNA methylations will
block many sequence-specific DNA binding proteins (S21,WIO) including restriction
endonucleases and DNA methyltransferases. Canonical site-specific methylation always
inhibits DNA cleavage by a restriction endonuclease. Methylation at overlapping non-
canonical sites inhibits the rate of duplex DNA cleavage at least ten-fold in about half of the
cases tested (Table I). In other cases, non-canonical methylation has no effect on
restriction cleavage. There are, however, a few examples in which non-canonical
methylation slows cleavage by only a few fold or permits nicking of one strand of a hemi-
methylated duplex. These cases are presented in footnotes to Table I.
Effect of ste-specific methvlation on DNA methvltransferases

Twenty-two Type II methyltransferases which have been tested for sensitivity to
non-canonical DNA modifications, of which nine were blockedTable III (M19a).

Just as rate effects are sometimes seen with restriction endonuclease acting at certain
modified sequences, rate effects are seen with DNA methyltransferases methylating non-
canonically modified sequences. For example, E. coli Dam methyltransferase is unaffected
by GATm4C, but methylates GATm5C relatively slowly. Such data is summarized in
Table M and the footnotes to Table I.
Methylase/endonuclease combinations can produce novel DNA cleavage
sgecificjtj,es

Three different strategies involving combinations of modification
methyltransferases and restriction endonucleases have been used to generate rare or novel
DNA cleavage sites.

First, certain adenine methyltransferases may be used in conjunction with the
methylation-dependent restriction endonuclease PpnI to create cleavages at defined eight to
twelve base pair sequences (M16,M21). M-ClaI and D nI have been used to cut the 2.8
million base pair Staphylococcus aureus genome into two pieces (Wl 1).

Second, protection of a subset of restriction endonuclease cleavage sites by
methylation at overlapping methyltransferase/endonuclease targets has been described
(K14,N6,N9). This two-step "cross-protection" strategy has produced over 60 new
cleavage specificities, and many more are possible (J1,K1,K14,N9).

Finally, methyltransferases may be used to block modification by other
methyltransferases. Blocking a subset ofDNA methyltransferase sites by overlapping
methylation (sequential double-methylation) can expose a subset of restiction endonuclease
sites for cleavage (Ml9,N7,P12). For instance, M.kpaII, M-BHI, and BamrHI have
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been used in a sequential three-step methyltransferase/methyltransferase/endonuclease
reaction to achieve selective DNA cleavage at the ten base pair sequence, CCGGATCCGG

(M19a).
Methylation-dependent restriction systems in bacteria

E. coli K-12 contains at least three different methylation-dependent restriction
systems which distinguish various methylated target sequences: mrr (m6A), mcrA (m5CG),
mcr B (Rm5C) (B28,H3,R1,R2). In vivo or in vitro modified DNA is inefficiently cloned
into E. coli. For example, human DNA which is extensively methylated at m5CpG is
restricted by mrA (W18). Appropriate non-restricting strains of E. coli (G9,R1,R2)
should be chosen for efficient transformation and cloning of methylated DNA.

TABLE I: Methvlation sensitivity of restriction endonucleases a

Restriction Recognition
enzyme sequence
A=I CCWGG
AatI AGGCCT

Sites
cut

Cm5CWGG
I

AcI GTMKAC ?

AcciI CGCG ?
Af&ll TCCGGA Tm5CCGGA

TCm5CGGA
AflI GGWCC GGWCm5C
Ahall GRCGYC b ?

AluI AGCT ?

AbyI GGATC ?

AmaI
AQSII
AP2a

APaLI
AyI

I
ft718I

A-MCI
AvaI

TCGCGA
GRCGYC
GGGCCC

GTGCAC
CCWGG
CYCGRG
GGTACC

TTCGAA
TGATCA
CYCGRG

TCGCGm6A

GTGCm6AC
Cm5CWGG b

GGTm6ACC b

TTm5MCAA

Cm6CCGGG

AYAII GGWCC

Sites not

AGGm5CCT
AGGCm5CT
GTMKm6AC#
GTMKAm5C
m5CGCG
TCCGGm6A

GRm5CGYC
GRCGYm5C
m6AGCT
AGm4CT
AGm5cr#
AGhm5CT
GGm6ATC
GGATm4C

GRm5CGYC
GGGm5CCC#
GGGCCm5C

m5CCWGG
m5CYCGRG#
GGTACm5C
GGTAm5Cm5C b

TGm6ATCA
m5CYCGR
CYm5CGRG
CTCGm6AG b
GGWm5CC

References
cut

B31
S20,S20

L15,M12

G2
K8,S4

M20,W13
Kl,N6

G 1 5,M20,N6

H9
B36
N5

M22
E2,G15,V2
L5,Tl

H7
D4,K 14,M20,R3,R8
K5
M27,N5

G16
R8,S9
B 17,E2,J12,
K3,K5,M20
N6
B3,K1 6,M6,
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Restriction Recognition Sites
en,gyme s-quence cut

BalI TGGCCA

BamHI GGATCC

GGATCC
GGATCC
GGYRCC b
GRGCYC
ATCGAT
GCWGC
TGATCA b

BcnI CCSGG
1pI CGCG

BglI GCCN5GGC

GGATCm5C
GGm6ATCC
GGm6ATCm5C
GGm6ATCC
GG3n6ATCC
GGm5CGCC

TGAPm5CA

m5CCSGG

GCm5CN5GGC

AGATCT b AGm6ATCI

GGATC
GGWCC
GDGCHC
TCATGA
ACCTGC
TCCGGA

CCWGG

RGATCY
ATCGAT
ITGATCA
GCGCGC b
GGATCC

UTCGAA
GGTNACC
GATC b
TGATCA
CCWGG b

TCCGGm6A

m5CCWGG
Cm5CWGG
RGm6ATCY

GGm6ATCC
GGATCm6C

GGTNAm5Cm5C b

m5CCWGG b
Cm5CWGG
m5Cm5CWGG b

Sites not
cut
GGWCm5C
GGWhm5Chm5C
TGGm5CCA#
TGGCm5CA b
GGATm4CC#
GGATh5CC
GGAltm5Chm5C

GRGm5CYC
ATCGm6AT
Gm5CWGC#
TGm6ATCA
TGAPmniCA
Cr4CSGG#
m5CGCG
Gm5CCN5GGC
GCCN5GGm5C b
AGArm5CT
AGAPtm5CT
GGm6ATC
GGWCm5C
GDGm5CHC
TCATGm6A
ACCTGm5C
TPn5CCGGA
TCm5CGGA

References

M19a,M20
H9
G6,Tl

B31,D7,H1,H9
L4,M5

Al
Al
KI
N6,N9
S25
D5,H1,V7
B3,B 15,B3 1,E3,R8
H9
J6,J7,K 14
K9
K14,K16,N6,M20

B 15,B3 1,D7,D9,E3,
H9,P8
B20
M9
N6,N9
Mul
M20
S4

N5

RGATP4CY N5
ATCGm6AT Zi
TGm6ATCA Zi
Gm5CGm5CGC N5
GGATm4CC N5
GGATm5CC C5
TTCGm6AA N5
GGTNAhm5Chm5C H9,M20
Gm6ATC M28,R8
TGM5ATCA R8
hChmSf5CWGG G15,H9,M20,R8

BstUI CGCG
BStXI CCAN6TGG

mSCGm5CG
m5CCAN6TGG
CCm6AN6TGG
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BarnS
BamKI
BanI
BanfI
BanHlI
BI
BclI

BgIII

BinI
Bme2l6I
Bzp1286I
BMHI

Bs~pMII

BspNI

BaD

BspXII
BiHII
BstI

BaBI
BfGEH
B,EIII
BstGI
BUNI
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Restriction Recognition
enzyme sequence
BjEI CGCG
BsuFI CCGG
BsuMI CTCGAG
BsuQI CCGG
BaRI GGCC
BsuRII CTCGAG
CfoI GCGC

CfrI YGGCCR
Cfr6I CAGCTG

Sites
cut

Cfr9I CCCGGG b Cm5CCGGG
CCm5CGGG

CfrlOI
Cfrl3I
ClaI

RCCGGY
GGNCC
ATCGAT

CpeI TGATCA ?
CspI CGGWCCG ?

Csp45I
CviAI
CviBI
CviJI
CyiNYI
CviQI
DdeI

TTCGAA
GATC
GANTC
RGCY
CC
GTAC
CTNAG

Cm5C
GTAm5C

DI Gm6ATC b Gm6ATC
Gm6ATm5C b
Gm6ATm4C

pII GATC ?
DmII RGGNCCY ?
EaeI YGGCCR ?

agI CGGCCG ?

zI GAAGAG
Eco47I GGWCC
Eco47llI AGCGCT
EA GAGN7GTCA b ?

EcoB TGAN8TGCT b ?
EQDXXI TCAN7AATC b ?

Sites not
cut

m5CGCG#
m5CCGG#
CTmU5CGAG#
mCCGG
GGm5CC# b
CTh1CGAG#
Gm5CGC
Ghm5CGhn5C
yGGm5CCR#
CAGm4CTG#
CAGm5CTG
m4CCCGGG
m5CCCGGG
Cm4CCGGG#
CCm4CGGG
Rm5CCGGY#
GGNm5CC#
m6ATCGAT
ATm5CGAT
ATCGm6AT#
TGm6ATCA
CGGWm5CCG
m5CGGWCm5CG
TTCGm6AA
Gm6ATC
Gm6ANTC#
RGm5Cy#
M5CC#
GTm6AC#
m5CTNAG#
hmsCTNAG
GATC
GAT1m4C
GATm5C
Gm6ATC#
RGGNCm5CY
YGGm5CCR#
YGGCm5CR
CGGm5CCG
M5CGGCm5CG
GAAGm6AG
GGWCm5C
AGm5CGCT

Gm6AGN7GmTCA# b
TGm6AN8mTGCT # b
TCAN7m6AAmTC # b

References

Gl,S23,S1O
J12
J12
Jill
G17,KlO,K1 1
N17
E1
H9
K14
B36

B37

B18,K14
B18,K14
M20,M2 1 ,N5,

M12
F3,R8
M20

N5
X3
X2,X6
V3,X1
X5
Xl,X4
H8,N6
H9
L1,M20,Vl 1,
N5
N8
Ll,L2,L3,M7,V1 1
S7
Jl,W12

M20

N5
J5
N5
B13
B 1 3,L6,L7
P4
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Restriction Recognition Sites Sites not References
enzyme sequence cut cut

GAGN7ATGC
AACN6GTGC b
RGGNCCY
AGACC b
CAGCAG b
GAATIC

Gm6AGN7ATGC
Am6ACN6GmTGC# b

AGAhm5Chm5C

GAAT1m5C

EcoRII CCWGG b m5CCWGG

EcoRV GATATC GATATm5C b
EcoRl24 GAAN6RTCG b ?

GAAN7RTCG b
GCTNAGC
GCNGC

GCTNAGm5C

EnuDII CGCG ?

Ef=EI GATC Gm6ATC b
Fokl CATCC CAT'5CC

CATCmSC b
ESpI TGCGCA ?
HaeII RGCGCYb ?

HkAhIII GGCC GGCm5C

II CCGG
Hgaj GACGC ?
HigiAl GRGCYC ?
HgJII GGYRCC ?
HhaI GCGC ?

HhaII GANTC ?
FlincH GTYRAC GTYRAm5C

HindII GTYRAC
HinfI GANTC GANTmSC b

HindIII AAGCIT

RGGNCm5CY
AGm6ACC#
Cm6AGCAG#
Gm6AAlTC b
GAm6ATTC#
GAAT-p"5C
m4CCWGG
Cm4CWGG
CmSCWGG#
CCm6AGG
hm5chm5CWGG
Gm6ATATC#
GAm6AN6RTCG
GAAN6RmTCG
m6A
Gm5CTNAGC
Gm5CNGC
GCNGmSC
m5CGCG
CGm5CG

GGm6ATG
Cm6ATCC
TGm5CGCA
RGm5CGCY
RGhm5CGhm5Cy
GGm5CC# b
GGhm5Chm5C
Cm5CGG#
GACGm5C
GRGm5CYC
GGYRCm5C
Gm5CGC#
GCGGm5C
Ghm5CGhm5C
Gm6ANTC#
GTYRm6AC
GTYRAhmSC
GTYRm6AC#
Gm6ANTC
GANltmSC
m6AAGCyrVi
AAGm5CI-T
AAGhm5Cr-r

C8
B13,B14
S7
B 1,H2,R5
H10
E1,M20,N6,RJ 3,
B25,B31 ,D8,
H9,K2
G13,G14,Y1,
B35,N4,R8,S9
B24,MlO,M20
B34
H9,K2
M20,N6
P16
B12
P15..
N5
K16,T1

G 1 ,G2,N6,N9,S24

L14,N6
P12,P13,S4

N5
E2,G 15,K 1 ,K 1 6,M20
H9
B3,K1 ,K16,M4,M5
H9
E2,W1
M20
N6,W14
W14
E2,K16,M6,S 17
M20
H9
M4,M5
G15,R12
H9
R12
N6,P2
H9
B31,G15,R12
N6
H9,K2

EcoE
EcoK
EhQOlO9I
EcoPI
EcQP15
EcoRI

EcoR124/3
E4I
Fn4HI
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Restriction Recognition
enzyme sequence
HinPI GCGC
kP.aI GTI'AAC

Sites
cut

GTTAAm5C

HDaII CCGG ?

HphI TCACC ?

KpnI GGTACC b GGTm6ACC
GGTAm5CC
GGTACm5C
GGTAm5Cm5C b

MaeII ACGT b ?

MboI GATC b GATm4C
GATm5C b

MboII GAAGA Tm5CTTm5C b
MflI RGATCYb ?

MluI
MmeII

ACGCGT
GATC
CCTC b

m6ACGCGT
I?
I?

MphI CCWGG b ?
MroI TCCGGA TCCGGm6A
spI CCGG b m4CCGG

Cm4CGG
Cm5CGG

MstII CCTNAGG m5CCTNAGG
MYaIl CCWGG Cm5CWGG b

mSCCWGG

NaeI GCCGGC b ?

NaI Gm6ATC b Gm6ATC
Gm6ATm5Cb

Hari GGCGCC GGCGCm5C
NsdI CCSGG m5CCSGG

NcoI CCATGG
NqI AGAT
Ncu GAAGA

Sites not
cut

Gm5CGC
GTTAm6AC#
GTrAAhm5C
m4CCGG
m5CCGG b
Cm4CGG b
Cm5CGG#
hm5Chm5CGG
Tm5CACC#
GGTGm6A

Am5CGT b
Gm6ATC#
GAThm5C
GAAGm6A#
RGm6ATCY
RGATm4CY
RGATM5CY
Am5CGCGT
Gm6ATC
m5c~cr
m5Cm5CTP5C
Cm5CWGG

m5CCGG#
hm5Chm5CGG

Cm4CwGG#
CCm6AGG
M4CCWGG b
Gm5CCGGC
GCm5CGGC
GCCGGm5C
GATC
GATm5C
GGm5CGCC
Cm4CSGG
Cm5CSGG b
m4CCATGG b

AGm6ATCT' b
GAAGm6A

References

M20,N9
B3 1 ,G 1 5,H9,Y3
H9
B37,E2,M4,M5,
Q2,W7,

H9
M20,N6
B3
E3,M20,N6

M25
B28,G5,M 18
H9,MlO,R8
B3,M20,M2 1 ,N6,
01

M20,S 1O,S23
B23
E3,M20

R8
Mul
E2,J1 1,V2,Wl,W7
B37,H9

M20
B35
G13,G14
K22
E3,K14,M20,N8

P1 ,N8

K16,M20,N8
B3 1 ,D3,K1 6,M20

K14,N6
Q1
M22
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Restriction Recognition
enzyme sequence
NdeI CATATG
NdeII GATC
NgoI RGCGCY
NgQII GGCC
NgoBI TCACC
NheI GCTAGC
NmuDI Gm6ATC b
NmuEI Gm6ATC b
NotI GCGGCCGC

NruI
NsiI
PfaI
PaeR7I
PstI

TCGCGA
ATGCAT
GATC
CTCGAG
CTGCAG

Sites
cut

m5CATATG b
GATm5C b

Gm6ATC
Gm6ATC
GCGGCCGm5C

Gm6ATC b

PXQI CGATCG b CGm6ATCG

Pvull CAGCTG

RaI GTAC b
RshI CGATCG
RsiVXI TCATGA
RsrI GAATITC

RsrII

SaI
S5Qil

CGGWCCG

GAGCTC
CCGCGG
GTCGAC

SaDI TCGCGA
Sa3AI GATC b

GTAm5C b
CGm6ATCG

Gm6AGCTC

TCGCGm6A
Gm6ATC

Sau96I GGNCC

S.hl3I
SjFI
S&NI
SfiI

SfIj
SlnI
SinaI

TCGCGA
CCNGG
GATGC
GGCCN5GGCC

CIGCAG
GGWCC
CCCGGG

TCGCGm6A
m5CCNGG
GATGm5C
GGm5CCN5GGm5CC b

Cm5CCGGG

Sites not
cut

m6A
Gm6ATC
RGm5CGCY
GGm5CC#
Tm5CACC
GCTAGm5C
GATC
GATC
GCGGm5CCGC
GCGGCm5CGC
TCGCGm6A
ATGCm6AT

CTCGm6AG#
m5CTGCAG
CTGCm6AG#
CGATm4CG
CGATm5CG
CAGm4CTG#
CAGm5CTG
GTm6AC

TCATGm6A
Gm6AATTC
GAm6ATTC# b
CGGWm5CCG
m5CGQWCm5CG
GAGm3CrC
m5CCGCGG
GTm5CGAC
GTCGm6AC#

GATm5C b
GATm4C
GAtmSC
GGNm5CC
GGNCm5C
GGNhm5Chm5C

Cm5CNGG
Gm6ATGC

GGCCN5GGCm5C
CTGCm6AG
GGWm5CC
m4CCCGGG

References

B8,M'2
M19
K15,K16
K15,K16
P6,P7
K14,M20,N6
P1
P1
M20
G1,S23
N6
B9
R8,V6
G8
D5,G l5,M20,N6,W2

B3 1 ,B36,E3

B31 ,B36,D5,
E3,J6,R6
E3,N5,N8
L17
N5
M20
B4
M20

M20
K14,N6
B31,E2,L15,
M12,R9,V3
M22
D7,E2,J6,M12,R8
N8
H9
K16,MIO,N6,P2

H9
M20
M20,N6
M20,P1 3
M20

B31
K4
B3 1 ,B37,E2,G4

r396



Nucleic Acids Research

Restriction Recognition Sites Sites not References
enzyme sequence cut cut

GCATGm5C
Ghm5CATGhm
CGTm6ACG
TCGCGm6A

Sso47I GAATTC
SstI GAGCTC

StuI AGGCCT

GAGN6RTAYG b
AACN6GTRC b
TCGA

TIllI GACCGA
CACCCA

IQXI CCWGG

Tm5CGA b
Thm5CGA b

m5CCWGG
Cm5CWGG

Tm5CGA

XhoI CTCGAG b

XhoII RGATCY
XmaI CCCGGG

XmaIII CGGCCG
XmaI GAAN41TC

RGm6ATCY

CCm5CGGG b

GAm6AN4TTC

XorII CGATCG

m5CCCGGG b
Cm4CCGGG b
CCm4CGGG
CCm5CGGG b
m6ACTAGT

Cm5CNGG
m5CCNGG
Gm6AATrC#
GAGm5CTC
GAGhm5CThm5C
AGGm5CCT
AGGCm5CT b

Gm6AGN6RmTAYG# b
Am6ACN6GmTRC# b

TCGm6A#

J6,K5,M 12,Q2

H7
M20,N6

N5
N5
vio
G14
N15
B31,R6
H9
C2,M20,S20

Ni
Ni
G15,H9,M12,V2
H9

Gm6ACCGA N5

? Gll

TCGm6A
m5CGCG
l=5CGhm5CG
TCGm6A#
TCTAGm6A#
Tm5CTAGA
Th1'CrAGA
C-P5CGAG
CTCGm6AG
m5CTCGAG
RGATm5Cy b
M4CCCGGG
m5CCCGGG
Cm4CCGGG
CCm4CGGG
CGGm5CCG
Gm6AAN4TTC
GAAN41Tm5C b
CGATm5CG
hm5CGAThm5CG

S2a,V8
Gl
H9
S2a
M22,W1 1
Gi5,H9,N6

B3 1,E2,E3,G 16,K5
M12,V2

B31
B37,Y5,Y6

N6,Ti
M20,N6

B31,E2
H9
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SphI

SsoII

ACTAGT
GCATGC

CGTACG
TCGCGA
CCNGG

StySBI
StySPITaqpI

TflI
IDU

TthHBI
XbaI

TCGA
CGCG

TCGA
TCTAGA

1SC
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FOOTNOTES
a. # denotes canonical modification MTase specificity. M= A or C, K= G or T, N=
A,C,G, or T, R= A or G, Y= C or T, W= A or T, S= G or C, D= A,G or T, H= A,C or T.
Sequences are in 5'-3' order. m4C= N4-methylcytosine; m5C= C5-methylcytosine;
hmSC=hydroxymethylcytosine; mC= methylcytosine, N4 or C5-methylcytosine
unspecified; m6A= N6-methyladenine. Nomenclature is according to (S 18) and (C6).

b.
AccI nicking occurs slowly in the unmethylated strand of the hemi-methylated

sequence GTMKAm5C.
Ahall (GRCGYC) will cut GRCGCCfaster if these sites are methylated at

GRCGm5CC (N8), but will not cut GRCGYm5C sites (N8,N6).
Asp718I cuts M.CviQI -modified (GTm6AC) Chlorella virus NY2A DNA. Asp718I

does not cut GGTACm5CWGG overlapping dcm sites (M27) or m5C-substituted phage
XP12 DNA, whereas KpnI cuts XP12 readily (N5).

AvaI nicking occurs slowly in the unmethylated strand of the hemi-methylated
sequence CTCGm6AG/CTCGAG (N8).

BalI sites overlapping dcm sites (TGGCm5CAGG) are 50-fold slower than
unmethylated sites (G6).

BanI gives various rate effects when its recognition sequence is m5C-methylated at
different positions (K16,P2).

XI cleavage rate at certain hemi-methylated m5C sites varies (overlapping M*MsI
- BglI and M-Hj]ll - B.gII sites). However, m5C bi-methylated MHaeIHI - ByglI sites are
completely refractory to BglI (K16,N6).

BssHII does not cut M-HhaI-modified DNA, in which two different cytosine
positions are hemi-methylated, Gm5CGCGC/GCGm5CGC (N5).

M-BstI modifies the internal cytosine GGATmCC, but it is not known whether this
modification is m5C or m4C (,10).

BstEII cuts the fully m5C-substituted phage XP12 DNA (N8).
BstNI cuts Cm5CWGG, m5CCWGG and m5CmSCWGG (N8). BstNI

isoschizomers that are insensitive to CmSCXGG include AoI, Apyl, BspNI, MvaI and
TaqXI (M14).

BsuRI nicking occurs in the unmethylated strand of the hemi-methylated sequence
GGm5CC/GGCC (B26,W15).

C9I, see reference B37 for rate effects.
M-CreI is from the unicellular eukaryote Chlamydononas reinhardi (S2).

I requires adenine methylation on both DNA strands. Isoschizomers of pI
include CfuI (G4), II, NmuEI, NmuDI and NsuDI (CI). j I cuts dam modified
XP12 DNA (N9).

MEco da modifies GATm5C at a reduced rate (N8). Many other bacteria that
modify their DNA at Gm6ATC are listed in references B1 and L1.

EoA is a Type I restriction endonuclease. mT represents a 6-methyladenine in the
complementary strand.

EcoB is a Type I restriction endonuclease. mT represents a 6-methyladenine in the
complementary strand.

EwDXXI is a Type I restriction endonuclease. mT represents a 6-methyladenine in
the complementary strand.

&QK is a Type I restriction endonuclease. mT represents a 6-methyladenine in the
complenmntary strand.

EcoPI is a Type Ill restriction endonuclease (B1,H2).
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EcoP15 is a Type III restriction endonuclease (H1O).
EcoRI cannot cut hemi-methylated Gm6AATTC/GAATTC sites. Bimethylated

GAm6ATTC/GAm6ATTC sites are not cut by EcQRI or VaI (N8). EfoRI shows a reduced
rate of cleavage at hemi-methylated GAATIP5C and does not cut an oligonucleotide that
contains GAATTm5C in both strands (B25).

EcQRII isoschizomers that are sensitive to Cm5CWGG include AtuBI, AtuIH,
BstGII, BinSI, £ , CfII I, EclII, EHII, E27I, g38I and MphI (R8). EcoRII
shows reduced rate of cleavage at hemi-methylated m5CCWGG/CCWGG sites (Y1).

EcoRV cuts the fully m5C-substituted phage XP12 DNA (N8).
EcR124 is a Type I restriction endonuclease. mT represents a 6-methyladenine in

the complementary strand.
EcoR124/3 is a Type I restriction endonuclease.
Ef_I cuts about two-fold to four-fold more slowly at CATCm5C than at unmodified

sites (P12,N8).
M*FQkI in ref P12 corresponds to M*FokIA in ref P13.
HaeH show a reduction in rate of cleavage when its recognition sequence is

modified at RGCGmSCY (K16,P2).
HaeII nicking occurs in the unmethylated strand of the hemi-methylated sequence

GGm5CC/GGCC(H1).
HinfI cuts GANTm5C, however, detectable rate differences are observed between

unmethylated, hemi-methylated (GANT'5C/GANTC) and bi-methylated
(GANTm5C/GANTm5C) target sequences. Hinfl does cut phage XP12 DNA, although at
a reduced rate (G15,N8). Hinfl cuts unmethylated GANTC faster than hemi-methylated
GANTm5C/GANTC, which is cut faster than GANTm5C/GANTm5C. However, the rate
difference between unmethylated and fully methylated HinfI sites is only about ten-fold
(H9,N8,P2).

EBll nicking occurs in the unmethylated strand of the hemi-methylated sequence
m5CCGG/CCGG. See reference (B37) for _EjOI rate effects.

KimI sensitivity to hemi-methylated GGTAmSCC and GGTACm5C sites has been
reported (P15). However, KpnI efficiently cuts m5C-substituted phage XP12 DNA and
GTm6AC-modified Chlorella virus NY2A DNA (N5). It is likely thatM.pI specifies a
m4C modification.

MaeII nicks slowly in the unmethylated strand of hemi-methylated Am5CGT/ACGT
(M25).

MboI isoschizomers that are sensitive to Gm6ATC include BssGII, BsaPI, BstXll,
BsEfIH, Qda, _1_UII, En-AII, -F-nuCI, _MmeII, MnoIIIl, MoI HdI, NflI, NlaII, Nsul,
SinMI (R8).

MboI cuts the fully m5C-substituted phage XP12 DNA (N8), although certain
hemi-methylated m5C-containing substrates are reported not to be cut (G15).

MflI cuts slowly at m6AGATCY sites (01).
M*MzmulI is the mammalian m5CG methyltransferase from Mus musculus. (mouse)

(B 10).
spI cuts the unmethylated strand and methylated strand of Cm5CGG/CCGG

(H1,W7) and Cm4CGG/CCGG duplexes (B37). M-WI cuts very slowly at GGCm5CGG
(B33,K6). An M*MsI clone methylates m5CCGG (W7,W3). However, there is a report
that Moraxella sp. chromosomal DNA is methylated at m5Cm5CGG (Jl 1).

MvaL nicking occurs in the unmethylated strand of the hemi-methylated sequence
Cm4CWGG/CCWGG (G13).

N=l requires adenine methylation on both DNA strands (C1). _nII cuts M*l&g
dam modified XP12 DNA (N8).
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NciI may cut m5Cm5CGG methylated DNA (B31,Jl1). Possibly the second
methylation negates the effect of Cm5CGG.

NcoI is blocked by M-SeI (CCNNGG) (N8).
.II is a XgIII isoschizomer from Nocardia carnia Beijing (Ql).
NdeI cuts the fully m5C-substituted phage XP12 DNA (N8).
NdeII cuts the fully m5C-substituted phage XP12 DNA (N8).
NmuDI requires adenine methylation on both DNA strands (Cl).
NmuEI requires adenine methylation on both DNA strands (Cl).
RVI cuts the fully m5C-substituted phage XP12 DNA (N8), but does not cut

Chlorella virus NY2A DNA, which is modified at GTM6AC (N5,X1). DNA from
Rhodopseudomonas sphaeroides species Kaplan is cut by At718I, but not by RsaI or
KpnlI (N5). Since both At718I and KDnI cut NY2A DNA (GTm6AC), it is likely that
MRlI specifies GTAm4C. High levels of m4C are present in R. sphaeroides DNA (E3).

RsrI cannot cut hemi-methylated Gm6AATTC/GAATTC sites.
Sau3AI nicking occurs in the unmethylated strand of the hemi-methylated sequence

GATm5C/GATC (B3,S22). Sau3AI cuts at a reduced rate at m6AGATC (01). Sau3AI
isoschizomers that are insensitive to Gm6ATC include Bce243I, Bs67I, 2pAI, ftPlH,
&UPI1, XMI, FjIEI, Mfthl, NsijAI, MfI (R8).

Sfil cannot cut M-BglI-modified DNA (Vl). SfiI cuts MHaeIII-modified
(GGm5CC) Ad2 or phage lambda DNA, but does not cut fully m5C-modified phage XPI 2
DNA (N5).

SnaI nicking occurs in the unmethylated strand of the hemi-methylated sequence
CCm5CGGG/CCCGGG (W7,B37). SnaI may cut Cm5Cm5CGGG methylated DNA
(B31,J1 1) Possibly the second methylation negates the effect of CCm5CGGG. There are
conflicting results regarding SmaI: m5CCCGGG is not cut when modified by M-AuI
methyltransferase (K5) or at overlapping M*_HaHI-SmaI sites (GGm5CCCGGG, N8).
Other investigators have reported that SimaI cuts at a reduced rate at hemi-methylated
m5CCCGGG sites (B37).

SpII cuts GTm5AC-modified Chlorella virus NY2A DNA, but does not cut KpnI-
digested XP12 DNA (N5).

StvSBI is a Type I restiction endonuclease. mT represents a 6-methyladenine in
the complementary strand.

StySPI is a Type I restriction endonuclease. mT represents a 6-methyladenine in
the complementary strand.

T.2I cuts very slowly at Thm5CGA (H9). TaqI cuts the fully m5C substituted
phage XP12 DNA (N8).

XbaI will cut Tm5CTAGATTCTAGA hemi-methylated DNA at high enzyme levels
(>1OOU /Vug), but will not cut this sequence in twenty to forty-fold overdigestions.

XhoII nicking occurs slowly in the unmethylated strand of the hemi-methylated
sequence RGAT'5CY/RGATCY.

XmaI is claimed not cut CCm5CGGG in one report (B31). See reference B37 for
rate effects.

XmnI cuts the fully m5C substituted phage XP12 DNA (N8). XmnI cuts slowly at
som sites in DNA methylated on both strands at GAAN4TTJm5C (N8).
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TABLE II: DNA methyltransferases and their modification specificities

Specificity a

GTMKm6AC
CITAAG (m6A)
GATm5C
AGm5CT
GGGm5CCC
m5CYCGRG
TGGm5CCA
GGATm4CC
GmCXGC
Gm5CWGC
GmCXGC
Gm6AT
Am6AG
Cm4CSGG
m5CGCG
GGWCmC
GGmCC
GGATmCC
RGATmCY
GGm5CC
and Gm5CNGC
GGm5CC and Gm5CNGC
GGCC
and GDGCHC
m5CGCG
m5CCGG
CTm5CGAG
mCCGG
GGm5CC b
Cl CGAG
GGm5CC
and Gm5CNGC
GGm5CC
and m5Cm5CGG
and Cm5CXGG
m5Cm5CGG
and CmCXGG
GGm5CC
and Cm5CXGG
yGGm5CCR
CAGm4CTG
C"4CCGGG
Rm5CCGGY
GGNm5CC
ATCGm6AT

References

L15
L15
S14
K21
L5,M18,T1
K5
L15,M18
B27,H1,L15,N3
HI
D5,Hi,V7
Hi,R7,V7
Hi
Hi
J3,J4,J7,J8,J1O,P3,P14
K9
M9
F2,Ki7,PIO,S27,V9
L10
V4
G21,G50,Nl7,Ni8
G20,G21,Nl6,T5
G20,G2I,N16,N17,
B6

G20,Il,Ji2,S27
G20,Il,Jl2,W9
G20,J12,S II
Jil
K10,Kl1
N17
G20,G21,J 11,K1O,N 16,
N17,T2,T5
G20,G21,N 17
P11
B7,B32,G18,G21,K1O,P 1I
Ji 1,N17,Pl 1
G18
G18
G18
P14
B36
P14
P14
B18
M12

Mediylase a

M*Aflll
M-AlaK21

M.ApaIM-AquI
M'Al-4I

M*SmI
M'BamHII
M BbvI
M-BbvSI
M-B]LvSII
M-B]2bSIl
M*BcnI
M-BepI
M.,Bme216I
MBspRI
M-BstI
M-*liaYI
M*Bsu Phi3T

M*BsuPl IsM-BsuPI ls

M*BsuEI
M-LWFI
M*BsuMI
M*BsuQI
M BsuRI
M-BsuRII
M*BsuSPB

M-BsuSPRI

M*B SPR191

M*BsuSPR83I

M-c6I
M-Q&
M-cfrOI
M-Cfrl3I
M-ClaI
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Speciaiciz a

Tm5CR
RGm5CY
Gm6ANTC
TCGm6A
m5CC
GTm6AC
mSCTNAG
Gm6ATC
YGGm5CCR
Gm6ATC
CmCXGG
RmCCGG
mCCXGG
GGXCmC
Gm6AGN7GmTCA b
TGm6AN8mTGCT b
Gm6AGN7ATGC b
Am6ACN6GmTGC b
AGm6ACC b
Gm6ATC b
Cm6AGCAG
GAAN6RTCG (m6A)
GAAN7RTCG (m6A)
GAm6ATrC

Cm5CWGG

Gm6ATATC
Gm6ATC
Gm6ATC
Gm6ATC
CTGAAG (m6A)
CACGTG (5C)
GGm6ATG
and Cm6ATCC
RGCGCY
GGm5CC b
CmCGG
GACGC (mC)
Gm5CGC
Gm6ANTC
GTXym6AC
GTYRm6AC
m6AAGCIT
Gm6ANTC
GTTAm6AC
Cm5CGG

References
S2 (Chlamydononas)
V4
X2,X6
N2
X5
Xl,X4
H8,S26
L1,L2,L3,M7,V! 1
J2,W12
B29,B40,D7,G7,H2,H6,U 1
B24,MlO,U1
B39,N1O
N13
M24,N13
C9,F5
G10
C5
B21,GIO,L13,S 1
H10
C7
H1O
P14
P14
D8,G12,K7,M6,
N6,N11,R13
B 11,B38,B39,K13,K1 8,K19,K20,
MIO,Sl9,Y4
B22
S3
B30,H2,H4,M23,S5
H5,M1,S5
P14
P14
L15,M8,N20

S16
M4,M5,S16
Wi
N20
B5,C3,S 17,Z2
K6,M2,M3,S8,S 17
G1S,M18,R12 R4
L15,R7,R1 1,R12
L15,Rl I,R12
C9,L15
B31,Y3
L15,M4,Q2,R6,W16,Y2

Methylase a

M-CreIjM_CviJI
M-*viBI
M briBlII
M*_vi NYI
M-.viQI
M-DI
M*DpnlII
M*EaeI
M-Edc m
M-Eco dcmI
M*Eco &mII
M-Eo dmIII
M*Eco dcIV

M-EcoKM*SQE
M-EoQlM-&2PI
M*~P1 dam
M-*QP15
M-EcR124
M-EcoR124/3
M*EqRI

M.&2RII

M-EcoRV
M.&DT1 dam
M*EoT12 dam
M-EcoT4 dam
M*57I
M*E72I
M-EgkI

M.IlGIl
M-*kaIII
M-LIIR
M aI

M*IjhaII

M*icIIdff
M*HindIH
M*kIiIIM.w
M HPgal

r402



Nucleic Acids Research

Methylase a S a

M-HphI Tm5CACC
M*MboI Gm6ATC
M*M.bII GAAGm6A
M.Mmu m5CG b
M-MsDI m5CCGG b
M-MvaI Cm4CWGG
M-NcQI CCATGG (mC)
M*-jdII CATATG (m6A)
MtgQIT GGmCC
M.NgQIV GmCCGGC
M Q.gaV GGNNmCC
M-NgQVI Gm6ATC
M. VII GmCXGC
M-NgoAI GGm5CC
M.lg&QBI TM5CACC
M.NgQBII GTNm5CTC
M-NlaIII CATG (mC)
M*aeR7I CTCGm6AG
M*PstI CTGCm6AG
M*PvRII CAGm4CTG
M=LI GAm6ATTC
M.ajI GTCGm6AC
M*inmI CCmCGGG
M*-547I Gm6AATTC
M'Ss247II CmCNGG
M-SZMQI m5CG
M*StySBI Gm6AGN6RmTYG b
M*SxtSPI Am6ACN6GmTRC b
M*StySQ Am6ACN6RmTAyG b
M.SlSJ Gm6AGN6GmTRC b
M-IAQI TCGm6A
MflTHBI TCGGm6A
M*IfI TCGm6A
M-XbaI TCIAGm6A
MXmaIII CGGmCCG

NOTES
a. See footnote "a" of Table I.
b. See footnote "b" of Table I.

References
M18,N5,N6
M18
M21,N5,N6
B10 (Mouse)
E2,J1 1,N21,R6,V2,V5,W1,W7
B35,P14
VI
S13
K15
C4,K15
K15,P5
K15
K15
P6
P6
P6
L15
G8,T3,T4
L8,W5,W6,W8
B19
B4
L15,R9
L16,P14
N7
N12,N14
N19
F4,F6,G3,N1
F4,F6,N1
F4,F6
G3
M12,S2a,S 15
M12,S2a
S2a,V8
V1,M22
M18,T1
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TABLE III: Methylation sensitivity of Type II DNA methyltransferases.
Methylase(specificity)a Not blocked by prior Blocked by prior

modification at b modification at b
M*AluI (AGm5CT) AGm4CT B36
M*D=HI (GGATm4CC) GGm6ATCC GGATCm5C L4,M19a
M-*juI (GGATmCC)C GGm6ATCC L1O
M*Cfr6I (CAGm4CTG) CAGm5CTG B36
M*QI (ATCGm6AT) m6ATCGAT M9,M20,W I I

ATm5CGAT
M*-viBIII (TCGm6A) Tm5CGA Ml9a,V3
M-EcoRI (GAm6ATTC) GAATTm5C Gm6AATTC B25
M-&gRII (Cm5CWGG) Cm4CWGG B35
M-Eco dam (Gm6ATC) GATm5C c M19a

GATh1m5C S6
GATm4C N7

M-FokIA (GGm6ATG)c CATCm5C CATm5CC P12,P13,S4
M*HhaI (Gm5CGC) GCGm5C R6
MUhnII (Gm6ANTC) GANTm5C M19a
M.Hpajj (Cm5CGG) m5CCGG M19,M19a
M-LIph (Tm5CACC) GGTGm6A M19a
M*MboI (Gm6ATC) GATm5C M19a
M-MboII (GAAGm6A) Tm5CT1TIm5C M19a
M-MsI (m5CCGG) Cm5CGG M19a
M-MvI (Cm4CWGG) Cm5CWGG B35
M*PvUj1 (CAGm4CTG) CAGm5CTG B36
M*TEcT2 da (Gm6ATY) GAThm5C D6,S6
M-EcoT4 dam (Gm6ATC) GAThm5C S6
M*TaQI (TCGm6A) Tm5CGA M19a

a. See footnote "a" of Table I.
b. An enzyme is classified as insensitive to methylation if it methylates the modified
sequence at a rate that is at least one tenth the rate at which it methylates the unmodified
sequence. An enzyme is classified as sensitive to methylation if it is inhibited at least
twenty-fold by methylation relative to the unmethylated sequence.
c. See footnote "b" of Table I.
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TABLE IV: Isoschizomer pairs that differ in their sensitivity to sequence-
specific methylation.a

Isoschizomer pairs C
Methylated sequence b Cut by Not cut by References

Cm5CGG MzI kjHlI (ap]Il) E2,M20
cm4CGG MEI B37
CCm5CGGG XmaI (f9I) SinaI B37
Cm5CWGG BINI (MvaI) EcoRII B35
Gm6ATC Sa3A EnEI) MbQI (NdeII) G5,L14,Ml9,R8
GATm5C MoI 5=3A N5
GATm4C MboI Sau3A N5
GGTACm5C KpnlI A718I M27
GGTAm5Cm5C XMI A718I N5
GGWCm5C AMI Avai (Q47I) B3,J5,W13
RGm6ATCY XhoII (BgYI) MflI M19,N7
Tm5CCGGA AMI1m BsMil S4
TCm5CGGA AmIlI flwMIl S4
TCCGGm6A ftMII (MroI) Ac][ K8,N7
TCGCGm6A Sb213I (SalDI) NruI M20,N7

a. In each row the first column lists a methylated sequence, the second column lists an
isoschizomer that cuts this sequence, and the third column lists an isoschizomer that does
not cut this sequence.
b. See footnote "a" of Table I.
c. An enzyme is classified as insensitive to methylation if it cuts the methylated sequence at
a rate that is at least one tenth the rate at which it cuts the unmethylated sequence. An
enzyme is classified as sensitive to methylation if it is inhibited at least twenty-fold by
methylation relative to the unmethylated sequence.

TABLE V: List of restriction systems referred to in this paper, ordered by
recognition sequence length.a

MosI
Mail

mill"ItWIISiAI

S3A

AiMI

GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC

BaI GCGC
kiliPI GCGC

D,uRI
HmW
sNlI

GGCC
GGCC
GGCC

Cfr5M
caI I

EoGMEr,QRil
Em27I
Em38I

CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG

Box CCSGG
OiI CCSGG

ft1286I

AyaI

AMHI

B"H

lininCf

GDGCHC

CYCGRG
CYCGRG

GRGCYC
GRCGYC
GRCGYC
GRGCYC

GTMKAC

GTYRAC

BbvI GCAGC HgiA GWGCWC

AvaII GGWCC
Bnu 161 GGWCC

cflO RCCGGY
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CyiNY

QviJI

MaL

Alul

FQI
BMsn
,II

LLUI
L%EII

cc

RGCY

CCTC

AGCr

CCGG
CCGG
CCGG
CCGG
CCGG

CGCG
CGCG
CGCG
CGCG



Nucleic Acids Research

EuDi CGCG
ThaI CGCG

DupI Gm6ATC
.WII Gm6ATC
SmDI Gm6ATC
NmEI Gm6ATC

B243I GATC
BaPI GATC
B.p671 GATC
BEAI GATC
BtPII GATC
1kPII GATC
BzGII GATC
BmEE GATC
DSIXll GATC
QI GATC
CviAI GATC
BBII GATC
ErAlI GATC
EImCI GATC
F=EI GATC
MbhI GATC
MmeII GATC
MnoIII GATC

NsiI ATGCAT

Cft6I CAGCTG
ExnII CAGCTG

N&I CATATG

NmI CCATGG

CIr9I CCCGGG
S_mai CCCGGG
xm__ CCCGGG

SAQII CCGCGG

EYIl CGATCG
LMi CGATCG
2XII CGATCG

EagI CGGCCG
XmaII CGGCCG

SWI CGTACG

BjMI CTCGAG
LuRH CTCGAG
EaR7I CTCGAG
bhQI CTCGAG

£viQI GTAC
Lal GTAC

T2I TCGA
IfI TCGA
ill TCGA

krFI CCNGG

I&I CINAG

CvBI GANTC
Ball GANTC
Hinfl GANTC

Mfr3I GGNCC
Sm96I GGNCC

.XI CCWGG
AmI CCWGG
AMxI CCWGG
AuBI CCWGG
AWII CCWGG
1jnSI CCWGG
BpNM CCWGG
aIGI CCWGG

MNI CCWGG
SsQ47I GAATrC

SKI GAGCTC
SI GAGCTC

&gRV GATATC

Shi GCATGC

N-I GCCGGC
BssII GCGCGC

SheI GCTAGC

amH1 GGATCC
BamFI GGATCC
=amKI GGATCC
EamNI GGATCC
Earl GGATCC
BaLI GGATCC
B,ql5O3I GGATCC

NMI GGCGCC

Af718I GGTACC
KpI GGTACC

AWI GGGCCC

Eag471 GGWCC
&RI GGWCC

EQPI AGACC

EapMI ACCTGC

&gP15 CAGCAG

EQkI CATCC

MII GAAGA
NuI GAAGA

Eal GAAGAG

rI SACCSA

ial GACGC

aNI GATGC

ALwI GGATC
Dija GGATC

ui TCACC
rgBI TCACC

BDaI TCATGA
R*XI TCATGA

Amlff TCCGGA
EMII TCCGGA
MrI TCCGGA
Amal TCGCGA

a1I TCGCGA
NI TCGCGA
ShQl3I TCGCGA
pI TCGCGA

XI TCTAGA

ALuCI TGATCA
JI TGATCA
BwII TGATCA
DBaGI TGATCA
CpI TGATCA

EaaI TGCGCA

OalI TGGCCA

AIll TlCGAA
BBI TCGAA
CM45I TICGAA

IiI RGCGCY
NQI RGCGCY

BstYI RGATCY
HMiI RGATCY
2hQII RGATCY

CkI YGGCCR
EaI YGGCCR

Hidif AAGCTT

MI ACGCGT

SeI ACTAGT

WgI AGATCT
t±UI AGATCT

Egg47III AGCGCT

uI AGGCCT

Dnm ATCGAT
BaXI ATCGAT
Cila ATCGAT

XmnI GAAN4TTC

I GCCN5GGC

EaI GCINAGC

DaIEf GGTNACC

CspI CGGWCCG
RaIl CGGWCCG

&gRl24 GAAN6RTCG

&QR124/3 GAAN7RTCG

EmK AACN6GTGC

SiySPI AACNfiGTRC

EWQE GAGN7ATGC

SQA GAGN7GTCA

StySBI GAGN6RTAYG

EQDXXI TCAN7ATTC

EcB TGAN8TGCT

NaI GCGGCCGC
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PAI CTGCAG SaIlI GTCGAC
SfI CTGCAG LCXI CCAN6TGG
EoR GATTC

AWLI GTGCAC SfiI GaCCNsG&CC
EcoRI GAA1TC kMil CCTNAGGRsrI GAAT 1kw GTrAAC

Note:
a. Restriction systems in Table V are arranged by recognition sequence length and alphabetically by
recognition sequence to aid in identifying isoschizomners.
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