Volume 17, Supplement Nucleic Acids Research

Effect of site-specific methylation on DNA modification methyltransferases and restriction
endonucleases

Michael Nelson and Michael McClelland*

Department of Biochemistry and Molecular Biology, University of Chicago, 920 East 58th St.,
Chicago, IL 60637, USA

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,M15M18,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,M19a,N7,P13), and this sensitivity may differ from that
of their restriction endonuclease partners. Table III 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 of ™SCG and ™SCNG 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
unaffeoted by M5CG and MSCNG are useful for digestion of plant DNA which is
methylated at these positions. Endonucleases that are unaffected by these two cytosine
modifications include: AccllI, AflII, Ahalll, Asel, Asull, Bell, BspHI, BspNI, BstEII,
BstNI, CviQI, Dpnl, Dral, EcoRV, HinCII, Hpal, Kpnl, Mboll, Msel, Ndel, NdelI,

Rsal, RspXI, Sfil, Spel, Sphl, Sspl, Tagl, TthHBI and Xmnl.

CpG sequences are particularly rare and often methylated in mammalian genomes
(M19). Almost all the enzymes that could generate large fragments of mammalian DNA are
blocked by this MSCpG modification, including; BssHII, BspMII, Clal, Cspl, Eagl,
Ecod47111, Fspl, Mlul, Nael, Narl, Notl, Pvul, RsrIl, Sall, Xhol and XorlI (see Table I).
Of enzymes with CpG in their recognition sequence, only Acclll, Asull, Cfr9T and Xmal
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are known to cut MSCG-modified DNA and will cut to completion at all of their restriction
sites in mammalian DNA.
R f ol hylated tricti it

mdC, m5C, hm5SC, 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,W10) 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 L.

Effect of site- ifi thylati DNA thylt f

Twenty-two Type II methyltransferases which have been tested for sensitivity to
non-canonical DNA modifications, of which nine were blockedTable ITI (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 GAT™C, but methylates GAT™SC relatively slowly. Such data is summarized in
Table III and the footnotes to Table 1.

Methvlase/end \ binati i | DNA ol
ificiti

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 Dpnl to create cleavages at defined eight to
twelve base pair sequences (M16,M21). M-Clal and Dpnl have been used to cut the 2.8
million base pair Staphylococcus aureus genome into two pieces (W11).

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 of DNA methyltransferase sites by overlapping
methylation (sequeﬁtial double-methylation) can expose a subset of restriction endonuclease
sites for cleavage (M19,N7,P12). For instance, M-Hpall, M-BamH]I, and BamHI 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-d I ricti in | .

E. coli K-12 contains at least three different methylation-dependent restriction

systems which distinguish various methylated target sequences: mrr (M6A), mcrA (mSCG),
mer 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 mcrA (W18). Appropriate non-restricting strains of E. coli (G9,R1,R2)
should be chosen for efficient transformation and cloning of methylated DNA.

TABLE I: Methylation sensitivity of restriction endonucleases 2

Restriction Recognition Sites Sites not References

enzyme sequence cut cut

Aacl CCWGG Cm5CWGG ? B31

Aatl AGGCCT ? AGGMSCCT $20,520
AGGCmSCT

Accl GTMKAC ? GTMKm6ACH L15M12
GTMKAMSC

Accll CGCG ? m5CGCG G2

Acclll TCCGGA TM5CCGGA TCCGGM6A K8,54

TCmM5CGGA

Afll GGWCC GGWCmSC ? M20,W13

Ahall GRCGYCD ? GRM5CGYC K1,N6
GRCGYmSC

Alul AGCT ? m6AGCT G15,M20,N6
AGMCT
AGMSCT# H9
AGmSCT B36

Alwl GGATC ? GGM6ATC NS
GGATM4C

Amal TCGCGA TCGCGm6A ? M22

Aosll GRCGYC ? GRM5CGYC E2,G15,V2

Apal GGGCCC ? GGGmMSCCCH Ls,T1
GGGCCm5C

Apall  GTGCAC GTGCm6AC ? H7

Apyl  CCWGG CmSCWGG b mSCCWGG D4,K14,M20,R3,R8

Aqul CYCGRG ? mSCYCGRG#* K5

Aspnsl  GGTACC GGTm6ACC b GGTACMSC M27,N5
GGTAmSCmSC b

Asull TTCGAA TTM5CGAA ? G16

AwCl  TGATCA ? TGMSATCA R8,S9

Aval CYCGRG Cm6CCGGG m5CYCGR B17,E2,J12,
CYMSCGRG K3,K5,M20
CTCGm6AGDP N6

Avall GGWCC ? GGWmSCC B3,K16,M6,
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Restriction Recognition Sites Sites not References
enzyme  sequence cut cut
GGWCm5C M19a,M20
GGWhmSChm5C  H9
Ball TGGCCA ? TGGMSCCA#* G6,T1
TGGCMSCA b
BamHI GGATCC GGATCmSC GGATM4CCH B31,D7,H1,H9
GGM6ATCC GGATmMSCC L4,M5
GGmMSATCMSC GGAThm5Chm5C
BamFI GGATCC GGM6ATCC ? Al
BamKI GGATCC GGM6ATCC ? Al
Banl GGYRCCD GGM5CGCC ? K1
BanIl GRGCYC ? GRGMSCYC N6,N9
Banlll ATCGAT ? ATCGM6AT S25
Bbvl GCWGC ? GMSCWGCH D5,H1,V7
Bell TGATCA b TGATMSCA TGMSATCA B3,B15,B31,E3,R8
TGAT™SCA H9
Benl CCSGG m5CCSGG Cm4CSGGH* 16,J7,K14
Bepl CGCG ? m5CGCG K9
Bgll GCCN;sGGC GCM5CNsGGC GMS5CCNsGGC  K14,K16,N6,M20
GCCNsGGmSC b
Bglll AGATCT? AGMSATCT AGAT™SCT B15,B31,D7,D9,E3,
AGAThmSCT H9,P8
Binl GGATC ? GGmMSATC B20
Bme21sl GGWCC ? GGWCmSC M9
Bspi2ssi GDGCHC ? GDGMSCHC N6,N9
BspHI TCATGA ? TCATGM6A Mi11
BspMI  ACCTGC ? ACCTGm5C M20
BspMII TCCGGA TCCGGMSA Tm5CCGGA S4
TCMSCGGA
BspNI CCWGG m5CCWGG ? NS
CmSCWGG
BstYI  RGATCY RGMSATCY RGATM4CY N5
BspXI  ATCGAT ? ATCGm6AT Z1
BspXII TGATCA ? TGMSATCA Z1
BssHII GCGCGC b ? GmMSCGMSCGC N5
Bstl GGATCC GGM6ATCC GGATM4CC N5
GGATCm6C GGATm™SCC C5
BstBI TTCGAA ? TTCGMSAA N5
BStEll GGTNACC GGTNAmMSCmSCb  GGTNAbmSChmSC H9,M20
BStEII GATCY ? GMSATC M28,R8
BstGI  TGATCA ? TGMSATCA RS
BSINI CCWGGD m5CCWGG b mSChmSCWGG ~ G15,H9,M20,R8
CMSCWGG
m5Cm5CwWGG b
BstUI CGCG ? mS5CGmSCG N8
BstXI  CCAN(TGG ? MSCCANGTGG N6

CCm6ANTGG
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Restriction Recognition Sites Sites not References
enzyme sequence cut cut
BsuEI  CGCG ? m5CGCGH* G1,523,510
BsuFI  CCGG ? m5CCGGH# J12
BsuMI CTCGAG ? CTm5CGAGH 112
BsuQl CCGG ? mCCGG J11
BsuRI GGCC ? GGmSCCH b G17,K10,K11
BsuRIl CTCGAG CTMCGAGH N17
Cfol GCGC ? Gm5CGC El
Ghm5CGhmSC H9
Cfrl YGGCCR ? YGGMSCCR# K14
Cfr6l CAGCTG ? CAGMCTG# B36
CAGMSCTG
Cfr91 CCCGGG b Cm5CCGGG mCCCGGG B37
CCmSCGGG m5CCCGGG
CMCCGGGH*
CCM4CGGG
Cfr10 RCCGGY ? RM5CCGGY# B18,K14
Cfr131 GGNCC ? GGNm5SCCH B18,K14
Clal ATCGAT ? m6ATCGAT M20,M21,N5,
ATMSCGAT
ATCGmM6AT# M12
Cpel TGATCA ? TGMSATCA F3,R8
Cspl CGGWCCG ? CGGWMSCCG  M20
m5CGGWCMSCG
Cspd51  TTCGAA ? TTCGMSAA N5
CviAl  GATC ? GM6ATC X3
CviBI  GANTC ? GMSGANTCH X2,X6
Cvill RGCY ? RGMSCY# V3,X1
CQviNYI CC cmsC m5CC# X5
CviQI GTAC GTAmMSC GTm6ACH X1,X4
Ddel CTNAG ? m5CTNAGH H8,N6
mSCTNAG H9
Dpnl  GméATCD GMEATC GATC L1,M20,V11,
Gm6ATmSC b GATM4C N5
GMEATmM4C GATM5C N8
Dpnll  GATC ? Gm6ATCH L1,L2,L3,M7,V11
Drall RGGNCCY ? RGGNCmSCY S7
Eael YGGCCR ? YGGmMSCCR# J1,W12
YGGCMSCR
Eagl CGGCCG ? CGGM5CCG M20
m5CGGCMSCG
Earl GAAGAG ? GAAGM6AG N5
Eco47l GGWCC ? GGWCmSC I5
Eco47lI AGCGCT ? AGmMSCGCT N5
EcoA GAGN;GTCA b ? Gm6AGN,GMTCA*# b B13
EcoB  TGAN]TGCTbP 2 TGM6ANgmTGCT # b B13,L6,L7
EcoDXXI TCAN;AATCP 2 TCAN;m6AAMTC # b P4
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Restriction Recognition

Sites

Sites not

References

enzyme __ sequence cut —cut_

EcoE GAGN7JATGC  ? GMGAGN7ATGC C8

EcoK  AACNGGTGCD 2 AM6ACNLGMTGCH b B13,B14

Eco01091 RGGNCCY ? RGGNCMSCY  S7

EcoPI  AGACC) AGABmSChm5C AGMSACCH* B1,H2,R5

EcoP15 CAGCAG? ? Cm6AGCAGH H10

EcoRI  GAATTC GAATThmSC GMSAATTC D E1,M20,N6,R13,
GAMGATTCH B25,B31,D8,
GAATT™SC H9,K2

EcoRII CCWGG b mSCCWGG m4CCWGG G13,G14,Y1,
CMCWGG B35,N4,R8,S9
CmSCWGGH B24,M10,M20
CCm6AGG B34
bmSChmSCWGG  H9,K2

EcoRV  GATATC GATATmMSC b GM6ATATCH M20,N6

EcoR124 GAANGRTCGY 2 : GAMSANGRTCG P16
GAANGRMTCG  BI12

EcoRi1243 GAAN;RTCGP 2 m6A P15.

Espl GCTNAGC GCTNAG™MSC GMSCTNAGC N5

FnudHI GCNGC ? GM5CNGC K16,T1
GCNGmSC

FnuDII CGCG ? m5CGCG G1,G2,N6,N9,524
CGM5CG

FouEl  GATC Gm6ATC D ? L14,N6

Fokl CATCC CATMSCC GGMSATG P12,P13,54

CATCmSCD Cm6ATCC

Espl TGCGCA ? TGM5CGCA N5

Haell RGCGCY P ? RGMSCGCY E2,G15,K1,K16,M20
RGhmSCGhmSCY  H9

Haell. GGCC GGCmSC GGmSCC# b B3,K1,K16,M4,M5
GGhmSChm5C H9

Hapll CCGG ? CMSCGGH* E2,W1

Hgal GACGC ? GACGMSC M20

HgiAl GRGCYC ? GRGMSCYC N6,W14

Hgill GGYRCC ? GGYRCMSC w14

Hhal GCGC ? GmSCGCH* E2,K16,M6,517
GOGMSC M20
Ghm5cGhmSc H9

Hhall GANTC ? GmMSANTCH M4.M5

Hincll GTYRAC GTYRAMSC GTYRMGAC G15,R12
GTYRAmSC H9

Hindl GTYRAC ? GTYRmSACH RI12

Hinfl  GANTC GANTmSC b GMSANTC N6,P2
GANThmSC H9

HindIT AAGCIT ? m6AAGCTT* B31,G15,R12
AAGMSCTT N6
AAGhMSCTT H9,K2
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Restriction Recognition Sites Sites not References
enzyme  Sequence cut cut
HinPI GCGC ? GMSCGC M20,N9
Hpal GTTAAC GTTAAMSC GTTAM6ACH B31,G15,H9,Y3
GTTAARMSC H9
Hpall CCGG ? m4CCGG B37,E2,M4,MS,
mSCCGG b Q2,W7,
Cm4CGG b
CM5CGG*
hmSChmSCGG HY
Hphl TCACC ? Tm5CACCH* M20,N6
GGTGM6A B3
Kpnl  GGTACCP GGTm6ACC ? E3,M20,N6
GGTAMSCC
GGTACM5C
GGTAMSCmS5C b
Maell ACGT? ? AMSCGT D M25
Mbol  GATCPD GATMC GM6ATCH B28,G5,M18
GATmSCb GATmSC H9,M10,R8
Mboll GAAGA TmSCTTmSC b GAAGMm6A# B3,M20,M21,N6,
M RGATCY b ? RGMEATCY o1
RGATMCY
RGATMSCY
Ml ACGCGT m6ACGCGT AMSCGCGT M20,510,523
Mmell GATC ? GMEATC B23
Mnll ccrcb ? mSCCTC E3,M20
mSCm5CTmSC
Mphl  CCWGG? ? ICMSCWGG RS
Mrol TCCGGA TCCGGMSA ? M1l
Mspl  CCGG P mCCGG mSCCGGH* E2,J11,V2,W1,W7
Cm4CGG hmSChmSCGG B37,H9
Cm5CGG
Mst  CCINAGG mSCCTNAGG ? M20
Muval CCWGG CmSCWGG b CMCWGG* B35
mSCCWGG CCm6AGG G13,G14
m4CCWGG P K22
Nael GCOGGC b ? GMSCCGGC E3,K14,M20,N8
GCmSCGGC
GCCGGMSC
Nanll  GmSATCP GM6ATC GATC P1,N8
Gm6ATmSC b GATmMSC
Narl GGCGCC GGCGCmSC GGM5CGCC K16,M20,N8
Ncil CCSGG m5CCSGG CMCSGG B31,D3,K16,M20
CmSCSGG b
Neol CCATGG ? m4CCATGG P K14,N6
Nerl AGATCT AGMSATCT b ? Q1
Neul GAAGA GAAGMOA ? M22
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Restriction Recognition Sites Sites not References

enzyme _sequence cut cut

Ndel CATATG mSCATATG P m6A B8,M2U

Ndell GATC GATmSC b GMSATC M19

Ngol RGCGCY ? RGMSCGCY K15K16

Ngoll GGCC ? GGmSCCH K15K16

NgoBI  TCACC ? TMSCACC P6,P7

Nhel GCTAGC ? GCTAGMSC K14,M20,N6

NmuDI GMm6ATCD GMSATC GATC Pl

NmuEl GMm6ATCD GM6ATC GATC P1

Notl GCGGCCGC  GCGGCCGmSC GCGGMCCGC  M20
GCGGCmMSCGC  G1,823

Nrul TCGCGA ? TCGCGmSA N6

Nsil ATGCAT ? ATGCmSAT B9

Pfal GATC Gm6ATC b ? R8,V6

PaeR71 CTCGAG ? CTCGMGAGH G8

Pstl CTGCAG ? m5CTGCAG D5,G15,M20,N6,W2
CTGCMGAGH

Pwul CGATCG b CGmMSATCG CGATM™CG B31,B36,E3
CGATMSCG

Pvull CAGCTG ? CAGMCTG#* B31,B36,D5,
CAGMSCTG E3,J6,R6

Rsal GTACD GTAmSCb GTM6AC E3,N5,N8

Rshl CGATCG CGMS6ATCG ? L17

RspXI  TCATGA ? TCATG™M6A NS

Rsrl GAATTC ? GMEAATTC M20
GAMGATTC*D B4

Rsrll CGGWCCG ? CGGWmMSCCG  M20
m5CGGWCMSCG

Sacl GAGCTC GmSAGCTC GAGMSCTC M20

Sacll CCGCGG ? mSCCGCGG K14,N6

Sall GTCGAC ? GTmMSCGAC B31,E2,L15,
GTCGmMSACH M12,R9,V3

SalDI TCGCGA TCGCGMSA ? M22

Sau3Al GATCbD GM6ATC GATmSCb D7,E2,J6,M12,R8
GATMC N8
GATImSC H9

Sau96I GGNCC ? GGNm5CC K16,M10,N6,P2
GGNCmSC
GGNhmSchmSC  H9

Sbol131 TCGCGA TCGCGm6A ? M20

ScrFI CCNGG mSCCNGG Cm5CNGG M20,N6

SfaNI GATGC GATGMSC GM6ATGC M20,P13

Sfil GGCCNsGGCC GGMSCCNsGGmSCC b 2 M20
GGCCNsGGCmSC

Sfil CTGCAG ? CTGCMOAG B31

Sinl GGWCC ? GGWmSCC K4

Smal CCCGGG Cm5CCGGG m4CCCGGG B31,B37,E2,G4
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Restriction Recognition Sites Sites not References
enzyme _sequence cut cut
mSCCCGGG P J6,K5.M12,Q2
CM4CCGGG b
CCM4CGGG
CCmSCGGG b
Spel ACTAGT ? m6ACTAGT H7
Sphl GCATGC GCATG™SC ? M20,N6
GthCATGthC
Spll CGTACG CGTM6ACG ? N5
Spol TCGCGA TCGCGMSA ? N5
Ssoll CCNGG ? Cm5CNGG V10
mSCCNGG Gl4
Sso471  GAATTC ? GMSAATTCH N15
Sstl GAGCTC ? GAGMSCTC B31,R6
GAGhm5CThm5C  H9
Stul AGGCCT ? AGGMSCCT C2,M20,S20
AGGCmSCT P
StySBI GAGNGRTAYG? ? GMEAGNGRMTAYGH b N1
StySPI  AACNGGTRCP 2 AMEACNGGMTRC*P NI
Tagql TCGA TmSCGA b TCGm6A# G15,H9M12,V2
ThmSCGA b H9
Tagll GACCGA ? GMS6ACCGA N5
CACCCA
TagXI CCWGG m5CCWGG ? G11
CM5CWGG
Tfll TCGA ? TCGmSA S2a,V8
Thal CGCG ? m5CGCG G1
hmSCGhmSCG H9
TthHBI TCGA TM5CGA TCGmMEA# S2a
Xbal TCTAGA ? TCTAGmMOA# M22,W11
TMSCTAGA G15,H9,N6
ThmSCTAGA
Xhol CTCGAG b ? CTM5CGAG B31,E2,E3,G16,K5
CTCGM6AG M12,V2
m5CTCGAG
Xholl RGATCY RGM6ATCY RGATmSCY b B31
Xmal CCCGGG CCmMSCGGG b m4CCCGGG B37,Y5,Y6
m5CCCGGG
CM™MCCGGG
CC™CGGG
Xmalll CGGCCG ? CGGMSCCG N6,T1
Xmnl GAAN4TTC GAMSAN,TTC GMEAANLTTC M20,N6
GAAN,TTmSC b
Xorll CGATCG CGmM6ATCG CGATMSCG B31,E2
m5CGAThMSCG H9

r397



Nucleic Acids Research

FOOTNOTES

a. # denotes canonical modification MTase specificity. M= A orC,K=Gor T, N=

A CG,orT,R=A0orG,Y=CorT,W=AorT,S=GorC,D=AGorT,H=A,Cor T.
Sequences are in 5'-3' order. M4C= N4-methylcytosine; M5C= C5-methylcytosine;
hm5C=hydroxymethylcytosine; MC= methylcytosine, N4 or CS-methylcytosine
unspecified; M6A= N6-methyladenine. Nomenclature is according to (S18) and (C6).

b.

Accl nicking occurs slowly in the unmethylated strand of the hemi-methylated
sequence GTMKAMSC,

Ahall (GRCGYC) will cut GRCGCC faster if these sites are methylated at
GRCG™SCC (N8), but will not cut GRCGY™3C sites (N8,N6).

Asp718I cuts M-CviQI -modified (GTM6AC) Chlorella virus NY2A DNA. Asp718]
does not cut GGTACMSCWGG overlapping dem sites (M27) or M5C-substituted phage
XP12 DNA, whereas Kpnl cuts XP12 readily (N5).

Aval nicking occurs slowly in the unmethylated strand of the hemi-methylated
sequence CTCGM6AG/CTCGAG (N8).

Ball sites overlapping dem sites (TGGC™SCAGG) are 50-fold slower than
unmethylated sites (G6).

Banl gives various rate effects when its recognition sequence is M5C-methylated at
different positions (K16,P2).

BglI cleavage rate at certain hemi-methylated M5C sites varies (overlapping M-Mspl
- Bgll and M-Hpall - BglI sites). However, M5C bi-methylated M-Haelll - BglI sites are
completely refractory to Bgll (K16,N6).

BssHII does not cut M-Hhal-modified DNA, in which two different cytosine
positions are hemi-methylated, GMSCGCGC/GCGMSCGC (N5).

M:-BstI modifies the internal cytosine GGATMCC, but it is not known whether this
modification is M5C or MC (L10).

BstEII cuts the fully M5C-substituted phage XP12 DNA (N8).

BstNI cuts CMSCWGG, MSCCWGG and MSCMSCWGG (N8). BstNI
isoschizomers that are insensitive to CMSCXGG include Aorl, Apyl, BspNI, Mval and
TagXI (M14).

BsuRI nicking occurs in the unmethylated strand of the hemi-methylated sequence
GGM5CC/GGCC (B26,W15).

Cfr91, see reference B37 for rate effects.

M.-Crel is from the unicellular eukaryote Chlamydomonas reinhardi (S2).

Dpnl requires adenine methylation on both DNA strands. Isoschizomers of Dpnl
include Cful (G4), Nanll, NmuEI, NmuDI and NsuDI (C1). Dpnl cuts dam modified
XP12 DNA (N9).

M:Eco dam modifies GATMSC at a reduced rate (N8). Many other bacteria that
modify their DNA at GMOATC are listed in references B1 and L11.

EcoA 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.

EcoDXXT is a Type I restriction endonuclease. MT represents a 6-methyladenine in
the complementary strand.

EcoK is a Type I restriction endonuclease. ™MT represents a 6-methyladenine in the
complementary strand.

EcoPl is a Type Il restriction endonuclease (B1,H2).
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EcoP15 is a Type III restriction endonuclease (H10).

EcoRI cannot cut hemi-methylated GMGAATTC/GAATTC sites. Bimethylated
GAMBATTC/GAMSATTC sites are not cut by EcoRI or RsrT (N8). EcoRI shows a reduced
rate of cleavage at hemi-methylated GAATT™SC and does not cut an oligonucleotide that
contains GAATT™SC in both strands (B25).

EcoRII isoschizomers that are sensitive to CM3CWGG include AtuBI, Atull,
BstGII, BinSI, CfrSI, Cfrll 1, Eclll, Ecall, Eco271, Eco38I and Mphl (R8). EcoRII
shows reduced rate of cleavage at hemi-methylated "SCCWGG/CCWGG sites (Y1).

EcoRY cuts the fully M5C-substituted phage XP12 DNA (N8).

EcoR124 is a Type I restriction endonuclease. ™T represents a 6-methyladenine in
the complementary strand.

EcoR124/3 is a Type I restriction endonuclease.

Fokl cuts about two-fold to four-fold more slowly at CATCMSC than at unmodified
sites (P12,N8).

M-FoklI in ref P12 corresponds to M-FokIA in ref P13.

Haell show a reduction in rate of cleavage when its recognition sequence is
modified at RGCGMSCY (K16,P2).

HaellI nicking occurs in the unmethylated strand of the hemi-methylated sequence
GGMSCC/GGCC(H1).

HinfT cuts GANT™SC, however, detectable rate differences are observed between
unmethylated, hemi-methylated (GANTMSC/GANTC) and bi-methylated
(GANTMSC/GANT™SC) target sequences. Hinfl does cut phage XP12 DNA, although at
areduced rate (G15,N8). HinfI cuts unmethylated GANTC faster than hemi-methylated
GANTMSC/GANTC, which is cut faster than GANTMSC/GANT™SC. However, the rate
?Ixifgerﬁgc; g)etween unmethylated and fully methylated HinfT sites is only about ten-fold

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

Kpal sensitivity to hemi-methylated GGTAMSCC and GGTAC™SC sites has been
reported (P15). However, Kpnl efficiently cuts m5C-substituted phage XP12 DNA and
GTm6AC-modified Chlorella virus NY2A DNA (N5). It is likely that M-Kpnl specifies a
m4C modification.

M25) Maell nicks slowly in the unmethylated strand of hemi-methylated AMSCGT/ACGT

Mbol isoschizomers that are sensitive to GM6ATC include BssGII, BsaPI, BstXII,
%H(R%ml Dpnll, FnuAll, FnuCl, MmelIl, MnollI, Mosl, Ndell, Nfll, Nlall, Nsul,

in X

Mboll cuts the fully MSC-substituted phage XP12 DNA (N8), although certain
hemi-methylated M5C-containing substrates are reported not to be cut (G15).

M{lI cuts slowly at MSAGATCY sites (O1).

B10) M-Mmul is the mammalian M5CG methyltransferase from Mus musculus. (mouse)

Mspl cuts the unmethylated strand and methylated strand of CM5CGG/CCGG
(H1,W7) and C™CGG/CCGG duplexes (B37). Mspl cuts very slowly at GGCMSCGG
(B33,K6). An M-Mspl clone methylates MSCCGG (W7,W3). However, there is a report
that Moraxella sp. chromosomal DNA is methylated at ™SCMSCGG (J11).

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

Nanll requires adenine methylation on both DNA strands (C1). NanlI cuts M-Eco
dam modified XP12 DNA (N8).
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Ncil may cut m5Cm5CGG methylated DNA (B31,J11). Possibly the second
methylation negates the effect of CmSCGG.

Ncol is blocked by M-Secl (CCNNGG) (N8).

Nl is a BglII isoschizomer from Nocardia carnia Beijing (Q1).

Ndel cuts the fully m5C-substituted phage XP12 DNA (N8).

Ndell cuts the fully M5C-substituted phage XP12 DNA (N8).

NmuDI requires adenine methylation on both DNA strands (C1).

NmuEI requires adenine methylation on both DNA strands (C1).

Rsal cuts the fully ™5C-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 Asp718I, but not by Rsal or
Kpnl (N5). Since both Asp718I and Kpnl cut NY2A DNA (GTM6AC), it is likely that
M-Rsal specifies GTAM4C. High levels of ™4C are present in R. sphaeroides DNA (E3).

RstI cannot cut hemi-methylated GMGAATTC/GAATTC sites.

Sau3AlI nicking occurs in the unmethylated strand of the hemi-methylated sequence
GATMSC/GATC (B3,522). Sau3Al cuts at a reduced rate at "SAGATC (O1). Sau3Al
isoschizomers that are insensitive to GMSATC include Bee2431, Bsp671, BspAl, BspPII,
BsrPII, Cpel, FnuEl Mthl, NsiAl Pfal (R8).

Sfil cannot cut M-BglI-modified DNA (V1). Sfil cuts M-Haelll-modified
f)GIg\szg) Ad2 or phage lambda DNA, but does not cut fully 5C-modified phage XP12

Smal nicking occurs in the unmethylated strand of the hemi-methylated sequence
CCM5CGGG/CCCGGG (W7,B37). Smal may cut CMSCMSCGGG methylated DNA
(B31,J11) Possibly the second methylation negates the effect of CC"5CGGG. There are
conflicting results regarding Smal: M5CCCGGG is not cut when modified by M-Aqul
methyltransferase (KS5) or at overlapping M-HaellII-Smal sites (GGMSCCCGGG, N8).
Other investigators have reported that Smal cuts at a reduced rate at hemi-methylated
m5CCCGGG sites (B37).

SplI cuts GTMSAC-modified Chlorella virus NY2A DNA, but does not cut Kpnl-
digested XP12 DNA (N5).

StySBI is a Type I restriction endonuclease. ™T represents a 6-methyladenine in
the complementary strand.

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

Tagl cuts very slowly at TMm5CGA (H9). Tagl cuts the fully m5C substituted
phage XP12 DNA (N8).

Xbal will cut T®SCTAGA/TCTAGA hemi-methylated DNA at high enzyme levels
(>100U Xba I/ug), but will not cut this sequence in twenty to forty-fold overdigestions.

Xholl nicking occurs slowly in the unmethylated strand of the hemi-methylated
sequence RGAT™SCY/RGATCY.

Xmal is claimed not cut CCM5CGGG in one report (B31). See reference B37 for
rate effects.

Xmnl cuts the fully M5C substituted phage XP12 DNA (N8). Xmnl cuts slowly at
some sites in DNA methylated on both strands at GAAN4TT™5C (N8).
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TABLE II: DNA methyltransferases and their modification specificities
Methylase 2 Specificity 2 References
M-Accl GTMKm6AC L15
M-AfIIT CTTAAG (m6A) L15
M-AlaK21 GATmSC S14
M-Alul AGMSCT K21
M-Apal GGGmMSCCC L5,M18,T1
M-Aqul m5CYCGRG K5
M-Ball TGGM5CCA L15M18
M-BamHI GGATMCC B27,H1,L15N3
M:-BamHII GMCXGC H1
M-Bbvl GMSCWGC D5,H1,V7
M:BbvSI GMCXGC H1,R7,V7
M-BbvSII GmM6AT H1
M-BbvSIII AMCAG H1
M-:Benl Cm4CSGG J3,J4,37,J8,710,P3 P14
M-Bepl m5CGCG K9
M.Bme216I GGWCmC M9
M-BspRI GGmCC F2,K17,P10,527,V9
M-Bstl GGATmMCC L10
M-BstYI RGAT™CY \'Z !
M:-Bsu Phi3T GGMSCC G21,G50,N17,N18
and GMSCNGC G20,G21,N16,T5
M-BsuP111 GGM5CC and GMSCNGC ~ G20,G21,N16,N17,
M-BsuP11s GGCC B6
and GDGCHC
M:BsuEI m5CGCG G20,11,J12,527
M:BsuFI m5CCGG G20,11,J12,W9
M:BsuMI CTM5CGAG G20,J12,511
M:BsuQI mCCGG i
M:-BsuRI GGmScc b K10,K11
M-BsuRII CTMCGAG N17
M-BsuSPB GGMSCC G20,G21,J11,K10,N16,
and GMSCNGC N17,T2,T5
M:-BsuSPRI GGm5CC G20,G21,N17
and M5Cm5CGG P11
and CM5CXGG B7,B32,G18,G21,K10,P11
M-BsuSPR191 m5Cm5CGG J11,N17,P11
and CMCXGG Gl18
M-BsuSPR83I GGM5CC G18
and CM5CXGG G18
M-Cfil YGGMSCCR P14
M-Cfr6l CAGM™CTG B36
M-Cfr91 Cm4CCGGG P14
M-Cfr10I RM5CCGGY P14
M-Cfr131 GGNmSCC B18
M-Clal ATCGmMOAT MI2
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Methylase Specificity @ References

M-Crel Tm5CR S2 (Chlamydononas)

M-Cvill RGMSCY \'Z1

M:CviBI GMGANTC X2,X6

M-CviBIII TCGM6A N2

M-Cvi NYI m5CC X5

M-CviQI GTm6AC X1,X4

M-Ddel m5CTNAG H8,526

M-Dpnll GM6ATC L1,L2,L3M7,V11

M:Eael YGGMSCCR 2,W12

M-Eco dam GM6ATC B29,B40,D7,G7,H2,H6,U1

M-:Eco deml CmCXGG B24,M10,U1

M-:Eco demll RMCCGG B39,N10

M-Eco demIIl mCCXGG N13

M-Eco demIV GGXCmC M24,N13

M-EcoA GM6AGN7GMTCA b C9,F5

M-EcoB TGMSANgMTGCT b G10

M-EcoE GM6AGNJATGC b Cs

M:-EcoK AM6ACNgGMTGC b B21,G10,L13,S1

M-EcoPI AGMSACC b H10

M-EcoP1 dam Gm6ATC b C7

M:EcoP15 Cm6AGCAG H10

M-EcoR124 GAANGRTCG (Mm6A) P14

M:EcoR124/3 GAAN7RTCG (m6A) P14

M-EcoRI GAMGATTC D8,G12,K7,M6,
N6,N11,R13

M-EcoRII Cm5CWGG B11,B38,B39,K13,K18,K19,K20,
M10,519,Y4

M-EcoRV GMSATATC B22

M:EcoT1 dam GMSATC S3

M-EcoT2 dam GM6ATC B30,H2,H4,M23,S5

M:EcoT4 dam GM6ATC H5,M1,S5

M:Eco571 CTGAAG (Mm6A) P14

M-Eco721 CACGTG (M5C) P14

M-Fokl GGmMSATG L15,M8,N20

and CM6ATCC

M-Haell RGCGCY S16

M-Haelll GGmSCcC b M4,M5,S16

M-Hapll CmCGG w1

M-Hgal GACGC (™C) N20

M-Hhal GM5CGC B5,C3,817,22

M-Hhall GMSANTC K6,M2,M3,58,517

M-Hincll GTXYMSAC G15M18,R12 R4

M HindII GTYRMGAC L15,R7,R11,R12

M-HindIn m6AAGCTT L15,R11,R12

M-Hinfl GMSANTC C9,L15

M-Hpal GTTAmMGAC B31,Y3

M-Hpall CmM5CGG L15,M4,Q2,R6,W16,Y2
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Methylase 3 Specificity 2 References
M-Hphl Tm5CACC M18,N5,N6
M:Mbol GM6ATC Mi8
M-MbeoIl GAAG™MSA M21,N5,N6
M.Mmu m5CG b B10 (Mouse)
M-Mspl m5CCGG b E2,J11,N21,R6,V2,V5,W1,W7
M-Mval CMCWGG B35,P14
M:Ncol CCATGG (mC) Vi

M:Ndel CATATG (m6A) S13
M:Ngoll GGMCC K15
M-NgolV GMCCGGC C4,K15
M:-NgoV GGNNMCC K15,P5
M:-NgoVI GMOATC K15

M-Ngo VII GMCXGC K15
M:NgoAl GGmSCC P6

M:-NgoBI TmM5CACC P6
M-NgoBII GTNmSCTC P6

M:Nlalll CATG (mC) L15
M:PaeR71 CTCGM6AG G8,T3,T4
M-Pstl CTGCm6AG L8,W5,W6,W8
M-Pvull CAGM™CTG B19

M-Rst! GAMGATTC B4

M-Sall GTCGM6AC L15,R9
M:Smal CCMCGGG L16,P14
M-S50471 GM6GAATTC N7
M:Ssod711 CMCNGG N12,N14
M-SspMQI m5CG - N19
M-StySBI GmM6AGNGRMTYG b F4,F6,G3,N1
M-StySPI AMGACNGMTRC b F4,F6,N1
M-StySQ AMGACNGRMTAYG b F4,F6
M:StySJ GM6AGNGMTRC b G3

M-Tagql TCOGM6A M12,52a,S15
M-TthHBI TCGmM6A M12,52a
M-Tfll TCGMSA $2a,V8
M-Xbal TCTAGMSA V1,M22
M-Xmalll CGGMCCG M18,T1
NOTES

a. See footnote "a" of Table I.
b. See footnote "b" of Table 1.
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TABLE III: Methylation scnsitivity of Type II DNA methyltransferases.

Methylase(specificity)2 Not blocked by prior  Blocked by prior
modification at b modification at b
M-:Alul (AG™SCT) AGM4CT B36
M-BamHI (GGAT™4CC) GGmM6ATCC GGATCmMSC L4,M19a
M:Bstl (GGAT™CC)¢ GGMSATCC L10
M-Cfr61 (CAGM™CTG) CAGM5CTG B36
M-:Clal (ATCG™SAT) m6ATCGAT M9,M20,W11
ATMSCGAT
M-CviBIII (TCGM6A) TmM5CGA M19a,V3
M:-EcoRI (GAMSATTC) GAATTMSC GMSAATTC B25
M-EcoRII (CMSCWGG) CM4CWGG B35
M:Eco dam (GmSATC) GATmMSCc¢ M19a
GAThmSC S6
GATM4C N7
M-FokIA (GGMSATG)  CATCM™SC CATmSCC P12,P13,54
M-Hhal (Gm5CGC) GCGm5C R6
M-Hhall (GMSANTC) GANTmMSC M19a
M-Hpall (C™35CGG) m5CCGG M19,M19a
M-Hphl (Tm5CACC) GGTGm6A M19a
M:-Mbol (GM6ATC) GAT™SC M19a
M-Mboll (GAAG™M6A) TmSCTTMSC M19a
M-Mspl (MSCCGG) CmM5CGG M19a
M-Mval (C™CWGG) CMSCWGG B35
M:-Pvull (CAG™CTG) CAGMSCTG B36
M:EcoT2 dam (GM6ATY) GAThmSC D6,S6
M-EcoT4 dam (GMSATC) GAThmSC S6
M:-TaqI (TCG™M6A) Tm5CGA M19a

a. See footnote "a" of Table L.
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 L.
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TABLE IV: Isoschizomer pairs that differ in their sensitivity to sequence-
specific methylation.2

I l . . C
Methylated sequence b Cutby Notcutby References
Cm5CGG Mspl Hpall (Hapll) E2,M20
CM4CGG Mspl Hpall B37
CCM5CGGG Xmal (CfroN Smal B37
CMSCWGG BstNI (Mval) EcoRII B35
Gm6ATC Sau3A (FnuED Mbol (Ndell) G5,L14,M19,R8
GATmMSC Mbol Sau3A N5
GATMC Mbol Sau3A N5
GGTACMSC Kpnl Aspnsi M27
GGTAMSCmS5C Kpnl Asp7isi N5
GGWCm5SC Afll Avall (Eco471) B3,J5,W13
RGMGATCY Xholl (BstYI) MSIL MI19,N7
TMSCCGGA Acclll BspMII S4
TCMSCGGA AccIll BspMII S4
TCCGGmSA BspMII (Mrol) Acclll K8,N7
TCGCGmMSA Sbo13I (SalDI) Nrul 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.2

CviNY CC Mos!t GATC Cfist CCWGG Bsp1286 GDGCHC
. Mithl GATC CilII CCWGG
Cvill  RGCY Nkl  GATC Eall CCWGG Aval  CYCGRG
Nt GATC Edll CCWGG Al  CYCGRG
Mol  CCTC Nall  GATC EcoRI CCWGG
NsiAl  GATC Eco27l  CCWGG Hglll GRGCYC
Al AGCT Nsul  GATC Eco38l CCWGG AosT  GRCGYC
Pfal GATC Mphl CCWGG Ahall  GRCGYC
BawFl  CCGG Sau3A  GATC Mval CCWGG Basl  GRGCYC
BaQl  CCGG SilMI  GATC TagXI CCWGG
Hapll CCGG Accl GTMKAC
Hpa. CCGG Hal  GOGC Benl CCSGG
Mgl  CCGG HioPl  GOGC Neil  CCSGG HinC GTYRAC
ﬁ gg BsRI  GGCC B  GCAGC HgiAl GWGCWC
Hal  GGCC
BgUl  CGCG Ngoll  GGCC Avll  GGWCC Ci10  RCCGGY
BauEll  CGCG Bme2161 GGWCC
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EnuDIl

Dpnl

Xorll

CGCG
CGCG

GM6ATC
GM6ATC
GMOATC
GMOATC

GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC
GATC

ATGCAT

CAGCTG
CAGCTG

CATATG
CCATGG
CCCGGG
CCCGGG
CCCGGG
CCGCGG
CGATCG
CGATCG
CGATCG

CGGCCG
CGGCCG

CGTACG

CTCGAG
CTCGAG
CTCGAG
CTCGAG

CviQI
Rsal

Taql

Tflr
Ttht

EcoRV

Bst15031
Narl

Ap718I
Kpnl

Apal

GTAC
GTAC

TCGA
TCGA
TCGA

CCNGG
CTINAG

GANTC
GANTC
GANTC

GGNCC
GGNCC

CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
CCWGG
GAATTC

GAGCTC
GAGCTC

GATATC
GCATGC

GCCGGC
GCGCGC

GCTAGC

GGATCC
GGATCC
GGATCC
GGATCC
GGATCC
GGATCC
GGATCC

GGCGCC

GGTACC
GGTACC

GGGCCC

NgoBI

RspX1
Acclll
Mrol

SalDI
Sbo131

Csp45l

GGWCC
GGWCC

AGACC
ACCTGC
CAGCAG
CATCC

GAAGA
GAAGA

GAAGAG
SACCSA
GACGC
GATGC

GGATC
GGATC

TCACC
TCACC

TCATGA
TCATGA

TCCGGA
TCCGGA
TCCGGA
TCGCGA

TCGCGA
TCGCGA
TCGCGA
TCGCGA

TCTAGA

TGATCA
TGATCA
TGATCA
TGATCA
TGATCA

TGCGCA
TGGCCA
TTCGAA

TTCGAA
TTCGAA

Hael RGCGCY
Ngol  RGCGCY

BstYI RGATCY
Mflt RGATCY
Xholl RGATCY

Cfrl YGGCCR
Eael YGGCCR

Hindl  AAGCTT
Ml  ACGCGT
Spel  ACTAGT

Bglll AGATCT
Nerl AGATCT

Eco47llI  AGCGCT

Stul AGGCCT

Bapll  ATCGAT
BspXI  ATCGAT
Clal ATCGAT

Xmnl GAAN4TTC
Bgll  GCCNsGGC
Esp! GCTNAGC
BSiED  GGTNACC

Cpl  CGGWCCG
Rl  CGGWCCG

EcoR124 GAANGRTCG
EcoR124/3 GAANTRTCG
EcoK  AACNGGTGC
StySPI  AACNGGTRC
EcE  GAGNJATGC
EcoA GAGN7GTCA
StySBI  GAGNgRTAYG
EcoDXXI TCAN7ATTC

EcoB TGANSTGCT

Nott GCGGCCGC
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Pstl CTGCAG Sall GTCGAC
SfII CTGCAG BstXI  CCANeTGG
Apall  GTGCAC Sfil GGCCNsGGCC
EcoRI  GAATTC Mstll CCTNAGG
Ratl GAATTC Hpal GTTAAC

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