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INTRODUCTION

We present in Table I an updated list of the sensitivities of over
240 restriction endonucleases to the site-specific DNA
modifications ™C, ™C, M5C, and ™A, four modifications that
are common in DNA prokaryotes, eukaryotes, and their viruses
(Mc2,Mc5,Mc8,Mc11,Ne3,Ned).

Table II is a list of over 130 characterized DNA
methyltransferases. A detailed list of cloned restriction-
modification genes has been made Wilson (Wid).

Table III lists the sensitivities of over 20 Type II DNA
methyltransferases to ™C, m5C, mSC_ and m6A modification.
Most DNA methyltransferases are sensitive to non-canonical
modifications within their recognition sequences
(Bu5,Mc10,Ne3,Po4), and this sensitivity may differ from that
of their restriction endonuclease partners.

Finally, several restriction endonuclease isoschizomers are
known to differ in their ability to cleave DNA which has been
methylated. Table IV lists over 20 known isoschizomer pairs
and one isomethylator pair, along with the modified recognition
sites at which they differ.

Effect of ™CG and ™5CNG on restriction endonucleases

Enzymes that are nor sensitive to site-specific methylation are
particularly useful for achieving complete digestion of methylated
DNA. For instance, endonucleases that are unaffected by ™CG
and ™CNG are useful for digestion of plant DNA which is
frequently methylated at these positions. Endonucleases that are
unaffected by these two cytosine modifications include: Acclll,
Aflll, Ahalll, Asel, Asp7001 Asull, Bbul, Bcll, BspHI, BspNI,
BstEIl, BstNI, CviQl, Dpnl, Dral, EcoRV, HinCIl, Hpal, Kpnl,
Mboll, Msel, Ndel, Ndell, Pacl, Rsal, RspX1, Spel, Sphl, Sspl,
Swal, Taql, TthHBI and Xmnl.

CpG sequences occur infrequently and are often methylated
in mammalian genomes (Mc9). Almost all the enzymes that could
generate large fragments of mammalian DNA are blocked by
this ™CpG modification at overlapping sites, including AarlI,
Apel, Avill, Bbel, BmaD], BssHII, BspMIl, BstBl, Clal, Cspl,
Cspd51, Eagl, EciX1, EcodTll, Fsel, Fspl, Kpn2l Miul,
MIu92731, Miu927311, Mrol, Nael, Narl, Notl, Nrul, Pful, Pmil,
PpuAl, Pvul, Rsr1l, Sall, SalD1, Sbol31, Sfil, Smal, SnaBI, Spll,
Spol, Xhol and Xorll (see Table I).

Only four enzymes suitable for pulsed field mapping of
eukaryotic chromosomes are known to cut ™CG-modified
DNA: Acclll, Asull, Cfr91 and Xmal. It has been determined
that Sfil is sensitive to ™C modification at the second cytosine
of its recognition sequence, GGC™CNsGGCC. Sfi is therefore

sensitive to  overlapping ™CG  methylation at
GGC™CGN,GGCC sites in mammals and overlapping dcm
methylation at GGC™CWGGNNGGCC sequences in E. coli..

m4C and ™5C Cytosine modifications

In some cases, a restriction enzyme may differ with to sensitivity
to ™C and ™C at a particular sequence. For example, BstNI
and Mval cut ™C, but not ™C modified CCWGG sequences.
Kpnl cuts GGTAC™C but not GGTAC™C. BstYI cuts RG-
AT™CY but not RGAT™CY. Restriction enzymes we have
tested for sensitivity to ™C include: Aatl, Afll, Alwl, Avall,
Banl, Bgll, Bstl, BstNI, BstY1, Dpnl, Fokl, Mbol, Mval, Narl,
Ncil, PfIMI, Sau3A, and ScrFI.

Rate of cleavage at methylated restriction sites

m4C, m5C, hm5C and ™A are bulky alkyl substitutions in the
major groove of B-form DNA. It is therefore not surprising that
site-specific DNA methylation can interfere with many sequence-
specific DNA binding proteins (e.g. St2,Wa8) including binding
of restriction endonucleases and DNA methyltransferases. DNA
methylation may cause long-range perturbations of DNA minor
and major grooves, and a range of rate effects are observed when
modified substrates are used in restriction-modification reactions.
Results can be summarized as follows.

(1) Canonical site-specific methylation always inhibits DNA
cleavage by a restriction endonuclease. For example, M.BamHI
methylase modifies GGAT™CC; and BamHI endonuclease
cannot cut this methylated sequence.

(2) In about one half of the cases tested, methylation at non-
canonical sites inhibits the rate of duplex DNA cleavage at least
ten-fold (Table I). However, in other cases non-canonical
methylation has no effect on restriction cleavage. For example,
BamHI cuts DNA which has been modified at GGATC™C or
GGATC™C, but cannot cut DNA methylated at GGAT™CC.

(3) There are a few examples in which non-canonical
methylation slows the rate of cleavage or permits nicking of one
strand of a hemi-methylated duplex. Examples of such rate effects
are presented in footnotes to Table 1.

(4) Sometimes base modifications which lie outside a
recognition sequence can influence the rate of DNA cleavage by
a restriction enzyme. For example, Narl does not cut at
overlapping M.Mval-Narl GGCGCC™CCWGG sites (Nel);
and Haelll cannot cut certain GGCC™T sites, where ™T are
modifed thymine residues (Wil). Such methylation-induced
‘action at a distance’ may be more common than has been
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previously appreciated. We have tested only a few enzymes for
sensitivity to base modifications outside their canonical
recognition sequences.

Effect of site-specific methylation on DNA methyltransferases

Twenty-three Type II methyltransferases have been tested for
sensitivity to non-canonical DNA modifications, of which nine
were blocked (Mc10 and Table III). As with restriction
endonucleases, rate effects are sometimes seen with DNA
methyltransferases at non-canonically modified sequences. For
example, E. coli Dam methyltransferase is unaffected by G-
AT™C, but methylates GAT™C relatively slowly. Such data is
summarized in Table III and footnotes to Table 1.

Methylase/endonuclease combinations can produce novel
DNA cleavage specificities

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

For example, certain adenine methyltransferases may be used
in conjunction with the methylation-dependent restriction
endonuclease Dpnl to create cleavages at eight- to twelve-base-
pair sequences (Mc6,Mc12). M-Clal and Dpnl have been used
to cut the 2.8 million base pair Staphylococcus aureus genome
into two pieces at the sequence ATCGATCGAT (Wel). Twelve-
base-pair TCTAGATCTAGA M-Xbal/Dpnl sites in a
transposon have been introduced into bacterial genomes and
permit cleavage one or more times depending on the number of
transposons integrated (HaS5).

Protection of a subset of restriction endonuclease cleavage sites
by methylation at overlapping methyltransferase/endonuclease
targets has been described (Hu1,K11,Ne6). This two-step ‘cross-
protection’ strategy has produced over 60 new cleavage
specificities, and many more are possible (Ja2,Ka2,K11,Ne6).
Extremely specific DNA cleavages may result from certain
‘cross-protections.” For example, M-FrnuDIl/Notl cleavage has
been used to cut the 4.7 million base pair E. coli K12 genome
into fourteen pieces (Qi2).

Methylases have been used to compete with endonucleases for
recognition sites in a method called methylase-limited partial
digestion. This method is particularly useful for performing partial
digests in agarose plugs for pulsed field gel electrophoresis
(Ha6). Blocking a subset of DNA methyltransferase sites by
overlapping methylation (sequential double-methylation) can
expose a subset of restriction endonuclease sites for cleavage
(Mc9,Ne3,Po3). For instance, M-Hpall, M-BamHI, and BamHI
have been used in a sequential three-step methyltrans-
ferase/methyltransferase/endonuclease reaction to achieve
selective DNA cleavage at the ten base pair sequence, CCGG-
ATCCGG (Mc10).

Polypyrimidine oligonucleotides have been used in DNA
triplexes to selectively mask restriction-modification sites. For
example, polyppyrimidine triplexes which overlap M. TaglI sites
have been used to enable selective restriction cleavage (Ma7).

Finally, methods based on the sequential use of purified lac
repressor protein, DNA methyltransferases, and restriction
endonucleases have been used to achieve highly selective DNA
cleavages (Ko2).

Methylation-dependent restriction systems in bacteria

E. coli K-12 contains at least three different methylation-
dependent restriction systems which selectively restrict methylated

target sequences: mrr (™A), mcrA (™CG), mcr B (R™C)
(Br5,Di1,He3,Ral,Ra2). In vivo or in vitro modified DNA is
inefficiently cloned into E. coli. For example, human DNA which
is extensively methylated at ™CpG is restricted by mcrA (Wo2).
Appropriate non-restricting strains of E. coli (Go2,Kr1, Ral,Ra2)
should be chosen for efficient transformation and cloning of
methylated DNA. Other species have such restriction systems
(e.g. Ma2).

Engineered altered methylase specificities

Many methylase gene have now been sequenced. Extensive
homologies between closely related enzymes (Wi3) or common
motifs (Po5,Sm3) allow new specificities to be developed (e.g.
Bad,Trd).

Data in electronic form

This paper is available as a text file on a 3.5 Macintosh diskette.
The data can be supplied as a Microsoft Word, Macwrite or MS-
DOS file. Please contact Michael McClelland at CIBR, phone
619 535 5486, FAX 619 535 5472. There are tentative plans
to provide the supplement issue on a CD-ROM.
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TABLE I: Methylation sensitivity of restriction endonucleases 2

Restriction Recognition Sites Sites not References
enzyme sequence cut cut
Aacl CCWGG CmSCWGG ? Br8
Aatl AGGCCT ? AGGMSCCT Nel
AGGCmMSCT So3
AGGCMCT Nel
Aatll GACGTC ? GACGTm5C Nel
GAMSCGTC Fol
Accl GTMKAC ? GTMKmGACH Lu2,Mc3
GTMKAMSC
Accll CGCG ? m5CGCG Ga2
Accll TCCGGA Tm5CCGGA TCCGGm6A Ke3,La2,Sc2
TCMSCGGA
Afll GGWCC GGWCm5C 77 ? Mc11,Wh2
GGWCm4C
Afll CTTAAG ? m5CTTAAG Nel
CTTAMOAG
AflITT ACRYGT ? AMSCRYGT Nel
Ahall GRCGYCD ? GRmM5CGYC Ka2,Hul
GRCGYmSC
Alul AGCT ? m6AGCT Gr4,Mc11,Ne2
AGMACT
AGMSCT# Hul,Wol
AGhm5CT Bu5
Alwl GGATC ? GGmM6ATC Ne4
GGATm4C
Amal TCGCGA TCGCGM6A ? Mcl13
AosIl GRCGYC ? GRM3CGYC Eh2,Gr4,Va3
Apal GGGCCC ? GGGmSCCC# La9,Tr2
GGGCCm3C
Apel ACGCGT ? AMSCGCGT Nel,Qi2
Apall  GTGCAC GTGCm6AC GTGCAMSC Fol,Hol,Ho2
Apyl  CCWGG CmSCWGG,P mS5CCWGG KI1,Mc11,Ra3
Aqul CYCGRG ? m5CYCGRG# Ka7,Ka8
Asel ATTAAT ATTMOAAT ? Nel
Asp700I GAAN4TTC GAMSANSTTC GMSAAN4TTC  Nel
GAAN4TT™SC
Aspnisl  GGTACC GGTm6AmSCC D GGTACMSC Mul,Ne4
GGTAmSCmSC b
Asull TTCGAA TTMSCGAA ? Nel
AmCl  TGATCA ? TGMSATCA Ro3,Sc12
Aval CYCGRG Cm5CCGGG m5CYCGRG Eh2,Nel
CYmMS5CGRG Ka4,Ka7 Mcl1
CTCGMAGP  Ne2
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Restriction Recognition Sites Sites not References
enzyme  sequence cut cut
Aval GGWCC GGWCm4c b GGWmSCC Ba3,Ko3
GGWCm5C Mc10,Mcl1
GGWhm5Chm5C  Hyl
Avill AGCGCT m6AGCGCT AGMCGCT Nel
Ball TGGCCA ? TGGmSCCA#* Gil,Tr2
TGGCmSCA b
BamHI GGATCC GGATCmSC GGATMCCH Br8,Dr1,Hal Hul
GGMSATCC GGAT™SCC La7
GGm6ATCmSC GGAThm5Chm5C
GGATCm4C
BamFI GGATCC GGM6ATCC GGATmM4CC Anl,Shl
BamKI GGATCC GGMSATCC GGATM4CC Anl,Shl
Banl GGYRCC?P GGMSCGCC ? Co3,Ka2
GGYRCM4C
Banll GRGCYC GRGCYmSC GRGM3CYC Fol,Ne2,Ne6
Banlll ATCGAT ? ATCGmSAT Sul
Bbel GGCGCC GGCGm5CC GGMSCGCC Co3,Ne2,Sh2
GGCGCm5C
Bbill GRCGYC ? GRMSCGYC Co3
BbrPI  CACGTG ? mSCAMSCGTG  Wol
Bbsl GAAGAC GAAGAMSC ? Fol
Bbvl GCWGC ? GMSCWGCH Dol,Hal,VaS
Bell TGATCA b TGAT™SCA TGMSATCA Bi4,Br8,Eh3,Ro03
TGAThmSCA Hul
Benl CCSGG m5CCSGG CmM4CSGGH* Ja3,Ja6,Kl11
Bepl CGCG ? m5CGCG Ku2
Bftl CITAAG ? mSCTTAAG Wol
Bgll GCCNsGGC  GCmSCNsGGC P GM5CCNsGGC  Kl1,Ko3,Mc11,Ne2
GCCNsGGmSC b
GCm4CNsGGC b
Bglll AGATCT? AGMOATCT AGATMSCT Bi4,Br8,Drl1,Dyl,Eh3
AGATMMSCT Hul,Pi6
Binl GGATC ? GGmMSATC Bol
BmaDl CGATCG CGMSATCG CGAT™M6CG Q2
Bme2is] GGWCC ? GGWCm5C Ma9
Bnal GGATCC GGMSATCC GGATM4CC Nel
GGATMSCC#
Bsal GGTCTC ? GGTCTm5C Fol
BsaAl  YACGTR ? YAMSOGTR Fol
BsaBI  GATNJATC ? GATNJAT™SC  Fol
Bsml GAATGC GAATGMSC GM6AATGC Fol,Nel
BsmAI GTCTC ? GTCTIm5C Fol
BspiosI ATCGAT ? ATCGMSAT# Ne5
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Restriction Recognition Sites Sites not References
gnzyme _ sequence cut cut
Bsp128s] GDGCHC GDGCHm™S5C GDGMSCHC Fol,Ne2,Ne6
BspHI TCATGA ? TCMSATGA Pa2
TCATGmMOA Mcl
BspMI ACCTGC ACCTGmSC ? Fol
BspMII TCCGGA TCCGG™OA TWSCCGGA La2,Sc2
TCm5CGGA
BspNI CCWGG m5CCWGG ? Ned
CmSCWGG
BspXI  ATCGAT ? ATCGmMSAT Zil
BspXII TGATCA ? TGMSATCA Zil
BssHI GCGCGCDP ? GmSCGCGC Ne4,Qi3
Bstl GGATCC GGmMSATCC GGAT™M4CC Ned
GGATCmSC ‘GGATWSCC
GGATCm4C Nel
BstBI  TTCGAA ? TTCGMGAA Ned
TIMSOGAA Wol
BStE GGTNACC GGTNAmMSCMSCb  GGTNAhmMSChmSC HylMcll
GGTNACM4C Nel
BstE  GATCY ? GMSATC My1,Ro03
BstGI  TGATCA ? TGMSATCA Ro3
BstNI CCWGGD mSCCWGG P kmSChmSCWGG  Grd,Hul,Mc11,Ro03
CMSCWGG CMCWGG Nel
m5CmSCWGG b
BstUI CGCG ? m5CGCG Ne5
BstXI  CCAN¢TGG ? m5CCAN(TGG  Ne2
BstY]  RGATCY RGMSATCY RGATM™CY Ned
RGATMSCY Nel
BsuBI CTGCAG ? CTGCm6AGH* Gal,Jel,St5,Shl
BsuEl CGCG ? mSCGCGH# Gal,Je1,5t5,Shl
BsuFI CCGG ? m5CCGGH* Jel
BsuMI CTCGAG ? CTmSCGAGH Jel
BsuQl CCGG ? mCCGG Je2
BsuRI GGCC ? GGmSCCH# b Gu6,Ki2,Ki3
Cerl CTCGAG ? CTCGmMSAG Nel
Cfol GCGC ? GmSCGC Ehl
Ghm5CGhmSC Hul
Cfrl YGGCCR ? YGGMSCCR¥# Kl1
Cfrél CAGCTG ? CAGMCTGH Bu5
CAGMSCTG
Cf9I  CCCGGG P CmSCCGGG m4CCCGGG Bu6
CCm5CGGG m5CCCGGG
CM4CCGGGH*

CCMCGGG
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Restriction Recognition Sites Sites not References

enzyme  sequence cut cut

Cfr10I RCCGGY ? RMSCCGGY*# Bi5 K11

Cfr131  GGNCC ? GGNm3CC# BiS K11

Clal ATCGAT ? m6ATCGAT Ca4,Mc11,Mc12,Ne4
ATMSCGAT Wol
ATCGmOAT# Mc3

Cpel TGATCA ? TGMSATCA Fil,Ro3

Cspl CGGWCCG CGGWCmSCG CGGWMSCCG  Mcll
m3CGGWCCG

Cspd51 TTCGAA ? TTCGm6AA Ne4,Scl1

Ctyl GATC ? GmOATC# Ri2

CviAl  GATC ? GmSATC Xil,Xi6

CviBI  GANTC ? GMSANTCH Xi3

Cvill RGCY ? RGMSCY# Sh3,Xi2

CviPI cC Cm5C m5CC# Xi4

CviQl  GTAC GTAmSC GTm6ACH Xi2,Xi5

Ddel CINAG ? mSCTNAGH* Ho3,Ne2
ImSCTNAG Hul

Dpnl  GméATCD GMSATC GATC La3,Mc11,Vol

GM6ATmSC b GAT™4C Ned
GmOATM4C GATmMSC NeS

Dpnll  GATC ? GmOATCH Del,La3,Lad4,La5,Ma6,Vol

Dral TITAAA TTTASAA ? Nel

Drall RGGNCCY ? RGGNCmCY Sc8

Eael YGGCCR ? YGGmM3CCR#* Ja2,Whl
YGGCm5CR

Eagl CGGCCG ? CGGM5CCG Mcll
m5CGGCMSCG

Earl GAAGAG ? GmM6AAGAG Ne4
GAAGM6AG
m5CTMSCTTMSC  Nel

Ecal GGTANmMSACC ? GGTAMACC*  Br2

EcIx1 CGGCCG ? m5CGGCMSCG Qi3
CGGMSCCG

Ecod7l GGWCC ? GGWCmSC Jas

Ecod7I AGCGCT m6AGCGCT AGM5CGCT Nel,Ne4

EcoA GAGN,GTCA b 2 GMGAGN;GMTCA#®  Bi2,Co6,Fu2

EcoB TGANSTGCT Y 7 TGMSANsMTGCT #®  Bi21al0,Lall

EcoDXXI TCAN;AATCDP 2 TCAN;M6AAMTC#b  pii

EcoE GAGNJATGC 7 GMSAGN,ATGC Co6,Fu2

EcoK  AACNGTGCP 2 AMGACNGMTGC*P  Bi2,Bi3,Kal

Eco01091 RGGNCCY ? RGGNCm5CY Sc8

EcoPl  AGACCP AGAMMSChm5C AGmM6ACCH Bal,Ba2,Ha2 Re4

EcoP15 CAGCAG?Y ? Cm6AGCAGH Hu2
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Restriction Recognition Sites Sites not References

enzyme  SCJUEnce cut cut

EcoRI  GAATTC GAATThmSC GmSAATTC b Mc11,Ne2 Rul
GAmMGATTCH Br1,Br8,Dul
GAATT™SCb Hul,Ka3,Tal

EcoR CCWGG mSCCWGG P mCCWGG Ku3,Yol
CM4CWGG Bu4,Na5,Ro3
CmSCWGGH Bo5,Mcl1
CCm6AGG Bu3
hm5ChmSCWGG  Hul,Ka3

EcoRV  GATATC GATAT™SC D GMOATATCH Mc11,Ne2,Wol
GATMOATC Fl1

EcoRi24 GAANRTCGDP ? GAMS6AN(RTCG Pr2,Pr3
GAANGRMTCG  Bil

EcoR1243 GAAN;RTCGP 2 m6A Prl,Pr2

Ehel GGCGCC ? GGCGCC Co2

Espl GCTNAGC GCTNAG™MSC GmMSCTNAGC Ned

FnudHI GCNGC ? GmSCNGC Ko3,Tr2
GCNGm5C

FuuDO CGCG ? m5CGCG Gal,Ga2,Ne2,Ne6,St6
CGM5CG

FouEl  GATC GM6ATC b ? Lul,Ne2

FokI CATCC CAT™SCC GGmMOATG Po3,Po4,Sc2

CATCmSCD Cm6ATCC
CATCm4C Nel

Fsel GGCCGGCC  ? GGMSCCGGMSCC Ne7
GGCmSCGGCC
GGM5CCGGCC

Fspl TGCGCA ? TGMSCGCA Ned

Hael  RGCGCY b ? RGM5CGCY Eh2,Gr4,Ka2,Ko3,Mcl1,Pi5
RGhm5CGhm5CY Hul

Haell GGCC GGCmSC GGmSCcH b Ba3,Ka2,Ko3,Ma5
GGhm5Chm5C Hul

Hapll CCGG ? Cm5CGGH Eh2,Wal

Hgal GACGC ? GAMSCGC Nel
GACGmM5C Mcll

HgAI GRGCYC GRGCY™SC GRGMCYC Fol,Ne2,Wh3

HgiCl GGYRCC ? GGYRCmMSC Erl

HgiC GGWCC ? GGWCmSC Erl

HgiEl GGWCC ? GGWCmSC Erl

Hgil GGYRCC ? GGYRCmMSC Wh3

Hhal GCGC ? GmSCGCH Eh2,Ko03,Sml
GCGmSC Mcll,
Ghm5CGhmSC Hul
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Restriction Recognition Sites Sites not References
enzyme  sequence cut _cut
HhallT GANTC ? GmMGANTCH Ma5
Hinc  GTYRAC GTYRAMSC GTYRMOAC Gr4,Ro7
GTYRAmmSC Hul
Hindl  GTYRAC ? GTYRmSACH Ro7
Hinfl GANTC GANTmSC b GmSANTC Ch1,Col,Ne2,Pel
GANThmSC Hul
Hindll AAGCIT ? m6AAGCTT* Br8,Gr4,Ro7
AAGMSCTT Ne2
AAGhmSCTT Hul Ka3
HinPl GCGC ? GmMSCGC Mc11,Ne6
Hpal GTTAAC GTTAAMSC GTTAmGACH Br8,Gr4,Hul,Yo3
GTTAAMMSC Hul
Hpall. CCGG ? m4CCGG Be3,Bu6,Eh2,Ma5
mSCCGG b Ko3,Qul,Wa5
Cm4CGG b
Cm5CGGH
hmSChmSCGG Hul
Hphl  TCACC TCAC™SC TmSCACCH# Fol Mc11,Ne2
GGTGmSA
Kpnl  GGTACCDY GGTA™SCC GGTM6AMSCC  Eh3,Mc11,Ne2
GGTAC™MSC GGTACM4C Nel
GGTAmSCmSC b
Kpn2l TCCGGA TCCGGMSA Tm5CCGGA Mc1 Nel
TCMSCGGA Nel
Kspl CCGCGG ? mSCCGCGG Nel
CmSCGCGG Qi2
Maell  ACGT ? AMSCGT D Mo2
Maml  GATNJATC ? GM6ATN4MATC  St4
Mbol  GATCDP GATM4C GMEATCH Br5,Gel,Mc8
GATmSC b GAThmSC Hul,Ro3
Mboll GAAGA TmSCTTmSC b GAAGm6A# Ba3,Mc11,Mc12,Ne2
GMSAAGA
MIII RGATCY ? ? RGMGATCY Onl
RGAT™CY
RGATWSCY
Miul ACGCGT m6ACGCGT AMSCGCGT Mc11,Sh1,St5,Qi3
Mlu92731 TCGCGA ? Tm5CGCGA Nel
Mlu9273ll GCCGGC GMSCCGGC Nel
GCM5CGGC
Mmell GATC ? GMSATC Bo4
MnlI ccrch ? m5CCTC Eh3,Mcl1

m3CmSCTmSC
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Restriction Recognition Sites Sites not References
me sequence cut cut
MphI  CCWGG? ? CmSCWGG Ro3
Mrol TCCGGA TCCGGMSA TMSCCGGA Mc1,Nel
TCMSCGGA Nel
Msel TTAA TTmMOAA ? Nel
MspIl  CCGGP mdCCGG m5CCGGH# Eh2,Je2,Va3,Wal,Wa$
Cm4CGG hmSChm5CGG Bu6,Hul
Cm5CGG
Mstf  CCTNAGG mSCCTNAGG ? Mcl1
Mval CCWGG CmSCWGG b Cm4CWGGH* Bu4,Kul
m5CCWGG CCm6AGG b Gr3,Ku3
mCCWGG b
mscmScwgg b Nel
Mvol  CGCG ? mSCGCG Nel
Nael GCCGGC b ? GM5CCGGC Eh3,K11,Mc11,Ne5
GCm5CGGC
GCCGGmSC
Nanll GmSATCD GMGATC GATC Pal,Ne5
GmMGATmMSC b GATMSC
Narl GGCGCC GGCGCmS5C GGmMSCGCC Ko3,Mc11,Ne5
GGCGCm4C Nel
Ncil CCSGG m5CCSGG Cm4CSGG Br8,Ko3,Mcl11
Cm5CSGG b
Ncol CCATGG CCm6ATGG m4CCATGG P K11,Ne2,Ned
mSCCATGG
Nerl AGATCT AGMSATCT b ? Qil
Necul GAAGA GAAGmSA ? Mcl3
Ndel CATATG mSCATATG P m6A Be4 Mcll
Ndell  GATC GATmSC b GMEATC Mc9
NgoBI  TCACC ? TMSCACC Pi3,Pi4
NgoPI RGCGCY ? RGMCGCY Ko3,Ko5
NgoPll GGCC ? GGmSCC# Ko3,Ko5
GGCmsch Su3,Su4
Nhel GCTAGC ? GCTAGMSC K11,Mc11,Ne2
Nlalll  CATG ? Cm6ATGH Lal,Mo3
NmuDI GMSATC?® GMGATC GATC Pal
NmuEI Gm6ATCD GMSATC GATC Pal
Notl GCGGCCGC  GCGGCCGMSC GCGGMSCCGC  Mell
GCGGCmSCGC  St5,Qi2
Nrul TCGCGA TCGMSCGA TMSCGCGA Nel,Qi3
TCGCGm6A Ne2
Nsil ATGCAT ? ATGCmSAT BeS
ATGMSCAT Wol
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Restriction Recognition Sites Sites not References

enzyme _sequence cut cut

NspB CMGCKG Cm5CGCKG ? Nel

PIMI CCANsTGG ? CMCANsTGG  Nel
CmSCANSsTGG ~ St7

Pfal GATC Gm6ATC ? Ro3

Pful CGTACG ? CGTAMSCG Nel

PaeR71 CTCGAG ? CTCGmMSAGH Gi3
CTm5CGAG Ghl

Pmll CACGTG ? CAMSCGTG Fol

PpuAl CGTACG ? CGTAMSCG Nel

Pstl CTGCAG ? m5CTGCAG Do1,Gr4, Mc11,Ne2
CTGCm6AGH#

Pvul CGATCG D CGm6ATCG CGATM4CG Br8,Bu3,Eh3
CGAT™SCG

Pvull CAGCTG ? CAGMCTGH* Br8,Bu5.Dol
CAGMSCTG Eh3,Ja3,Rol

Rrh42731 GTCGAC ? GTCGmM6AC Ba6

Rsal GTACDP GTAmSCD GTm6AmMSC Eh3,Ne4,Ne5

Rshl CGATCG CGMSATCG ? Lyl

RspXI TCATGA ? TCMOATGA Pa2
TCATG™M6A Ned

Rsrl GAATTC ? GMOAATTC Mcll
GAMGATTC*P  BaS

Rsrll CGGWCCG ? m5CGGWCCG  Mc11,Qi3
CGGWmMSCCG
CGGWCmSCG

Sacl GAGCTC GmSAGCTC GAGmMSCTC Mcll

Sacll CCGCGG ? m5CCGCGG Kl11,Ne2

Sall GTCGAC GTCGA™3C GTmSCGAC Br8,Eh2,Lu2,Qil
GTCGmEACH Mc3,Ro4,R05,Va4

SalDI TCGCGA TCGCG™MEA TM5CGCGA Mc13,Nel,Qi3

Sau3Al GATCPD GMSATC GATmSC# b Dr1,Eh2,Ja3,Mc3,R03,Sel
GATMC Ne5
GAThm5C Hul

Sau96l GGNCC ? GGNm5SCCH# Ko3,Ne2 Pel
GGNCm5C
GGNhm5Chm5C  Hy1

Sbol3l TCGCGA TCGOGmOA TMSCGCGA Mc11,Nel

Scal AGTACT AGTAMSCT ? Wol

ScrFl CCNGG m3CCNGG Cm5CNGG Mc11,Ne2
Cm4CNGG Nel

SfaNI  GATGC GATG®SC GmMSATGC Mc11,Po4

Sfil GGCCNsGGCC GGmMSCCNsGGMSCC b GGCMSCNsGGCC Mc11,Qi2

GGCCNsGGCm5C
Sfll CTGCAG ? CTGCm6AG Br8
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Restriction Recognition Sites Sites not References
enzyme __sequence cut cut
SerAl  CRCCGGYG  ? CRCM5CGGYG  Ta3
Sinl GGWCC ? GGWmSCCH Ka5,Ka6
Smal CCCGGG Cm5CCGGG mMCCCGGG Br8,Bu6,Eh2,Gad
m5CCCGGG P Ja3,Ka7,Mc3,Qul
Cm4CCGGG b
CCM4CGGG
CCm5CGGG b
SmaBI  TACGTA ? TAMSCGTA Fol
Snol GTGCAC ? GTGMSCAMC  Ho2,Wol
Spel ACTAGT ? m6ACTAGT Hol
AMSCTAGT Wol
SphI GCATGC GCATGmSC GCmATGC Mc11,Ne2,Mo3
GhmSCATGhmSC
SplI CGTACG CGTMSACG ? Ne4,Qi3
Spol TCGCGA TCGCGm6A TMSCGCGA Nel,Ne4
TCGMSCGA
Ssoll  CCNGG ? CmSCNGG Vil
mSCCNGG Gr3
Ss0d471  GAATTC ? GMOAATTCH Ni4
Sspl AATATT m6AATATT ? Nel
Sstl GAGCTC ? GAGMSCTC Br8,Rol
GAGhm3CThm5C  Hul
Stul AGGCCT ? AGGMSCCT Cad4 Mcl1
AGGCmSCT So3
AGGCM4CT Nel
StySBI GAGNRTAYG P 7 GMEAGNGRMTAYG#P  Nal,Na2
StySPI  AACN¢GTRC? ? AMEACNGGMTRCH b Nal,Na2
Tagl TCGA Tm5CGA b TCGMOA# Gr4,Hul,Mc3,Va3
ThmSCGA b Hul
Tag  GACCGA ? GM6ACCGA Ne4
CACCCA
TagXI CCWGG mSCCWGG ? Grl
CMSCWGG
Tfil GAWTC GAWTmSC ? Fol
Tl TCGA ? TCGMSA Sa3,Va6
Thal CGCG mSCGCG m5CGCG Gal,Nel
hm5CGhm5CG Hul
TthHBI TCGA TM5CGA TCGmOA# Sa3
Xbal TCTAGA ? TCTAGMOA#* Mc13,Wel
TMSCTAGA Gr4,Hul,Ne2

['mSCTAGA
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Restriction Recognition Sites Sites not References

enzyme __sequence cut cut

Xhol CTCGAG P ? CTmSCGAG Br8,Eh2,Eh3,Ka7
CTCGmM6AG Mc3,Va3
mSCTCGAG

Xholl RGATCY RGMSATCY RGAT™SCYP  Br§

Xmal  CCCGGG CCm5CGGG b m4CCCGGG Bu6,Y05,Y06
m5CCCGGG
CM4CCGGG
CCm4CGGG

Xmalll CGGCCG ? CGGM5CCG Ne2,Tr2

Xmnl GAANLTTC GAMSAN,TTC GmMGAAN,TTC  Mcl1,Ne2
GAAN,TTmSC Db

Xorll CGATCG CGmM6ATCG CGAT™MSCG Br8,Eh2

hm5CGAThM5CG Hul

FOOTNOTES

a. # denotes canonical modification MTase specificity. M= A or C, K= Gor T, N=A,C.G,orT,R=AorG, Y=CorT,W=AorT,S=GorC, D=

A,GorT, H= A,C or T. Sequences are in 5'-3' order. ™C = N4-methylcytosine; ™C= C5-methylcytosine; "™C = hydroxymethylcytosine; ™C = methylcytosine,

N4 or C5-methylcytosine unspecified; méA = N6-methyladenine. Nomenclature is according to (Sm2) and (Co4).

b. Accl nicking occurs slowly in the unmethylated strand of the hemi-methylated sequence GTMKA™C.

Afll cuts slowly at GGWC™C.

Ahall (GRCGYC) will cut GRCGCC faster if these sites are methylated at GRCG™CC (Ne5), but will not cut GRCGY™C sites (Ne2,Nes).

AspT18I cuts M-CviQI -modified (GT™AC) Chlorella virus NY2A DNA. Asp718I does not cut GGTAC™CWGG overlapping dem sites (Mul) or ™5C-substituted
phage XP12 DNA, whereas Kpnl cuts XP12 readily (Ned).

Aval nicking occurs slowly in the unmethylated strand of the hemi-methylated sequence CTCG™AG/CTCGAG (Ne5).

Avall cuts slowly at GGWC™C.

Bacillus species have been surveyed for G™ATC and C™CWGG specific methylases. Many species have G™ATC specific methylases but none had C™CWGG
specific methylases (Di3).

Ball sites overlapping dcm sites (TGGC™ CAGG) are 50-fold slower than unmethylated sites (Gil).

Banl gives various rate effects when its recognition sequence is ™C- or ™ C-methylated at different positions.

Bgll cleavage rate at certain GC™CN,GGC, GC™CN;GGC, and GCCNGG™C hemi-methylated sites is extremely slow. However, ™5C bi-methylated
M- Haelll - Bgll sites are completely refractory to Bgll (Ko3,Ne2).

BssHII does not cut M- Hhal-modified DNA, in which two different cytosine positions are hemi-methzlatcd, G™CGCGC/GCG™CGC (Ned).

M:Bstl modifies the internal cytosine GGAT™CC, but it is not known whether this modification is ™C or ™C (Le2).

BstEIl cuts the fully ™C-substituted phage XP12 DNA (Ne5).

BsiNI cuts C™>CWGG, ™CCWGG and ™C™CWGG (NeS). BstNI isoschizomers that are insensitive to C"CWGG include Aorl, Apyl, BspNI, Mval and TagXI
(Mc4).

BsuRI nicking occurs in the unmethylated strand of the hemi-methylated sequence GG™CC/GGCC.

Cfi91, see reference Bu6 for rate effects.

M:Crel is from the unicellular eukaryote Chlamydomonas reinhardi (Sa2).

Dpnl requires adenine methylation on both DNA strands. Isoschizomers of Dpnl include Cful, Nanll, NmuEl, NmuDI and NsuDI (Cal). Dpnl cuts dam modified
XP12 DNA (Ne6).

M-Eco dam modifies GAT™C at a reduced rate (Ne5). Many other bacteria that modify their DNA at G™ATC are listed in references Bal and Lol.

EcoA, EcoB, EcoD, EcoDXXI, EcoK are Type I restriction endonucleases. ™T represents a 6-methyladenine in the complementary strand.

EcoPl is a Type III restriction endonuclease (Ba2,Bal,Ha2).

EcoP15 is a Type III restriction endonuclease (Hu2).

EcoRI cannot cut hemi-methylated G™AATTC/GAATTC sites. Bimethylated GA™ATTC/GA™ATTC sites are not cut by EcoRI or Rsrl (Ne5). EcoRI shows
a reduced rate of cleavage at hemi-methylated GAATT™C (Trl) and does not cut an oligonucleotide that contains GAATT™C in both strands (Brl).

EcoR1I isoschizomers that are sensitive to C™CWGG include AmuBI, Anll, BstGIl, BinSl, CftS1, Cfrll 1, Eclll, Ecall, Eco271, Eco38I and Mphl (Ro3). EcoRII
shows reduced rate of cleavage at hemi-methylated ™ CCWGG/CCWGG sites (Yol).

EcoRV cuts the fully ™C-substituted phage XP12 DNA (Ne5).

EcoR124 and EcoR124/3 are Type I restriction endonucleases. ™T represents a 6-methyladenine in the complementary strand.

is a Type I restriction endonuclease.

Fokl cuts about two-fold to four-fold more slowly at CATC™C than at unmodified sites (Ne5).

M-Fokl in ref Po3 corresponds to M-FokIA in ref Pod.

Haell show a reduction in rate of cleavage when its recognition sequence is modified at RGCG™CY.

Haelll nicking occurs in the unmethylated strand of the hemi-methylated sequence GG™CC/GGCC.

Hinfl cuts GANT™C, however, detectable rate differences are observed between unmethylated, hemi-methylated (GANT"‘SC/GANTC) and bi-methylated
(GANT™C/GANT™C) target sequences. Hinfl does cut phage XP12 DNA, although at a reduced rate (Gr4,Ne5). Hinfl cuts unmethylated GANTC faster than
hemi-methylated GANT™C/GANTC, which is cut faster than GANT™C/GANT™C. However, the rate difference between unmethylated and fully methylated
Hinfl sites is only about ten-fold (Hul,Ne5,Pel).

Hpall nicking in the unmethylated strand of the hemi-methylated sequence ™CCGG/CCGG is in dispute (Be3,Bu6,Ko3). Hpall cuts hemimethylated mCCGG 50
times slower and fully methylated mCCGG 3000 times slower than unmethylated DNA (Ko3). See reference (Bu6) for Hpall rate effects.



Nucleic Acids Research, Vol. 19, Supplement 2061

Kpnl sensitivity to hemi-methylated GGTA™CC and GGTAC™C sites has been reported. Kpnl efficiently cuts ™C-substituted phage XP12 DNA, but not Chiorella
virus NY2A DNA, which carries both GT™AC and ™CC modifications (Ne4).

Maell nicks slowly in the unmethylated strand of hemi-methylated A™CGT/ACGT (Mo2).

Mbol isoschizomers that are sensitive to G™ATC include BssGII, BsaPl, Bsp741, Bsp76l, Bsp1051, BstXIl, BstEIIl,BssGll, Cpal, Ctyl, CviAl, CviBII, CviHI, Dpnll,
FruAll, FruCl, Hacl, Meul, MkrAl, Mmell, Mnolll, MosI, Msp6711, Mthl, MthAI, Ndell, NfIAII, NfIBI, Nfll, NiaDl Nlall, NmeCl, Nphl, NsiAl, NspAl,
Nsul, Pfal, Rlull, SalAl, SalH1, Sau6782l, SinMI, Trull (Ro3).

Mboll cuts the fully ™C-substituted phage XP12 DNA (Ne5), although certain hemi-methylated m3C_containing substrates are reported not to be cut (Gr4).

M cuts slowly at ™AGATCY sites (Onl).

Mammalian methylase is the m5CG methyltransferase from Mus musculus. (mouse) (Be6).

Mspl cuts the hemi-methylated sequence C™CGG/CCGG (Wa5) and C™CGG/CCGG duplexes (Bu6). Mspl cuts very slowly at GGC™CGG (Bu2,Kel). An M-Mspl
clone methylates ™CCGG (Wa$,Wa2). However, there is a report that Moraxella sp. chromosomal DNA is methylated at mCmSCGG (Je2).

Muval nicking occurs in the unmethylated strand of the hemi-methylated sequence M™MOCWGG/CCWGG and CC™AGG/CCTGG (Ku3). Mval cuts XP12 DNA very
slowly at ™C™CWGG.

Nanll requires adenine methylation on both DNA strands (Cal). Nanll cuts M"Eco dam modified XP12 DNA (Ne5).

Ncil may cut "C™*CGG methylated DNA (Br8,Je2). Possibly the second methylation negates the effect of C™CGG.

Ncol is blocked by M-Secl (CCNNGG) (Ne5).

Nerl is a Bglll isoschizomer from Nocardia carnia Beijing (Qil).

Ndel cuts the fully ™C-substituted phage XP12 DNA (Ne5).

Ndell cuts the fully ™5C-substituted phage XP12 DNA (Ne5).

Ngo. There is some confusion about naming restriction enzymes from these strains. NgoPII, Ngoll and NgoSI may be the same. NgoPIIl may be Ngolll.

NgoPII does not cut overlapping dcm sites (Sud).

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

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

PaeRI cuts hemimethylated CT™CGAG/CTCGAG sites 100 fold slower and cuts fully methylated CT™CGAG/CT™CGAG 2900 fold slower than unmethylated
sites (Gh1). Hemi- or full methylation at ™A completely protects against PacR7 cleavage (Ghl).

Rsal cuts the fully mSC_substituted phage XP12 DNA (NeS5), but does not cut Chlorella virus NY2A DNA, which is modified at GT™AC (Ne4,Xil). DNA from
Rhodopseudomonas sphaeroides species Kaplan is cut by Asp718I, but not by Rsal or Kpnl (Ne4). It is likely that M'Rsal specifies GTA™C; and high levels
of ™C are present in R. sphaeroides DNA (Eh3).

Rsrl cannot cut hemi-methylated G"AATTC/GAATTC sites.

Sau3Al nicking occurs in the unmethylated strand of the hemi-methylated sequence GAT™C/GATC (St3). Sau3Al cuts at a reduced rate at "AGATC (Onl). Sau3Al
isoschizomers that are insensitive to G"SATC include Bce2431, Bsp491, Bsp511, Bsp521,Bsp541, BspS71, Bsp58l, Bsp591,Bsp60l, Bsp611, Bsp64l, Bsp6S1, Bsp66l,
Bsp6T1, Bsp721, BspAl, Bsp911, BsrPl, Cpfl, CspSl, Cpel, FnuEl, MspBI, SauCl, SauDl, SauEl, SauFl, SauGI and SauMI (Ro3).

SfI cannot cut M-Bgll-modified DNA (Nel).

Smal nicking occurs in the unmethylated strand of the hemi-methylated sequence CC™CGGG/CCCGGG (Bu,Wa5). Smal may cut C™>C™CGGG methylated DNA
(Br8,Je2) Possibly the second methylation negates the effect of CC™CGGG. There are conflicting resuits regarding Smal: MSCCCGGG is not cut when modified
by M‘Aqul methyltransferase (Ka7) or at overlapping M-Haelll-Smal sites (GG™CCCGGG, Ne5). Other investigators have reported that Smal cuts at a reduced
rate at hemi-methylated m5CCCGGG sites (Bu6).

Spil cuts GT™AC-modified Chlorella virus NY2A DNA, but does not cut Kpnl-digested XP12 DNA (Ne4).

StySBI and StySPI are Type I restriction endonucleases. ™T represents a 6-methyladenine in the complementary strand.

Tagl cuts very slowly at T*"™CGA (Hul). Tagl cuts the fully ™C substituted phage XP12 DNA (Hul,Ne5).

M Tagl methylates T™CGA at least 20 fold slower that unmodified TCGA (Mc7).

Xbal will cut TS CTAGA/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™CY/RGATCY.

Xmal is claimed not cut CC™CGGG in one report (Br8). See reference Bu6 for rate effects.

Xmnl cuts the fully ™C substituted phage XP12 DNA (Ne5). Xmnl cuts slowly at some sites in DNA methylated on both strands at GAAN,TT™C (NeS).
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TABLE II: DNA methyltransferases and their modification specificities

Cloned methylases in bold.
Methylase 2 Specificity 2 References
M-AatIl GACGTC Lu2
M-Accl GTMKmS6AC Lu2
M-AflI1 CTTAAG (m6A) Lu2
M-Alak21 GAT™SC Si1
M-Alul AGMS5CT Kr2,Lu2
M-Alw26] GTmSCTC Bu4

and GMSAGAC Bu4
M-Apal GGGmM3CCC Mc8,Tr2
M-Aqul m5CYCGRG Ka7,Ka8
M-Asel ATTAAT Mo3
M-Asell CCSGG Mo3
M-Aval CYCGRG Lu2
M-Avall GGWCC Lu2
M-Avrl CYCGRG Lu3
M-Ball TGGM5CCA Lu2,Mc8
Bacillus Gm6ATCD Di3
M-BamHI GGATM™CC Hal,Lu2,Na3
M-BamHII GMCWGC? Hal
M-Banl GGYRCC Lu2
M-BanIl GRGCYC Lu2
M:-Bbvl GMSCWGC Dol,Hal, Va5
M-BbvSI GMCWGC Hal,Va5
M:Bbv GmOAT Hal
M-Bbv AM6AG Hal
M-Bcnl Cm4CSGG Ja4,Ja6,Ja7 Pe2 Pob
M-Bepl m5CGCG Ku2
M-Bgll GCCN5GGC (m4(C) Lu2
M.Bme2161 GGWCmC Ma9
M-Bnal GGAT™CC Kil
M-BspRI GGm5CC Fe2,Ko1,P02,Qi3,5z4,Vel
M.Bsp106I ATCGMOAT Pa2
M.Bspsl GCNCG Ja3
M-Bstl GGATMCC Le2
M:-BstVI CTCGmSAG Ba7
M-BstYI RGAT™CY Va2
M-BsuBI CTGCm6AG Xul
M-BsuEI m5CGCG Gal,Gu7,Ik1,Jel
M-BsuFI m3CCGG Gu7,Ik1,Je1,Wa7
M-BsuMI YTMSCGAR Gu1,Gu2,Gu7,Je1,Shl
M-Bsu¢3T GGmSCC Bel,Gu5,Gu4,No2,No3

and GMSCNGC

Nol,Trl
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Methylase 2 Specificity 2 References
M-Bsup11I GGm5CC Gu4,Gu5,Gu7,No1,No2
and GMSCNGC
M-Bsuplls GGCC Bel
and GDGCHC
M-BsuQI mCCGG Je2
M-BsuRI GGm5Cc b Gu6,Ki2 Ki3
M-BsuSPB GGm5CC Gu4,Gu5,Gu7,Je2,Ki2,N16
and GMSCNGC No2,Tr1,Tr3
M-BsuSPRI GGM5CC Bel,Gu5,Gu7,No2
and M5CM5CGG Pol
and Cm3CWGG Be2,Bul,Gu3,Gus,Ki2,Pol
M-BsuSPR191  m5Cm5CGG Je2,No2,Pol
and C'"CWGG
M-BsuSPRS3I GGmSCC Gu3
and CM5CWGG
M-CfrA GCANgGTGG Da2,Da3
M-Cfrl YGGmMSCCR Po6
M-Cfr6I CAGM4CTG BuS
M-Cfr9I CMCCGGG K13,Po6
M-Cfr101 RM5CCGGY Po6
M-Cfr13I GGNmM3CC Bi5
M-Clal ATCGmSAT Mc3
M-Crel Tm5CR Sa2 (Chlamydomonas)
M-Ctyl GMOATC# Ri2
M-CViBI GMSANTC X2
M-CviBIII TCGm6A Nad
M-CviJI RGMSCY Sh3
M-CviPI m5CC Xi4
M-CviQI GTm6AC Xi2,Xi5
M-CViRI TGCm6A Stl
M-CViRII GTm6AC Stl
M-Ddel mSCTNAG Ho3,Lu2,Sz3
M-Dpnll GMOATC Del,La3,La4,la5Ma6
M-DpnA 2GMEATC? Del
M:Eael YGGmMSCCR Jal,Whl
M-Eagl CGGCCG S22
M-Ecal GGTM6ACC Br2
M-Eco dam GMSATC Br6,Bu9,Dr1,Gi2,Ha2,He2,Url
M-Eco deml CMSCWGG Bo5,Ma10,S02,Url
M:-Eco dcmIl RMCCGG Bu8,Ne8
M-Eco demITl mCCWGG Ni2
M-Eco demlV GGWCmC Mol,Ni2
M-EcoA GMSAGN,GMTCA b Co7,Fu2
M-EcoB TGM6ANg™TGCT b Go3
M-EcoD TTAN;GTCY b Go3
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Methylase 2 ificity 2 References
M-EcoDXXI TCAN;ATTCb Sk1
M-EcoE GAGNJATGC b Fu2
M-EcoK AM6ACNgGMTGC b B02,Go3,Kal,Lo2,Sal
M-EcoPI AGmM6ACC D Ba2,Hu2
M:EcoPldam  GmSATCD Co5
M-EcoP15 Cm6AGCAG Hu2
M-EcoRI GAMSATTC Dul,Gr2,Ke2
Ne2,Ne9,Rul
M-EcoRII CmSCWGG Bh1,Bu7,Bu8,K06,Ko07,Ko8
Mal0,Sc6,S01,Yo4
M-EcoRV GmSATATC Bo3
M:-EcoR124 GAANGRTCG (M6A) Pr2,Pr3
M:EcoR124/3 GAAN7RTCG (m6A) Pr2,Pr3
M-EcoT1 dam GmMSATC Sc1,S¢7
M-EcoT2 dam Gm6AT Br7,Ha2,Ha3,Mil,Sc4,ScS
M-EcoT4 dam GmM6ATC Ha4,Mal,Mi2,Sc3,5c4,S¢c5
M:Eco311 GGTmSCTC Bu4
and GMSAGACC Bu4
M-Eco4711 GGNCC Po6
M-Eco511 CTGAAG (m6A) Po6
M-Eco571 CTGAAG (m6A) Po6
M-Ecg64I1 GGYRCC Po6
M.Eco721 CACGTG (m5C) Po6
M-Ec98I AAGCTT Po6
M-Ec01051 TACGTA Po6
M-Esp3I GGTm6CTC Ja3
GAGmSACC
M-FpuDI GGCC (m5(C) Lu2,Val
M-FpuDlI m5CGCG Lu2,Nel
M-FpuDIII GCGC Lu2
M-FokI GGMSATG La6,Lo3,Lu2,Ma8,Nw1
and CM6ATCC
M-Fspl TGCGCA Mel
M-FV3 21MmMC?? Esl (Frog virus)
M-Haell RGCGCY Lu2,S13
M-Haelll GGm5Cc b Lu2,Ma5,SI13
M-Hapll CMCGG Wal
M-Hgal GACGC (mC) Lu2,Nwl
M-HgiAl GWGCWC Lu2
M-HgiCI GGYRCMSC Erl
M-HgiCll GGWCm5C Erl
M-HgiEI GGWCmSC Erl
M-Hhal Gm5CGC Ba9,Ca3,Lu2,Sm1,Wul,Zal
M-Hhall GMGANTC Ch1,Kel,Ma3,Mad4,Sc9,Sm1
M-Hincll GTYRMOAC Gr4,Mc8,Ro7 Re2



Methylase @
M-HindII
M-HindII1
M-Hinfl
M-HinPI
M-Hjal
M-Hpal
M-Hpall
M-Hphl
M-H2

M-Kpn2I
M-Mbol
M-Mboll
Mammals
M-Mspl
M-Mstl
M-Myval
M-Mwol
M-Nael
Neurospora
M-Nc¢ol
M-Ndel
M-NgoMVI
M-Ngol
M.NgoPI
M-Ngoll
M:-NgoAl
M.NgoPII
M-NgolIll
M-NgolV
M-NgoV
M:-NgoVI
M:-Ngo VII
M:-NgoBI
M-NgoBII
M-Nlal
M-NIalIl
M-NlalV
M-NlaVv
M-NlaX
M-PaeR71
M-Pst1
M-Pyull
M-R1h42731

a

GTYRMSAC
m6AAGCTT
GMGANTC
GCGC
GATATC (m6A)
GTTAMSAC
Cm5CGG
TmSCACC

GGCC
GCNGC
GDGCHC

TCCGGA
GmMOATC
GAAGMSA
m5CG b
m5CCGG b
TGCGCA
CMCWGG
GCN7GC (m4C)
GCCGGC
29m5C??
CCATGG (mC)
CATATG (m6A)
GGNNCC b
RGCGCY b
RGMCGCY b
GGmScc b
GGmSCc b
GGmSCC b
CCGCGG b
GmM5CCGGC b
GGNNmSCC b
GmGATCD
GMCWGC b
TmSCACCb
GTANsmSCTC b
GGCC
CmSATG
GM5CCGGC
GGNNmS CC
29MC??
CTCGMSAG
CTGCm6AG
CAGM™CTG
GTCGmMSAC
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References
Lu2,Re2,R06,R07
Lu2,Ro6,Ro07

Chl,Lu2

Ba9,Lu2

Dal

Br8,Yo3
Lu2,Ma5,Qul,Wi2,Yo2
Mc8,Ne2,Ne4

La8 (Bacillus phage)

Po6

Mc8
Mcl12,Ne4,Ne2
Be6 (Mouse)
Eh2,Je2,Lu2,Nw2,Wal,Wa5
Mel

K13,Po6
Lu2,Lu4
Lu2,Val

Se2

Lu2,Val

Sil

Pis

Ril

Su2

KoS,Ril

Pi3

Su3,Sud
Ko5,Ril
Ch2,Ko15,Ril
Ko5,Pi2

KoS

KoS

Pi3

Pi3

Mo3
Lal,Lu2,Mo3
Lu2

Mo3

Lal
Gi3,Th1,Th2
Lel,Wa3,Wa4,Wa6
B11,Ta2

Ba6



Methylase 2
M-Rsrl
M-Sacll
M-Sall
M-Sau3A
M-Sau961
M-Sfil
M-SinI
M-Smal
M-Sphi
M- Ss0471
M-Ss04711
M:-SspMQI
M-Styl
M-StySBI
M-StySPI
M-StySQ
M-StySJ
M-Taql
M-TthHBI
M-TflI
Tetrahymena
M-Xbal
M-Xmal
M-Xmalll
M-Xmnl

2066 Nucleic Acids Research, Vol. 19, Supplement

Specificity &
GAMSATTC
CCGCGG
GTCGmSAC
GAT™SC

GGNm5CC
GGCCN5GGCC (m4C)
GGWmSCC
CCmCGGG
GCATGC
GMOAATTC
CnCNGG

m5CG

CCWWGG
Gm6AGNGR™TYG b
AmM6ACNgGMTRC b
AMGACNGRITAYG b
GmM6AGNgGMTRC b
TCGm6A

TCGm6A

TCGm6A

29m6A7?

TCTAGM6A
CCCGGG (m4C)
CGGMCCG
GAAN4TTC

References
Ba5,Kal0

Lu2
Lu2,R04,R05
Sel

Lu2,Nel,Sz1
Ba8

Ka$5,Ka6
Hel,Po6

Lu2

Ka9,Bu4
Ka9,Nil,Ni3
Nul,Pi5,Re3

Rel
Ful,Fu3,Ga3,Nal,Na2
Ful,Fu3,Nal,Na2
Ful,Fu3

Ga3
Lu2,Mc3,5a3,S12
Mc3,Sa3
Sa3,vaé
Ca2,Gol
Lu2,Mc13,Val
Ba8

Mc8,Tr2

Fel

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

Methylase(specificity)? Not blocked by tEmor Blocked by pnor References
modificationat®  modification at®
M-:Alul (AGM5CT) AGMCT Bu5
M:-BamHI (GGAT™4CC) GGMSATCC GGATCm3C La7,Mc10
M-Bstl (GGAT™CC)C GGMSATCC Le2
M.-Cfr6I (CAGM™4CTG) CAGMSCTG BuS
M-Clal (ATCG™MSAT) m6ATCGAT M9,Mc11,Wel
ATMSCGAT
M-CviBIII (TCGM6A) TmSCGA Mcl10,Vad
M:-EcoRI (GAMSATTC) GAATT™SC GMSAATTC Br2
M-EcoRII (CMSCWGG) CM™MCWGG Bu4
M:-Eco dam (GMSATC)  GATmMSCc Mc10
GAThm5C
GAT™4C Ne4
M-FokIA (GGMSATG) CATCmMSC CATmM5CC Po3,Po4,Sc2
M-Hhal (Gm5CGC) GCGmSC Rol
M-Hhall (GM6ANTC) GANTmMSC Mc10
M-Hpall (C™5CGG) m5CCGG Mc9,Mc10
M-Hphl (Tm5CACC) GGTGmSA Mcl0
M-Mbol (GMSATC) GATmSC Mcl10
M:Mboll (GAAGM6A)  TmMSCTTmMSC Mc10
M-Mspl (M5CCGG) Cm5CGG Mc10
M-Mval (C™CWGG) Cm5CWGG Bu4
m5CmSCWGG Nel
M-Pvull (CAGM™4CTG) CAGMSCTG BuS
M:-EcoT2 dam (GM6ATY) GAThmSC Do2 Mil
M:-EcoT4 dam (GM6ATC) GAThmSC Sc4
M:Tagl (TCG™M6A) TmM5CGA ¢ Mc7

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/isomethylator pairs that differ in their sensitivity
to sequence-specific methylation.

Methylated sequence ©

mMCCGG
Cm5CGG
Cm4CGG
CCm5CGGG
CmSCWGG
GmMSATC
GATmMSC
GATM™C
GGCm5C
GGTACm5C
GGTAMSCm5C
GGWCm5C
RGMATCY
Tm5CCGGA
TCMSCGGA
TCCGGmSA
TCGCGmSA
TTMSCGAA
CGGWCmMSCG

Methylated sequence ©

Tm5CGA

R . L. . l . N a’b

Cut by Not cut by
Mspl Hpall

Mspl Hpall (HapI)
Mspl Hpall

Xmal (Cfr9D) Smal

BstNI (Mval) EcoRI

Sau3A (FnuEl) Mbol (Ndell)
Mbol Sau3A

Mbol Sau3A

Haelll NgoPII

Kpnl Asp7i8l

Kpnl Aspnsi

Afll Avall (Ecod470)
Xholl (BstY]) Mfll

AccIll BspMII (Mrol)
Acclll BspMII (Mrol)
BspMII (Mrol) AccIll

Sbo13I (SalDI) Nrul

Asull [65:20)

Cspl Rsrll

Restriction isomethylator pairs 9

methylated by

Not methylated by

M.CviBII (TCGM6A) M:Tagl

References
Nel

Eh2,Mcl11
Bu6

Bu6

Bu4
Gel,Lul,Mc9,Ro03
Ne4d

Ne4

Su4

Mul

Ned
B3,Ja5,Wh2
Mc9,Ne4d
La2,Sc2

Sc2
Ke3,Ne4
Mcl1,Ned
Sc10

Qi3

References
We2

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. 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 seq

c. See footnote "a" of Table 1.
d. In each row the first column lists a methylated sequence, the second column lists an
isomethylator that modifies this sequence, and the third column lists an isomethylator that does not

modify this sequence.

e. An enzyme is classified as insensitive to methylation if it modifies the methylated sequence at a
rate that is at least one tenth the rate at which it modifies 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.
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TABLE V: List of restriction systems referred to in this paper.2

Note:

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

CcC
RGCY
CATG
CCTC
AGCT
CCGG
CGCG

GMOATC
GATC

CviNY

Bce2431, BsaPl, Bsp671, BspAl, BspPIl, BsrPH, BssGII, BstEIII,
BstXTl, Cpal, Ctyl, CviAl Dpnll, FnuAll EnuCl, EnuEl, Mbol, Mmell,
Mnolll, Mosl, Mthl, Ndell, NflI, Nlafl, NsiAl, Nsul, Pfal, Sau3A,

CviBI, Hhall, HinfT
Cfr13I, Sau96l

Aacl, Aorl, ApyT, AwBI, Awll, BinSI, BspNJ, BstGII, BstNT, CfiST,
CfrIl 1, Ecall, EclTT, EcoRT, Eco271, Eco381, Mphl, Mval, TaqXI
Benl, Neil

BbvI

Avall, Bme2161, Eco471, HgiCIL, HgiEL Sinl
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GWGCWC HgiAl

RCCGGY Cfr10

RGCGCY Haell, NgoPI

RGATCY BstYI, MAlI, Xholl

YGGCCR Cfxl, Eael

RGGNCCY Drall

AAGCIT HindIll

ACGCGT Miul

ACTAGT Spel

AGATCT Bglll, Nerl

AGCGCT Avill, Ecod 71

AGGCCT Stul

ATCGAT Banlll, BspX1, Clal

ATGCAT Nsil

CAGCTG Cfr6l, Pvull

CATATG Ndel

CCATGG Neol

CCCGGG Cfr91, Smal, Xmal

CCGCGG Sacll

CGATCG BmaDI, Pvul, Rshl, Xorll

CGGCCG Eagl, Xmalll

CGTACG Pful, Spll

CTCGAG BsuMI, BsuRII, PagR7I, Xhol

CTGCAG BsuBI, Pstl, SfII

CTTAAG Afill

GAATTC EcoRI, Rsrl, Ss0471

GACGTC Aatll

GAGCTC Sacl, Sst

GATATC EcoRV

GCATGC Sphl

GCCGGC Mlu927311, Nael

GCGCGC BssHII

GCTAGC Nhel

GGATCC BamH]I, BamF1, BamKI, BamNI, Bstl, Bstl, Bst15031

GGCGCC Bbel, Narl

GGTACC Asp718I, Kpnl

GGGCCC Apal

GTCGAC Rrh42731, Sall

GTGCAC Apall

GTTAAC Hpal

TCATGA BspHI, RspXI

TCCGGA Acclll, BspMII, Kpn2I, Mrol

TCGCGA Amal, Mlul92731

TCGCGA Nrul, SalDI, Sbo13I, Spol

N
AnCI, Bell, , BstGL Cpel

TGCGCA Espl Lo

TGGCCA Ball

TTCGAA Asull, BstBI, CspdsI

TITAAA Dral

CCAN6TGG PfIMI, BstXI

CCTNAGG Mstll

GAAN4TTC Xmnl

GATN4ATC Maml

GCCNsGGC Bgll



GCTNAGC
GGTNACC
CGGWCCG
GAANgRTCG
GAAN/RTCG
AACNgGTGC
AACNgGTRC
GAGN7ATGC
GAGN7GTCA
GAGNgRTAYG
TCAN7ATTC
TGANSTGCT
TTAN7GTCY
CRGCGGYG
GGCCGGCC
GCGGCCGC

GGCCNsGGCC
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