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INTRODUCTION

Previous tabulations of restriction endonuclease sensitivities to
site-specific DNA methylation have shown that these endonucleases
cannot cut particular DNA recognition sequences which have been
methylated at 4mC, SmC or 6mA (54,65,69,71,72).

Since our previous tabulation in this journal (72) the major new
additions are extensive data on 4mC. We have altered our notation to
incorporate the 4mC data and added a number of footnotes. Fine structura!
details of cleavage reactions, rate differences on hemi- and bi-
methylated substrates, and experimental discrepancies are noted where
such data is available.

Knowledge of the sensitivity of restriction endonucleases to prior
methylation is useful in a number of experimental situations: in studies of
cellular DNA methylation (SmC, SmCNG, G6mATC, or methylated islands)
(9,70,75), in the resolution of anomalous gel banding patterns in
restriction mapping experiments (2,5), in the selection of non-restricting
strains for genetic constructions (14,88) and in a variety of in vitro DNA
manipulations (59,67,78).

In addition to an updated tabulation of restriction endonuclease
methylation sensitivities, we outline below selected applications and
practical considerations related to the effects of site-specific DNA
methylation on restriction and modification enzymes.

I hi Pai

A number of isoschizomer pairs are now available which differ in
their sensitivity to site-specific methylation. Such endonuclease pairs
are useful for studying the level and distribution of site-specific
methylation in cellular DNA; for example, SmCpG in mammals, SmCpG and
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5mCpNpG in plants or GEmATC in enterobacteria (9,70,112):

Methylated Sequence not cut by cut by

C5mCGG Hpa Il Msp |
CCSmCGGG Smal Xma |

C5mCWGG Eco RIl Bst NI (Mva I)
TCCGG6mA Acc Il Bsp Mil

GBmATC Mbo Sau 3A and Dpn |
RGSmATCY Mfl | (Miv AV) Xho Il

Other enzymes that are not sensitive to certain site-specific
methylations are particularly useful. In some cases, as in physical
mapping of heavily methylated plant DNA, it is desirable to choose
restriction endonucleases which are insensitive to SmCG and SmCNG.
Several endonucleases may be especially useful in this regard: Bcl |, BstE
Il,BstN I, Dra |, EcoR V,Hincll, Hpa |, Kpn I, Mbo Il, Nde |, Bsa |, Ssp |, Tag
| and Xmn |. Undoubtedly, many other endonucleases will be useful when
more data on their methylation sensitivity is known.

Rate Effects

Much data has accumulated recently on rate effects of site-specific
methylation on restriction endonuclease cleavage. As a practical matter,
we have observed that site-specific methylation inhibits duplex DNA
cleavage by most restriction endonucleases in ten- to twenty-fold
overdigestions (34,77). Therefore, most restriction endonucleases exhibit
"all-or-none" effects with respect to methylation inhibition under
commonly used reaction conditions (54,71,72,77,78). Furthermore, hemi-
methylation is usually sufficient to block restriction endonucleases from
double-stranded DNA cleavage (34,77). Nevertheless, rate effects or
nicking of one strand at certain methylated target sites are observed with
a number of enzymes, such as Aha Il, Ava |, Hin fI, Bal |, Ban |, Bgl |, Bgl
I, Eco R |, Hae Il, Kpn I, Mfl |, Msp |, Sau 3A, Tag | and Xmn |.

For instance:

Ava | (CYCGRG) will cleave very slowly when its recognition
sequence is methylated at a wobble position CTCG6mAG but cleaves
normally at CSmCCGGG (77,80). Similarly, Mfl | (RGATCY) cuts more slowly
at SmAGATCY sites (83).

Aha Il (GRCGYC) will cut GRCGCC faster if these sites are
methylated at GRCGSmCC (66).

Bal | (TGGCCA) cuts at a 50-fold slower rate at TGGC5mCA (31).
Ban | (GGYRCC), Bgl | (GCCNgGGC) and Hae |l (RGCGCY) give various
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rate effects when their recognition sequences are methylated at different
sites (53,80).

Eco R | shows a reduce rate of cleavage at hemi-methylated
GAATSmC and does not cut an oligonucleotide that contains GAATTSmC in
both strands (11).

Hin fl cuts unmethylated GANTC faster than hemimethylated
GANTSmC/GANTC, which is cut faster than GATSmC/GANTSmC. However,
the rate difference between unmethylated and fully methylated Hin fl
sites is only about ten-fold (39,79). Xmn | cuts slowly at some sites in
DNA methylated on both strands at GAAN4TTSmC (79).

In a few cases a particular methylation can inhibit cleavage on only
one strand of a hemi-methylated DNA duplex. Tag | can cut the
unmethylated strand of TCGémA/TCGA duplexes; and Sau3A | can cut the
unmethylated strand of GATSmC/GATC duplexes (2,104). Msp | cuts the
unmethylated strand of CSmCGG/CCGG duplexes (114). Acc I cuts the
unmethylated strand of GTMKSmC and Xho Il cuts the unmethylated strand
of RGATSmCY (87). Further differences in strand preference and details of
the reaction mechanisms of Msp |, Hpa Il, and Mno | isoschizomers have
been described (3). Bgl II, Bsu RI, Hae Il and Mbg | have also been reported
to show strand preferences in cutting hemi-methylated substrates
(12,36,83).

In at least four cases, modified flanking sequences result in
altered restriction endonuclease cleavage rates. Msp | fails to cut at
GGCSmCGG (15,51). Sau 3A | cuts at a reduced rate at SmAGATC (83). Enu
4H | and Bsu R | exhibit drastically reduced cleavage rates when flanked
by modified thymine residues (117).

Effect of Site- ific Methylati Other DNA Binding Protei

Many Type Il restriction endonucleases are sensitive to site-
specific methylation at more than one position (see Table). Such
sensitivity to a number of different site-specific DNA methylations is
clearly not limited to restriction endonucleases, but is a property of DNA
binding proteins in general (see 102,118). We and others have recently
demonstrated that site-specific methylation at ‘non-canonical’' sites will
block certain Type Il DNA methylases. This data, which is not presented in
the Table, can be summarized as follows:

Methyl Blocked by Pri Not Blocked by Pri
Methylati I Methylati
M.Hpa Il (C5mCGG) SmCCGG (66,67)
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MMsp! SmCCGG)  CSmCGG (66)
M.Eco RIl (C5mCWGG) C*mCWGG (16)
M.Bam HI (GGATSmCC) GGATC5mC GGSmATCC  (66)
M.Eco Bl (GASmATTC) GSmAATTC GAATTSmC  (11)
E.coli dam (G6mATC) GATSmC  (66)
M.Mbo 1l (GAAGEmA) TSmCTTSmC (66)
M.Hha Il (GSmANTC) . GANTSmC  (66)
M.Tag | (TCGSmA) TSmCGA  (66)

M.Mva I'(C4mCWGG) CSmCWGG  (16)

i DOING

Modification methylases can differ from their corresponding
restriction endonucleases in their sensitivity to site-specific
methylation. This difference in non-canonical methylation sensitivity is
not surprising, since methylases and endonucleases from the same
restriction system show little or no protein sequence homology. It is
possible to take practical advantage of such differences in the
methylation sensitivity of methylase/endonuclease pairs. For example,
M.Bam HI will not methylate GGATCSmC, but Bam HI will cut this
methylated sequence. On this basis we were able to show that methylation
of DNA with M.Hpa Il (C5mCGG), followed by M.Bam HI (GGATSmCC), will
allow cutting of DNA by Bam HI only at the ten base pair sequence
CCGGATCCGG. M.Hpa Il methylation blocks overlapping M.Bam Hl
methylation, while permitting Bam HI cleavage at these site (66,67).

The lack of SmC inhibition of two adenine methylases, M.Mbo I
(GAAG6mA) and M.Taq | (TCG6mA) , and of Dpn | (GEmATC) endonuclease,
has practical consequences. Highly selective DNA cleavage schemes
involving M.Iaq I-Dpn | (at TCG6mATCGA) and M.Mbo I1-Dpn | (at
GAAGSmATCTTC) are possible on methylated chromosomal DNAs (73,74).
Cross-protection of a subset of restriction endonuclease cleavage sites by
overlapping methylation has been described (77,78). This strategy has
produced over 50 new cleavage specificities and many more are possible
(42).

Methylation-D ent Restriction Syst in_E.coli

It has only recently been recognized that E.coli K contains at least
three different methylation-dependent restriction systems which
distinguish various methylated target sequences: mar (émA), mcr A
(SmCG), and mcr B (PuSmC) (14,38,88,87). Therefore, non-restricting
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strains of E.coli (87,88) are to be preferred for transformation of

methylated DNA.

A knowledge of the specificities of methylation-dependent
restriction systems and of the methylation state of the DNA to be
transformed will also be of use in other species that carry methyl-
dependent restriction systems, such as some Streptococcus (Dpn I),
Neisseria (Nsu DI and Nan Il), Elavobacterium (Esa I) and Acholeplasma
laidlawii (JA1) (see 14,17 and 55 for references).

a denotes a known modification methylase specificity

=A or C, K=Gor T, N=A,C,G,or T, R=A or G, Y=Cor T, W=Aor T,

=G or C, D=A,Gor T,

=A,CorT
mC=4-methyleytosine, >mC=5-methylcytosine,

Nomeneclature is in accordance with (99) and (18)

6 mA=6-methyladenine

“Restriction Recognition Sites Sites not References
Enzyme Sequence cut cut
Mnl 1 CCTC(r) 26
Alul AGCT ? 6rgAGCT 34,77,79
eG mCT a
BsuFI CCGG ? PCCGG a 48
Hapnl CCGG ? C2mCGG a 24,112
Hpa Il CCGG ? cSmCGG a 24,60,62,82,86,114
STCCGG (a)
TCCGG
C*mCGG
Msp I CCGG c5mCGG (b) 5mc$c;c a(a)(c) 24,47,106,112,114
Thal CGCG ? mCGCG 103
GmCG
Fnu D I CGCG mCGCG 77,78,103
CGYmCG
Bst E Il ATC (@) ? G®mATC 75,90
Dpnl G°mATC (x) (asmA c 55,111
G ?AT mC
FuEI GATC G®mATC ? 58,77
Mbo I GATC (d) GAT’mC GmATC a 14,29,64,90
Pfal GATC G?mATC ? 90,108
Sau3A GATC (d) GémaTC GAT®mC (a) 21,24,46,68,90
Hhal GCGC ? G’mCGC a 24,63,100
GCG°mC (w)
Hin P I GCGC ? G*mCGC 78,79
BsuRI GGCC ? GG’mCC & (a) 35
Hae III GGCC GGC®mC GGsrgCC a (a) 2,53,60,62
Ngo II GGCC 2 GG°mCC a 52,53
Rsal GTAC () GTASmcC(D 26,79
Tag1l TCGA T°mCGA TCG8mA o 34,68,106
Tth I TCGA TSmCGA TCG®mA a 95
TH1 TCGA ? TCGSmA o 95

r223



Nucleic Acids Research

Restriction  Recognition Sites Sites not References

Enzyme Sequence cut cut

SerF1 CCNGG SmCCNGG (g‘smCNGG 77,79

Dde 1 CTNAG ? pCTNAG 7

Hinf 1 GANTC GANT’mC(f,g) G’mANTC 77,80

Fnu 4H 1 GCNGC ? GmCNGC 53,105

- GCNG°mC

Sau 96 GGNCC ? GGN°mCC 53,64,77,80
GGCC’mC

Aac1 CCWGG C°mCWGG ? 13

Apy! CCWGG ComCWGG SmCCWGG 19,65,89,90

Bst N1 CCWGG (h) c5mCWGG ? 34,39,65,90

5mgcwcc [}
SmC°mCWGG (D

EcoRII CCWGG (h) mCCWGG csincwcc a  10,16,64,65,76,90,98
cimcwaa

Mph I CCWGG (h) ? g5mcwcc 49,90

Mval CCWGG ? C glCWGG a 16

Taq X 1 CCWGG SmCCcwWGG C°’mCWGG 33

Benl CCSGG SmCCSGG  C9mCSGG a 43,44,46
Cc4mCsGG a

Neil CCSGG SmccsGa c5Tcscc 0] 13,65,87
¢mCsGG

Bbv1 GCWGC ? G°’mCWGC a 20,36,110

Avall GGWCC ? GGWC mC 2,53,63,66,79
GGW pCC

Eco 47 1 GGWCC ? GGWC’mC 45

EcoPl AGACC (k) ? AG®mAcCC a 1,37

Bsp MI ACCTGC ? om 66

Fok I CATCC ? CATC’mC 79

Mbo II GAAGA TSmCTT mC(t,) GAAG pA o 2,74,77,79

Hga | GACGC (e) ? GACG®°mC 79

SfaN1 GATGC GATGSmcC ? 79

Bin1l GGATC ? gcsmATc 8

Hphl TCACC ? TmCACC a 77,79
GGTGOmA

Bsp 11286 GDGCHC ? GDG’mCHC 7

Aval CYCGRG c’mCCGGG  CY mMCGRG 7,24,48,50,65,77

CmTCG®mAG (y)

Hgid I GGYRCC GGYRC’mC 119

Aos I GRCGYC ? GR’mCGYC 24,34,106

Aha II GRCGYC ? GRSmcgYC 77
GRCGY’mC

Ban II GRGCYC ? GRG®mCYC 77

Accl GTMKAC ? GTMKmAC 68, 87

GTMKA®’mC(a)
HinCl GTYRAC GTYRASmC GTYR®mAC a 34,93
HgiAl GWGCWC ? GWGSmCWC 77,119
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Restriction T!ecognitlon Sites Sites not References
Enzyme Sequence cut cut
Hae I RGCGCY (e) ? RG’mCGCY 24,34,53,79
Ngol RGCGCY ? RG°mCGCY a 52,53
Xho II RGATCY RG®mATCY RGAT’mCY(a) 13
MivA vV RGATCY RG®mATCY 72,79
RGAT’mCY
Ml RGATCY RGEmATCY 83
RGATmCY
RGAT4mCY
Eael YGGCCR ? <§c5mcn 42,116
YGG"mCCR a
Hind I AAGCTT ? SmAAGCTT a 13,34,93
AAG’mCTT
Mlul ACGCGT $macaear % 79
§B§l“ AGATCT (e) AG®mATCT  AGAT®mCT 6,13,21,23,26,84
Stul AGGCCT ? AGGZmCCT 79
AGGC dnC‘l‘ (n)
Clal ATCGAT ? A'l‘ GOmAT 68
‘ AT CGAT
Pvull CAGCTG ? mCTG 13,20,26,46,91
CAG mC'l‘G a
Ndel CATATG smCATATG 0, 79
col CCATGG g:CA'rGG (m) 77
Smal CCCGGG nkcccccc CC’mCGGG (jla  13,24,28,46,82,86
cSmccae comicaad
£ mCCGGG
mCCCGGG
Cfrql CCCGGG g5mccccc ccimcaaa 82
mCCCGGG  ¢*mCCGGG
s PCCCGGG
Xma I CCCGGG CCmCGGG (o) °mCCAGG 121,122
Sac Il CCGCGG mCCGCGG 7
Pwul CGATCG (e) CGsmATCG CGAT?mCG 13,26
Xor Il CGATCG cG®mATCG  CGAT’mCG 13,24
Eag 1 CGGCGG ? CGG°mCG 66
mCGGC°mCG
Xma III CGGCGG ? CGG’mCCG a 105
BsuMI CTCGAG ? CT°mCGAG a 48
PaeR 7 CTCGAG ? CTCG’mAG a 30
Xho I CTCGAG ? CT°mCGAG 13,24,26,68,106
CTCG°mAG
Pstl CTGCAG ? CTGC’mAGa  20,34,77,79,113
mCTGCAG
sn1 CTGCAG ? cTGc®mAG 13
EcoRI GAATTC cg\"mA'rrc a  11,13,22,25,77,79,94
mAATg‘c @
AATT°mC
Rsrl GAATTC QATTC (@ 79
GA®pATTC
Sacl GAGCTC GSmaccrc AGZmCTC 79
Sst1 GAGCTC ? GAG mCTC 13,91
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Restriction  Recognition Sites Sites not References
Enzyme Sequence cut cut
EcoRV GATATC GATATSmC(f)  GOmATATC 7,19
Nael GCCGGC (e) ? GSmccgGe 26,77,79
GCCGG mC
Sphl GCATGC GCATGsmC 77
Nhel GCTAGC n}) 77,79
Bam H 1 GGATCC éTCsmC GGAT’mCC 13,21,36,62
— mATCC
Nar 1 GGCGCC ccc CcmC  GGSmcGee 53,65,79
Kpnl GGTACC (e)  GGTA mgc () ? 26,79
] GGTACZm
GGTA’mC5 mC 6]
Apal GGGCCC ? GGG®mCCC a 105
Sall GTCGAC ? GT G°mAC 13,24,68,106
CGAC
Hpal GTTAAC GTTAASmC  GTTA mAC a 13,34,39,120
Acc III TCCGGA ? TCCGG®mA 97
BpMII TCCGGA TCCGGSmA ? 97
Nrul TCGCGA ? TeGCCémA 77
Xba I TCTAGA ? T°mCTAGA 34,39,77
Z‘AG mA
AtuCI TGATCA ? GemATCA 90,98
Bel I TGATCA (e) TGAT’mCA TG mATCA 2,6,13,26,90
BstG1 TGATCA TGsmATCA 90
Cpe TGATCA ? smATCA 27,90
Bal TGGCCA ? TGG’MCCA a 31,105
TGGC’mCA (s)
Bst X1 CCANgTGG ? SmCCANGTGG 77
cc®mANgTGG
Mst II CCTNAGG SmCCTNAGG ? 79
Xmn I GAAN,TTC GA®mAN,TTC GSmAAN,TTC 77,79
GA N TTmC (u)
Bgll GCCNgGGC P§GGc GCCN5GGomC (1) 53,77,79
G mC
BstEII GGTNACC  GGTNASmCOomC ? 39
Eco K AACNGGTGC (v) ? AsmACNsGmTGC (ya 4
EcoA GAGN,GTCA (v) ? .RAGN GmTCA (y) a 4
Eco B TGANGTGCT (v) ? TG mANamTGCT (Ya  4,56,57
Rsr Il CGGWGGC CGGWSmgCG 66
SmCGGWC’mcaG
Not I GCGGCCGC  GCGGCCGImC GCGG mCCGC 79
Sfi1 GGCCN3GGCC GG mCCN5GGY 79

GGCCN3GG

CC (z) ?
I e
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Notes

a)

b)
e)

d)

e)

f)
g)

h)

Nicking occurs in the unmethylated strand of the hemimethylated sequence. For
Hpa II see (114), for Sau 3A see (2,83,104), for Msp I and Hae III see (36), for
Bsu RI see (12).

Msp I fails to cut GOCmOGG (15,51).

An

M.Msp I clone methylates (114,115). However, there is a report that
Msp chromosomal DNA is methylated at (47).
Mbo I isoschizamers that are sensitive to include Bss G II, Bsa P I, Bst

X 11, Bst E 111, Cpa I, Dpn II, Fnu A II, Fnu C I, Moo IIT, Mos I, Nde IT, NfT
I, Nla IT, Nsu I, Sin M T (90). “PVCV-1 (107) and Sau 3A I isoschizomers that
are Insensitive to GMATC include Bsr P II, Cpf I, Fnu E I, Mth I, Nsi A I, Pfa I
(90).

From genomic base composition: M.Mnl I and M.Kpn I may be SnC or specific
methylases; M.Rsa I, M.Hga I, M.Pvu II, M.Pvu I and M.Xho I may be or
specific; M.Hae II gnd M.Nae I may be sn'c specific; M.Bgl Il may be specific
and M.Bcl T may be gm& specific (17a).

Unpublished obseryations show cutting of phage XP12 DNA (79).

Hin f I cuts GANI‘XnC

however, detectable rate differences are observed between
unmethylated, hemimethylated (GANSnC/CINAG) and bi-methylated (GANl‘g:C/m?Cl'eNAG)

target sequences. Hin f I does cut phage XP12 INA, although at a reduced rate
(34, 79).

lso;chlzcmers of Eco R II that are sensitive to CorCX3G include Atu B I, Atu II,
gs_i_G)Il,ms I,Cfr 51, Cfr IT I, Eel II, Eca II, Eco 27 I, Eco 38 I and Mph
1 (90).

Bst N I isoschizomers that are insensitive to CSmXXG include Aor I, Apy I, Mva
T and Tag XI (70).

Bst NT cuts cznam, SwOWGG and SmConOWGG. M.Bst N I may be a N-4 cytosine
methylase (65).

Sma I and Nei I may cut SnC3m0aG meghylated (13,47). Possibly the second

methylation negates the effect of o ACZQG is cut by Nei I (53), but
M.Ben I modified plasmid INA ( ) is not cut by Nei I (87).

Type 111 restriction endonuclease (1,37).
Mbo Il does cut XP12 phage INA (79) although certain hemimethylated Svc-
containing substrates are not cut (34).

Neo I is blocked by M.Sec I (QONGG) (;9).
Stu I does not cut at overlapping Stu I-dem’ sites (79).
There is a report that Xma I does not cut OCmOGGG (13).

Hemi-methylated GSmAATTC / GAATTC sites cannot be cut by Eco RI or Rsr I:

Bimethylated GA®mATTC/GASmATTC sites are not cut by Eco RI or Rsr I (79).

Bimethylated TTC/ TTC sites have not been tested with Rsr I.

Expegimental results differ on Kpn I sensitivity to hemimethylated GGTASKCC and
sites (53,77,79,85). The simplest explanation to resolve discrepancies

is that rate effects are observed at certain m°C methylated Kpnl sites,

especially at low_enzyme-to-substrate ratios.

Overla[()pll)lg (TGICONCAGG) dom-Bal I sites are 50-fold slower than unmethylated

sites (31).

Different rates of Bgl I cleavage are observed at certain hemi-methylated Snc

sites (overlapping M.Msp I - Bgl I and 1T - Bgl I sites). Bi-methylated

M.Hae III - Bgl I sites are completely refractory to Bgl I (53,77).

¥m T cuts slowly at same XP12 phage sites (79).

Type I restriction endonuclease.

There is a report that Hha I does not cut GXam°nC (53).

Dpn I requires adenine methylation on both DNA strains. Isoschizomers of Dpn I

include Cfu I (28), Nmu E I, Nu DI and Nsu D I (17).

nil represents a 6-methyladenine in the complementary strand.

Bimethylated substrate.
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