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ABSTRACT
The DNA methylase M 'Xbal was isolated from an E. coli
recombinant clone. We deduce that the enzyme
methylates at the sequence 5'-TCTAGm6A-3'. In
combination with the methylation-dependent restriction
endonuclease, DpnI (5'-Gm6AITC-3'), DNA cleavage
occurs at the sequence 5'-TCTAGA/TCTAGA-3'. This
twelve-base-pair site should occur once every
16,000,000 base pairs in a random sequence of DNA.
The exceptional rarity of the M 'XbalIDpnl sequence
makes it an ideal candidate for transpositional
integration of a unique cleavage site into bacterial
genomes. Retrotransposition into mammalian genomes
is also an attractive possibility.

INTRODUCTION
It is difficult to generate chromosome fragments in the 'megabase'
range because there are few enzymatic cleavage methods that
generate DNA fragments of this size. To date, only a handful
of endonucleases are known that will generate fragments
averaging up to 1,000,000 base pairs, depending on the source
of the DNA to be cleaved. These endonucleases include the
restriction enzymes with the longest known recognition sequences
NotI (5'-GCGGCCGC-3') and SfiI (5'-GGCCN5GGCC-3') (1).
To expand the repertoire of highly specific DNA cutting tools,

we have developed a cleavage method (2, 3) in which sequence-
specific adenine methylases are used to generate rare recognition
sites (8 to 14 base pairs) for the methylation-dependent restriction
endonuclease DpnI (5'-Gm6A/TC-3') (4, 5). Recently, we
demonstrated selective cleavage of a bacterial genome at a ten-
base-pair site by M ClaIlDpnI (3). We report here another
methylase/DpnI combination that utilizes cloned M XbaI
(5'-TCTAGm6A-3') (6) and cloned DpnI (7) to cleave the
twelve-base-pair sequence, 5'-TCTAGATCTAGA-3'.

METHODS
Enzymes
XbaI, HindH, Sau3AI, MboI and M *HpaH were purchased from
New England Biolabs, Beverly, MA. M -XbaI was prepared from
an E. coli clone (6), as described in the results.

DpnI was prepared at 4°C by a modification of the previous
purification procedure (7), from an E. coli clone, kindly provided
by S. Lacks, Brookhaven Natl. Lab (7). 40 grams of cells grown
in 9 liters of LB were suspended in 200 ml of 50 mM Tris-HCl
(pH 7.5), 100 mM KaCl, 10 mM 2-mercaptoethanol, 1 mM
Phenylmethylsulfonyl fluoride (Extract buffer). The cells in
suspension were broken in a French press and centrifuged at
10,000 g for 30 minutes. Streptomycin sulfate was added to the
supematant to make a final concentration of 1% (weight/volume).
This solution was spun at 10,000 g for 30 minutes and the
resulting supernatant was dialysed extensively against Extract
buffer (pH 7.0). The dialysate was loaded onto a 3x30 cm
phosphocellulose P- 11 column (Whatman) and eluted by 500 ml
gradient of 0.1 M to 1.0 M KCl. 2 Al of column fractions were
assayed with 1 Id of bacteriophage lambda dam+ in 20 141 of
KGB (8, 9) for one hour at 37°C. DpnI eluted at about 400 mM
KCl. The peak fractions, diluted two-fold with Extract buffer
(pH 7.5), were loaded onto a 1 x6 cm Heparin Sepharose column
(Pharmacia/LKB) and eluted with a 300 ml gradient of 50 mM
to 500 mM KCl. DpnI eluted at about 20 mM KCl. The peak
fractions were pooled and loaded directly onto a 1 x 6 cm
hydroxyapatite column. Elution with a gradient of 10 mM to 500
mM potassium phosphate gave purified DpnI at 200 mM
phosphate.

Strains
E. coli DS1310 dam-SmR, was kindly supplied by D.Smith.

DNAs
Bacteriophage lambda DNA prepared from a dam-E. coli and
the phosphorylated oligonucleotide 5'-pGGTCTAGACC-3' were
purchased from New England Biolabs. Bacteriophage T7 and
Adenovirus-2 DNA were from Sigma Chemicals, St. Louis, MO.

DNA methylation and cleavage
Methylation of Adenovirus-2 DNA was performed in magnesium-
free IX KGB (100 mM Potassium glutamate, 50 mM Tris-acetate
(pH 7.6), 1 mM 2-mercaptoethanol, 50 mg/ml BSA) (8, 9)
containing 50 ,sM S-Adenosyl-methionine. Five units ofM *XbaI
were added and incubated at 30°C for one hour. 5 more units
ofM * XbaI and 50 AM S-Adenosyl-methionine were added and
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Figure 1. Methyl-specificity of M-XbaI tested by cross-protection versus MboI and Sau3AI.
A. 1.4% Agarose TBE gel electrophoresis. Lanes 1-7 contain 2 Ag of bacteriophage lambda DNA (dam-) that contains the sequence TCTAGATC at position
24,508. Lane 1. Bacteriophage lambda DNA, digested with MboI. Lane 2. Methylated with M -XbaI then digested with MboI. Lane 3. Digested with Sau3AI. Lane
4. Methylated with M XbaI then digested with Sau3AI. Lane 5. Digested with HindIII+XbaI. lane 6. Methylated with M XbaI then digested with HindllI+XbaI.
Lane 7. Digested with HindIII.
B. 1.4% Agarose TBE gel electrophoresis. Lanes 1-6 contain 2 Ag of Adenovirus 2 DNA that contains the sequence TCTAGATCTAGA at position 30,459. Lane
1. Adenovirus 2 DNA, digested with MboI. Lane 2. Methylated with M -XbaI then digested with MboI. Lane 3. Digested with Sau3AI. Lane 4. Methylated with
M -XbaI then digested with Sau3AI. Lane 5. Digested with XnaI. Lane 6. Methylated with M XbaI then digested with XbaI. Lane 7. Bacteriophage lambda DNA,
digested with HindHI.

the mixture incubated for one more hour. The half-life of the
enzyme was about 30 minutes under these conditions. M * XbaI
was then inactivated by heating at 65°C for 30 minutes and
magnesium acetate was added to make the buffer 10 mM Mg2 .

Incubation was continued with 10 units of DpnI for 5 hours at
300C.

Gel electrophoresis
Electrophoresis was performed in a 1% agarose gel with TBE
buffer (90 mM Tris-borate (pH 8.0) and 2 mM EDTA).

RESULTS AND DISCUSSION
M XbaI was prepared at 4°C from an E. coli clone pXbaI-M
(6; Elizabeth Van Cott and Geoff Wilson, unpublished). Initially,
the plasmid was transferred to a dam- derivative of E. coli
LE392 to ensure that the M XbaI methylase would not be
contiminated by M-Dam (Gm6ATC). 30 g of cells from 9 liters
of LB were suspended in 200 ml of 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, 10 mM 2-mercaptoethanol, 1 mM
Phenylmethylsulfonyl fluoride (Extract buffer at 4°C). The

suspension was broken in a French press and centrifuged at
10,000 g for 30 minutes. The supernatant was made 1% with
streptomycin sulfate, spun at 10,000 g for 30 minutes and the
supernatant dilaysed extensively against Extract buffer (pH 7.0).
The dialysate was loaded on a phosphocellulose 3 x 30 cm P-I 1

column (Whatman) and eluted with a gradient of 0.1 M to 1.0
M KCl. The column was assayed with a polymerized XbaI linker
(5 '-pGGTCTAGACC-3 ')n and [3H-methyl]-S-adenosyl-
methionine using M Hpall (CmCGG) as a control (10). M -XbaI
eluted at about 450 mM KCl. The peak fractions were diluted
two fold with Extract buffer (pH 7.5) and loaded on to a 1 x6
cm Heparin sepharose (Pharmacia/LKB) column and eluted with
a gradient of 50 mM to 500 mM KCl. M XbaI eluted at about
200 mM KCl. The peak fractions were pooled and loaded directly
on a 1 x 6 cm Hydroxyappatite column and eluted with a gradient
of 10 mM to 500 mM potassium phosphate. M -XbaI eluted at
about 200 mM phosphate. The peak was dialyzed against 50%
glycerol, 50 mM KCl, 20 mM Tris-Cl, pH 7.5 and stored at
-200C.
One unit was the amount ofM XbaI that, in one hour at 30°C,

protected 1 Ad of Adenovirus -2 DNA in 30 Ad of 1 xKGB from
XbaI cleavage. Approximately 100,000 units were recovered.

1604 Nucleic Acids Research

"......%

.........

A 1 2 3 4 5 6 7 R



Nucleic Acids Research 1605

Specificity of M-XbaI and cleavage at
5'-TCTAGATCTAGA-3' by M XbaI + DpnI
The specificity of M * XbaI was determined to be 5'-TC-
TAGm6A-3' by a number of criteria. First, overlapping sites for
M XbaI with MboI and Sau3AI (5'-GATC-3') at

5 '-TCTAGATC-3'
3'-AGATCTAG-5'

were inspected. MboI cuts 5'-GAT'5C-3' or 5'-GATm4C-3', but
not 5'-Gm6ATC-3'; whereas Sau3AI cuts 5'-Gm6ATC-3', but
not 5'-GATm5C-3' or 5'-GAT'l4C-3' (11). Figures IA and B
indicate that methylation by M -XbaI blocked MboI cleavage (lane
2), but did not block Sau3AI cleavaga (lana 4a whera tha
5'-TCTAGA-3' and 5'GATC-3' recognition sequences overlap
at position 24,508 in bacteriophage lambda and at position 30,459
in Adenovirus-2 DNA. These lanes demonstrate that M XbaI
is not a m5C or m4C specific enzyme. Blocking of MboI but not
Sau3AI cleavage indicates m6A specificity for M XbaI, or a
specificity hitherto unknown.

Second, DpnI requires adenine methylation in both strands at

5'-Gm6A T C-3'
3'-C Tm6A G-5'

for double-stranded cleavage to occur (4, 5). Methylation of a
tandem repeat of the M XbaI site should introduce m6A at

5'- T C T A Gm6 A T C T A Gm6A -3'
31.m6A G A T C Tm6A G A T C T -5'.

This tandem XbaI site creates a DpnI site in the center of the
twelve-base-pair sequence. DNA that has m6A only at the
sequence 5'-TCTAGm6A-3' should be cleaved by DpnI only at
this twelve-base-pair site. A search of the GenBank database of
33 million base pairs revealed two such sequences. One site
occurs in the Adenovirus-2 genome at position 30459. We have
used this site to test the M * XbaI/DpnI cleavage since Ad-2 DNA
is otherwise free of m6A. Figure 2 lanes 6, 7 and 8 indicate that
the M * XbaI methylase protected against XbaI cleavage and also
enabled DpnI to cleave at a site that maps to 30459 (Figure 2,
lanes 3, 4 and 5).
Twenty M - XbaI protection units did not allow complete DpnI

cleavage at position 30459 (Figure 2, lane 3). The reason for
this incomplete digestion may be that the DpnI digest is a much
more sensitive assay for complete methylation than XbaI
digestion. Since hemi-methylation is sufficient to block XbaI, a
90% methylation would block 99% of XbaI sites (l -(0. 1)2), but
would allow cleavage by DpnI at only 81 % of sites (0.9)2.
Futhermore, there was a large amount of a non-specific DNA
binding protein in our methylase preparation which may have
inhibited the methylation when large amounts of enzyme were
used.
The specificity of the M XbaIIDpnI cleavage was checked

against substrates that do not contain the sequence
5'-TCTAGATCTAGA-3'. M * XbaIlDpnI treatment of
bacteriophage T7 39,936 bp) and lambda (48,502 bp) DNAs did
not result in any detectable cleavage, even at the partial matches
5'-TGCAGATCTGGA-3' and 5'-TCTAGATCCCTC-3' (data
not shown). Furthermore, the sequences 5'-TCTCGATCCA-
GC-3' and 5'-TGAAGATCTGGA-3' in adenovirus-2 were not
cleaved.
Effect of prior m5C methylation on M XbaI/DpnI
Many genomes, including the human genome, are modified at
m5C, primarily at 5'-n6CG-3', 5'-"5CC-3' (11, 12) and "'5CWG
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Figure 2. Cleavage at TCTAGATCTAGA. 1% Agarose TBE gel
electrophoresis. Each lane contains 2 itg of Adenovirus 2 DNA that contains the
sequence TCTAGATCTAGA at position 30,459. Lane 1. Lambda DNA marker,
digested with HindIll. Lane 2. Ad-2 DNA digested with DpnI+BamHI. Lane
3. Methylated with 20 units ofM .XbaI then digested with DpnI+BamHI. Lane
4. Methylated with 10 units ofM -XbaI then digested with DpnI+BamHI. Lane
5. Methylated with 5 units of M .XbaI then digested with DpnI+BamHI. Lane
6. Methylated with 20 units ofM XbaI then digested with XbaI+BamHI. Lane
7. Methylated with 10 units of M XbaI then digested with XbaI+BamHI. Lane
8. Methylated with 5 units of M -XbaI then digested with XbaI+BamHI. Lane
9. Digested with XbaI+BamHI.

(13). This cytosine modification blocks the action of most
methylases and endonucleases at overlapping sites (14). For
example, NotI does not cleave when its recognition sequence is
methylated at 5'-GCGGCm5CGC-3' (14; Qiang et al,
submitted). 5_' m5CG-3' modification therefore causes
incomplete NotI cleavage of the human genome because such
methylation is variable and incomplete in human DNA (15).
Neither M - XbaI nor DpnI recognition sequences overlap
5'-CG-3' or 5'-CC-3' in the TCTAGATCTAGA sequence. The
M XAbaIIDpnI cleavage strategy could therefore be useful for
cleaving genomes that are methylated at 5' _m5CG-3'.

Frequency of TCTAGATCTAGA
In a random sequence ofDNA, in which all four bases are equally
represented, the twelve-base-pair 5 '-TCTAGATCTAGA
sequence should occur, on average, once every 412 base pairs
or once every 16,000,000 base pairs. Bacterial genomes are
typically less than 107 base pairs in size.
5'-TCTAGATCTAGA-3' should be absent from most such
genomes. Furthermore, the tetranucleotide sequence 5'-CTAG-3'
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Table 1. Methylase/DpnI strategy

Enzyme Recognition Methylase/DpnI Gm6ATC Cloned
Specificity Site Specific

A: Suitable Methylases
8 base pairs

M * CviBlII TCGm6A TCGATCGA yes yes
M- TaqI " yes yes
M TthI yes no
M * ClaI ATCGAT ATCGATCGAT yes no
M*MboII GAAGm6A GAAGATCrTC yes no

12 base pairs
M XbaI TCTAG 6A TCTAGATCTAGA yes yes

14 base pairs
M * EcoB TGm6AN8TGCT AGCAN5TGATCAN5TGCT yes yes

B: Potentially suitable methylases
10 base pairs

M * BanIII ATCGAT ATCGATCGAT ? no
M BsplO6I ATCGAT ATCGATCGAT ? no
M - BspXI " no
M - BscI " no
M NcuI GAAGA GAAGATCMTC probably no
M- TceI GAAGA GAAGATCTTC no
M*MamI GATN4TC GATN3GATCN3ATC no

11 base pairs
M*MmeI GTYGGA GTYGGATCCRAC ? no

12 base pairs
M*EcoRl24 GAAN6RTCG GAAN4CGATCGN4TTC probably yes
M EcoR124/3 GAAN7RTCG GAAN5CGATC3N5TTC probably yes
M TaqII GACCGA GACCGATCGGTC ? no
M RspXI TCATGA TCATGATCATGA ? no
M AccIII TCCGGA TCCGGATCCGGA probably no
M-NruI TCGCGA TCGCGATCGCGA ? no

Systems that have been reduced to practice in PFE: M CviBIII/DpnI, M -TaqIlDpnI, M -ClaIIDpnI (3) M -XbaI/DpnI (Hanish and
McClelland, in preparation). Systems that have been tested and proven not to be Gm6A specific: M -HphI (TmSCACC), M -NgoVIII
(Tm5CACC), M *BspHI (TCATA), M *BspMII (TCCGGA), M *MroI (TCCGGA), M * Kpn2l (TCCGGA), M *AmaI (TCGCGA)
M SaIDI (TCGCGA), M *Sbol3 (TCGCGA) and M *EcoDXXI (TCAN7m6ATTC). M *EcoB, M EcoR124, and M EcoR124/3 are
all type-I restriction methylases. See (3), (14) and (21) for references.

is rare in many eubacterial DNAs (18, 19, 20). For instance,
the XbaI site 5'-TCTAGA-3' occurs less than once every 100,000
base pairs in the E. coli genome. The M XbaIlDpnI site should
occur every (100,000)2 base pairs or once every 1010 base pairs!
The frequency of the M XbaIlDpnI site in the A+T rich

human genome, calculated from dinucleotide frequencies (16,
17), should be once every 10,500,000 base pairs, on average.

Potential applications
The M XbaI/DpnI sequence can be introduced into a bacterial
genome by transposition or by piggy-backing on a homologous
recombination event. The 12-base-pair site will only occur where
it is integrated. Preliminary experiments have been performed
with transposons containing the M-XbaI/DpnI site and a
selectable marker. We are able to cleave bacterial genomes as
few as one to six times by the introduction of one or more
transposons into bacterial chromosomes (Hanish and McClelland,
manuscript in preparation). Mapping NotI restriction sites relative
to single integrations has been achieved by M *XbaIlDpnI
cleavage, partial digestion with NotI, PFE, Southern blotting and
indirect end labelling with each end of the transposon.
M XIbaI/DpnI transposon integrations will also help to produce

physical/genetic maps of bacterial genomes. We propose to
integrate two M -XbaI/DpnI transposons into a 'type' strain.
Subsequent mutants generated by a third integration of an
M -XbaIIDpnI transposon with a different selectable marker could

be mapped relative to the original two integrations by
M XbaIIDpnI cleavage and PFE. This 'clock' style of
physical/genetic mapping may allow genetic mapping in species
or strains where this is presently difficult or impossible.
Furthermore, since the M XbaI gene is cloned, it should be
possible to construct a transposon in which the methylase gene
is carried along with the M XbaIlDpnI site. Such a construct
would bypass the need for in vitro methylation.
Methods described for bacteria may also work for mammalian

genomes.
Pulsed field electrophoresis (22) and subsequent improvements

(for example, 23, 24) have permitted the separation in agarose
gels of DNA molecules up to 10,000,000 base pairs in length.
A battery of highly specific eight- to twelve-base-pair cleavage
methods should aid in the mapping of a number of genomes. The
current status of methylase/DpnI combinations is summarized in
Table 1.
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