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ABSTRACT

The Xcyl restriction-modification system from
Xanthomonas cyanopsidis recognizes the sequence,
CCCGGG. The Xcyl endonuclease and methylase genes
have been cloned and sequenced and were found to
be aligned in a head to tail orientation with the
methylase preceding and overlapping the
endonuclease by one base pair. The nucleotide
sequence codes for an N4 cytosine methyltransferase
with a predicted molecular weight of 33,500 and an
endonuclease comprised of 333 codons and a
molecular weight of 36,600. Sequence comparisons
revealed significant similarity between the Xcyl, Cfrl
and Smal methylisomers. In contrast, no similarity was
detected between the primary structures of the Xcyl
and Smal endonucleases. The Xcyl restriction-
modification system is highly homologous to the Xmal
genes, although the DNA sequences flanking the genes
rapidly diverge. The sequence of the Xcyl
endonuclease contains two motifs which have recently
been identified as essential to the activity of the EcoRV
endonuclease.

INTRODUCTION

A large number of restriction-modification systems have been
identified and the genes for more than 60 systems have been
cloned to date(1). The genes for the endonuclease and methylase
are generally linked although the relative orientation of the genes
varies(l). Many of the enzymes comprising the restriction-
modification systems are members of families of endonucleases
and methylases which have similar recognition and catalytic
specificity(2). Comparative analyses of the organization and
structure of the genes provides an insight into the evolution of
the enzymes and the potential to identify conserved domains
which may be critical to the structure and function of the proteins.
The SmaI, XcyI, XmaI and Ct9l restriction-modification

systems have a common recognition sequence, CCCGGG. The
methylases from the XmaI(1), Cft91(3), XcyI(Ambroso and
Dunbar, unpublished) and SmaI(4,5) systems are all N4 cytosine
methyltransferases and have identical catalytic
specificity(CmCCGGG). The XmaI, Cfr9l and XcyI
endonucleases are perfect isoschizomers and cleave between the
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external cytosines. In contrast, the SnaI endonuclease is an
imperfect isoschizomer which cleaves between the internal CpG
of the recognition site. Sequence comparisons have revealed
significant primary structure similarity between the Cft91 and
SniaI methylases(4). The SnaI endonuclease, however, is the only
restriction enzyme of this family for which the sequence has been
reported(5). In an attempt to utilize sequence conservation as a
method for defining potential functional domains of the
endonucleases and methylases the XcyI restriction-modification
system has been cloned and sequenced.

Cloning of chromosomal endonuclease and methylase genes
is generally based on selection for the restriction or modification
phenotype(6). Early studies used lambda infection assays to screen
for recombinants containing the endonuclease gene. However,
in vitro selection for the methylation phenotype, by plasmid
resistance to cognate endonuclease cleavage, is now more
frequently utilized. Piekarowicz et al.(7) have recently described
an alternative method for selecting subcloned methyltransferase
genes based on the induction of the SOS response by Mcr and
Mrr systems in the presence of methylated DNA. In only a few
cases has screening by homology been attempted. Rodicio and
Chater(8) detected hybridization between some but not all
isoschizomers of the SalGI genes. Similarly, Mullings et al(9)
have screened, by Southern analyses, DNA from bacteria which
produce PstI isoschizomers. Hybridization was detected with
approximately 30% of the strains when using a probe
corresponding to the N-terminus of the endonuclease. Greater
success has recently been achieved in detecting homologous genes
in related bacteria: Dusterhoft et al(I0) have successfully cloned
the HgiBI restriction-modification system from H. giganteus
Hpg5 using a probe derived from the HgiCII methylisomer.
The high degree of sequence similarity between the N4

methyltansferases, particularly those with the common
recognition sequence, CCCGGG, and the close phylogenetic
relationship between X. malvacaerum and X. cyanopsidis
prompted the use of Southern blot analysis, using a probe derived
from the XmaI methylase, to screen for homologous sequences
in genomic DNA from X. cyanopsidis. The genes for the XcyI
methylase and endonuclease were consequently cloned and
sequenced and found to be highly homologous to XmaI
restriction-modification enzymes. Despite the identity of the
endonuclease and methylase genes, the flanking sequences
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diverged less than 2kb from the restriction- modification systems.
In addition, there appears to be no system comparable to the
XnaHI restriction- modification present in X. cyanopsidis.
Sequence comparisons have revealed that two motifs, which have
recently been shown to be essential for the activity of EcoRV
endonuclease(l 1,12) are also present in the sequence of the XcyI
endonuclease.

MATERIALS AND METHODS
Bacterial strains and plasmids
Xanthomonas cyanopsidis 13D5 was provided by C.Kado,
University of California, Davis. E.coli K802(Hsd RK- Hsd
MK-, McrA- McrB-) and ER1451(Hsd RK-, Hsd Mk-, Mcr
A-, Mcr B-) were obtained from New England Biolabs.
XL1-B(13) cells were obtained from Stratagene.

Enzymes and chemicals
Restriction enzymes were obtained from New England Biolabs
or BRL and were used according to the manufacturers'
instructions. T4 DNA ligase was also obtained from New England
Biolabs. [alpha- 32P]-ATP( > 3,000Ci/mmmole), [gamma-32P]-
dCTP(> 3,000 Ci/mmole), Hybond H nitrocellulose, Klenow and
Hot Tub DNA polymerase were from Amersham. 'Gene Clean'
was purchased from BiolOl. Sequenase DNA sequencing kit and
calf intestine aLkaline phosphatase were obtained from United
States Biochemical. Oligonucleotide primers used for sequencing
or for PCR analysis were prepared by solid phase phosphoamidate
synthesis at the Macromolecular Structure Facility, Michigan
State University. Proteinase K was purchased from Boehringer
Mannheim Biochemicals. DE-45 paper was from Schleicher and
Schull.

DNA preparation
Genomic DNA from X. cyanopsidis and S. marcescens was
isolated by detergent lysis. Bacterial cultures were grown
overnight at 30°C in LB media. Cells were pelleted by
centrifugation and resuspended in 5 mls of phosphate buffered
saline. Proteinase K was added to a final concentration of
0.4mg/ml followed by the addition of a 1/10 volume of lysis
buffer(lOOmM Tris-Cl, pH 8.0, 1% SDS and 0.1mM EDTA).
The suspension was heated at 55°C until the solution cleared.
The DNA was purified by phenol and chloroform/isoamyl alcohol
extraction and recovered by ethanol precipitation.

Identification of genes and DNA sequence analysis
DNA fragments containing the XcyI endonuclease and methylase
genes were identified by hybridization to probes derived from
the XinaI restriction and modification genes(as described below).
The XnaI endonuclease and methylase probes were isolated from
low melting temperature agarose gels and were random primer
labelled using [gamma-32P]-dCTP(14). Genomic DNA from
X. cyanopsidis was digested with EcoRI, PstI and HindI and
the products electrophoretically separated on a 1% agarose gel.
The fragments were transferred to nitrocellulose according to the
method of Southern(15). Hybridizations were carried out at 390C
overnight. Filters were washed four times at room
temperature(2 xSSC, 15min; 2xSSC, 15min; I xSSC, 15min;
Ix SSC, 0.1 % SDS, 15min) and Ix SSC, 0.1 % SDS for 15min
at 550C.

Fragments used for subcloning were isolated from agarose gels
by either electroelution onto DE-45 paper or purification using

Gene Clean according to manufacturer's instructions. Fragments
were subcloned into Ml3mpl9 and single stranded DNA was
used as template for dideoxy sequence analysis with either
universal primer or synthetic oligonucleotide primers
complementary to predetermined sequences.

PCR amplification of sequences
Genomic and plasmid DNA sequences were amplified using Hot
Tub DNA polymerase. Reactions containing 300ng plasmid DNA
and 450ng each primer were carried out in 25mM Tris-Cl, pH
9.5, 50mM KCI, 10mM MgCl2, 1mg/ml BSA, 200ytM of each
dNTP and 4% formamide. The DNA was subjected to 35 cycles
of amplification with a cycle profile of 94°C, 2min; 52°C, 3min
and 72°C for 4min. 500ng of template and 400ng of primers
were used for amplification of genomic DNA. Reaction products
were subsequently analysed on 1 % agarose gels. The sequence
of the primers used for amplification was as follows:

A' CGTTCCATTGCTCCAATTCGGCG
A ATCGAAGTCAAGAGC
B'AGATACCAGCCGTCA
B GCCGCGAGCGTCAGCGTCAGG
C'CCTGACGCTGACGCTCGCGGC
C TCGTGCAGATCATGACGCAGCT

RESULTS
Isolation of the XcyI restriction and modification genes
The strategy for cloning the XcyI restriction and modification
genes utilized the potential homology between the two X.
cyanopsidis and X. malvacaenum species as well as the possible
sequence conservation between the restriction-modification genes.
Fig. 1(A) shows the restriction map for the XmaI restriction-
modification system. The genes were initially cloned into pUC19
on a lOkb HindM fragment and were subsequently localized to
the 3.1kb NruI/EcoRI fragment(Wilson and Lunnen,
unpublished). The latter fragment was digested with XhOI to yield
a probe(Xh550) specific for the XmaI methylase gene. The Xh550
probe was hybridized to Southern blots of restriction digests of
genomic DNA from X. cyanopsidis. The probe specifically
hybridized to a 4.3kb PstI fragment and a >lOkb EcoRl
fragment(Fig.2). DNA fragments which comigrated with the
hybridizing band from the PstI digest were subcloned into M13
to generate a size fractionated library. The library was rescreened
with the Xh550 probe and the positive clones isolated. A partial
restriction map for the insert of the PstI clone(pMP43) is shown
in Fig. 1(B). Further Southern hybridizations revealed that the
Xh550 probe localized to a 1.1kb SmaI-PstI fragment(Fig.2).

In a similar manner, a specific probe was isolated
corresponding to the Xmal endonuclease. A 670bp probe(Dd7)
was generated by DdeI digestion of the 3. 1kbNruI/EcoRI
fragment. Dd7 hybridized to the same 4.3kb PstI and > lOkb
EcoRI fragments as did the methylase gene probe(Fig.2) Within
the PstI fragment, the Dd7 probe hybridized to the 1.6kb SnaI
fragment, which is adjacent to that detected by the methylase
gene probe.
Very little background hybridization was detected using the

XnaI methylase and endonuclease specific probes. In addition,
probes generated from regions flanking the 3.1kb NruIlEcoRI
fragment failed to hybridize to the genomic DNA from X.
cyanopsidis. Similar experiments were also carried out using
probes derived from the SmaI restriction and modification genes.
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J;Sgure 1. Comparison of the restriction maps ofclones containing the (A) XmaI and (B) XcyI restriction-modification systems. Probes specific for the Xmalmethylase(Xh550)
and endonuclease(Dd7) genes were isolated from the XmaI clone and used in Southern analyses of X. cyanopsidis genomic DNA to identify fragments containing
homologous sequences. The location is shown for the two open reading frames detected by sequence analysis of the PstI fragment containing the XcyI restriction-
modification system.(The restriction map of the XmaI clone was provided by Keith Lunnen and Geoff Wilson).

No hybridization was detected between the SniaI and XcyI genes,
even under conditions of low stringency.

Sequence analysis
DNA encompassing the two SmaI fragments from the pMP43
clone was further subcloned and sequenced. Two open reading
frames were detected in a head-to-tail orientation(Fig IB). ORFI
coded for a protein of 300 amino acids and a calculated molecular
weight of 33,580. Initial examination of the sequence of ORFI
revealed the presence of two sequence motifs, FGGSG and
TSSPY. While the former motif contains the GXG tripeptide
which is present in all Adomet dependent enzymes(16), the
TSPPY sequence frequently occurs in the N4 cytosine
methyltransferases(17). The PstIlHincH fragment was subcloned
into pUC 19(pXcyI), propagated in E.coli K802 cells and
analysed for in vivo methylase activity: Neither XmaI nor SnaI
endonuclease cleaved the purified pXcyI plasmid.(In contrast to
pMXcy, pMP43 was digested by both SmaI and XcyI
endonucleases. Presumably the higher copy number of the pUC
plasmid enables sufficient expression of the methylase gene to
confer resistance to cognate endonuclease digestion of the
plasmid). ORFI was consequently identified as the XcyI
methylase. In addition to the proposed initiator ATG codon at
position 361, there is also a second potential initiator codon(albeit
TTG) 32 amino acids upstream at nucleotide position 265. N-
terminal sequencing of the purified protein will be necessary to
determine which of the codons is utilized. However, sequence
comparisons with the Cfr9l methylase(see below) would suggest
the ATG codon as the correct initiation site.
The start codon for the second open reading frame overlaps

the stop codon of the methylase gene by one nucleotide and codes
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Figure 2. Hybridization of the (1) Xh550 and (2) Dd7 probes with (A) Genomic
DNA from X. cyanopsidis digested with PstI, (B) X.cyanopsidis genomic DNA
digested with EcoRI, (C) pMP43 digested with PstI and (D) pMP43 digested
with SnaI.

for a protein of 333 amino acids with a predicted molecular
weight of 36,644. The XcyI endonuclease has been purified to
near homogeneity and has a molecular weight, calculated from
electrophoretic mobility on denaturing polyacrylamide gels, of

kb l
9 10

kb

(B)



6270 Nucleic Acids Research, 1992, Vol. 20, No. 23

20 40 60
XcyI MPkantapPugVErilRpEPLiLRGsTLFEGDALtVLRRLPSGSVRCVVTSPPYWGLRDYGIeEQIGLEvtMpQF

11 11 I III I IIIIIIIII1111111111111111111111111111111 I 11
Cfr91 MPsKkSssPlsVEklhRaEPLeLnGaTLFEGDALSVLRRLPSGSVRCiVTSPPYWGLRDYGIdEQIGLEssMtQF

II III I I I IIIIIIIIIIIII III
SmaI M kKhSnnldlfdqteeclesnLRsckiivGDAreavqgLdSeifdCWTSPPYWGLRDYGnggQIGaEdnindy

80 100 120 140
XcyI LhRLVaIF&EVKRVLTDDGTLWLNIGDGYTSGNRGYRAPDKKNPARAMdVRPDTPvGLKPKDLmG IPWRLAFALQ

lI III11 I111111111111111111111111111111III11111 1111111111111111
Cfr91 LnRLVtIFsEaKRVLTDDGTLWvNIGDGYTSGNRGYRAPDKKNPARAMaVRPDrPEGpKPKDLIGIPWRLAFALQ

11 I IIIIIIIIIIIIIII 11 III 11 II11111111111111111
SiaI ikdLVdlFrdVrRtLkDDGTLWLNIGDaYTSGgRtwRdkDdKNkgRAMsyRPpTPEGLKPKDLIGvPWRLAFALQ

160 180 200 220
XcyI dDGWYLRSDIVWNKPNAMPESVKDRPaRSHEFLFMfTKSEKYfYDWqAaREpaDgGG1RNRRsVWNVNTKPFAGA

1111111111111111111111111111111111111111111I 11 1111111 111111111111
Cfr91 eDGWYLRSDIVWNKPNAMPESVKDRPTRSHEFLFMLTKSEKYYYDWEAvREekDsGGfRNRRTVWNVNTKPFAGA

11111111111 11111 11111 IIII1111111 111111111
SmaI nDGWYLRtDIiWNKPNcqPESVrDRPTRSHEyiFlLsKgkKYYYDWEsikEp Dp dkkNRRTVWNiNTePypGa

a sk m

240 260 280 300
XcyI HFtTFPpELIRPCIhASTePGDYVLDPFFGSGTVGlVCQdEnRQYVGIELNPEYVtlAadRLQGqnsNVIRIAAA

11111111111111111111111111111111111III1I111111111111 1111 11111111
Cfr91 HFATFPtELIRPCILASTkPGDYVLDPFFGSGTVGVVCQqEDRQYVGIELNPEYVdiAvnRLQGEdtNVIRIAAA

111 11 11 11 IIIIll 111 II 11111111 1I
SmaI HFAvFPramaRlCvLAgurPGgkVLDPFFGSGTtGVVCQe1DRecVGIELNeEY A sLakE rIlrrr

Figure 3. Alignment of the amino acid sequences of the XcyI, Cft9l and SmaI
methylases. Amino acid residues that are identical between two or more sequences
are shown in capital letters. Arrowheads indicates the position of additional amino
acids within the sequence of the SmaI methylase. The numbering system is for
the XcyI methylase.
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Figure 4. Alignment of the two motifs common to the XcyI and EcoRV
endonucleases. Motif 1 corresponds to the proposed magnesium binding domain
and the corresponding sequences are also shown for the EcoRI and RsrI
endonucleases. The sequences for Motif 2 have been aligned for the XcyI and
EcoRV endonucleases. A gap has been inserted into the sequence of the EcoRV
sequence to maximize the alignment. The consensus sequence is derived from
Thielking et al. ( 11) with the inclusion of a gap to accommodate the additional
amino acid present in the sequence of the XcyI endonuclease.

approximately 35,000(Dunbar, unpublished). ORF2 is, therefore,
proposed to encode the XcyI endonuclease.

Approximately 2.4kb of total DNA was sequenced including
350bp upstream of the methylase gene and l50bp distal of the
endonuclease. No other full length open reading frames were
detected within these flanking regions, although the available
sequence upstream of the methylase does contain an open reading
frame of nearly 70 amino acids. A search of the PIR data bank
did not reveal any significant similarity of this sequence with other
known proteins.
The methylase and endonuclease start codons are preceded by

potential ribosome binding sites, GAGAGA and AAGGA,
centered at positions 339 and 1237, respectively. The 5' region
was also screened for sequences similar to the E.coli major
promoter. A potential promoter at '- 10'(TAAGATT) and
'-35'(GTGACCATTGCAG) occurs upstream of the methylase

gene as shown. The in vivo activity which was detected in the
cells transformed with pMXcy may reflect the activity of this
putative promoter in E. coli. The alternative TTG start codon also
contains potential Shine - Dalgarno and promoter regions. No
obvious rho independent termination signals were detected
downstream of the endonuclease gene.
The sequence of the XcyI genes demonstrated an unusual base

composition. Many of the restriction- modification genes exhibit
a lower G+C content compared to the genomic DNA of the host
cell and also display a preference for A/U bases at the third
position of the codon(18). A slight, approximate 10%, decrease
is detected in the G +C content for the XcyI system; however,
XcyI endonuclease and methylase genes display a C/G(65 %)
rather than A/U bias at the wobble position. These differences
may reflect the relative GC richness of Xanthomonas spp
(approximately 65 %(19)). A similar difference in the content and
base utilization at the third position has also been detected for
the RsrI endonuclease which exhibits a GC bias consistent with
the relative high GC content R. sphaeroides(20).

Sequence comparisons
Comparison of the sequence of the XcyI methylase with published
sequences of other type II methyltransferases revealed the greatest
similarity with the Cfr9l methylase(Fig.3). The proteins shared
approximately 80% amino acid sequence identity and an
additional 5% similarity arising from conservative substitutions.
The XcyI methylase also revealed greater than 50% identity with
the SmaI methylase. Fig.3 also reveals that the non-conserved
amino acids in the SmaI methylase are clustered at the amino
terminus of the protein. However, the most significant alignment
of the XcyI methylase occurred with the XmaI methylase(Lunnen
and Wilson, unpublished) for which there was 100% homology
for both the protein and the DNA sequences.

In addition to the sequence conservation between the
methylases, the XcyI and XmaI endonucleases also revealed 100%
identity. In contrast, the XcyI endonuclease exhibited no
significant similarity with other endonucleases which have been
sequenced to date, including the SniaI endonuclease. The
sequence of the XcyI perfect isoschizomer, Cfi91 endonuclease,
has not yet been published: however, it is reported(l) to exhibit
greater than 70% similarity to the XmaI(and hence, XcyI)
endonuclease.

Despite the lack of global sequence conservation, the XcyI
endonuclease contains two amino acid motifs which have recently
been identified and shown to be essential to the activity of the
EcoRV endonuclease(l 1,12). Fig.4 shows the alignment of the
conserved motifs between the EcoRV and the XcyI endonucleases.
Motif 1 is comprised of two conserved sequence elements
separated by 16-20 amino acids. The second motif, identified
by Thielking et al.(I 1) has the consensus sequence, SG---NI-S.
A similar sequence occurs in the XcyI endonuclease, albeit it with
a conservative substitution(S-N) at the C-terminus and an amino
acid insertion between the conserved glycine and asparagine.

Flanking sequence conservation
The high degree of sequence similarity between the genes for
the XnaI and XcyI restriction and modification enzymes prompted
further investigation of the extent to which the DNA sequences
of X. cyanopsidis and X. malvacaerum were conserved.
Comparison of the restriction map of the XmaI clone with the
pMP43 subclone revealed that the PstI site upstream of the
methylase gene was conserved as were the two HinclI sites distal
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Figure 5. DNA sequence conservation between X. malvacaerum and X.
cyanopsidis. (A) Restriction maps of the clones containing the X'naI and XcyI
restriction-modification genes indicating the location of the primers used for PCR
amplification of the DNA sequences flanking the genes. (B) Gel electrophoresis
of the PCR products obtained from amplification of (A) pMP4.3, containing the
XcyI genes subcloned in Ml3mpl9, (B) pXmaI, containing the XmaI genes

subcloned into pUC 19, (C) Ml3mpl9 and (D) pUC 19.

of the endonuclease. However, additional sites downstream of
the endonuclease appeared to diverge as evidenced by the lack
of the PstI site in the XnaI clone and and the failure to detect
the NruI site in the restriction map of the pXcyl clone(Fig. 1).

Primers complementary to the sequences of the XmaI and XcyI
clones were used to amplify homologous sequences in the
pMP43(XcyI) and XmaI clones. Amplification of sequences

downstream of the XcyI endonuclease using primers A' and A
yielded a 1.8kb fragment for pMP43 (Fig.5). No amplification
of the XmaI clone was detected. The lack of an amplified product
is consistent with the PstI and NruI polymorphisms which were

previously detected in this region. The DNA sequences,
therefore, appear to diverge less than 2kb from the endonuclease
gene. Sequences upstream of the methylase genes are conserved
for at least 400bp as evidenced by (i) conservation of the PstI
site and (ii) amplification of the XrnaI clone using the XcyI specific
primers B' and B(Fig.5). The extent of conservation at the 5'
end of the genes was further defined. The sequence of the
oligonucleotide (C') corresponded to the non-coding strand of
the amino terminus of the XInaI methylase. The sequence of the
second primer(C) was derived from subcloning and sequencing
of the PstI/HindllI fragment from the XmaI clone. Primers C'

and C, complementary to the XnaI sequence, were used to
amplify genomic DNA from X. cyanopsidis. A 1.8kb fragment
was amplified from the XmaI clone. However, no amplification
of the X. cyanopsidis genomic DNA was detected.(In control
experiments, the same template DNA was readily amplified using
the XcyI specific primers B' and B). The sequences of X.
cyanopsidis and X. malvacaerun therefore appear to diverge less
than 2kb on either side of the conserved restriction-modification
system.

Conservation of the XmaIlI restriction-modification system
X. malvacearum has been reported to contain at least three distinct
restriction-modification systems(2 1,22). De Feyter and
Gabriel(23) have localized two of the methylation activities within
a 13.8kb EcoRI fragment and have identified one of the genes
as the the XmaIH modification gene. Comparison of the restriction
map of clones containing the XmnaI and XmaHI genes identifies
the second component as the XInaI restriction-modification
system. The XmnaI and XmaIl restriction- modification systems,
therefore, reside within approximately 5kb on a single EcoRI
fragment. RFLP and PCR analyses suggested that sequences
greater than 2kb beyond the XcyI restriction-modification system
were not conserved in X. malvacaerum. Nonetheless, in view
of the similarity between the XcyI and XmaI systems, the
possibility was explored that a restriction-modification system,
homologous to XmnaIII, may also occur in X. cyanopsidis.
The 5.1kb EcoRI/HindIH fragment from pUFRO59(a plasmid

containing the XmallI restriction- modification genes and kindly
provided by D. Gabriel) was used as a probe in Southern analysis
of X. cyanopsidis genomic DNA. Very weak, non-specific,
hybridization was detected, suggesting that a system homologous
to XmaIII is not present in X. cyanopsidis. The lack of
hybridization with the XmaIl probe is consistent with the
detection of only a single endonuclease(XcyI) activity in crude
cellular extracts from X. cyanopsidis(24, Dunbar, unpublished).

DISCUSSION
The genes for the XcyI restriction-modification system have been
identified by hybridization to probes specific for the XmaI
methylase and endonuclease genes. Subsequent sequence analyses
revealed that the organization and primary structure of the XcyI
restriction-modification system is identical XmaI.

Analyses of isoschizomeric restriction-modification systems
have revealed that while some systems, for example, Hha and
Hinfl(25) appear to have evolved independently, others such as
the TaqI and TthHB8I(26) enzymes, are clearly related. However,
no other restriction-modification systems have as yet
demonstrated the absolute homology which was detected between
the genes of the XmaI and XcyI systems. The phylogenetic
relationship of the host organisms and the identical catalytic
activities of both the endonucleases and methylases were a
predisposition towards potential sequence similarities. Indeed,
it has been suggested that X. cyanopsidis and X. malvacaerum
are different isolates of the same species(19). However, whereas
the restriction-modification systems have been well conserved,
the flanking sequences diverge less than 2kb beyond the
endonuclease and methylase genes. Furthermore, despite the
proximity( <5kb) of the XmaI and the XmaIII systems and the
potential for co-inheritance, genes homologous to XmaIll have
not been conserved in X. cyanopsidis. X. cyanopsidis and X.
malvacaerum, therefore, appear to be distinct subspecies.
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Three of the four restriction-modification systems which
recognize the CCCGGG sequence are very similar. The genomic

organization is identical for the XcyI, XmaI and Cfr9l genes and
the methylases exhibit greater than 80% amino acid sequence

identity. The primary structure of the Cft9l endonuclease is also
reported to be very similar to the XmaI(and XcyI)
endonuclease(1). These properties suggest a common ancestor
for the XcyI, XmaI and Cft9l restriction-modification systems.
A different evolutionary pathway appears to have occurred for

the SniaI endonuclease and methylase genes. The genes of the
SmaI restriction-modification system are convergent and there
is an additional open reading frame, encoding a proposed
regulatory protein(27), immediately upstream of the
endonuclease. Furthermore, there is no apparent sequence

similarity between the SniaI restriction enzyme and the other
endonucleases of this family. In contrast, the SmaI methylase does
exhibit significant similarity to the XcyI and Cfr9l methylases.
The greatest divergence in the sequence of the SmaI methylase
occurs at the amino terminus and calculations from which the
N-terminal 50 amino acids have been excluded yield an estimate
of greater than 65% amino acid identity between the SmaI and
XcyI methylases and which increases to greater than 75 %
similarity if conservative substitutions are included. These
observations suggest that the SmaI endonuclease and methylase
genes were recruited independently with the latter derived from
the same ancestor genes as the XcyI and Cfr9l methylases.
Similarly, it has been proposed that the RsrI and EcoRl
endonucleases have evolved from a common ancestor, while the
corresponding methylases were derived from unrelated progenitor
genes(20).
The functional domains of the N4 cytosine methyltransferases

have yet to be defined. The FXGSG and TSPPY motifs have
been assigned possible roles in AdoMet binding and methyl
transfer(17) and Klimasauskas et al. (17) have further predicted
that the recognition domain lies between these two conserved
motifs. A DDG tripeptide occurs twice (at positions 92 and 151)
within the sequence of the XcyI methylase and in the region
encompassing the potential recognition domain. A role for the
DDG motif in DNA recognition has been suggested by Card et
al. (28) who observed the presence of the tripeptide within the
target recognition domains of several C5 methyltransferases
which recognize the sequence, CCGG. In addition to the presence

of the DDG motifs within the sequence of the XcyI methylase,
an homologous DDG sequence(at position 92) and, conservative
substitutions of this sequence, EDG and NDG(at position 151)
occur within the primary structures of the Cft9l and SnaI
methylases, respectively.(The sequence is not present in the
MvaI(CCA/TGG) or PvuII(CAGCTG) N4 cytosine
methyltransferases). The significance of this observation and the
relationship between the binding domains of the methylases which
recognize the CCGG and the CCCGGG remains to be
determined.
A lack of primary structure similarity has, in the past, been

a characteristic of the type II endonucleases. However, recent

studies have revealed that some isoschizomers, such as EcoRI
and RsrI(30), share significant sequence similarities. No
similarities have previously been detected between endonucleases
which have different catalytic specificities. However, two motifs
which have recently been assigned functional roles in the EcoRV
endonuclease(I 1) were detected within the primary structure of
the XcyI endonuclease. The PD(X)16-20EXK motif has been
identified as a magnesium binding domain(12) and the crystal

structure of EcoRV positions these amino acids close to the
scissile bond. The motif is also present in the Dpnll, Hincll and
HpaI endonucleases, as well as the EcoRI and RsrRI
endonucleases( 11). This motif may represent a structural element
utilized by a number of different endonucleases. A similar metal
binding domain, however, is not apparent in the sequence of the
SmaI endonuclease.
The second conserved domain has the consensus sequence,

SG---NI-S. The motif present in the XcyI endonuclease contains
an additional amino acid between the conserved serine and
asparagine. The X-ray crystal structure of the EcoRV enzyme
suggests that the amino acids occur within a loop(29). If a similar
structure exists for the XcyI endonuclease, the insertion of one
amino acid may well be accomodated.

Site directed mutagenesis studies have indicated that the
SG---NI-S domain is essential for the activity of the EcoRV
endonuclease( 11). The conserved motif was also found by
Thielking et al. (I 1) to be present only in the DpnII, HincII and
HpaI endonucleases which have recognition (GW(WW)WC,
where W is A or T) and cleavage specificities(blunt end scissions)
similar to EcoRV. The DpnH methylase also contains the
consensus sequence. These observations led to the proposal that
the motif may participate in DNA recognition. It is perhaps
unexpected that a similar motif was detected in XcyI which not
only recognizes a different sequence(CCCGGG) but produces
cohesive termini. However, a significant difference between the
XcyI and EcoRV enzymes is the relative location of the two
domains which are immediately adjacent in the XcyI endonuclease
but separated by approximately 100 amino acids in EcoRV
enzyme. The different location of the domains may be related
to the different positions at which these enzymes cleave within
their recognition sequences. Nonetheless, the identification of the
two conserved motifs will facilitate site-directed mutagenesis
studies to determine whether there is a comparable role for these
amino acids in the structure and function the XcyI endonuclease.
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