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Evidence for Horizontal Transfer of SsuDAT1I Restriction-
Modification Genes to the Streptococcus suis Genome
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Different strains of Streptococcus suis serotypes 1 and 2 isolated from pigs either contained a restriction-
modification (R-M) system or lacked it. The R-M system was an isoschizomer of Streptococcus pneumoniae
Dpnll, which recognizes nucleotide sequence 5'-GATC-3'. The nucleotide sequencing of the genes encoding the
R-M system in S. suis DAT1, designated SsuDATI1I, showed that the SsuDAT1I gene region contained two
methyltransferase genes, designated ssuMA and ssuMB, as does the Dpnll system. The deduced amino acid
sequences of M.SsuMA and M.SsuMB showed 70 and 90% identity to M.Dpnll and M.DpnA, respectively.
However, the SsuDAT1I system contained two isoschizomeric restriction endonuclease genes, designated ssuRA
and ssuRB. The deduced amino acid sequence of R.SsuRA was 49% identical to that of R.Dprll, and R.SsuRB
was 72% identical to R.LIaDCHI of Lactococcus lactis subsp. cremoris DCH-4. The four SsuDATI1I genes
overlapped and were bounded by purine biosynthetic gene clusters in the following gene order: purF-purM-
purN-purH-ssuMA-ssuMB-ssuRA-ssuRB-purD-purE. The G+C content of the SsuDAT1I gene region (34.1%) was
lower than that of the pur region (48.9%), suggesting horizontal transfer of the SsuDAT1I system. No trans-
posable element or long-repeat sequence was found in the flanking regions. The SsuDATI1I genes were
functional by themselves, as they were individually expressed in Escherichia coli. Comparison of the sequences
between strains with and without the R-M system showed that only the region from 53 bp upstream of ssuMA
to 5 bp downstream of ssuRB was inserted in the intergenic sequence between purH and purD and that the
insertion target site was not the recognition site of SsuDAT1I. No notable substitutions or insertions could be
found, and the structures were conserved among all the strains. These results suggest that the SsuDAT1I
system could have been integrated into the S. suis chromosome by an illegitimate recombination mechanism.

More than 3,000 restriction-modification (R-M) systems
have been identified in a wide variety of microorganisms,
where they are thought to protect the host from invasion by
foreign DNA. Only a minority of R-M systems have been
sequenced (6, 37, 56). Among them, some type II R-M systems,
which recognize 4-bp palindromic sequence 5'-GATC-3, in-
volve a variety of isoschizomers. Three classes can be distin-
guished by their manners of DNA cleavage and susceptibilities
to DNA methylation. The first class of isoschizomers, repre-
sented by Sau3Al, which was described for Staphylococcus
aureus, is prevented from digesting host DNA by a cognate
5-methylcytosine methyltransferase and is not influenced by
the modification of N°-methyladenine (48, 56). The second
class, represented by Dpnl, which was described for Strepto-
coccus pneumoniae, is unique among restriction endonucleases
in that it cleaves only at methylated DNA sequence 5'-
GmeATC-3’, and thus the cells producing Dpnl do not carry
the corresponding methyltransferase gene (22, 23). The third
class, including Mbol, Dpnll, and LIaDCHI, which were de-
scribed for Moraxella bovis, S. pneumoniae, and Lactococcus
lactis, respectively, contains restriction endonucleases com-
plementary to the second class, in that they cleave at the
same sequence, 5'-GATC-3’, but only when it is unmethyl-
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ated (11, 22, 23, 30, 55). Bacterial cells expressing the third
class of restriction endonucleases also contain an N°-methyl-
adenine methyltransferase, which methylates adenine in the
5'-GATC-3' sequences of the host DNA. The N°-methylad-
enine methyltransferase is functionally identical to the Dam
methylase of Escherichia coli, and the evolutionary relatedness
of these methylases has been discussed (29, 35).

Except for the second class, the type II R-M systems de-
scribed above are generally composed of two structural genes,
one for an endonuclease and a second for a methyltransferase,
as is typical of other type II R-M systems (6, 56). However, two
of these, Dpnll and LIaDCHI, have genes that encode two
methyltransferases (8, 24, 30). A study of well-characterized
Dpnll and a comparison of it with the LIaDCHI system indi-
cated that in addition to the conventional double-stranded
DNA methyltransferase, a single-stranded DNA methyltrans-
ferase was encoded, and this activity potentially facilitated the
uptake of intact DNA via conjugation in the respective host
bacteria. Another property of interest is that the two methyl-
transferases of the Dpnll system, M.Dpnll and M.DpnA, were
highly homologous to those of the LIaDCHI system, M.LlaA
and M.LIaB, respectively (75 and 88% identity). Thus the two
M systems are thought to have the same origin, whereas the
two restriction endonucleases showed relatively low homology
(only 31% identity), suggesting the complexity of the evolu-
tionary origin of restriction endonuclease genes (30).

Many genes for R-M systems have been found to be located
on transferable elements such as plasmids and bacteriophages,
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or, in some cases, genes encoding proteins involved in DNA
mobility, such as transposases, integrases, and invertases, are
found in the vicinity of R-M systems (5, 7, 19, 26, 38, 46, 51, 54,
56). These genetic structures may facilitate the transfer of R-M
systems and have led to the speculation that R-M genes could
migrate among microorganisms of different genera. The acqui-
sition or loss of an R-M system followed by a double-strand
breakage may play a role in illegitimate recombination when
the two genetic segments have a few base pairs of homology
(21). The above findings, together with recent studies on the
complete sequences of bacterial genomes, have led to a pro-
posal that R-M systems are likely to be mobile genetic ele-
ments that mediate large-scale chromosomal conversions and
that such genome plasticity may play a role in genome dynam-
ics (20). However, these studies have thus far been conducted
with only a few strains or with few different species (3, 17, 20,
47, 58). While the results of the above studies imply horizontal
transfer of R-M systems, the precise locations of R-M systems
in the chromosome and/or the genetic structures flanking the
R-M systems have yet to be studied extensively. Therefore,
further studies will be needed in order to make a more gen-
eralized statement relative to the mobility of R-M systems.

Streptococcus suis is a gram-positive, facultatively anaerobic
coccus that has been implicated as the cause of a wide range of
clinical disease syndromes in swine and other domestic ani-
mals. The disease syndromes caused by S. suis in swine include
arthritis, meningitis, pneumonia, septicemia, endocarditis,
polyserositis, abortions, and abscesses (9). S. suis has also been
implicated in human disease (28). S. suis strains are currently
classified into 35 serotypes on the basis of their capsular poly-
saccharide antigens (12, 13, 36). Among them, strains fre-
quently isolated from diseased pigs and exhibiting a high de-
gree of virulence mostly belong to serotype 2 (9, 15, 16).
Although several genes of S. suis have been cloned and char-
acterized (34, 41, 43-45, 49), the R-M system(s) of this bacte-
rial species has not been described.

We found that some strains of serotypes 1 and 2 of S. suis
possessed an R-M system that mimicked the Dpnll and LlaD-
CHI systems, whereas the reference strain of serotype 2,
NCTC10234, as well as other strains lacked this R-M system.
This report describes the genetic organization of the R-M
system and its flanking regions. The R-M system was found to
contain two genes encoding methyltransferases similar to those
of the Dpnll and LIaDCHI systems and two genes encoding
restriction endonucleases, one similar to R.Dpnll and the
other highly homologous to R.LIaDCHI. Comparison of the
DNA sequences of the R-M system and its flanking regions
among different strains containing the R-M system and those
lacking the system indicated a horizontal transfer of the R-M
system, which may have occurred by a unique mechanism of
gene transfer.

MATERIALS AND METHODS

Bacterial strains, vectors, enzymes, media, and culture conditions. S. suis
strains of serotypes 1 and 2 used are listed in Table 1. Strain NCTC10234, a
reference strain of serotype 2, was purchased from the National Collection of
Type Cultures, Central Public Health Laboratory, London, England. Strain
DATI was previously described (49). Other S. suis strains were independently
isolated from diseases pigs in Japan and stocked in our laboratory. E. coli strains
used were SCS110 (thr leu endA thi-1 lacY galK galT ara tonA tsx dam dem supE44
1psL A(lac-proAB) [F' traD36 proAB lacI"ZAM15]) (Stratagene, La Jolla, Calif.),

RESTRICTION-MODIFICATION OF S. SUIS 501

TABLE 1. Strains of S. suis used and their R-M profiles

Strains® Serotype
Strains expressing the R-M phenotype
DAT1, 193, 195, 196, 197, 198, 199, 200, 202, 205, 220,
221, 222, 227, 228, 229, 230, 233, 234, 235, 236, 238,
239, 243, 244, 247 2
211, 212 1
Strains with the null phenotype
NCTC10234, DAT2, 194, 207, 209, 210, 213, 223, 226, 246............. 2
203, 204....... 1

@ Strains except NCTC10234 were isolated from diseased pigs in Japan from
1987 to 1996.

C600 (F~ thr-1 thi-1 leuB6 lacYl tonA21 supE44) (39), XL-1 blue MRF’
[A(mcrA)183 A(merCB-hsdSMR-mir)173 endAl1 supE44 thi-1 recAl gyrA96 relA1
lac [F' proAB lacI"ZAM15 Tnl0]) (Stratagene), XLOLR {A(mcrA)183 A(mcrCB-
hsdSMR-mir)173 endAI thi-1 recAI gyrA96 relAl lac [F' proAB lacI9ZAM15 Tnl0]
Su”\"} (Stratagene), and DH5« (F~ endAl recAl hsdRI7 (ry~ myg ") supE44
thi-1 gyrA relA1 $80lacZAM15 A(lacZYA-argF) deoR™) (39). The plasmid vectors
used for gene cloning were pUC19 (59), pCR2.1 (Invitrogen, Groningen, The
Netherlands), and pHSG576 (50). Phagemid vector AZAP Express (Stratagene)
was used for the construction of the genomic library. All restriction endonucle-
ases and other enzymes were purchased from Takara Shuzo Co. Ltd. (Tokyo,
Japan) except Dpnl, which was purchased from Boehringer GmbH (Mannheim,
Germany), and used according to the manufacturers’ recommendations. S. suis
strains were grown in Todd-Hewitt (TH) broth or agar medium (Difco Labora-
tories, Detroit, Mich.) at 37°C under 5% CO, for 18 h. E. coli strains were
cultured in Luria-Bertani broth or agar medium (Difco Laboratories) supple-
mented with, when necessary, ampicillin (50 pg/ml), kanamycin (25 pg/ml), and
chloramphenicol (25 pg/ml) at 37°C for 18 h.

Analysis of DNA methylation. Genomic DNA was isolated from S. suis and
E. coli grown on agar medium by standard procedures as described previously
(34, 42). Methylation of DNA was determined directly by testing the suscepti-
bility of genomic DNA to the restriction endonucleases Dpnl and Mbol in vitro.
Restriction digests were analyzed by agarose gel electrophoresis by standard
procedures (39).

Restriction endonuclease assay in crude extracts. The presence of restriction
endonucleases could be detected in crude extracts of S. suis and E. coli. Extracts
of S. suis were prepared according to the procedures described by Muckerman et
al. (31). Briefly, 5-ml cultures of S. suis were grown in TH broth to an optical
density at 600 nm of approximately 0.4. After centrifugation at 20,000 X g for 2
min at 4°C, the cell pellet was suspended in 0.1 ml of 10 mM Tris-HCI (pH
7.6)-50 mM NaCl. Then 2.5 pl of Triton X-100 was added, and the mixture was
incubated at 30°C for 15 min for cell lysis. After incubation, the cells were
removed by centrifugation at 20,000 X g for 5 min at 4°C, and the extracts were
directly used for the assay. Extracts of E. coli were prepared as described by
Schleif (40). Briefly, bacterial cells collected from 1 ml of an overnight shaking
culture in Luria-Bertani broth supplemented with appropriate antibiotics were
suspended in 0.1 ml of 10 mM Tris-HCI (pH 7.6)-10 mM 2-mercaptoethanol in
Eppendorf tubes. The cell suspensions were then sonicated on ice with a Sonifier
250 (Branson Ultrasonics Corp., Danbury, Conn.) with a microtip. Sonication
was carried out twice for 10 s with a 1-min interval and with a 50% duty cycle and
an output of 7. After sonication, the cell debris was removed by centrifugation at
20,000 X g for 15 min at 4°C, and the supernatants were directly used for the
assay. Enzyme reactions were performed by standard procedures for restriction
endonuclease digests with a high-salt universal buffer (39).

PCR amplifications. Synthetic oligonucleotide primers specifically designed
for amplification of the R-M gene region in this study are listed in Table 2. Ex
Taq polymerase (Takara) was used for the amplification according to the man-
ufacturer’s instructions except that the concentration of MgCl, was 3 mM. DNA
amplification was carried out in a Perkin-Elmer thermal cycler, model 2400 or
9600 (PE Biosystems Japan, Tokyo, Japan), and the program consisted of incu-
bation for 1 min at 96°C, 30 cycles of 20 s at 96°C, 20 s at 60°C, and 3 min at 68°C,
and final incubation for 5 min at 68°C.

An LA PCR kit (Takara) was used for inverse PCR according to the manu-
facturer’s instructions except that the concentration of MgCl, was 3 mM. The
rationale and the protocol for inverse PCR were essentially the same as those
described elsewhere (32). Genomic DNA of S. suis strain DAT1 was digested
with BamHI and self-ligated using a DNA ligation kit (Takara). The ligation
mixture was used as a template for the inverse PCR.
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TABLE 2. Oligonucleotide primers

Primer Sequence (5'-3")" Location or description
dam-F YRAARTGGRCWGGKGGHAAR® Degenerate primer
dam-R CGDCCRWAYGGHACRTTRAA* Degenerate primer
dam-inl TTTCCCCCTGCTCTGCAATT purH region near BamHI site
dam-in2 CAGTGGGTATGGCCTTAGAA ssuMB region
purH3’ CAGCTGCAGGTATCAAGGCTAT 3" end of purH gene
ssuMB3’ CACATCTGGATACTTGTCAC 5" end of ssuRA gene
ssuRA5'Ec GGAATTCGCTTCAACTCAAGAAGGAGA 3" end of ssuMB gene with EcoRI site
ssuRA3'Pst AACTGCAGGTAATCTGGCGTTCGATTAG 5" end of ssuRB gene with PstI site
ssuRB5'Ec GGAATTCTGGTGAAGGTTGGCAAAGGT 3" end of ssuRA gene with EcoRI site
ssuRB3'Pst AACTGCAGCCTGCTCAGACTCTAACAAC 5" end of purD gene with Pstl site
ssuRB3’ CCTGCTCAGACTCTAACAAC 5" end of purD

“Y,CorT; R,AorG; W,AorT; K, GorT; HHAor Cor T; D, Aor Gor T.

 Unique restriction cleavage sites introduced in the oligonucleotides are underlined.

Construction of genomic library and cloning procedures. Genomic DNA of
S. suis DAT1 was partially digested with Sau3Al and size fractionated by stan-
dard procedures (39). DNA fragments of approximately 5 to 7 kb were ligated
with BamHI-digested dephosphorylated AZAP Express vector (Stratagene) and
subjected to in vitro packaging with a GigaPack III kit (Stratagene) according to
the instructions of the manufacturer. The library was screened via plaque hy-
bridization using standard procedures (39). Phages from the hybridizing plaques
were purified. The phagemids were rescued by helper phage EXASSIST (Strat-
agene) and used to infect E. coli XLOLR to create plasmid subclones by fol-
lowing the instructions of the manufacturer.

Construction of subclones was essentially accomplished by digestion and self-
ligation procedures using a restriction cleavage site in a cloned fragment and the
multicloning sites of the vector plasmid. The plasmids were digested with an
appropriate restriction endonuclease and self-ligated to create subclones in
which a part of the original insert fragment had been deleted. The combinations
of restriction enzymes and the subclones constructed were as follows. For
pDAM4, digestion with Kpnl, Sacl, PstI, Clal, and Spel generated pDAMA4K,
pDAMA4Sa, pDAM4P, pDAMA4C, and pDAMA4Sp, respectively; for pDAM7,
digestion with Aval generated pDAM7Av; for pDAMY, digestion with Kpnl,
Sacl, Pstl, Clal, and Spel generated pPDAMIK, pDAM9Sa, pDAMOIP, pDAMOC,
and pDAMOYSp, respectively; for pDAMI0, digestion with PstI generated
pDAMI0P. Some of the subclones were modified further by the same proce-
dures. pPDAM4C and pDAMOC digested with PstI generated pDAM4CP and
PDAMOCP, respectively. pPDAM4Sa digested with EcoRI generated pPDAMA4SaE. A
1.5-kb HinclI fragment of pDAMOIK was subcloned in pUC19; the recombinant
plasmid was designated pPDAM9KHc. These subclones were used for sequencing
the DNA of the cloned fragments using universal primers designed for the
different vector plasmids.

Hybridization techniques. Genomic Southern hybridization and plaque hy-
bridization were performed as described previously (39) with a DIG DNA la-
beling and detection kit (Boehringer GmbH). Restriction endonuclease frag-
ments were separated on agarose gels and transferred to positively charged nylon
membranes (Nytran Plus; Schleicher & Schuell, Dassel, Germany) by using the
vacuum transfer method with VacuGene (Pharmacia-LKB Biotechnology AB,
Uppsala, Sweden) without depurination in accordance with the instructions of
the manufacturer. Plaque hybridization was carried out on a positively charged
nylon membrane (MAGNA LIFT; Micron Separations Inc., Westboro, Mass.).
Prehybridization and hybridization were carried out at 63°C for 2 and 16 h,
respectively. After hybridization, the sheets were washed twice at room temper-
ature for 5 min in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate
[pH 7.2]) containing 0.1% sodium dodecyl sulfate (SDS), followed by two 15-min
washes at 63°C in 0.1X SSC containing 0.1% SDS. DNA fragments cloned in
plasmids were purified from agarose gels after electrophoresis and labeled with
digoxigenin by essentially the same procedures described previously (42).

DNA sequencing and analysis. The sequencing of cloned DNA fragments and
various PCR products was carried out by dye terminator chemistry with specif-
ically designed primers on an Applied Biosystems model 373A automated DNA
sequencer (PE Biosystems). The sequences were assembled and analyzed with
Sequencer, version 2 (Hitachi Software Engineering Co., Ltd., Yokohama, Ja-
pan), and Genetyx-Mac, version 10.1 (Software Developing Company, Tokyo,
Japan). Sequences were searched against current DNA and protein databases by
BLAST program network services available at the National Center for Biotech-
nology Information (Bethesda, Md.) (http://www.ncbi.nlm.nih.gov).

Pulsed-field gel electrophoresis (PFGE) analysis. Preparation of genomic
DNAs and their restriction digests was performed as described previously (33)
with some modifications. Briefly, S. suis strains grown on TH agar were harvested
and suspended in TES (10 mM Tris-HCI [pH 7.5], 5 mM EDTA, 0.15 M NaCl)
to an optical density at 600 nm of 0.5. The cell suspensions were mixed with an
equal volume of molten 3% low-melting-point preparative-grade agarose (Bio-
Rad Laboratories, Richmond, Calif.) to obtain agarose plugs. Cells were lysed by
submerging the plugs in lysis solution (N-acetylmuramidase [Seigagaku Kogyo,
Tokyo, Japan] [30 p/ml] and lysozyme [5 mg/ml] in TES) at 37°C for 1 h with
gentle shaking. The lysis solution was replaced with ESP solution (0.5 M EDTA
[pH 9.5], 1% [wt/vol] laurylsarcosine, 1 mg of proteinase K per ml), and the plugs
were incubated at 50°C for 20 h. The plugs were washed several times with TE
buffer (10 mM Tris-HCI, 2 mM EDTA [pH 8.0]) and stored at 4°C until use. The
plugs were cut into small pieces, equilibrated with the recommended restriction
buffer, placed in fresh restriction buffer supplemented with 0.02% [wt/vol] bovine
serum albumin and 5 U of restriction enzyme Smal, and then incubated at 37°C
for 1 h. Contour-clamped homogeneous electric field (CHEF) electrophoresis
was done in a Bio-Rad CHEF DRII system. Agarose gels (1.0% [wt/vol]) were
electrophoresed in 0.5X TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM
EDTA [pH 8.0]) for 20 h at 200 V and 10°C. The pulse times were ramped from
5t050s.

Nucleotide sequence accession numbers. The sequence of the entire R-M
region and its flanking regions of S. suis strain DAT1 obtained in this study has
been deposited in the DDBJ/EMBL/GenBank database under accession no.
AB045609. The DDBJ/EMBL/GenBank accession numbers of the genetic re-
gions flanking the R-M genes of the strains tested are as follows: 205, AB045610
and AB045611; 220, AB045612 and AB045613; 211, AB045614 and AB045615;
212, AB045616 and AB045617. The DNA sequences for the purH-purD loci of
strains NCTC10234, 213, 246, 203, and 204 have been deposited in the DDBJ/
EMBL/GenBank database with accession no. AB045618, AB045619, AB045620,
AB045621, and AB045622, respectively.

RESULTS

Restriction enzyme phenotypes of S. suis. The R-M pheno-
types of S. suis strains were first examined by testing the sus-
ceptibility of their DNA to Dpnl and Mbol. Cleavage by Dpnl
and not by Mbol indicates methylation of adenine at the 5'-
GATC-3' sequence and, hence, an Mbol (or Dpnll) methylase
phenotype. The converse indicates the absence of methylation.
Total DNA prepared from 40 strains was incubated with either
Dpnl or Mbol. The results obtained are summarized in Table
1, and representative cleavage patterns of several strains are
shown in Fig. 1A. Genomic DNA isolated from 12 of 40 strains
was digested to small fragments by Mbol; thus these bacteria
had the unmethylated phenotype. On the other hand, the DNA
from the remaining 28 strains could be digested only by Dpnl,
indicating that their DNAs were protected by methylation
from Mbol digestion.
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FIG. 1. (A) Methylation of 5'-GATC-3’ sequence in the DNA of
various strains of S. suis. Total DNAs from the following strains were
treated with two complementary restriction endonucleases and ana-
lyzed by agarose gel electrophoresis: Lane 1, NCTC10234; lane 2,
DAT1; lane 3, 204; lane 4, 205; lane 5, 207; lane 6, 211; lane 7, 213; lane
8, 220. D, digested with Dpnl (specific for methylated sequence); M,
digested with Mbol (specific for unmethylated sequence). S, 1-kb lad-
der DNA size standards (GIBCO/BRL). (B) DNA cleavage activities
of S. suis crude extracts using the total DNAs of S. suis NCTC10234
(N, unmethylated DNA) and DAT1 (D, methylated DNA) as sub-
strates. Lane numbers for the strains from which the crude extracts
were prepared are the same as in panel A. S, 1-kb ladder size standards
(GIBCO/BRL). (C) Restriction cleavage activities of the crude ex-
tracts using unmethylated pUCI9 as the substrate. The lane numbers
of the strains from which the crude extracts were prepared match those
in panel B. M, pUCI19 digested with Mbol; S, 100-bp ladder size
standards (GIBCO/BRL); Chr, contaminating chromosomal DNA.

Crude extracts of the different strains were prepared, and
their restriction endonuclease activities were assayed by diges-
tion of the genomic DNA of strain NCTC10234, as an unmeth-
ylated DNA substrate, and that of DATI, as a methylated
DNA substrate. Restriction endonuclease activity was only de-
tected in strains that exhibited the methylated DNA phenotype
(Fig. 1B, lanes 2, 4, 6, and 8), whereas crude extracts of the
strains that showed the unmethylated DNA phenotype di-
gested neither methylated nor unmethylated DNA and were
designated null phenotypes (Fig. 1B, lanes 1, 3, 5, and 7).
These results were confirmed further by digestion of E. coli
genomic DNA. E. coli K-12 strains are known to possess an
orphan methylase called Dam, with a methylation property
that is the same as that of M.Mbol. Genomic DNA of E. coli
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C600, with a Dam™ phenotype, and of SCS110, a Dam-defi-
cient mutant, was digested with crude extracts of S. suis; a
restriction endonuclease activity that could digest only un-
methylated SCS110 DNA was seen in extracts of the strains
which showed the methylated phenotype, but no endonuclease
activity was seen in extracts of the strains which showed the
null phenotype (data not shown). To examine the enzymatic
specificity of extracts of strains that showed restriction endo-
nuclease activity, we compared the restriction endonuclease
cleavage patterns of vector plasmid pUC19 prepared from
Dam-deficient mutant SCS110. Representative cleavage pat-
terns are shown in Fig. 1C. Although chromosomal contami-
nation derived from S. suis strains appeared, the cleavage pat-
terns of the crude extract were essentially identical to that of
Mbol digestion. Therefore, these strains were considered to
possess an R-M system similar to the Mbol (or Dpnll) system.
The R-M system of S. suis DAT1 was designated SsuDATI1I.
The R-M phenotype did not correlate with the capsular sero-
type, nor did the virulence phenotype of the strains correlate
with the R-M phenotype, since the strains were isolated from
diseased pigs.

Presence and distribution of the R-M genes in S. suis
strains. Because the R-M phenotype found in 28 strains of
S. suis was the same as that of the Mbol system, degenerate
primers, designated dam-F and dam-R, were designed on the
basis of the nucleotide sequences of the related methylase
genes that are found in the database (Table 2). PCR amplifi-
cation was conducted with genomic DNA of strain DAT1 as a
template, and the amplified fragment was cloned into pCR2.1
and sequenced. The nucleotide sequence of the cloned frag-
ment was highly homologous to that of M.DpnlI (71.8% iden-
tity) (data not shown). The fragment was then labeled with
digoxigenin and used as a hybridization probe against genomic
DNA from several S. suis strains that had been digested with
either BamHI, EcoRI, or HindIII and separated by agarose gel
electrophoresis. Strains expressing the R-M phenotype pro-
vided hybridizing DNA fragments of approximately 6.5, 25,
and 10 kb, respectively, whereas no hybridizing fragments ap-
peared in strains which exhibited the null phenotype (data not
shown). These results suggested that strains expressing the
R-M phenotype possessed a single copy of the gene and that
strains with the null phenotype lacked the corresponding gene.

Cloning, sequencing, and genetic organization of the
SsuDAT1I gene region. After plaque hybridization of the S. suis
DAT1 genomic library with the labeled probe described above,
10 positive plaques were identified and the phagemids were
rescued to create plasmid subclones as described in Materials
and Methods. Five plasmid subclones, designated pDAMS3,
pDAM4, pDAM7, pDAMY, and pDAMI10, were obtained
(Fig. 2). Restriction digests of the five subclones showed that
pDAM3 and pDAM4 were identical, whereas pDAM?7 and
pDAMI10 contained the same insert in opposite orientations
relative to the vector plasmid (Fig. 2). These subcloned frag-
ments were sequenced, and the deduced translation products
of several open reading frames (ORFs) were compared to
amino acid sequences in databases using the BLAST program.
The five subclones contained one or both of the methyltrans-
ferase genes, designated ssuMA and ssuMB. The region up-
stream of the methyltransferase genes contained four ORFs
associated with purine biosynthesis (described in detail below).
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Aval HindIII HindlII Apal BamHI

purF purM  purN  purH ssuMA  ssuMB  ssuRA  ssuRB purD purE
pDAM9
pDAMS3, pDAM4
pDAM7, pDAM10
G+C%
48.3% 34.1% 50.4%

FIG. 2. Physical and genetic map of the 9,618-bp sequence of S. suis DAT1 with the putative genes indicated. Shaded and solid arrows, ORFs
of the SsuDATII genes and pur genes, respectively. Horizontal solid lines, positions of the cloned fragments of plasmids pDAM3, pDAMA4,
pDAM7, pDAMY, and pPDAMI10; striped bar, region amplified by an inverse PCR; shaded and solid double-headed arrows, average G+C content

of the SsuDATII region and that of the pur region, respectively.

An inverse PCR was employed to amplify a fragment contain-
ing the downstream DNA region using synthetic oligonucleo-
tides dam-inl and dam-in2. An amplified fragment of approx-
imately 4.5 kb was then directly sequenced. The entire DNA
sequence of the SsuDATI1I genes and the flanking regions was
9,618 bp, and it included 10 putative ORFs (Fig. 2). These were
identified on the basis of the adopted criterion that an ORF
consists of at least 40 codons preceded by a potential Shine-
Dalgarno sequence at an appropriate distance (6 to 15 bp)
from one of the commonly used initiation codons (AUG,
UUG, and GUG). The results of the database analysis of the
deduced amino acid sequences are summarized in Table 3. As
expected, a gene encoding a restriction endonuclease appeared
just downstream of ssuMB. However, unexpectedly, down-
stream of this gene there was an additional restriction endo-
nuclease gene. These two genes were designated ssuRA and

ssuRB (Fig. 2). Other ORFs found in the sequenced region en-
coded products that were highly homologous to enzymes in-
volved in purine biosynthetic pathways (Table 3). Genes iden-
tified in the entire sequenced region were in the order purF-
purM-purN-purH-ssuMA-ssuMB-ssuRA-ssuRB-purD-purE, as
shown in Fig. 2. All of these genes were encoded on the same
DNA strand. No transposable element or long-repeat se-
quence was found in the 9,618-bp sequence. The average G+C
content of the purine biosynthetic genes was 48.9%, which was
higher than that of the total genome of S. suis (39 to 41%) (18),
and the average G+C content of the SsuDATII region was
much lower (34.1%) (Fig. 2). The codon usage pattern for the
SsuDATII system genes was somewhat different from that of
the purine biosynthetic gene clusters. For example, the most
frequently used codon for leucine in the SsuDATII system was
TTA (45% of the total leucine codons in SsuDATII genes),

TABLE 3. Predicted gene products and the homology exhibited by their potential protein products to amino acid sequences in the database”

Coding Product

. position size : Homology
Predicted Predicted Description and function of closest relative”
gene s c b pl BLAST aa
tart  Stop  aa a score  identity?

purF <1 940 >312 >34.6 4.67 e-124 73/300  Phosphoribosylpyrophosphate amidotransferase precursor of L. lactis
(EC 2.4.2.14) [U64311]

purM 995 2017 340 36.4 4.54 e-128 69/339  Phosphoribosylformylglycineamide cycloligase of L. lactis subsp. cremoris
(EC 6.3.3.1) [AF016634]

purN 2014 2565 183 20.5 4.88 8e-58 71/150  Phosphoribosylglycineamide formyltransferase homolog of S. pyogenes
(EC 22.1.2.2) [U70775]

purH 2575 4122 515 56.6 4.83 e-169 58/513  Phosphoribosylamidoimidazole carboxyamide formyltransferase of B. subtilis
(EC 6.3.2.6) [J02732]

ssuMA 4187 5017 276 31.8 493 e-114 71/275  M.LIaDCHI A of L. lactis [U16027]

e-110 70/274  M.Dpnll 1 of S. pneumoniae [M14339]
ssuMB 5007 5822 271 31.2 9.50 e-145 90/266  M.DpnA of S. pneumoniae [M14339]
e-139 86/263  M.LIaDCHI B of L. lactis [U16027]

ssuRA 5800 6726 308 36.0 5.20 3e-78 49/299  R.Dpnll of S. pneumoniae [M14339]

ssuRB 6726 7631 301 344 5.17 e-126 72/300  R.LIaDCHI of L. lactis [U16027]

purD 7752 9014 420 453 4.48 e-125 54/419  Phosphoribosylamineglycine ligase of L. lactis (EC 6.3.4.13) [AJ000883]

purE 9040 9528 162 16.8 6.36 4e-41 61/139  Phosphoribosylamidoimidazole carboxylase catalytic subunit of B. subtilis

(EC 4.1.1.21) [J02732]

“ Proteins relating to purine biosynthesis have been named according to their closest relative, probable function, and E. coli gene designations (60). Coding region
positions are numbered with respect to the entire 9,618-bp sequence determined (AB045609) and from the first base of the start codon to the last base of the stop codon.
The Genetyx-Mac program (Software Developing Company) was used to make predictions of coding regions, molecular masses, and isoelectric points.

> Numbers in blackets are accession numbers in the DDBJ/EMBL/GenBank database.

¢ aa, amino acids.
@ Percent identity/number of amino acids evaluated.
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although TTA was the least-used codon for pur genes (8.4% of
the total leucine codons in pur genes).

Genetic structure and protein analysis of the SsuDATI1I
system. The complete DNA sequence and the deduced amino
acid sequences of the SsuDATII region are shown in Fig. 3.
The four ORFs in the SsuDAT1I gene region overlapped each
other in a head-to-tail manner (Fig. 2 and 3). Only ssuRB had
a typical Shine-Dalgarno sequence (Fig. 3). Interestingly, the
competence-regulated sequence, the so-called combox, was
present at the translation initiation site of the ssuMB gene.
This sequence was originally found in several competence-
regulated genes and was recently shown to be present in the
methyltransferase gene of the Dpnll system (25). The DNA
sequence of the combox, including the first start codon, the
second start codon, and a typical Shine-Dalgarno sequence
prior to the second start codon, was completely identical to
that described for the Dpnll system (Fig. 3). A palindromic
sequence, typical of an rho-independent terminator, could not
be found at the end of the ssuRB gene.

Homology searches showed that the deduced protein en-
coded by ssuMA was 71 and 70% identical to M.LlaA and
M.Dpnll, respectively (Table 3). Alignments of the sequences
of these three proteins revealed significant similarities among
them (Fig. 4A). Thus, it was concluded that ssuMA encoded an
N®-methyladenine methyltransferase, which was designated
M.SsuMA. The deduced protein encoded by ssuMB was 90 and
86% identical to M.DpnA and M.LlaB, respectively (Table 3).
Alignment of these three proteins highlighted striking similar-
ities among them (Fig. 4B). Thus it was concluded that ssuMB
encoded a second N°-methyladenine methyltransferase, which
was designated M.SsuMB. The similarities among M.SsuMB,
M.DpnA, and M.LlaB suggested that M.SsuMB methylates
single-stranded DNA, as described for M.DpnA (8).

The deduced amino acid sequence encoded by ssuRA was
similar to that of R.Dpnll, whereas the sequence encoded by
ssuRB was highly homologous to that of R.LIaDCHI (Table 3).
Both R.Dpnll and R.LIaDCHI are endonucleases which spe-
cifically recognize sequence 5'- | GATC-3' and cleave prior to
the 5" guanine as indicated by the arrow. Thus, both ssuRA4 and
ssuRB encode restriction endonucleases, which we named R.S-
suRA and R.SsuRB, respectively. All currently characterized
type II endonucleases displaying significant similarity are isos-
chizomers of each other, indicating that R.SsuRA and R.S-
suRB likely recognize 5'-GATC-3’ sites and cleave them as
R.Dpnll and R.LIaDCHI do. Alignment of the amino acid
sequences of these four endonucleases revealed similarities at
their centers and near the C-terminal ends of the proteins (Fig.
4C). The conservation of these residues suggests that they may
constitute the catalytically active sites of the enzymes. R.S-
suRA and R.SsuRB have a limited homology (31%) with each
other, and they do not have any significant homology with the
GATC-specific type II endonucleases of other classes, such as
Sau3Al and Dpnl.

Organization of purine biosynthetic genes. The genetic or-
ganization of the region flanking the SsuDATI1I genes revealed
that the purine biosynthetic genes were clustered in this bac-
terium, as has been observed in other gram-positive bacteria
such as Bacillus subtilis (4). The gene order, excluding the
SsuDATII genes, is identical to that found in the genome se-
quence of Streptococcus pyogenes (B. A. Roe, S. P. Linn,
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L. Son, X. Yuan, S. Clifton, M. McShan, and J. Ferretti, Strep-
tococcal Genome Sequencing Project, University of Okla-
homa, Norman [http:/www.genome.ou.edu/strep.html]) and
similar to the gene order of the B. subtilis pur operon (4). All
the pur genes found in S. suis except purF, of which the 5" end
was truncated, were preceded by typical Shine-Dalgarno se-
quences. These pur genes were separated by intergenic se-
quences of 13 to 25 bp, with the exception of purM and purN,
which overlapped (Table 3). However, the intergenic se-
quences between purH and purD, which were interrupted by
the SsuDATII genes, were longer than those found among pur
genes, i.e., 64 and 120 bp (Table 3).

Expression of methylation and restriction genes in E. coli.
Plasmid pDAMA4C, used for DNA sequencing, was digested
with PstI (one Pst1 site is in the cloned insert and the other is
in the multicloning sites of the vector), and the 1.2-kb frag-
ment containing ssuMA was subcloned into pUC109 to create
pSUMAL. The translational direction of ssuMA was oppo-
site in orientation to that of the lacZ promoter on the
vector. Introduction of pSUMAL into E. coli SCS110 and
restriction cleavage analysis of the pSUMA1 recovered from
SCS110 using Dpnl and Mbol showed that SCS110 ex-
pressed the methyltransferase (Fig. 5A).

The DNA fragment from approximately 100 bp upstream of
ssuMA to approximately 100 bp downstream of ssuMB was
amplified by PCR using primers purH3’ and ssuMB3’ (Fig. 3).
The amplified 2.2-kb fragment was ligated to pCR2.1, and the
ligation mixture was used to transform E. coli DH5a. Fifteen
clones were picked. The translational direction of ssuMA and
ssuMB was opposite to the orientation of the lacZ promoter
in 14 clones. All 14 clones contained two or more nucleotide
substitutions caused by misreading during the PCR ampli-
fication, resulting in undesired amino acid changes. Clone
pSUMAB14 contained only one nucleotide substitution in
the ORF of ssuMB (A at nucleotide 667 of ssuMB was replaced
by G), which converted Ile,,; to a similar amino acid, Val,,,
and this subclone was used for further study. pSUMABI14 was
digested with Aval, filled in with Klenow enzyme, self-ligated,
and introduced into E. coli DH5«a to create a plasmid car-
rying only ssuMB and designated pSUMBI1. pPSUMAB14 and
pSUMBI were then introduced into E. coli SCS110, and the
plasmids recovered from SCS110 were digested with either
Dpnl or Mbol. Both plasmids could be cleaved by DpnI but not
by Mbol (Fig. 5A), indicating that the methylation genes were
functional in E. coli.

Several attempts to clone the two restriction endonuclease
genes into E. coli were unsuccessful. Thus, ssuRA and ssuRB
were individually amplified by PCR using synthetic primers
containing unique restriction cleavage sites, i.e., ssuRA5S'Ec
plus ssuRA3'Pst and ssuRB5'Ec plus ssuRB3'Pst, respectively.
The positions of the primers are indicated in Fig. 3. The unique
restriction sites introduced in the primers permitted their clon-
ing into low-copy-number vector pHSGS576 in the orientation
opposite to that of the lacZ promoter. Four and five clones
containing ssuRA and ssuRB, respectively, were obtained and
were designated pPSURA1~pSURA4 and pSURB1~pSURBS,
respectively. These plasmids were then introduced into E. coli
SCS110 carrying pSUMABI14. Crude extracts of these clones
were prepared by sonication and examined for their DNA
cleavage activities using unmethylated pUC19 DNA. All showed
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ATCCAGCCAGGTGGTTCTGTCCGTGACCAAGACTCCATTGACATGGCCAACAAGTACGGCTTGACCATGGTCTTTACAGGAGTCAGACATTTTAGACATTGAGAATTTTGGATAAGTATA 4140
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GCACCCCAGCTGGAGAAGTTGGGGTGGATTTTGGTATAATAGTTCCATGACTTTAAAACCTTTTACGAAATGGACAGGTGGGAAGCGGAAGCTATTAACTCAGCTACATGAACATCTACG 4260
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TGTTTAGATAATCAAGTTTGCTCACCTCGTGTGAGCTTTTTCCATTCCCGAACATTCTCCTGTTTTTTCTATTAAAATCCGTCTGTTTTTGCTATACTGTTTATAGAAAATCCGTTTTTG 7740
F R *

S.D.
AGGTGTAAGAAATGAAACTTTTGGTTGTCGGGTCTGGTGGTCGTGAACACGCTATTGCAAAGAAGTTGTTAGAGTCTGAGCAGGTAGAACAGGTCT%;E}G({)TCCTGGAAATGATGGAA 7860
ssu. S

purD M K L L VV G S 6 6REHAI AKEKLLETSET QVE® QVFVAPGNDG GHM

FIG. 3. Coding sequence of the 3,960-bp region comprising a part of the purH gene, the complete SsuDAT1I genes, and a part of the purD gene.
The deduced amino acid is indicated underneath the first nucleotide of each codon in the coding sequence. Arrows underneath the nucleotide
sequence, positions of the primers used for the amplification and cloning of the restriction and modification genes; bent arrows, terminal ends of
the cloned fragments of plasmids pPDAM3, pDAM4, pDAM?7, pDAMY, and pDAMI10; lines above the sequence, sequences resembling a combox,
the second Shine-Dalgarno sequence (S.D.), and the second start codon in the ssuMB gene. The coding sequence shown corresponds to nucleotides
3901 to 7860 of the sequence with accession no. AB045609.
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M.SsuMA -------- M L‘PFTKWTGGKR‘LL QLHEHLZF GGGALFFVEAPIAV INDFNEEL I NYYIQEEONPIL L T ZRTHQEINSKEY YL DY
M.Dpnll MKIKEIKKV L!PFTKWTGGKR‘LL K GGGALFFIJEAP DAVINDFN~ELIN‘ * QILONPRL=L IR L QT HQRINSKE Y Y L D[RRIV
M.LiaA  MNLLOKNK | NERGIRLARNTGNEPH [ QY LMAE BGGGALFFZAP YAV I NDFNSEL | N# Y] Q GDNPILITE LREMNICAR{EYL 100
M.SsuMA EEVED (Y ZRAAR I [BYMLRVIFNGLYRVNSKNQFNVPYGRYKNPK | VDRIEL |[8Y N 1 LM EEADAMRRTIIAMAl 192
M.Dpnll [SALUHSID ARAAR IYMLRVY FNGLYRVNSKNQFNVPYGRYKNPK | VD) SAI LEIK SIAIRALY GDFVYFDPPY] P Idily)
M.LiaA  [ROELGGED ERAAR Y MLRVIFNGLYRVNSKNQFNVPYGRYKNPK VD) GS! tIEIMSEDIRE KEVKEAQIRIIAGI TR I 200
M.SsuMA TAESAERTiEdS !DQ‘RLRD [ Lkt G VML SNS S S[d ¢ FNIRGADERRTNGASI SSRGK | E 276
Y W22 ) | QT SEF TSYTHEGF S DQYRLRD) DTRAVLIRIRRNAL KDEIHY VEATIRBREK SPHEAIS, K 284
(ST = TSI FTSY THEGF SMED O RLRDE DSKEVAUIRIRRNP L KDETIHK | EATTRLTEK SSiT) N 284

B
M.SsuMB
M.DpnA
M.LluB

NEYKYGGVLM‘KPVY INKATIRY RLGKPESMDM I FADPPYFLSNGGIISNSGGQY VSVDKGDWDKY SMEEKHZFNRLW | RLAEVLKP NIREOH]
NEYKYGGVLM"KPYY INKMURY LU/ KPESMDM I FADPPYFLSNGGUSNSGGQYVSVDKGDWDKEE SIREEKH(SFNRIW | RLAS: VLKP N [RESY]
HINEYKYGGVLMIKPYYEKAWEY LVH [§IKPESMDM | FADPPYFLSNGGISNSGGOIIVSVDKGDWDKER SIREEKHI FNREW | RLAHIVL KPNIRENY

M.SsuMB [l HN I YSVGMALEQEGFKILNN | TWQKTNPAPNLSCRYFTHSTET | LWARKYDKKERHYYNY[ELMKEEND GKQMKD VW, Git L TKKEKWAGKH R
M.DpnA | HNIYSVGMALEQEGFKILNNITWQKTNPAPNLSCRYFTHSTETILWARKDKKERHYYNY'LMKE INDGKQWKD VW GS LTKKEKWAGKHRAY]
M.LiaB ! HN | YSVGMALEQEGFKILNN | TWQKTNPAPNLSCRYFTHSTET | LWARKIDKKS RHYYNY(ZLMKESNDGKQMKDVW GELTK SEWEG] 200

M.LlaB

C

M.SsuMB [SINCI37 ILAST!E‘DYILDPFVGSGTTGVVAKRLGR'FIGID
(302 VM PTQKPEYRLER] ILASTQEEDY | LDPFVGSGTTGVVAKRLGREF G ID
PTQKPEY

[LER!ILAST| E‘DY | LDPFVGSGTTGYVAKRLGRYF | G!

DYLK|AQ KEDDKKNFS 271
BN SERHHBEAENETN - - - 208
[0 aK RN SPK KGTINK GAT Y GL - - 269

R.SsuRA MTKRTFHSWFETFTDTVADWNYYVDFTKVFNNMNDLYLRTNLNILNTLVGSKQIREDF | AICDKYPDVLTVIP IMLAIRLESKGRGKNRKP | AP IREYG 100

R.Dpnll  ===========nem- MKQTRNFDEWLSTMTDTVADWTYYTDFPKVYKNVSS | KVALN IMNSL | GSKNIQEDFL
R.SsuRB  MNLQAY INLSSEERLKIFLSTLSVTNRTPDYYVNWSKVERETKKYELELNTLNYL |GKDD I YNEALQLFNKQPNELKA | PSLIASRDKTLD

QNYPEILKVVPLLIAKRERDTI IV 85
IDADD 99

R.LIaC  MDFNNYIGLESDDRLNAFMATLSVTNRTPEYYVNWEKVERETRKFELELNTLNYL {GKED I YSEALELFTNQPEMLKAIPSLIASRDTSLD [ {BNIDEND 99
R.SsuRA DDAIISYDFDFYSPNYAIJEDRJADLLEN DYV GVEY GIED N NiE RKILA
R.Dpnll  KDPIKDFY[FDFSKRNY SHE B TMFLEK .DYV EEIFSY 185

KIDEDR-|
VIDENC-

R.SsuRB NMGFDNL

R.LIaC  DMSFEQL VDF INQ

! ~ Di N{VQSYLEAEGY I LGENLFKE | EQN
TNFVEA DYV At LA

ILERTVARVCKEYGLEFKAQATAP
ILERTVSKIAQGKGLDWKPQATAS

KDNWG) 198

LVERVLQNAGLEEKTDYYKQ! RTGaESLFH 200
KSQwD1 198

R.SsuRA DLSSITNNGKNHKKFDFA IHYNGQRYLTEVNFYSKEGIIPNETTRSYENLAEKLTEIS RSKS ER IPRLY[ILHD IRNKNIK 300
R.Dpnll  DLSAITNDGNTVKRFDFVIKNEQWEYL1EVNFYSGHGYILNETARSYKM | AEETKAIP KAKN ILPFLYQ]INDLEHNILK 285
R.SsuRB  EVPVDKSERRFDVAVFSKDKHKLWEIETNYYGGGGYKLES-AVAGEFTELSQF | TKSTD TAHL HITHVFILDMLKQGYLHK 297
R.LiaC  EVPVDKSKRRFDAAVYSRALNKVMEI ETNYYGGGGHKLIS-AVAGEFTELSQFVKTSKD FSRL HIDNVFILTMLKEGFLS 297
R.SsuRA  ELLEMEMD 308
R.Dpnll  NLK----- 283
R.SsuRB DLFR---- 301
R.LIaC  DLFEKEI- 304

FIG. 4. Sequence alignment of M.SsuMA, M.Dpnll, and M.LlaA (A); M.SsuMB, M.DpnA, and M.LlaB (B); and R.SsuRA, R.Dpnll, R.SsuRB,
and R.LIaC (LIlaDCHI) (C). Black background, amino acids identical among all the sequences aligned; dashes, gaps in the aligned sequences.
DDBIJ/EMBL/GenBank accession numbers of the sequences are given in Table 3.

restriction endonuclease activity indistinguishable from that of
Mbol (Fig. 5B).

Comparison of the genetic region encoding the SsuDAT1I
R-M system with the corresponding region of strains lacking
the R-M system. To confirm whether the genetic region en-
coding the SsuDATII system was conserved among other
S. suis strains and to compare the corresponding regions of
strains carrying the R-M system and strains with the null phe-
notype, we performed PCR using primers purH3’ and ssuRB3’
to amplify the entire R-M region with a part of the flanking
regions. When genomic DNA isolated from strains carrying the
R-M system was used, a 3.8-kb fragment was amplified from all
the strains tested (data not shown). On the other hand, when
genomic DNA from the strains with the null phenotype was
used, a 323-bp fragment was amplified from all the strains
tested (data not shown). These results indicated that the ge-
netic organization of the R-M system was conserved among the
strains tested and that the entire R-M system was missing in
the strains with the null phenotype. Direct sequencing of the
amplified fragments from four strains having the R-M genes

and comparison among them showed that only a few nucleo-
tide substitutions were present in this region (Fig. 6), indicating
that the R-M region was conserved among the strains. Direct
sequence determination of the 323-bp fragments amplified
from five strains with the null phenotype and comparison with
those of the R-M regions revealed the differences in DNA
sequence between them. The 323-bp DNA sequences obtained
from the five strains with the null phenotype were completely
conserved. The unique DNA sequence of the R-M region
comprising 3,503 bp, which extended from 53 bp upstream of
the ssuMA gene to 5 bp downstream of the ssuRB gene, was
inserted in an intergenic sequence between purH and purD.
The insertion target site, 5'-GAT | T(T/G)-3', as indicated by
the arrow, was highly conserved among the strains tested (Fig.
6). The sequence where the R-M genes were inserted was not
the recognition site of SsuDAT1I. Comparison of the 323-bp
DNA regions of both groups revealed several mismatches
present in upstream and downstream sequences (Fig. 6). No
other notable substitutions or insertions could be found in
these regions. The only notable feature found in the junction
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FIG. 5. (A) Methylation of plasmid DNAs containing the cloned
methylation gene(s) of the SsuDATII system. The plasmids recovered
from E. coli SCS110 were digested with restriction endonucleases and
analyzed by agarose gel electrophoresis. Lane 1, pSUMAL; lane 2,
pSUMABI14; lane 3, pSUMBI. D, digested with Dpnl; M, digested
with Mbol; S, 1-kb ladder size standards (GIBCO/BRL). (B) DNA
cleavage activities of crude extracts prepared from E. coli strains car-
rying the following plasmids using unmethylated pUC19 as the sub-
strate: lane 1, pPSURAL; lane 2, pPSURAZ2; lane 3, pPSURA3; lane 4,
pSURA4; lane 5, pSURBI; lane 6, pPSURB2; lane 7, pSURB3; lane 8,
pSURB4; lane 9, pSURBS. M, pUC19 digested with Mbol; S, 100-bp
ladder size standards (GIBCO/BRL).

Start of ssuMA

J. BACTERIOL.

12345678 910111213148

FIG. 7. PFGE of the S. suis genomic DNA digested with Smal.
Electrophoresis was carried out with a CHEF system for 20 h at 200 V
and 10°C with pulse time ramping from 5 to 50 s in a 1% agarose gel.
Strains carrying the R-M system were as follows: DAT1 (lane 1), 205
(lane 2), 220 (lane 3), 227 (lane 4), 243 (lane 5), 222 (lane 6), and 236
(lane 7). Strains with the null phenotype were as follows: NCTC10234
(lane 8), 204 (lane 9), 207 (lane 10), 209 (lane 11), 210 (lane 12), 213
(lane 13), and 246 (lane 14). S, A DNA concatemers as size standards.

region was that a 3-bp sequence at the 5" end of the 3,503-bp
sequence, AAG (Fig. 6, left end) was also present at the 3’ end
of the sequence (Fig. 6, right end). The DNA sequences of the
region flanking the R-M system showed no sequence homology
to published sequences flanking the Dpnll and LIaDCHI sys-
tems (24, 30).

PFGE analysis. Genomic DNAs of §. suis strains were di-
gested with Smal and separated by PFGE. Representative
cleavage patterns of several strains are shown in Fig. 7. The
PFGE patterns of the strains having the R-M system were
distinguishable from those obtained from the strains with the
null phenotype. The PFGE patterns obtained from the strains
with the null phenotype were similar to each other, and some
of them were indistinguishable, suggesting that different iso-
lates of the same strain were included. However, striking vari-
ations were seen among the PFGE patterns of the strains

Stop of ssuRB

TTTAGATAATCAAG

Start of purD

FIG. 6. Alignment of the sequences from the 3’ end of purH to the 5’ end of purD. Only the sequences that flank the SsuDAT1I genes are
shown. The 3,503-bp sequences from 53 bp upstream of ssuMA to 5 bp downstream of ssuRB (top) are connected by the lines with the lower
sequences flanking the SsuDATII region, which are aligned with the corresponding sequences of the strains lacking the R-M system. Strains are
indicated to the left of the sequences (NCTC, NCTC10234). Dots, nucleotides identical to those of the aligned sequence of DAT1; dashes, gaps
in the aligned sequences; boxes, stop and start codons of the genes appearing in these sequences.
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having the R-M system, demonstrating that the strains used
were independent.

DISCUSSION

We have demonstrated here the presence of an R-M system
in S. suis. Cloning and DNA sequencing of the SsuDAT1I gene
region revealed that the genetic organization was unique for all
type II R-M systems described to date, i.e., the region con-
tained two restriction endonuclease genes and two methyl-
transferase genes. Other R-M systems comprising two methyl-
transferase genes and one restriction endonuclease gene are
known and are isoschizomers of SsuDATILI, i.e., Dpnll,
LlaDCHI, and Mbol. In Dpnll and LIaDCHI, the order of the
genes is similar to that of the SsuDATII system. The gene
encoding a conventional methyltransferase for double-strand-
ed DNA is upstream of the gene encoding a second methyl-
transferase for single-stranded DNA. The restriction endonu-
clease gene is downstream and the genes overlap, as seen in the
SsuDATII genes (8, 24, 30). In Mbol, the order of the genes is
different. The gene encoding R.Mbol is flanked by two meth-
yltransferase genes, which are separated by 2-bp intergenic
spaces (52). These differences suggest that the genetic rear-
rangement among the R-M genes could have occurred during
the evolution of these R-M genes. R.SsuRA was similar to
R.Dpnll, and R.SsuRB showed extensive homology with
R.LIaDCHI, whereas R.SsuRA (or R.Dpnll) and R.SsuRB (or
R.LIaDCHI) showed limited homology. The results suggest
that an extra restriction endonuclease gene was acquired from
some other bacterium and that this resulted in a composite
genetic structure, i.e., the SsuDAT1I system. Alternatively, the
SsuDATT1I system could be the prototype and a deletion of one
restriction endonuclease gene resulted in the genetic structure
represented by Dpnll and LIaDCHI.

The amino acid sequences of the methyltransferases share
many conserved structural motifs, and, on the basis of the
presence of these motifs in an unknown protein, one can pre-
dict its function (6, 56). In this study, striking similarities
among the methyltransferases indicated that M.SsuMA and
M.SsuMB are highly related to the methyltransferases of the
Dpnll and LIaDCHI systems. On the other hand, different
restriction endonucleases usually do not have extensive homol-
ogy at the level of the amino acid sequence, even when they
recognize the same DNA sequence (6, 56). Nevertheless, some
exceptions are known; for example, the isospecific pairs EcoR1/
Rsrl (1), Pstl/BsuBI (57), Xmal/Crf91 (56), Ngol/Haell (47),
and Banl/HgiCI (10) show some degree of homology. While
R.Dpnll and R.LIaDCHI have limited homology, they were
found experimentally to have the same recognition sequence
(30). R.SsuRA and R.SsuRB had significant similarities to
one of these restriction endonucleases. This indicates that
the specificity and other enzymatic properties are the same,
although differences in enzymatic properties between Dpnll
and LIaDCHI have not been studied. To date, one example of
an R-M system containing two restriction endonuclease genes
has been reported. In that case, a gene encoding R.Eco471,
which recognizes 5'-GGWCC-3’ (W is A or T), was located in
the vicinity of another R-M system, Eco471l, which recog-
nizes similar but less specific sequence 5'-GGNCC-3’, where
N is any nucleotide (46). In the SsuDAT1I system, R.SsuRA
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and R.SsuRB, whose genes were individually cloned and ex-
pressed in E. coli, could digest unmethylated pUC19 in the
same way as Mbol. Therefore, their sequence recognition spec-
ificities appeared identical.

We could not clone the SsuDATI1I genes directly in E. coli
from the phage library or from a PCR-derived fragment. How-
ever, the isoschizomeric LIaDCHI and Mbol R-M genes have
been cloned in E. coli on multicopy vectors (30, 52). E. coli
possesses orphan methylase Dam, which has the same se-
quence specificity as the SsuDAT1I system and which protects
the host DNA from attack by the corresponding restriction
endonucleases. Recently, the Dam methylase was found to be
involved in the regulation of gene expression, and hence not
all the recognition sequences in the host chromosomal DNA
were methylated (14). If the enzymatic activity of SsuDAT1I is
stronger than those of the other isoschizomers, the cloning of
the genes will inhibit the growth of the E. coli host cells.
Indeed, the dual genes encoding the restriction endonucleases
in the SsuDAT1I system might be expected to express twice as
much of the restriction endonuclease activity due in essence to
a gene dosage effect (53).

The SsuDATII system was not found in several S. suis
strains, including NCTC10234. Moreover, the identity of the
DNA sequences flanking this system, in conjunction with
the differences in G+C content and codon usage between
SsuDATII and the flanking regions, supports the notion that
this system did not arise in this organism. The SsuDAT1I genes
were not located on transferable elements such as plasmids
and bacteriophages. Comparison of the corresponding DNA
regions of strains with and without the R-M system revealed
the precise location of the R-M genes. The SsuDATI1I genes
have been inserted into a 125-bp intergenic region separating
purH and purD. This may ensure constitutive expression of
the R-M genes. In most bacteria, purine biosynthetic genes are
part of an essential operon. The overall genetic organization of
the pur operon, except for the SsuDATII genes, was identical
to that found in S. pyogenes (Streptococcal Genome Sequenc-
ing Project, University of Oklahoma, Norman [http://www
.genome.ou.edu/strep.html]) and was similar to that reported
in B. subtilis (4). Because the pur regions of NCTC10234 and
other S. suis strains lack the R-M genes and because the se-
quences flanking the R-M sequences in S. suis strains carrying
the system are virtually identical, it appears that the latter
S. suis strains have only recently acquired the sequence.

A natural competence for genetic transformation has not yet
been demonstrated in S. suis. However, the combox (25), a
competence-regulated sequence, was found in the initiation
region of the ssuMB gene. This might support a hypothesis that
the SsuDATII system is an exogenous element and that S. suis
acquired the SsuDATII genes via a transformation event.
However, the competence of some bacteria is coordinately
expressed in response to the growth phase and culture condi-
tions (2, 27). Further studies may be needed to determine
whether S. suis has the potential to be competent for genetic
transformation.

Recently, studies of a novel R-M system, Hpy188I, found in
Helicobacter pylori strain J188 and comparison of its DNA
sequence with those of other strains revealed that the R-M
system has been horizontally transferred from other bacteria
(58). The Hpy188I genes are flanked by 92-bp long direct re-
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peats, suggesting that a transposition event involving the R-M
system had taken place. In the region flanking SsuDATII, we
could not find any long-repeat sequences or any notable nu-
cleotide substitutions. The genetic structure was conserved
among the S. suis strains tested. However, from the results of
the PFGE analysis, we could not rule out the possibility that
the strains harboring the R-M system were clonal. The struc-
ture of the genetic region flanking the SsuDATI1I system and
stable maintenance of this genetic structure in the different
strains of S. suis lead us to propose another hypothesis to
explain the genetic conversion, i.e., illegitimate recombination.
It is plausible that the SsuDATII genes were initially trans-
ferred on a transposon, followed by excision of the transposon,
since no functions associated with DNA mobility, such as
transposase, integrase, and invertase functions, were found in
the vicinity of the SsuDAT1I genes. However, this hypothesis
does not explain the facts that the conserved genetic structure
of the R-M system was found in different strains and that no
transposable element could be found in any of the strains
tested. This indicated that excision of a transposable element
did not occur following passage through the strains tested. It is
also possible that the SsuDATI1I system was acquired by an
ancestor of the S. suis DAT1 strain via illegitimate recombi-
nation from distant sources and that the R-M genes have been
transferred among strains of S. suis en bloc along with the
conserved flanking pur genes, perhaps by transformation, and
incorporated into the recipient chromosome by homologous
recombination.
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