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ABSTRACT
Stsl endonuclease (R.Stsl), a type lls restriction
endonuclease found in Streptococcus sanguis 54,
recognizes the same sequence as Foki but cleaves at
different positions. A DNA fragment that carried the
genes for R.Stsl and Stsl methylase (M.Stsl) was cloned
from the chromosomal DNA of S.sanguis 54, and its
nucleotide sequence was analyzed. The endonuclease
gene was 1,806 bp long, corresponding to a protein of
602 amino acid residues (Mr = 68,388), and the
methylase gene was 1,959 bp long, corresponding to
a protein of 653 amino acid residues (Mr = 76,064).
The assignment of the endonuclease gene was
confirmed by analysis of the N-terminal amino acid
sequence. Genes for the two proteins were in a tail-to-
tail orientation, separated by a 131-nucleotide
intercistronic region. The predicted amino acid
sequences between the Stsl system and the FokI
system showed a 49% identity between the methylases
and a 30% identity between the endonucleases. The
sequence comparison of M.Stsl with various
methylases showed that the N-terminal half of M.Stsl
matches M.Nlalll, and the C-terminal half matches
adenine methylases that recognize GATC and GATATC.

INTRODUCTION
Restriction-modification enzymes are attractive systems for
structural studies of the sequence-specific recognition of double-
stranded DNA. More than 1,000 restriction endonuclease
(ENases) have been isolated, and about 60 genes were cloned
and their nucleotide sequence were analyzed (1). However, only
EcoRI has been studied in detail. The crystal structure of the
complex between EcoRI and the cognate oligonucleotide provide
a detailed structural basis of sequence-specific DNA-protein
interactions (2). As for EcoRI, BamHI, and EcoRV, amino acids
which interacted with nucleotides in the recognition site and were
responsible for cleavage were analyzed by site-directed or random
mutagenesis (3-6).
The amino acid sequences were compared among various

restriction ENases (1). No similarities have been reported between
ENases that recognize different sequences, nor between ENases

DDBJ accession no. Dl1101

that recognize the same sequences but cleave in different
positions. ENases that catalyze identical reactions sometimes have
similar amino acid sequences, EcoRI and RsrI (7-9), TaqI and
TthHB8I (10,11), Cfr9I and NgoPll (12,1); sometimes dissimilar,
Hhall and Hinfi (13,14). Recently, it was pointed out that EcoRI
and RsrI did not recognize nor cleave identically (15,16).
We have already isolated the R-M gene of Fokl and analyzed

the complete nucleotide sequence (17). X-ray diffraction analysis
is in progress for crystallized R.FokI protein (18). In addition
to the structural analysis, comparison of properties and amino
acid sequence of enzymes that recognize the same sequence will
provide useful information about the amino acid residues involved
in cleavage and recognition of the sequence. As tpe Is restriction
ENases recognize asymmetric nucleotides and cleave out of the
recognition site, they probably have separate domains for
recognition and cleavage. We isolated a new type Ils restriction
ENase, StsI, from Streptococcus sanguis 54 (19), which is a
heteroschizomer of Fold (20). Here, we report the cloning and
sequence analysis of the restriction and modification gene of
S.sanguis 54, and a comparison of StsI system with FokI and
other systems.

MATERIALS AND METHODS
Bacterial strains, phage, and plasmid
Streptococcus sanguis 54 was from the laboratory culture
collection of H. Ohta (Okayama University, Japan). Escherichia
coli strains HB101 (21) and JM109 (22), and plasmid pBR322
(23,24), pUC 1l9, were the host-vector system used for cloning.
M13mpl8 and mpl9 were used for DNA sequencing (22). XgtXc
was used for assay of in vivo restriction activity. Plasmid and
phage DNA were prepared by the procedure described by
Maniatis et al. (25).

Enzymes and chemicals
Restriction endonucleases, T4 DNA ligase, T4 DNA ploymerase,
and a M13 sequencing kit and kilo-base deletion kit were obtained
from Takara Shuzo Co., Ltd. and used according to the
manufacturer's instructions. Sequenase and a Tth polymerase
sequencing kit were donated by Toyobo. [.y-32p] ATP and
[(a-35S] dCTP was purchased from Amersham Inc.
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Growth of S.sanguis 54
S.sanguis 54 was grown at 37°C under static conditions for 18
hr in 11 of APT broth (Difco) contained in a 1-1 bottle.
Approximately 8 g wet weight of cells were obtained.

Purification and analysis of N-terminal amino acid sequence
of R.StsI
The R.StsI in the final purification step described before (19)
was desalted and the N-terminal amino acid sequence analyzed.
The protein was degraded sequentially with a protein analyzer
(Applied Biosystems model 470A) with an on-line HPLC
apparatus (model 120A).

Enzyme assay
The R.StsI and M.StsI activities in vivo and in vitro were
measured using the method described before (17). R.StsI activity
in vitro was measured in 50 g1d of the reaction mixture containing
10 mM Tris-HCl, pH 7.5, 7 mM MgCl2, 7 mM
2-mercaptoethanol, 60 mM NaCl, 0.01% BSA, and 1 tsg of
X-DNA.

Construction and screening of S.sanguis 54 library
S.sanguis 54 chromosomal DNA was isolated and purified by
the procedure of Thomas et al. (26). Partial MboI digests were
fractionated by agarose gel electrophoresis. Fractions
predominantly containing the fragments of 3-10 kb were
recovered from gel, and inserted into BamHI-digested,
dephosphorylated pBR322, with T4 DNA ligase. The ligated
DNA was used to transform E.coli HB11 and approximately
1.5 x105 Ampr transformants were obtained. Transformants
were screened for M.StsI activity by the procedure suggested
by Mann et al. (27) and R.StsI activity by the procedure described
before (17).

Subcloning and deletion analysis of the StsI-encoding gene
Plasmid pSts2 was isolated from a restriction-modification
positive clone and a 7.9-kb insert DNA was recovered after
digestion with ClaI and NaeI. The 5' end was filled in by T4
DNA polymerase, then the fragment was ligated to SmaI-
digested, dephosphorylated pUC 1 9. The products were
introduced into E.coli JM109 cells. Two plasmids in which insert
DNA was carried in reverse orientation were selected and
digested at the SphI and XbaI sites in the multicloning site.
Sequential deletion was constructed by Exonucleasem according
to the manufacturer's instruction.

DNA sequencing
The dideoxynucleotide chain-termination method (28,29) was
used for analysis of the 5.2-kb insert of the plasmid (pSts627).
The subfragments generated were cloned into M13mpl8 and
mpl9 to prepare template, and the sequences were deduced from
the data for both strands. Sequence information is available in
DDBJ through accession number Dl 1101.

Computer analysis of nucleotide and amino acid sequences
The nucleotide and amino acid sequences were analyzed using
the software package DNASIS (Hitachi, Japan). The program
PROTES was used to generated dot-matrix comparison with a
window of 20 amino acid with 8 residues matching. Data bases
were searched using the TFASTA program on a VAX computer
system.

RESULTS AND DISCUSSION
N-terminal amino acid sequence of R.StsI
The first 21 amino acids of StsI were X-Ile-Ser-lle-Asn-Glu-Tyr-
Ser-Asp-Leu-Asn-Asn-Leu-Ala-Phe-Gly-Leu-Gly-Gln-Asp-Val
(X; unidentified). There was no homology in the N-terminal
amino acid sequence between R.StsI and R.FokI.

Cloning of StsI gene
As the genes encoding ENase and cognate MTase are close
together, the recombinants carrying the M.StsI gene was isolated
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Figure 1. Restriction map of pSts2 and deletion derivatives. Deletion derivatives
of 7.9-kb insert were produced from both ends (Materials and Methods). Below
the restriction map, remaining portions of the insert are indicated by lines. Activities
were assayed in vivo and presented as the approximate level to those of pSts2:
+, equivalent level; , levels about one-tenth; -, no detectable activity. The
direction of transcription from the lac promoter is shown by arrows.
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Figure 2. Gene organization of the StsI system. The orientation of the StsI
restriction-modification genes and the StsI sites in the 5183 bp region are shown.
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from a chromosomal DNA library. When chromosomal DNA carrying the 7.9-kb insert, showed restriction endonuclease
of S.sanguis 54 was incubated with an excess of R.FokI, no activity (Fig. 1).
cleavage was observed. Modification of GGm6ATG and Cm6AT-
CC inhibit DNA cleavage by R.FokI, but modification of Gene organization and nucleotide sequence
CATm5CC, CATCm5C, and CATCm4C do not (30). It was To analyze the organization of the two genes encoded in the
expected the adenine residues in the recognition sequence of 7.9-kb fragment, series of deletion mutants were constructed,
R.StsI were modified by M.StsI in a similar manner as M.FokI and their abilities to confer restriction and modification
did. So R.FokI was used for selection of the MTase gene of StsI. phenotypes on E.coli cells were examined. The results are
Plasmids from 1.5 x 105 colonies were intensively digested with summarized in Fig. 1. pSts671 was the smallest one that confers
R.FokI, and 20 clones randomly picked up was found to be both phenotypes. By introduction of a 3.5-kb deletion from the
resistant to R.FokI digestion. The R.StsI activity was analyzed left end of the 7.9-kb insert, restriction activity was lost
by in vivo assay procedure and among these clones, pSts2, completely, but MTase activity was at the same level as pSts2.

M.BtuI M YIGB K PE IKKMVDKHIDGBEEVL DLF N NYF QF TVY N LFFYVNAKRATIKENBK _aB 74
M.FokI F LLDIN IQEVIEENVKDDAHV F MDL 8 GIVGEN FKDY QVLN BL FBYI LL P KI |NEN BI NF 74
M.LlaI L& F QQVIKKH-DIQGQT ADL FGa Y BTVLN YMY F8KVIS EKLLNB EK _Kj73

M.BtsI BKLIQAGIBBJIMTYJQNL VNDFTIGYYEVAY NB-TG-N|L8VHNKKL II BQIEBWKNQNLLTEHYYY 146
M.FokI BELKKIGIKE|P|LHY|L|ENE EIBHEFFLTHNT YMGC MRYFTVENB RI|D IFR TLNRWKNEBLI NELEF Y 148
M.LlaI DBFVKRYGKTEFQWJNER TPNDGYFVYNNYT- --R MbRLTEE KID R DIEELFQEGVIBKA YBt 145

M.BtuI 8 SPIRALPFI NTiTYF L H K DLELQDFTIFDN8K:- - -QKAFRED E QKIKAIV I D|T 217
M. FokI LL I LI A V P F I NIB TY LH K GKLKLRTLDIVNNHY - ATYE D I EKVYG|DILYIDP 219
M.LlaI SL KJSVTKV8 TY &FFSFEE8KKFTIMPLEMKDBLBVBKDJRCFLJKNW VREUBGIAIDP 219

M.8teI sNB SN N EY NENP LK If KIFDWKNLK DPT4GKALVAMRD IQNI TRJI L NEGIIS 291
M. FokI G R ISN N LE I YD KY GLRPYVEBKL Q|K|KEVGNAFNHIEKF RHII L BYBEGLLL 293
M.LlaI TTTTN NLE I YDNLFKMARRVKREF- SN KAYYEFED FRIQFTVL BSNQSIVP 292

M.8teI EEDLTNILKEFSVDGIVDIKKIPWK ---- QMKNVSKNKEIY[LLF I1QRKPFSKNKTLNKPLNNVRV88TKKY 362
M.FokI EEEIEKILKKHGLPETYRIYKMPN- K KHKQEASELHNEIYIFIYIIQKDIALTNSVKSNKKIEVGKHKTNSY 364
M.LlaI LDELVDLARRFAVDGIVEVETNE BSTNN SMKGDGKKLQIVIIYFKKNLETN ------------------- 347

M.StI II FYKLLNL PrFKN I N IFB IN R-KIYIFNDMNTRINfMFRYFQTQPPVKLV 435
M. FokI I HNLLN TIVF DKI FVDLFBIGFNVMINV4NN|lK| I ATD INTYVVVLDTMKKT8VEEVI 437
M.LlaI _ P sDDVIPP F KHVFMGLAA V RSLNtVVYNEYH PFV MQMI VNTPADELI 420

M.BtaI QQIRE KI D EEG NEDAFLAFRPN SFRYNYQFPFSMEFC:RNRSH;|8ENMRN 508
M. FokI AH IE R I E E YGL NEEG|FKAFR|Y KTKK-I|P|LD|LYD ICYFNYQFRF NNQEYN PF RERQFBPALKK 510
M. LlaI JNVKKGKEDNRLN LNIFILAKK N- -EFNDGYKD 492

M.StsI NLLN VTKLQTLDATFTDNYFNEFD(I;|BNLTSNDFI TLBDPPYLI NDGSKDGFBDp N T KLE-ENFMD N 582
M.FokI KLVL IEALDEKNVQFVCSEFEHFN|FB8QLDQNDLV yICDPPYL T IYNDGKDIWRGFKDMNRLQIIIKEILLDILDLILN 584
M.LlaI RITRIVTRAPEVEMRLGB- - YBAINJNEYDDDTVF TFGYA YNDK GDAEQEASLKYLT8 D 564

M.BtstI QH IR AKTK QKDIAYSRNLNVNYLDHNYNNSSHNSKSKGS E KTFNLLNTK 653
M.FokI SK Y L LE LL|LE - --SKKYNIHHLQHSYSNSBHNTTRGEBQIEIVIL|IITNY--- -NY- -TK 647
M.LlaI 8AK L K T[H jMEIj! ------ IQHHGFNVNTIGETGIKYPR T NNFER 622

Figure 3. Alignment of M.StsI, M.FokI and M.LlaI. Identical amino acids in three MTases are boxed and those in M.StsI and M.FokI are indicated by asterisks.
Gaps in the aligned sequences are also indicated (-).
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Figure 4. Dot-matrix comparison between StsI and various adenine MTases. The DNASIS program PROTES was used (Materials and Methods).
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B. (A) R. StsI 185 KFDLGEHFGFIDELGFETAPIEIFLNGLAQA

R. FokI 181 KFDLGKNLGFSGESGFrSLPBGILLDTLANA

(B) R.StsI 227 IKSNFESTSDKYNRWLAGVLVTAGL

R. FokI 219 IRNNWEGSSDKYARMIGGWLDKLGL

(C) R.StsI 297 RSRKRVMWEFLAT

R. FokI 290 RVPKRVYWEMLAT

(D) R.StsI 451 GFSGKHLGGSNKPDG

R. FokI 438 GYRGKHLGGSRKPDG

(E) R.St8I 474 DCAIILDSKAYSEGFPL

R. FokI 465 DYGVIVDTKAYSGGYNL

(F) R.StsI 529 FAYVSGSFSGNYKSQL

R. FokI 521 FLFVSGHFKGNYKAQL

Figure 5. Dot-matrix comparison and alignment of homologous blocks between R.StsI and R.FokI. The DNASIS program PROTES was used (Materials and Methods).
Asterisks indicate identical amino acids between R.StsI and R.FokI. Panel A shows dot-matrix comparison. Panel B shows amino acid sequences of homologous
blocks (A to F in panel A) together with the numerical positions of each block.

MTase activity was lost either by introduction of a 6.5-kb deletion
from the left end or a 1.5-kb deletion from the right end of the
7.9-kb insert. These results indicate that the 5.2-kb region on

the right side of the 7.9-kb insert is essential for encoding both
restriction and methylase with R.StsI on the left side and M.StsI
on the right side.
The DNA for the 5.2 kb insert in pSts627 was analyzed.

Analysis of open reading frames (ORF) indicated that there were
two large enough to encode enzymes. The two ORF were aligned
tail to tail, and there was a 13 1-bp spacer region between them
(Fig. 2). A putative palindromic sequence was seen within the
spacer region. This could be the transcriptional termination site
for both genes. The gene organization of the StsI system was
distinct from that of Fold. In the Fold system, two genes aligned,
MTase comes first and then ENase. In the StsI system the two
genes were convergent. ORF from 555 bp to 2360 bp coded for
ENase and it consists of 1806 bp and encoded a 602-residue
polypeptide. The first 21 amino acids of R.StsI exactly
corresponded to that predicted from the nucleotide sequence at
position 561. The predicted molecular mass, 68,388 Da, was
close enough to the value that estimated by SDS-PAGE (19).
A potential SD sequence, AGGAG, is 10 bp upstream of the
start codon.
The other open reading frame from ATG at 4450 bp to AAA

at 2492 bp was supposed to encode the MTase gene. In this ORF,
there were two amino acid segments, DTPY (from 216 to 219)
and DPPY (from 546 to 549), which were characteristic of
adenine MTases (12,31,32). The latter was homologous to the
consensus sequence (DPPY), the former was different from the
consensus sequence at the 2nd position. The presence of two
copies of a segment of tetra amino acids that is characteristic
to adenine MTases supports the idea that this ORF encodes the
M.StsI gene. Although there were two other ATG near 4450 bp
in the same frame, there was no SD sequence at an appropriate
position for these two start codons. So it is reasonable to think
that MTase gene starts from ATG at 4450 bp.

Since E.coli harboring the plasmid in which the 7.9-kb
fragment was inserted in the opposite orientation express both
ENase and MTase activities, the sequence from the coding region
was searched for sequence similarities to the E.coli promoter-

Table I. MTases which showed homology to M.StsI

Enzyme Recognition sequence

NlaIII CATG
FolI, StsI GGATG/CATCC
dam GATC
DpnII GATC
EcoRV GATATC
Llal unknown

Recognition sequences are written from 5' to 3'.

like sequence (33). There were E. coli-like promoter sequences
upstream of both genes.
There were five StsI recognition sequences in the 5.2-kb region

(Fig. 2). One site occurred upstream of the initiation codon of
R.StsI, two sites within the R.StsI gene, and the other two sites
immediately upstream of the initiation codon of M.StsI. The
location of the two StsI sites upstream of MTase gene was very
similar to that of M.FokI gene. This arrangement might influence
expression of the genes.

Comparison of M.StsI, M.FokI, and other MTases
Nucleotide sequences. The nucleotide and deduced amino acid
sequences of M.StsI and M.FokI were compared. The M.StsI
gene was encoded by 1959 bp, and the M.FokI gene by 1941
bp. There was no significant nucleotide sequence similarity
between these two genes. G+C content of M.StsI and M.FokI
genes were 28% and 30%, respectively. Both amino acid
composition and the codon usage of M.StsI were similar to those
of M.FokI (data not shown).

Amino acid sequences. The M.StsI protein sequence was
compared with sequences in the GenBank and EMBL data bases.
A high level of identity was found between M.StsI and M.FokI
(49%) and M.StsI and M.LlaI (35%). Alignment of the amino
acid sequences of FokI, LlaI, and StsI MTases are shown in
Fig. 3. While the recognition sequence of LlaI remained to be
identified, it was suggested that the specificity of LlaI was
different from that of Fokl (34). When the recognition specificity

2
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of Llal MTase is identified, the responsibility of the amino acid
residues which are identical in all three MTases and those
identical between M.StsI and M.FokI is expected to be clarified.
In addition, a high level of identity was found in several adenine
MTases. The amino terminus of M.StsI showed significant
identity (35%) to the entire M.NlaIII (35), and the carboxy
terminus of M.StsI also showed significant identity to T4 dam
(33%) (36), T2 dam (28%) (37), and M.DpnII (22%) (38).
Figure 4 shows a dot-matrix comparison of M.StsI with several
adenine MTases. Though E.coli dam (39) and EcoRV (40)
MTases showed no significant identity to M.StsI, they were
homologous to the carboxy terminus of M.StsI. These similarities
were also found between M.FokI and adenine MTases as
described above (41). Recognition sequences of these MTases
are shown in Table I. The sequence 5'-ATG-3' overlaps the
recognition sequence of StsI, 5'-GGATG-3', and that of NlaIH.
The sequence of 5'-ATC-3' overlaps the recognition sequence
of StsI, 5'-CATCC-3', and that of another five MTases.
We have shown that in M.FokI the amino terminal DPPY motif

participated in the methylation of 5'-GGATG-3', and the carboxy
terminal DPPY motif in 5'-CATCC-3' (42). Truncated M.FokI
was created by Looney et al. (41), and they demonstrated that
the amino terminal two-thirds of M.FokI methylated 5'-GG-
ATG-3', and the carboxy terminal two-thirds did 5'-CATCC-3'.
These results suggest that both M.StsI and M.FokI have arisen
from different proteins; the amino terminal half of the protein,
which is responsible for the recognition and methylation of
5'-GGATG-3', and the carboxy terminal half protein which is
responsible for the recognition and methylation of 5'-CATCC-3'.
M.StsI and M.FokI showed significant contrast to M.HgaI, which
were independent proteins encoded by adjacent genes (43). The
M.HgaI proteins closely resemble one another, and probably
diverged from a common ancestor.
The DPPY motif is widely conserved among m6A and m4C

MTases, and is thought to be involved in the modification of the
exocyclic amino group (12). Though there are several differences
in this motif, the first proline had been completely conserved
as far as we know. This is the first example that the first proline
is replaced by threonine. Amino acid change from proline to
threonine is a C-A transition on DNA. The possibility of cloning
artifact can not be eliminated.

Comparison of R.FokI and R.StsI
Nucleotide sequences. The nucleotide and deduced amino acid
sequences of R.StsI and R.FokI were compared. The StsI gene
was encoded by 1806 bp and the FokI gene by 1741 bp. There
was no similarity between the two nucleotide sequences. Both
G+C content of R.StsI and R.FokI genes are 34%. R.StsI
consisted of 602 amino acids and R.FokI 583 amino acids. Both
amino acid composition and the codon usage of R.StsI were
similar to those of R.FokI (data not shown).

Amino acid sequences. The R.StsI protein sequence was
compared with sequences in the GenBank and EMBL data bases.
As expected, no significant homology was detected between
R.StsI and other ENases except for R.Fokl (30% identity). There
were six regions that were highly homologous to each other, and
they are aligned in Fig. 5. As shown in Figure 5, another
homologous region was present from amino acid sequence 350
to 420. However, the extent of homology of this region was not
as high as that of the other six regions (data not shown). As these
two enzymes recognize the same sequence but cleave at different

positions, we suppose that these homologous regions are potential
domains involved in the recognition of the asymmetric sequence
and the amino acid residues which are involved in the cleavage
of phosphodiester bonds are located in the region that showed
no significant homology. Now we plan to exchange the amino
acid domains between Fokl and StsI. The analysis of the mutants
will give us interesting information about the reaction mechanism
of type Us restriction-modification enzymes.
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