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The structure of a 1.6-kb  Sphl-Hind111 DNA sequence necessary and sufficient for the
replication of a 6.3-kb plasmid  pCTP4 in y-PGA-producing Bacillus strain isolated from
“dan-douchi”  in China, which is responsible for y-polyglutamate production, has been
characterized by using a trimethoprim-resistance gene derived form B. subtilis T T K 2 4
chromosomal DNA as a selective marker. The 1.6-kb DNA sequence contains a rep gene
encoding the protein (333 amino acids) essential for initiation of replication and a possible
origin of replication. The predicted REP protein of pCTP4 has an overall homology with
the REP proteins of pUH1  (73.9% identity), pLSl1 (87.4x),  pBAA1  (82.0x),  and pFTB14 (76.
6%) in Bacillus spp., pLP1  (46.5%) and pLABlOO0  (32.4%) in Lactobacillus  spp., and pUBll0
(34.8%) and pC194 (21.9%) in Staphylococcus aureus,  but has not any similarity with the REP
protein of the staphylococcal plasmid  pT181.

INTRODUCTION

“Douchi” is a native fermented product made from whole soybeans in China.
There are two kinds of “douchi” as a raw fermented product : without or with salt, i.
e., “dan-douchi”  and “xian-douchi.”  “ Xian-douchi” is made from steamed soybean and
salt using the koji molt of Aspergilbs  oryzae,  and it is found to greatly resemble
“hamanatto” in Japan. “Dan-douchi,” the non-salty aging product of steamed soy-
bean by the biological action of “natto” Bacillus-like microorganisms, is an adhesive
fermented soybean with a noticeable odor of ammonia, and is, then considered to be
the same as Japanese “natto” (Nakao, 1972). After fermentation, the raw “dan
-douchi”  is sun-dried, and then the dark-colored product is mixed with red pepper and
ginger and aged for a while before being eaten. However, there are some striking and
possesses some acidity, whereas “natto” is predominantly sticky and contains no acid
(Bo, 1984).

We have reported that a 5%kilobase  pair (kb) plasmid designated pUH1, which
encodes the y-polyglutamate-production stimulating factor Cpsf) gene responsible for
y-polyglutamate production, is distributed widely in a number of Bacillus subtilis
(natto)  strains isolated from a fermented soybean food, “natto” (Hara et al., 1981 and
1983). B. subtilis and B. subtilis (natto)  should be considered as one species, but these
two bacilli are found to be classified separately on the basis of whether biotin is
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essential for growth or not (Amaha et al., 195‘2 ; Kida et al., 1963). y-Polyglutamate
-producing Bacillus strain was isolated from “dandouchi,” which required biotin for
growth and produced viscous substances, harbored a single plasmid pCTP4 (6.3 kb)
(Hara et al., 1993). Recently, electron microscopy showed that a heteroduplex
molecule between pUH1  and pLSl1  of Bacillus subtilis IF0 3022 contains l.ll-kb and
2.14-kb double-stranded termini (Hara et al., 1986). The 2.0-kb BstEII  DNA frag-
ment of pUH1,  including the l.ll-kb double-stranded region, contains a 999-bp  open
reading frame, a promoter for the open reading frame, and a possible replication origin
upstream of the promoter (Hara et al., 1991).

Analysis of the organization of various plasmids isolated from Gram-positive
bacteria, such as pT181  (Projan and Novick,  1988),  PC194  (Alonso and Tailor, 1987),
pE194 (Dempsey and Dubnau, 1989),  pFTB14  (Murai et al., 1987),  pLP1 (Perez-Martin
et al., 1988),  pUBll0  (Maciag et al., 1988),  pBAA1  (Devine et al., 1989),  and pLABlOO0
(Josson et al., 1990),  has shown that all of the information necessary for replication is
located on fragments of about 1.5 kb in length. These fragments harbor a rep gene,
encoding a protein essential for the initiation of replication (REP) and its correspond-
ing target site.

This communication reports that the 1.6-kb fragment of pCTP4 contains a 999-bp
open reading frame, a promoter for the open reading frame, and a possible replication
origin upstream of the promoter. Significant homology was observed between the
amino acid sequence predicted from the 999-bp  open reading frame and those of
similar putative REP proteins encoded by the other well-known Gram-positive re-
plicons.

MATERIALS AMD METHODS

Bacterial strains and plasmids.  Escherichia  cali JMlOl  and B. subtilis MI112 (arg
-15, ZeuB8, thr-5, recE4)  were used for a cloning host. The plasmids pCTP4 (Hara
et al., 1993) and pATE1 (Hara et al., 1991) have been described previously, and plasmid
pTL12 carrying the dihydrofolate reductase gene was kindly provided by Tanaka and
Kawano (1980).

Media. LB broth and Panassay  broth (Difco)  for both B. subtilis and E. coli,
Spizizen minimal medium for B. subtilis, and M9 minimal medium for E. coli were the
same as those described previously (Hara et al., 1991). The cells carrying trimetho-
prim-resistant (Tmp’)  plasmids  were grown in AA medium (Tanaka and Sakaguchi,
1978) containing 1 mg/ml  of Tmp.

DNA manipulations. Plasmid DNAs from B. subtilis were prepared and purified as
described previously (Hara et al., 1991). Restriction endonucleases, T4 DNA ligase,
and bacterial alkaline phosphatase were purchased from Takara Shuzo Co., Ltd., and
used as recommended by the manufacture. Degradation of DNA with exonuclease
Ba131 (Takara Shuzo Co., Ltd.) was done by the procedure of Legerski et al. (1978).

Methods  for transformation and assessment of ori function. E. coli  was transfor-
med by the method of Morrison (1977),  and B. subtilis was transformed by using
protoplasted cells (Chang and Cohen, 1979).

DNA sequencing. DNA fragments were subcloned into plasmids  pUC18 and
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pUC19, and DNA sequencing was done by the dideoxy chain termination method
(Sanger et al., 1977) with Sequenase (United States Biochemical Corporation, Ohio,
USA). Nucleotide and amino acid sequences were analyzed by the Hitachi DNASIS
system.

RESULTS AND DISCUSSION

Delimitation of the replication origin
To facilitate the identification of the replication region of pCTP4, we used the

trimethoprim-resistant (Tmp’)  dihydrofolate reductase gene of B. subtilis 168. A
schematic presentation of the constructed plasmids is given in Fig. 1. The source of
the dihydrofolate reductase-coding gene was a Tmp’ strain, TTK24, of B. subtilis 168
(Tanaka and Sakaguchi, 1978) and has been cloned in the pBR322 plasmid of E. coli.
DNAs from pTL12, carrying the Tmp’ dihydrofolate reductase gene, which was
constructed by Tanaka and Kawano (1980),  and pBR322 were both treated with EcoRI
and HindIII, mixed and ligated by T4 ligase, then pATE1 was constructed. Plasmid
pCTP4 was digested with $hI and HindIII,  and then the ends were filled in with the
Klenow fragment to generate blunt ends. The DNA fragments were mixed and
ligated to the AatI site of pATE1 by T4 ligase, and then added to B. subtilis MI112
protoplasts. Several Tmp’ colonies were obtained on AA agar plates containing Tmp
(1 mg/ml) and one of them was used for further study. A plasmid,  pNH3, carried in
such a Tmp’ colony had a molecular size of 8.2kb (Fig. 1). The physical map of pNH3
using various restriction enzymes is shown in Fig. 1.

To define the boundaries of a functional unit of pCTP4 replication, the 1.6-kb SphI
~HindIII  fragment of pCTP4 was digested with selected restriction endonucleases to
obtain a set of overlapping DNA fragments. The digests filled in with Klenow
fragment were ligated with pATE1,  introduced into E. coli  by transformation, and
selected for ampicillin resistance. The plasmid DNA preparations containing each
generated fragment were tested for replication in B. subtilis. The results are summar-
ized in Fig. 2. The constructed plasmid with the 1.4-kb S’hI-Hue111  fragment (frag-
ment 2 in Fig. 2) could replicate in the B. subtilis host, but the recombinant plasmid
preparations containing the small fragments (fragment 3 and 4 in Fig. 2) could not
replicate.

Nucleotide  sequence of the replication region
The nucleotides of the 1.6-kb S’hI-Hind111 fragment were sequenced by the

method of Sanger (1977). Though the strategy is not shown, the nucleotides of both
strands were sequenced using numerous restriction fragments to give enough overlap-
ping regions (Fig. 3). Looking for possible open reading frames (ORFs),  we found only
one large frame (Fig. 2) designated rep, which consisted of 999 bp and encoded a
protein molecule with 333 amino acids with a iM, of 38,582. Several conserved
regulatory sequences similar to the E. coli  and Bacillus consensus promoter sequences
(McLaughlin et al., 1981) were observed 5’ upstream to the rep ORF.

Plasmid pNH3 was digested with BgZII  and then treated for 20 min with exonu-
clease  Ba131 under the conditions in which about 50 bp per min were removed from
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Fig. 1. Derivation of plasmids  used in this study.
The chain of solid circles in the diagram indicates the DNA

segment containing the Tmp’ gene of B. subtih  TTK24. Heavy
and thin lines represent the regions of pBR322 and pTL12,  respec-
tively. Double lines represent the DNA fragment of pCTP4. A,
AatI ; Bg, B&II ; E, EcoRI ; H, Hind111  ; P, PstI ; S, S&V.

each end of the DNA molecule. After ligation by T4 ligase, the DNA was transfor-
med into E. coli and subsequently introduced into B. subtilis  by protoplast transforma-
tion. Tmp’ transformants, which contain 1.4-kb fragment 5 in Fig. 2, were obtained
at high efficiencies with a 16%bp  deletion plasmid  generated with Ba131  (fragment 5
in Fig. 2), while no transformants were obtained with a similar 255-bp deletion plasmid
(fragment 6 in Fig. 2). It suggests that the putative replication origin of pCTP4 is
between position 168 and 255. To discover the sequences essential for replication, a
homology search was done to find whether there are sequences within this region
conserved in the registered Gram-positive replicons. A 34-bp sequence was conserved
in four plasmids, pCTP4, pLS11,  pUH1,  pBAA1  and pFTB14  in Bacillus spp. (Fig. 4),
and the 14-bp  sequence within this region was conserved in all eight plasmids  in Gram
-positive bacteria including Lactobacillus  spp. and Staphylococcus spp. This conserved
14-bp  sequence is found in the 55-bp region of PC194  shown by Gros et al. (1987) to
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Fragment

Fig. 2.

have origin activity. Within this 14-bp  sequence, in addition, the sequence

SO0 bp

+

+

Structure and replication activity of the derived frag-
ments of the 1.6-kb oti fragment.

The open arrow in the restriction map indicates an
open reading frame found in the seauence data (see
Fig. 3). + and - indicate, respectively, ability and
inability to replicate in the B. subtilis host. Deriva-
tives were made by deletion with the indicated restric-
tion enzyme or by Ba131 digestion (B) from the BgZII
site of pNH3.

CTTGATA is the sequence at which nicking of the plus-strand occurs in the initiation
of replication of the coliphage $X174  (Shlomai and Kornberg, 1980),  and this conserved
sequence was found in a hairpin region of $X174.

Amino acid sequence homology of pCTP4 REP protein with diffeerent Gram-positive
replication proteins

The amino acid sequence of the REP protein coding region of pCTP4 was compar-
ed with a number of amino acid sequence of proteins registered in GenBank by the
homology search system GENAS (Kuhara et al., 1984). Homologies between the
predicted amino acid sequence of the REP protein of pCTP4 and those of the REP
protein of pUH1, pLS11,  pBAA1,  pFTB14,  pLP1, pLAB1000,  pUBll0  and pC194 are
illustrated in Fig. 5. The REP protein encoded on pCTP4 showed a substantial degree
of homology to three REP proteins in Bacillus plasmids : 87.4% identity with
REPpLSll, 82.0% with REPpBAAl,  76.6% with REPpFTB14,  and 73.9% with RE-
PpUHl.  The REPpCTP4  is similar to REPpLPl  (46.5% identity) and REPpABlOOO
(32.4%) from lactic acid bacteria but also to REPpUBllO  (34.8%) and REPpC194 (21.
9%) from S. auyeus. The REP protein of pFTB14  stretches for 1,017 bp, a promoter
region for rep expression, and a possible replication origin for rep expression, which
is upstream of the promoter. The rep product is trans-active and essential for
plasmid  replication (Murai et al., 1987). The tyrosine, which acts as an active site of
REP in the rolling circle mechanism (Van Mansfeld et al., 1986),  was conserved in all
of the Gram-positive initiation proteins (Fig. 5). Khan et al. (1982) identified the start
site of pT181  DNA synthesis within a 127-bp segment and showed that a 168 bp
segment containing the replication start site is enough to initiate unidirectional replica-
tion. Furthermore, like REP protein of pT181 (Projan and Novick,  1988),  the protein
of the E. coli  plasmid R6K (Stalker et al., 1982 ; Germino and Bastia, 1982) does not
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SphI . SO
5'-GCATGCTGCGGAGATAACACGGGCTGCTGCGCGAATGATGCGGGCATGGGTGCGTTGATCGTGCCGAGACTGAAAA

100 150
AGCCGATTTTTGAAAAAAAAATCTCCCCCCCCTGCGAAGAATGGTTTTGATCTTTGGGTTTTAGGTTTTAAAAAAAGCC

200
I

GGCTGTTTTCAGCCCGATTTTTCGATTTTGGCGGCGAAATCGGGTCTTTTCTTATCTTGATACTATATAGAAACAACAT

250' 300
CATTTTTCAAAATCAGTTCAAAGTCTTGTGTGTCAAGGGT'

? 2 J 4

~TAAGGTGTCGAATCAAATAATAGAATGCTAG*E&AGCTCA&Z!%!QI' TTTTTTGTTGATTTATTCATCTGAAA

4 3
400 450

ATG ATT ATA GCA TCC TCG AAG ATA AAA CCG CAA CAG GTA AAA AGC GGG ATT GGA AGG GGA
Met Ile Ile Ala Ser Ser Lys Ile Lys Pro Gin Gln Val Lys Ser Gly Ile Gly Arg Gly

500
AAA AGA GAC GTA CGA ACC TCA TGG CGG ACT TAC GAA GCG TTA GAG AGT AAG ATT GGG GCA
Lys Arg Asp Val Arg Thr Se1 Trp Arg Thr Tyr Glu Ala Leu Glu Ser Lys Ile Gly Ala

550
CCT TAC TAT GGC AAA AAG GCT GCC AAA CTA ATT AGT TGT GCA GAG TAT CTT TCG TTT AAG
Pro Tyr Tyr Gly Lys Lys Ala Ala Lys Leu Ile Ser Cys Ala Glu Tyr Leu Ser Phe Lys

600
AGA GAC CGG AGA CGC GGC AAG TTA AAA CTG TAT CAA GCC CAT TTT TGT AAA GTG AGG TTA
Arg Asp Arg Arg Arg Gly Lys Leu Lys Leu Tyr Gln Ala His Phe Cys Lys Val Arg Leu

650
TGC CCG ATG TGT GCG TGG CGT AGG TCG TTA AAA ATT GCT TAT CAC RAT AAG TTG ATC GTA
Cys Pro Met Cys Ala Trp Arg Arg Ser Leu Lys Ile Ala Tyr His Asn Lys Leu Ile Val

700 750
GAG GAA GCC AAT CCG CAG TAC GGT TCT GGA TGG ATT TTT CTC ACG CCG ATG GTT CGG AAT
Glu Glu A l a  As” P r o  G l n  Tyr G l y  Ser G l y  Trp Ile P h e  Le”  T h r  PI-O M e t  Val A r g  A s n

800
GTC GAG GGA GAA CGG CTG AAG CCA CAA ATT TCT GAG ATG CAT AAA GGA TTT AGG AAA CTG
Val Val Gly Glu Arg Leu Lys Pro Gln Ile Ser Glu Met H1s Lys Gly Phe Arg Lys Leu

850
TTC CAG T&Z AAA AAR GTA AAA ACT TCG GTT GCT GGA TTT TTC AGA GC+ TTA GAG ATT ACC
Phe Gln Tys Lys Lys Val Lys Thr Ser Val Ala Gly Phe Phe Arg Ala Leu Glu Ile Thi

900
AAA AAT CAT GAA GAA GAT ACA TAC CAT CCT CAT TTT CAT GAG TTG RTA CCA GTA AGG AAA
Lys Asn His Glu Glu Asp Thr Tyr His Pro His Phe His Glu Leu Ile Pro Val Arg Lys

950
AAT TAT TTT GGG AAA AAC TAT ATT AAG CAG TCG GAG TGG ACG AGC CTT TGG AAA AAG TCG
Asn Tyr Phe Gly Lys As" Tyr Ile Lys Gin Ser Glu Trp Thr Ser Leu Trp Lys Lys Ser

1000
GTG AAA TTG GAT TAC CC+ CCG ATT GTT  tAT ATT CGA A& GTG AAA GG+  AAA GCC Ait5!TT
Val LYS Leu Asp Tyr Pro Pro Ile Val Asp Ile Arg Airg Val Lys Gly Lys Ala Leu Ile

1100
GAC GCT GAA CTG ATT GAA AGC GAT GTG CGG GAA GCA ATG ATG GAG CAA AAA GCT GTT CTC
Asp Ala Glu Leu Ile Glu Ser Asp Val Arg Glu Ala Met Met Glu Gln Lys Ala Val Leu

1150
GAA ATT TCT AAA TAT CC; GTT AAG GAT ACG GAT GTT GTG CGC GGC AAT AAG GTG ACT GAA
Glu Ile Ser Lys Tyr Pro Val Lys Asp Thr Asp Val Val Arg Gly As,, Lys Val Thr Glu

1200
GAC ATT CTG AAC GCG GTG CTT TAT TTG GAT GAT GCG TTG GCA GCT CGA AGG TTA ATT GGA
Asp Ile Leu Asn Ala Val Leu Tyr Leu Asp Asp Ala Leu Ala Ala Arg Arg Leu Ile Gly

1250
TTC GGT G;C ATT TTG AAG GAG ATA CAT AAA AGA CTG AAT CTT GGA GAT CGG GAG GAC GGC
Phe Gly Gly Ile Leu Lys Glu Ile His Lys Arg Leu Asn Leu Gly Asp Arg Glu Asp Gly

1300 1350
GAT CTG GTC AAG ATT GAG GAA GAA GAT GAC GAG ATT GCA AAC GGC GCA TTT GAG GTT ATG
Asp Leu Val Lys Ile Glu Glu Glu Asp Asp Glu Ile Ala Asn Gly Ala Phe Glu '?a1 Met

1400 HaeIII
GCT TAT TGG CAT CCT GG; ATT AAA AAT ;AC ATA ATC A&A TAA AAAGCAGGCCTTGTTkTGCTTT
Ala Tyr Trp His Pro Gly Ile Lys Asn Tyr Ile Ile Arg *-

1450
TTTTATACTCTAATAGTCAARTGTGTTGAAATATGTTTTGT~~GTTTTTTAT~TTTGTAGCT~TTTATGATT~ATTGTC
-

1500 1550
TATGATAACCTAGGGAATCTTTACATTGTCTGTGTTGAATAGTTACATAAACTGCTTTGCTCTTAGGATAGTTTAAATA

Hind111  1607
TACTGTTGTCATTGCTCCGAAAACAAAAGCTT-3'

Fig. 3. Nucleotide sequence of the 1.6-kb  .$GHindIII  DNA fragment.
Nucleotide residues are numbered in the 5’-to-3’ direction, beginning with the 5’-end

residue originated from the .S&%J site. The deduced amino acid sequence is given below the
nucleotide sequence. Putative promoter elements (-35, -30 and the ribosome binding site)
are underlined. *
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A
pCTP  4
pUH1
pLSl1
pGAA1
pFTBl4
PLPl
pLABlOO0
pUBll0
PC194

4x174 GTgcT  CcCccAaCTTGATA  tTAata
A

B
T T

CG T T
T A CG
AT T A
T A AT

5’-TTTCTTTCTATAAGG-3’ 5’-GTCTTTTCTTACTATAT-3’

pm94 pCTP4, pUH1

Fig. 4. (A) Homology at the origin for plus-strand synthesis among
several plasmids  in Gram-positive microorganisms. T h e  nu-
cleotides in boxes are conserved well among them. The
sequence CTTGATA, which is the site at which nicking of the
plus strand occurs in phage &X174, are boldface. The DNA bond
between nucleotides G and A will be nicked by the REP protein
and is indicated by an arrow. (B) Hairpin structure of the pC194
origin region proposed by S. D. Ehrlich and the predicted struc-
ture of origin region of plasmids  pCTP4 and pUH1.

have any significant homology in its amino acid sequences with those of the REP
proteins of pCTP4, pUH1,  pLSl1  and also pFTB14  deduced from the ORFs (data not
shown). Comparison of dendrograms made on the basis of 16s rRNA hybridizations
and the percentage of homology on REP protein are illustrated in Fig.6. The degree
of homology of REPpCTP4  with the REP proteins of pLP1 and pLABlOO0 in
Lactobacilhs  spp. strains was almost the same as those with the REP proteins of
pUBll0  and PC194 in S. au7reu.s. Taxonomic studies (based on the 16s rRNA similar-
ities) showed that Bacillus spp. and S. aureus strains are more closely related to each
other than Stafihylococcm  spp. and Lactobacilhs  spp. (Stackebrandt and Teuber, 1988).
The plasmid homologies suggest an exchange of plasmid replicons by recent horizontal
transfer through the different genera, including B. subtilis (natto).
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zations (A) and the percentages of homology on Rep proteins
among several plasmids  in Gram-positive microorganisms (B).

The microorganisms from which the plasmids originate are
shown. Dendrograms were made by the unweighted average
pair group method (Sneath and Sokal, 1973).
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