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The structure of a 2.0-kb BstEII DNA sequence necessary and sufficient for the replication of a 5.7-kb Natto
plasmid, pUH1, which is responsible for y-polyglutamate production by Bacillus subtilis (natto), has been
characterized by using a trimethoprim resistance gene derived from B. subtilis chromosomal DNA as a selective
marker. The 2.0-kb DNA sequence contains an open reading frame, rep, stretching for 999 bp; a promotor
region for rep expression; and a possible replication origin for the plasmid upstream of the promotor. The
predicted Rep protein has highly homologous amino acid sequences with repl4 of pFTB14 in B. amylolique-
faciens, RepB of pUB110, and protein A, which is necessary for pC194 replication in staphylococci throughout
the protein molecule, but is not homologous with RepC of staphylococcal plasmid pT181.

In a previous paper (5), we reported that a 5.7-kb plasmid
designated pUH1, which encodes the y-glutamyltranspepti-
dase gene responsible for y-polyglutamate production, was
detected in a Bacillus subtilis (natto) strain isolated from a

fermented soybean food, natto. Recently, electron micro-
scope studies of the hybridization products of pLS11, which
is detected in B. subtilis IFO 3022 and is 8.6 kb in size, with
pUH1 revealed a heteroduplex molecule containing 1.11-
and 2.14-kb double-stranded DNA termini (6). We thought
that these double-strand regions might play an important role
in polyglutamate production and DNA replication.

This communication reports that the 2.0-kb BstEII DNA
fragment corresponds to the replication origin of Natto
plasmid pUH1 and contains a 999-bp open reading frame, a
promoter for the open reading frame, and a possible repli-
cation origin upstream of the promoter. Significant homolo-
gies were observed between the amino acid sequence pre-
dicted from the 999-bp open reading frame and those of the
similar putative proteins encoded by the B. amylolique-
faciens plasmid pFTB14 (13) and Staphylococcus aureus
plasmid pC194 (3, 7).
To facilitate identification of the replication region of

Fragment I Phenotype
1 500 1000 1750 2000 bp

+

FIG. 1. Derivation of plasmids used in the present study. The
chain of solid circles in the diagram indicates the DNA segment
containing the Tmpr gene of B. subtilis TTK24. Heavy and thin lines
represent the regions of pBR322 and pTL12, respectively. Double
lines represent the DNA fragment of pUH1. A, AatI; Bg, BglII; Bs,
BstELL; E, EcoRI; H, HindIII; P, PstI.
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FIG. 2. Structure and replication activity of the modified frag-
ments of the 2.0-kb ori fragment. The open arrow in the restriction
map indicates an open reading frame found in the sequence data (see
Fig. 3). + and - indicate, respectively, ability and inability to
replicate in the B. subtilis host. Modifications were made by deletion
with restriction enzymes or insertion of a few base pairs (closed
triangle), using the Klenow fragment, after digestion with the
indicated restriction enzyme or by Bal31 digestion (B) from the BglII
site of pBB2.
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BstE II
5' -ggtaaccGGACCGTAGGGA

50 1TAGGATTAAGGAAGTTGACTCGCTCAGCGCCACCCGAACCCTTTCCGCACTCt.AACAAACCCGTTTGTTTGACGCCAACCG
°° 150
GGCAGGGAGCCCCCCGAAGAAGCGGGGGTTGGGGGGATTGAATGCTGGCATCCAACGGCCGTCCGTTGGTGGGTTTGGG

200 250
CAAAGCCAAGAACTGTTGCAAGGCTCGTTGAGAATAAAGAATGCTTTTCAGGATGCTTAGAATCGTTTCTGAGAGCTTC

300
AAATAAAAAAGATGACCTTTTATAGGGGGAAGCTCTTAAAATTGAATGTAGGGGCATTTAAACACGTTTAAAAATAAAA

350 400
AAAGCAGACTCTTTAGAGTCCGCCTTGTTATTTTTAACCCAGTGCTCCATTTTCGGCTGTTTGGAAATCTTTTGAGATG

CCGAACCATCCATTTTCTTTTGTTCCATGAAAAAAGTGCTTTTGGATGCTTAAAAAGGCTTTTTCGTATAAAAAAAGCC

500 550
GATTTTTGAAAAAAAAATCTCCCTGCGGGGGAAGAATGGTTTTGATCTTTGGGTTTTAGGTTTTAAAAAAACCGGGCTG

600 650
TTTTCAGCCGGCTTTTTTTCGATTTTGGCGGAGCCGAAATCGGGTCTTTTCTTATCTTGATACTATATAGAAACATCTC
12 2 36

AAGGCGAAAAAATAGCCCCCATCCCTTATTTGTCAAGGGTTTGACGGCTTTGTTAGAAACTCCTTCCGCffl
so (SD) '800

M3AAAGTGCCCACTAAAATAATAGAATGCTAGATTACTAG CTCA q~ TTTTTTGT6TCATGTATTCATCTGAAA
850

ATG ATT ATA TCA TCC TTG AGG ACA AGA CCG CAA CAG GTA AAA AGC GGG ATT GGA AGG GGA
Met Ile Ile Ser Ser Leu Arg Thr Arg Pro Gin Gln Vai Lys Ser Gly Ile Gly Arg Gly

900
AAA AGA GAC 6GA CGA ATC TTA TGG CTG AGC ACT ATG AAG CTT TAC AGA GTA AAA CTG GTA
Lys Arg Asp Giy Arg Ile Leu Trp Leu Ser Thr Met Lys Leu Tyr Arg Vai Lys Leu Vai

950
TAC CTT ACT ATG CCA AAA AAG CTG AGA AAT TGT GCA GTT GTG COG AAT GTC TTT CGT TTA
Tyr Leu Thr Met Ala Lys Lys Leu Arg Asn Cys Ala Vai Val Arg Asn Vai Phe Arg Leu

1000 105
AAC GAG ACC CGG AGA CGC AAA TTA AAG TTG TAT CAA GCT CAG TTT TOT AAA GTG AGG TTA
Asn Giu Thr Arg Arg Arg Lys Leu Lys Leu Tyr Gin Aua Gin Phe Cys Lys Vai Arg Leu

0 1100
TGC CCG ATG TGT GCG TGG CGT AGG TCT TTA AAA ATT GCT TAT CAT AAT AAA TTA ATC GTT
Cys Pro Met Cys Ala Trp Arg Arg Ser Leu Lys Ile Ala Tyr His Asn Lys Leu Ile Val

1150
GAG GAA GCG AAT CGG CAG TAC GGT TGT GGA TGG ATT TTT CTC ACA CTG ACG GTT CGG AAT
Glu Giu Aua Asn Arg Gln Tyr Giy Cys Giy Trp Ile Phe Leu Thr Leu Thr Vai Arg Asn

1 200
GTC GAG GGT GAC GGA TTA AAA CCC ATG ATT GCT GAC ATG ATG AAA GGA TGG AAC CGC CTT
Val Glu Gly Asp Gly Leu Lys Pro Met Ile Aua Asp Met Met Lys Gly Trp Asn Arg Leu

1 250
TTC GCA TAT AAA CGA GTT AAG GTA GCG ACT TTA GGT TAT TTC AGA GCT TTA GAG ATT ACC
Phe Gly Tyr Lys Arg Val Lys Val Aua Thr Leu Gly Tyr Phe Arg Au Leu Glu Ile Thr

1300 135
AAA AAT CAC GAA GAA GAT ACA TAT CAT CCG CAT TTT CAT GTG TTG TTG CCT GTG AAG AAA
Lys Asn His Giu Giu Asp Thr Tyr His Pro His Phe His Vii Leu Leu Pro Vii Lys Lys

0 1400
AGC TAT TTT ACT CAC AAT TAC ATT AAG CAG TCT GAG TGG ACG AGC TTA TGG AAA AGO GCG
Ser Tyr Phe Thr His Asn Tyr Ile Lys Gin Ser Giu Trp Thr Ser Leu Trp Lys Arg Aua

1450
ATG AAA CTG GAC TAC ACG CCG ATT GTT GAT ATC CGA AGA GTC AAG GGA AGA OCT AAA ATT
Met Lys Leu Asp Tyr Thr Pro Ile Val Asp Ile Arg Arg Vai Lys Gly Arg Ala Lys Ile

1500
GAT GCC GAA CAG ATT GAG AGC OAT GTG COG GAA GCC ATG ATG GAO CAA AAA OCT GTT CTT
Asp Ala G1u Gn Ile Giu Ser Asp Val Arg G6u Ala Met Met Glu Gin Lys Ala Vai Leu

1550
OAA ATC TCT AAA TAT CCG OTT AAA OAT ACG OAT OTT GTG CGC GGC AAT AAG GTG ACA OAA
Glu Ile Ser Lys Tyr Pro Vai Lys Asp Thr Asp Vil Val Arg Gly Asn Lys Vai Thr Olu

1600 165
GAC AAT CTG AAC ACG GTG TTT TAT TTG OAT OAT GCG CTT TCT CGC CGC COO CTT ATT GOT
Asp Asn Leu Asn Thr Vai Phe Tyr Leou Asp Asp Ala Leu Ser Arg Arg Arg Lou Ile Gly

0 1700
TAC GOT C6C ATC TTG AAG GAA ATT CAT AAA BAA CTA'AAC CTC GOT 6AT GCG GAG GAC GCC
Tyr Oly Gly Ile Leu Lys Glu Ile His Lys Olu Leou Asn Leu Sly Asp Ala O1u Asp Ghy
* ~~~~~~~~~~~~~~~1750

GAT CTC GTC AAG ATT GAO GAA GAA GAT GAC GAG GTG GCG AAC GAA GCA TTT GAA OTT ATG
Asp Leu Vai Lys Ile Glu Olu Olu Asp Asp Glu Vai Ala Asn Gu Ala Phe Gu val Met

1800
GCT TAC TOO CAT CCA GGC ATT AAA AAT TAC ATA ATC AGA TAA TCAGATAAAAAGCAGGCGTTGTTVia Tyr Trp His Pro Gly Ile Lys Asn Tyr Ile Ile Arg ***

1850 1900
CCTGCTTTTTTTATACTCTAATAGTCAAATCAAGAGTTAATTTTAGATGTAATTGTGAGAATTAGAGTGGCTGACCAGT

1950ATTTGAAACTTCTTGGGCTACTTTCTTAACTTTATATTAAAACTATGTATATATGTGTTGTTTTTTCTATTATTTTOAT
2000 BstEII 2044ATTATTTACAAGTATTGAAATTTTGCTAGGAGGGAAAGTTTTTATggttacc-3'

FIG. 3. Nucleotide sequence of the 2.0-kb BstEIl DNA fragment. -10, -35, and SD indicate, respectively, plausible sequence for the -10
and -35 sequences and the ribosome binding site. The nucleotide sequences indicated by lowercase latters at the two termini originate from
the BstEII site.
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pUH1, we used the trimethoprim-resistant (Tmpr) dihydro-
folate reductase gene of B. subtilis 168. A schematic presen-
tation of the constructed plasmids is given in Fig. 1. The
dihydrofolate reductase-coding gene was derived from a

Tmpr strain, TTK24, of B. subtilis 168 (20) and has been
cloned in plasmid pBR322 of Escherichia coli (2). DNAs
from pTL12, carrying the Tmpr dihydrofolate reductase
gene, which was constructed by Tanaka and Kawano (18),
and pBR322 were both treated with EcoRI and HindIII,
mixed, and ligated with T4 ligase; then pATE1 was con-

structed. Natto plasmid pUH1 was digested with BstEII, and
then the ends were filled in with Klenow fragment to
generate a blunt end. The DNA fragments were mixed and
ligated at the AatI site of pATE1 with T4 ligase and then
added to B. subtilis MI112 (19) protoplasts. Several Tmpr
colonies were obtained on AA agar plates (18) containing
trimethoprim (1 ,ug/ml), and one of them was used for further
study. Plasmid pBB2 carried in such a Tmpr colony had a

molecular mass of 8.4 kb (Fig. 1). The physical map of pBB2,
using various restriction enzymes, is shown in Fig. 1.
To define the boundaries of a functional unit of pUH1

replication, a 2.0-kb BstEII fragment of pUH1 was digested
with selected restriction endonucleases to obtain a set of
overlapping DNA fragments. Digests modified with Klenow
fragment were ligated with pATE1, followed by introduction
into E. coli by transformation and successive selection for
ampicillin resistance. The plasmid DNA preparations con-

taining each generated fragment were tested for replication
activity in B. subtilis. The results are summarized in Fig. 2.
Plasmid pBB2, which corresponds to fragment 1 in Fig. 2,
and a derivative containing fragment 7 specified Tmpr in B.
subtilis, but attempts to transform B. subtilis with recombi-
nant plasmid preparations containing the small fragments
(fragments 2 to 6 in Fig. 2) and inserted fragments (fragments
8 and 9) were unsuccessful.
The nucleotide sequence of the 2.0-kb BstEII fragment

was determined by the method of Sangar et al. (14). Though
the strategy is not shown, the nucleotide sequence was

determined for both strands by using numerous restriction
fragments to give enough overlapping regions. By examina-
tion of possible open reading frames, we found only one

large frame (Fig. 2), designated rep, which consists of 999 bp
and encodes a protein molecule with 333 amino acids and an

Mr of 39,074. The 5' upstream region of rep contains a

5'-AAGGAG-3' sequence (indicated as SD in Fig. 3) com-

plementary to the 3' end of 16S rRNA (3'-OH-UCUUUC
CUCCAGUAG-5') of B. subtilis (11) at nucleotides 777 to
782 for translation initiation. There is a 5'-TATTAT-3'
sequence (-10 in Fig. 3) resembling a Pribnow box (12) at
nucleotides 727 to 732, and at a site 24 bp upstream of this
-10 sequence, there is a 5'-TTGACA-3' sequence resem-

bling the -35 consensus sequence (12) of the B. subtilis
gene. The observed distance (18 bp) between the -10 and
-35 sequences accords well with that observed generally in
B. subtilis genes (17 to 18 bp) (12).

Plasmid pBB2 was digested with BglII and then treated for
20 min with exonuclease Bal31 under conditions in which
about 50 bp was removed per min from each end of the DNA
molecule. After ligation by T4 ligase, the DNA was intro-
duced into B. subtilis by protoplast transformation. Tmpr
transformants, which contained fragment 11 in Fig. 2, were

obtained at high efficiencies with Bal31-generated deletions
of 581 bp (as determined by nucleotide sequencing), while no

transformants were obtained with a similar 653-bp deletion
(fragment 10 in Fig. 2), suggesting that the 5' upstream

portion is dispensable for replication. The interaction of the

10 20 30 40 50 60
rep ------MIISSLRTRPQQVKSGIGRGKRDGRILWLSTMKLYRVKLVYLTMAKKLRNCAVV
repg MYSSENDYRILEDKTATGKKRDWRGKKRRANLMAEHYEALEKRIGAPYYGKKAERLSECA
RepB ---------------------- --------

Protein A ---------------------- MCYNMEKYTEKKQRNQVFQKFIKRHIGENQMDLVEDCN

70 80 90 100 110 120
rep RNVFRLNETRRRKLKLYQAQFCKVRLCPMCAWRRSLKIAYHNKLIVEEANRQYGCGWIFL
repg EHLSFKRDPETGRLKLYQAHFCKVRLCPMCAWRRSLKIAYHNKLI IEEANRQYGCGWIFL
RepB -----------------------------------MKHGIQSQKVVAEVIKQKPTVRWLFL
Protein A TFLSFVADKTLEKQKLYKANSCKNRFCPVCAWRKARKDALGLSLMMQYIKQQEKKEFIFL

130 140 150 160 170 180
rep TLTVRNV-EGDGLKPMIADMMKGWNRLFGYKRVKVATLGYFRALEITKNHEEDTYHPHFHV
rep,r TLTVRNV-KGERLKPQISEMMEGFRKLFQYKKVKTSVLGFFRALEITKNHEEDTYHPHFHV
RepB TLTVKNVYDGEELNKSLSDMAQGFRRMMQYKKINKNLVGFMRATEVTINNKDNSYNQHMHV
Protein A TLTTPNVMSDE-LENEI KRYNNSFRKLIKRKKVGSVI KGYVRKLEITYNKKDNSYNQHMHV

190 200 210 220 230 240
rep LLPVKKSYF--THNYIKQSEWTSLWKRAMKLDYTPIVDIRRVKGRAKIDAEQIESDVREAMM
rep,, LLPVKRNYF--GKNYI KQAEWTSLWKRAMKLDYTP IVDI RRVKGRVKIDAEQI ESDVREAMM
RepB LVCVEPTYFKNTENYVNGKQWIQFWKKAMKLDYDPNV-----------KVQMIRPKNKYKSD
Protein A LIAVNKSYFTDKRYYISQQEWLDLW-----RDVTGISEITQVQVQKIRQNNNKELYEMAKYS

250 260 270 280 290 300
rep EQKAVLEISKYPVKDTDVVRGNKVTEDNLNTVFYLDDALSRRRLIGYGGILKEIHKELNL
rep,, EQKAVLEISKYPVKTDDVVRGSKVTDDNLNTVFYLDDALSARRLIGYGGILKEIHKELNL
RepB IQSAIDETAKYPVKDTD--FMTDDEEKNLKRLSDLEEGLHRKRLISYDGLLKEIHKKLNL
Protein A GKDSDYLINKSKSL----------------------------------------------

310 320 330
rep 6DAEDGDLVKIEEEDDEVANEAFEVMAYWHPGIKNYIIR-
repe GDAEGGOLVKIEEEDDEVANGAFEVMAYWHPGIKNYILK-
RepB ODTEEGDL-IHTDDDEKADEDGFSIIAMWNWERKNYFIKE
Protein A ----------------------------------------

FIG. 4. Comparison of the amino acid sequences of rep of
pUH1, rep14 of pFTB14, RepB of pUB110, and protein A of pC194.
Amino acid identities with rep of pUH1 are indicated (*). Amino
acid numbers follow the sequence of the rep protein from the
amino-terminal methionine to the carboxyl terminus. Gaps have
been inserted to gain maximum matching. The one-letter amino acid
code has been used.

initiator protein with its binding site on the DNA is a key
step in the replication initiation process (4, 21). Therefore,
the structure of the 2.0-kb ori sequence that is necessary and
sufficient for the replication of the Natto plasmid pUH1
molecule contains a 999-bp open reading frame, rep, a
promotor region for rep expression, and a putative replica-
tion origin for the plasmid, which is located upstream of the
promoter between positions 581 and 653.
The amino acid sequence of the rep protein coding region

of pUH1 was compared with a number of protein sequences
registered in GenBank by using the homology search system
of GENAS (10). Homologies between the predicted amino
acid sequence of the rep protein of pUH1 and those of the
rep protein of pFTB14, RepB of pUB110, and protein A of
pC194 are illustrated in Fig. 4. A high similarity (71.8%) was
found between the rep protein of pUH1 and repl4 of pFTB14
in B. amyloliquefaciens. The structure of the replication
origin sequence of pFTB14 contains an open reading frame
(rep), stretching for 1,017 bp, a promoter region for rep
expression, and a possible replication origin for rep expres-
sion, which is located upstream of the promoter. The rep
product is trans active and essential for plasmid replication
(13). Compared with rep of pUH1, a low similarity (39.7%)
was found for RepB of pUB110 (1) and for protein A (29.2%)
of pC194 (8) in S. aureus. Khan et al. (9) determined 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 replication.
Furthermore, like RepC protein of pT181 (9), the protein of
E. coli plasmid R6K (4, 17, 18) does not have any significant
homology in its amino acid sequences with those of the rep
proteins of pUH1 and pFTB14 deduced from the open
reading frame (data not shown). The Rep protein of Natto
plasmid pUH1 shows high homology with replication pro-
teins encoded by pFTB14, pC194, and pUB110, which
originate from various gram-positive bacteria such as B.
amyloliquefaciens and S. aureus. Taxonomic studies (based
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on the 16S rRNA similarities) revealed that Bacillus and S.
aureus strains are more related than Streptococcus and
Lactobacillus strains (16). The plasmid homologies suggest
an exchange of plasmid replicons by recent horizontal trans-
fer through the different genera, including "natto" Bacillus
species.

We are indebted to T. Tanaka for the generous supply of plasmid
pTL12 and also to S. Kuhara for the computer search of protein
sequences.
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