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The complete nucleotide sequence of the Bacillus coagulans plasmid pBC1 was determined. The sequence
revealed an open reading frame encoding a polypeptide of 259 amino acids. This open reading frame shows
sequence similarity to genes coding for replication-associated proteins in a group of gram-positive bacterial
plasmids known to replicate via single-stranded intermediates. A region required for replication in cis, when
the intact replicon is supplied in trans, was identified as well.

The 1.6-kbp cryptic plasmid pBC1 was originally isolated
from a thermophilic strain of Bacillus coagulans (5). A
genetically marked derivative, pLM6 (6), was shown to
replicate in a wide variety of gram-positive bacteria (such
as bacilli, lactococci, and staphylococci). The elucidation
of the plasmid replication mechanism is fundamental to
further vector development and to use of pLLM6 as a cloning
vector.

In this report, we describe the nucleotide sequence and
genetic organization of plasmid pBC1. A 777-bp open read-
ing frame (ORF), a promoter for the ORF, and a possible
replication origin upstream of the promoter were identified.

Cultures of Escherichia coli HB101 (20) and Bacillus
subtilis PB1424 (hisH2 metD4 trpC2; a gift of A. Galizzi)
were grown in Luria-Bertani broth (20) at 37°C, while B.
coagulans Zul961 (from our laboratory collection) culture
was grown in Trypticase soy broth (Difco Laboratories) at
60°C. Luria-Bertani agar (E. coli) or NB agar (B. subtilis)
(Difco Laboratories) was supplemented with antibiotics as
indicated. Erythromycin (5 wg/ml for B. subtilis) and chlor-
amphenicol (12.5 and 5 pg/ml for E. coli and B. subtilis,
respectively) were used. Transformation of B. subtilis or E.
coli competent cells with plasmid DNA and all manipula-
tions of DNA were performed as previously described (3,
20). pBC1 plasmid was extracted from B. coagulans Zu1961
as previously described (5). The DNA sequence was deter-
mined by the dideoxy-chain termination method (26) after
different DNA restriction fragments were subcloned in the
pGEMA4Z plasmid (Promega Biotec, Madison, Wis.) by using
the strategy shown in Fig. 1. A T7 DNA polymerase se-
quencing kit (Pharmacia, Uppsala, Sweden) and SP6 and T7
promoters (Promega) were used for sequencing and as
primers, respectively.

By examination of possible ORFs, we found only one
large frame (Fig. 2), designated ORF E, which extended
from nucleotides 610 to 1386 over 777 bp. The 5’ upstream
region contained a 5'-GAGGT-3' sequence (indicated as
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SD in Fig. 2) complementary to the 3’ end of 16S rRNA
(3'-UCUUUCCUCCAGUAG-5") of B. subtilis (23), at po-
sition —9 to —13 from the ATG initiation codon. Po-
tential promoter regions following consensus sequences
pointed out by Graves and Rabinowitz (10) were found. The
most plausible area for transcriptional initiation seems
to be the 5'-TATATC-3' sequence (at positions —33 to —38
from the ATG codon) for the —10 region and the 5'-
GTGTTT-3' sequence (at positions —64 to —69 from the
ATG codon) for the —35 region. Translation of ORF E
resulted in a polypeptide of 259 amino acids with a predicted
molecular mass of 30.3 kDa. The amino acid sequence of
ORF E was compared with those of the replication proteins
of gram-positive bacterial plasmids such as pFTB14 from
Bacillus amyloliquefaciens (24), pC194 (16) and pUB110
from Staphylococcus aureus (21), pLP1 from Lactobacillus
plantarum (2), and pBAA1 from B. subtilis (7) and also with
the phage $X174 replication protein by using the CLUSTAL
homology search system (14). As shown in Fig. 3, signifi-
cant homologies were observed between the ORF E pro-
duct and the proteins involved in gram-positive bacterial
plasmid replication. This result strongly suggests that the
ORF E-encoded protein is implicated in pBC1 replication;
thus, this protein was named RepE. As in other published
replication protein sequences, a tyrosine residue is present
at position 171. This amino acid was described as the link-
age site of the $X174 protein A and the DNA when nick-
ing occurs at the plus-strand origin (29). At position 161
began a sequence (5'-TTTCTTATCTTGATA-3') (Fig. 2)
which was identical to the known plus-strand origin of
replication sequences of pC194, pUB110 (11), pBAA1 (7),
and pLP1 (2) and which was highly similar to that of the E.
coli phage ¢X174 (5'-TCCCCCAACTTGATA-3’ [19]).
Within this 15-bp conserved sequence were two additional
features. (i) The sequence CTTGATA was the sequence at
which nicking of the plus strand occurs in the initiation of
replication of $X174. (ii) An 18-bp sequence (including these
conserved 15 bp) has been shown by Gros et al. (11) to
contain a signal sufficient to terminate replication of plus-
strand synthesis. These data strongly suggest that this 15-bp
conserved region was a part of the pBC1 plus-strand origin
of replication. To identify the minimal region of pBC1
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FIG. 1. Physical map of pBC1. The sequencing strategy is shown by the arrows below the map.

containing the plus-strand origin, pBC1 derivatives were
constructed in vitro and analyzed for the ability to replicate
in the gram-positive B. subtilis host in the presence of a
helper plasmid supplying the pBC1 RepE initiator protein.
Gel-purified pBC1 restriction fragments were inserted into
the E. coli vector pJH101, which is devoid of a gram-positive
replicon but which contains the chloramphenicol resistance
determinant of pC194 (9). Plasmids pORI1, pORI2, and
pORI3 contained, in the EcoRYV site of pJH101, the Haelll-
Dral (bp 1 through 198), the Haelll-Hincll (bp 1 through
288) and the Haelll-Alul (bp 1 through 640) fragments of
pBCl, respectively. Plasmid pBC2 was obtained by inserting
into the Hhal site of pBC1 the 2.6-kb Hhal fragment of
pE194, encoding erythromycin resistance (15). The plas-
mid constructions were initially used to transform E. coli
HB101 (20) to chloramphenicol resistance, and the predicted
structures of pORI1, pORI2, and pORI3 were verified by
restriction mapping (data not shown). The resultant plasmids
were then tested for origin activity by their ability to
transform B. subtilis PB1424 in which RepE was provided in
trans by plasmid pBC2. Only pORI2 and pORI3 replicated
efficiently in B. subtilis cells harboring plasmid pBC2; they
failed to replicate in cells devoid of the helper plasmid
providing the RepE protein. The smallest cloned segment
containing origin activity was 286 bp, an interval located
between position 1 (Haelll recognition site) and the Hincll
recognition site at position 287, although the actual site of
the origin, presumably the site of interaction with the RepE
product, is possibly much smaller. Of the transformant
clones whose plasmid DNAs were examined on an agarose
gel, all harbored two different plasmid molecules with the
same molecular sizes as pBC2 and pORI2, but no recombi-
nant plasmids were generated between them (data not
shown).

A body of evidence supports the hypothesis that pBC1
replicates by a rolling-circle-type mechanism. Key features
of this mode of replication include (i) an origin of plus-strand

synthesis containing a site at which the DNA is nicked; (ii) a
replication protein which nicks the plus strand, forms a
covalent link with the DNA, and renicks and ligates the
newly synthesized plus strand after one round of replication;
and (iii)) an origin sequence for initiation of minus-strand
synthesis. The replication functions of pBC1 have several
features homologous to the replication functions of E. coli
phage $X174 and S. aureus plasmids pC194 and pUBI110,
which replicate by a rolling-circle-type mechanism (1, 11,
18). The similarities between $X174, pC194, pUB110, and
pBCl1 include the features i and ii, which are essential to this
mode of replication. Indeed, there are conservation of se-
quence at the plus-strand origin and conservation of amino
acids of the active site of the replication protein in all four
cases.

Numerous plasmids from gram-positive bacteria which
replicate by this mechanism accumulate single-stranded
DNA molecules as replication intermediates (27, 28). If
pBC1 replicates by a rolling-circle-type mechanism, we
would predict that pBC1 would accumulate strand-specific
single-stranded DNA in B. subtilis. Cells containing pLM6
plasmid (pBC1 plasmid marked with the chloramphenicol
acetyltransferase gene [6]) were tested for the presence of
single-stranded plasmid DNA. Whole-cell lysates were pre-
pared and electrophoresed by the method of te Riele et al.
(27), and DNA was transferred to Hybond-N (Amersham
Corp.), without or after denaturation, according to the
instructions of the manufacturer. Southern hybridization
was performed with 50% formamide at 37°C (20) by using as
a probe pLM§6 labeled with [a->?P]dCTP by the multiprime
random-labeling system (8). The filters were washed in 2X
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
(pH 7.0)-0.1% sodium dodecyl sulfate at 60°C with two wash
changes and fluorographed at —70°C by using Kodak
X-Omat AR films and DuPont Lightning Plus intensifying
screens. As shown in Fig. 4, in lysates prepared from B.
subtilis harboring pLM6, a sequence homologous to pLM6
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1 CCCCGATGGTTTTTCCCCCGACGGCTCGCCTTTGGGAAGTTTGAAGGGCGCAGGTT 56
57 CCACACGAAAAACCACAAGGCTTTTTTTGAGTAATAAAAAAGCGGACGGCGAGGGC 112
+ori
113  GTGAAAAAAACCCGATGAACCCTTGAAAATAAAGGGCGGGACGGGTTTTTTCTTAT 168
169  CTTGATAATATATAGAAACAATGAGATTTTAAAAAAAGCCCTCAAACCCTTGATAA 224
225  TACTGGGTTTGTGGCGTTTTTTTGGGGTGGATAAATAAAAACCCTCTGTGTTATGG 280
281  TTATGTTGACTAGACAAAACCATACAGAGGGCTTTACGCCTTTCTGTATCCAGAAA 336
337  GGAGTTATTAAATTTTATGCACGTTAATCATAGCATTAAAACGTCAAATCTATCAA 392
393  ATATCGAATTTTTGCAAGATAAAACGAAAACAGGAAAAGAGAGAGATTGGAAAGGC 448
449  AAGAAACAACGGTCTTTGCTGACAGCGGAACACTTCGAGGTAGCAGGGCTGACTAG 504
-35
505 CAAAGCGGAACAGTGCGAGAGTGTGCTGACACGTTGGTGTTTAAGCGAACTGCCGA 560
-10 SD M C N
561  AGGGTTAAAACTATATCAAGCATGGTTCTGTAAAGTGAGGTTATGCCCGATGTGCA 616
W R R STL KTIATYTU QNTEKTERV YVVYTEA AV
617 ATTGGCGAAGATCGCTGAAAATAGCTTACCAGAATAAAAGGGTTGTAGAGGCGGTT 672
NQ R E N V W LPLTTLTVIRNT S
673  AATCAACGTGAGAACGTTCAGTGGCTATTCCTAACCCTTACCGTCCGCAACACGAG 728
P E S L P E TI S A M FPF E G P NIRULT
729  CCCTGAGAGCCTTCCAGAGACGATTTCAGCCATGTTTGAGGGGTTTAATAGGCTGA 784
K Y XK AFP KT SV XK G YTPURATLTEV
785  CGAAGTACAAAGCCTTTAAAACGTCTGTAAAGGGCTATTTTAGGGCTTTAGAGGTC 840
T K N R DPH S EWPGT Y HPHTPFH
841  ACAAAGAATAGAGACCCTCATAGTGAATGGTTTGGCACGTATCACCCTCATTTTCA 896
VLILCVEPSSTYTPTZ KT KT KTETLTYTITE
897 CGTTCTGCTGTGTGTTCCATCCAGCTATTTCAAGAAAAAAGAATTATACATAACCG 952
Q EWTUDTLUWZE KT KA AMTEKTLTUDTYTTPTI
953  AACAAGAATGGACTGACCTTTGGAAAAAGGCTATGAAGTTGGATTACACGCCGATT 100
V HVQRVYVI KT PTZ KTETG QTLTETDUMTETZYE
1009  GTCCACGTGCAAAGGGTAAAACCCAAAGAACAGCTTGAGGACATGGAAACCTATGA 106
E QL K NATIURTETZG QN ATITLTETVTERZKZY
1065 AGAACAGCTTAAAAACGCCATTAGGGAACAAAATGCGATTTTAGAAGTCILCTAAAT 112
PV KDTTDGWTIZEKTGNTE KTV VT ATENTV
1121  ATCCGGTCAAAGATACGGACQGTCATTAAAGGGAATAAGGTCACGGCCGAAAATGTG 117
ET VL ALDTNA AL ANTEKTERTELTITGTY G
1177  GAAACCGTTTTGGCGTTAGACAACGCCTTGGCAAATAAGCGGTTAATCGGGTATGG 123
G L L KQJVUHTEKTETLINTLTGTDTEPTETDTGD
1233 CGGTCTTTTGAAACAGGTTCACAAGGAATTAAACCTTGGAGATCCGGAAGATGGAG 128
L VHVSETETDTETIA ANTGA ATFTETUVM
1289  ATTTAGTTCATGTTTCGGAAGAGGATGAAATCGCTAATGGTGCATTTGAGGTCATG 134
A KWHTIGTPFT RTDT YV VTIOQEK
1345  GCGAAATGGCATATCGGTTTTAGAGATTATTGGATTCAAAAATAGCAGGAGAGAAA 140
1401  ACTCCTGCTTTTTTATTTTTTCCGAAGTTATTGGCGAAAGCAAACTTTTTATCGAG 145
——— e————> S —
1457  CGAAGCGAACCCTATTGAATACCTGCATGGCAAGGTATGTAAATGGGCACTCTGTG 151
Y
1513 ATTTTTGGATACAAAATAGACTCTAGCGAGCCGATTTTATGACGCAGCAAAAAARG 156
1569 TAGTCTTTTTGCGTTGGAGAGCCCTTCAAGTAAACTGACCAAGGTGG 161

FIG. 2. pBCl1 plasmid nucleotide sequence and predicted RepE protein amino acid sequence. The putative promoter sequences (—10,
—35) and ribosome binding site (SD) are underlined. The possible plus-strand origin of replication (+ori), conserved in plasmids pC194,

pUB110, pBAAL1, and pLP1, is shown; the arrow within this sequence indicates the site at which nicking of the plus strand occurs in phage
$X174. The putative active site of the RepE protein is boxed, and the conserved tyrosine residue is underlined. Palindromes are indicated
by arrows above the DNA sequence; dots show positions of nonpalindromic bases.

that migrated faster than supercoiled monomeric plasmid
DNA (Fig. 4A, lane a) and bound to a nylon filter in the
absence of denaturation (Fig. 4B, lane c¢) was present. This
fast-migrating band was preferentially degraded by S1 nucle-
ase under conditions which cause no detectable degrada-
tion of the double-stranded forms (Fig. 4, lanes b and d).
These data indicate that this band is single-stranded plasmid
DNA.

In the rolling-circle model of plasmid replication, synthe-
sis of the second strand initiates at a minus-strand origin
(MO) sequence, generating a double-stranded plasmid DNA

molecule. The MOs of several single-stranded DNA plas-
mids have been analyzed (1, 4, 7, 13) and located within
regions (200 to 300 bp) containing imperfect palindromic
structures. Similar structures were identified in a region
downstream from ORF E of the pBC1 plasmid (bp 1455
through 1585) (Fig. 2). However, this region showed no
extensive sequence similarity with any known MOs from
other rolling-circle-replicating plasmids. Further experi-
ments will be needed to clarify whether pBC1 is a plasmid
with a new type of MO.

Nucleotide sequence accession number. The sequence
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FIG. 3. Comparison of the amino acid sequences of the replication proteins of pBC1, pFTB14, pC194, pUB110, pLP1, and pBAAL.
Asterisks indicate amino acids common to all replication proteins; dots indicate conservative amino acid substitutions. Only the replication
protein region around the tyrosine (Y) residue, related to the enzymatic active site of $X174 protein A (25), is shown for plasmid pCB101 from
Clostridium butyricum (22) and plasmid plJ101 from Streptomyces lividans (17) (these short regions of sequence similarity have already been
described by Gruss and Ehrlich [12]). Dashes represent gaps inserted to optimize the protein alignment.



642

NOTES

» 8

FIG. 4. Detection of single-stranded pLM6 DNA. Whole-cell
lysates of B. subtilis containing pLM6 were treated (lanes b and d)
or not treated (lanes a and c¢) with S1 nuclease. The DNA was
denaturated (A) or not (B) prior to transfer to a nylon filter and was
then hybridized to [a->>P]dCTP-labelled pLM6. The band of single-
stranded plasmid DNA () is shown.

shown in Fig. 2 has been submitted to GenBank and assigned
the accession number M64604.
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