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ABSTRACT

Plasmids pMV158 and pTB913, originating from Streptococcus agalactiae and a thermophilic Bacillus
respectively, were sequenced to completion. Both contained a BA3-type minus origin of replication
and an RS,-site, believed to constitute a site-specific recombination site. These two regions were
more than 99% homologous to the corresponding regions of the Staphylococcus aureus plasmid
pUBI110. Deleting the BA3-type minus origin resulted in the accumulation of a considerable amount
of single-stranded DNA, both in L.lactis subsp. lactis and B.subtilis, indicating that this minus origin
was functional in both bacterial species. Like pUB110, both plasmids contained an open reading
frame encoding a putative plasmid recombination enzyme (Pre protein), which was located downstream
of the RS,-site. On the basis of sequence comparisons between pUB110, pMV158, pTB913, pT181,
pE194, pNEI131 and pT48 two distinct families of RS,-sites and Pre proteins could be distinguished.

INTRODUCTION

Plasmid pMV158 is a 5.4 kilobasepair (kb) multicopy plasmid originally isolated from
S.agalactiae (1). It expresses tetracycline resistance in both Gram-positive and Gram-
negative hosts. pLS1 was derived from pMV158 by deletion of a 1.1 kb Eco RI-fragment.
The sequence of this plasmid was completely determined (2).

The replication functions of pLS1 consist of an origin, a 5.1 kilodalton (kD) trans-acting
repressor, RepA, and the replication initiator protein, RepB (3). Replication of pLS1 has
been shown to occur by an asymmetric rolling-circle mechanism (3,4) similar to that of
small multicopy staphylococcal plasmids like pUB110 (5) and pC194 (6), and the
Escherichia coli phages M13 and $X174 (7,8).

Most small Gram-positive plasmids replicate via the rolling-circle mode of replication
(9). Their minus origins, which are the initiation sites for the conversion of single- to double-
stranded plasmid replication intermediates can be divided into three groups (9), namely:
(a) palA, present on, among others, pC194 (10), pE194 (11), pT181 (12) and pLS1 (4);
(b) BA3, present on pUB110 (13,14,15); and (c) ‘stab’, present on pTA1060 (16), pLS11
(17) and pBAA1 (18).

pLS1 contains a single-stranded DNA conversion signal of the palA-type. This minus
origin was efficiently recognized in Streptococcus pneumoniae, but not in E. coli or B.subtilis
(4). We observed that the conversion of single-stranded pMV158 DNA in L.lactis was
far more efficient than that of pLS1, suggesting the presence of an alternative conversion
signal on the 1.1 kb EcoR I-fragment lacking in pLS1. This prompted us to determine
the sequence of this fragment. Part of the sequence had a high degree of homology with
pUB110, a 4548 basepairs (bp) multicopy plasmid, derived from S.aureus, encoding
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Table 1. Bacterial strains and plasmids

bacterial strain properties source or
or plasmid reference
Bacteria

B.subtilis 8GS trpC2, tyrl, met, his, (26)

nic, purA, ura, rib
L.lactis subsp.

lactis 1L1403 45)
Plasmids
pMV158 Tc', 5.4 kb (1)
pLS1 Tc', 4.3 kb derivative of ?)
pMV158
pUBL110 Km', bleo’, 4.5 kb (19)
pUB3 Km', bleo", 4.2 kb derivative This work
of pUBI110 lacking the minus origin
pTB913 Km'", bleo", 4.5 kb 22)
pTB3 Km', bleo’, 4.2 kb derivative This work

of pTB913 lacking the minus origin

resistances to both kanamycin (Km) and bleomycin (bleo) (19). The nucleotide sequence
of this plasmid was described (20).

pTB19 is a 27 kb low copy plasmid isolated from a thermophilic Bacillus species. It
confers tetracycline- and kanamycin resistance (21) and contains two replication functions,
RepA and RepB (22). During selection on kanamycin a specific deletion derivative, pTB913
(4.5 kb), was obtained from pTB19 (22). The sequence of the RepB region and kanamycin
resistance gene was recently determined (23,24). Comparison with pUB110 showed a high

. . . 3200 . . . . . . . .
GAATTCAAATCTTTTTG TTCCATTAAAGGGCGCGATTGCTGAATAAAAGATACGAGAGACCTCTCTIGTATCTTTTTTATTTTGAG TGGTTTTG TCCGTTACACTAGAAAACCGAAAGAC
start BA3 minus origin

. 3300 . . . . . . . . . 3400
AATAAAAATTTTATTCTTGCTGAGTCTGGCTTTCGG TAAGCTAGACAAAACGGACAAAATAAAAATTGGCAAGGG TTTAAAGG TGGAGACTTTTTTGAGTGATCTTCTCAAAAAATACTA

3500
CCN'\’CCCT’I’GC'K;ATTTTTAAACGAGCACGAGAGCAAAACCCCCCTT’I‘GC’I'GAGG'IGGCI\GAGGGCAGGT‘H TTTTGT T'l'C'l‘T'l“l T’l‘CTCGTAA'AAMAAGAAM}GTCTTMAGGTTT’I
end BA3 minus origin

. . . . . . . 3600 . . . .
ATGGTTTIGGTCGGCACTGCCGACAGCCTCGCAGAGCACACACTTTATGAATATAAAGTATAGTG TG TTATACTTTACATGGAAG TTATACCGAAATTG TGCTAAACTACCAGTTAAGAT
——> e

RSA-site

3700
cmcmmnm ACGAGCAATAGAC‘K}‘IC’I‘CGGCTCGTCNTCTTTCGCTAATCGAAAGACAMTCT’TWAATC’I ANAGTTACANGT‘IGCAMAATCCAGAAGA'ICAM
MetSerTyrMetValAlaArgMetGlnLysMetLys
start Pre

GCTGGCAATTTGGGAGG AGCTTTTAAGCATAATGAACGTG TTTTTGAGACGCACTCAAATAAAGATATARACCCG AGCAGG TCACACCTCAACTACGAGTTGACGGATCG TGACCGCTCG
AlaGlyAsnLeuGlyGlyAlaPheLysHisAsnGluArgValPheGluThrHisSerAsnLysAspIleAsnProSerArgSerHisLeuAsnTyrGluLeuThrAspArgAspArgSer

G';CTCGTA’ICAMAGCAGATTRAAGACTA'I’C';CAACGMAATAAGGTTTCTAATCGAGCAA‘}CCGMAM;A';‘GCAG‘I‘TCTA’;‘G'IGATCAG'KSGATTATCACRTC'!CATMAGAHTI"I’!’I‘
ValSerTyrGluLysGlnIleLysAspTyrValAsnGluAsnLysValSerAsnArgAlalleArgLysAspAlaValLeuCysAspGluTrpllelleThrSerAspLysAspPheFPhe

. . . . . . . . . 4100 . .
GAAAAGTTGGATGAGGAACAGACGAGAACGTTTTTTGAAACGGCTAAAAATTATTTTGCAGAGAACTATGGCGAGTCAAATATTGCTTATGCGAG TG TTCACTTGGATGAAAGCACCCCT
GluLysL.euAspGluGluGInThrArgThrPhePheGluThrAlaLysAsnTyrPheAlaGluAsnTyrGlyGluSerAsnlleAlaTyrAlaSerValHisLeuAspGluSerThrPro

4200
CACA'ICCACA‘K‘:GGAGTAGTACC'I‘TmAGAACGGTAMT’I\}TCATCAAAAGCM'I’G'("!"ICACCG’ICAGCAGCTAMACATATCCAAGAGGAC’I"I'GCCTAGATACANAGCGACCACGGT
HisMetHisMetGlyValvalProPheGluAsnGlyLysLeuSerSerLysAlaMet PheAspArgGluGluLeuLysHisIleGlnGluAspLeuProArgTyrMetSerAspHisGly

4300

‘I“I'ICAGT’IGGAACG'ICGCAAGC'NSAATAG'IGAAGCTAAGCATAAGAC'I’GTAGC’KCMTTC
PheGluLeuGluArgGlyLysLeuAsnSerGluAlaLysHisLysThrvalAlaGluPhe

Fig. 1. Nucleotide sequence of the 1,139 bp Eco Rl-fragment of pMV158. The numbering of this sequence is
consistent with the numbering of pLS1 (2). The positions of the BA3-type minus origin, RS, site, RBS and
the N-terminal part of the Pre protein are indicated. The C-terminal part of the Pre protein is described as ORF
D in (2).
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NW'I‘A‘IGCG'IGAGM'!C'N‘ACAGTCTANCCGGCA“'NCCAGTCGGGGA'I'A'H‘MMAGAGTATAGGmAmCGATAMCTM;GmCACTmG'l'rCACCA'mAA

MetLeuGlnSerIleProAlaLeuProValGlyAspIleLysLysSerI1eGlyPheTyrCysAspLysLeuGlyPheThrLeuValHisHisGlu
start bleo

GA'N;GA‘H‘CGCAG'l'l‘CTM'IG'KGTAA‘ICAGGﬁCGGAﬂCANTAmAGGCmmANAAGGCmmCTCTCG TMTMNATNACCGGTTNTACAGGNCGGAGTCGI’H‘AH
A:pGlyPheAlavalLeuHetCyaAsnGanalArgIlenlsLeuTrpGluAIaSQrAlpG1uGlyTrpArgSerAtg<e(AsnAspSerProValesThrGlyAlaGluserPhelle

2600 2700
GC'IGGTACNCTAGTWCCGCA‘HGAM'I‘AGM;GGM’H‘SANM'H'ATATCAACA'I‘A‘I'TAAGCCﬂ'lWGGCA‘H‘mCACCCCAATACATCA‘]'I‘AAAM}A'!'CMNGNGGA‘K}M(X}A
AlaGlyThrAlase(CysArgl!eGluVllGlnGlyIlelspclubenryrclnnisrleLysProLeuGl/rleLeuHisProAsnThr<erLeuLysAlpGlnTrpTrpAspcluArg

GAC'!‘I‘NCAGTM’HGA'I'CC(XZACAACM'I'I“IGATTAGCTH‘T‘H'CAACMATMMAGCTMM‘PCTA‘H‘AHMNN‘H‘CMCMTO:GGCGCGA‘I"ICC'IGAA'I'AAWATACGAGA
pPheAlavallleAspPr IleSerPhePheGIlnGlnIleLysSer***
end bleo

. . 2900
GACCTCmTANﬂ'ﬂ"I'I‘AT‘I‘!"mAG'IGG'l“l"l"lG‘l‘CCGT'rACACTAGAMACCGMAGACMTMAAATmAmmC‘I‘G AGTC'IGGC'I'I‘MGTAMCTAGACMMQ‘.GACAA

start BA3 minus origin

. . . . . 3000 o . . . . .
AATAAAAATTGGCAAGGGTTTAAAGG TGGAGATTTTTTGAGTGATCTTC TCAAAAAATACTACCTG TCCCTTGCTGATTTTTAAACGAGCACGAGAGCAAAACCCCCCTTTGCTGAGG TG

. 3100

écmmccx&crﬂﬂmmcmnm MAAAAGMAGGTC'I‘TMACG'I"I"I'I‘AM'H"I"ICGTWGCAC'KGCCGACAGCCTCGCAGMFCACACACH‘PA'IGMTATM
end BA3 minus origin

320 3300
‘I‘ATAG'IGNCTATACmACA‘I@GAIGmNC&ATmNANACMATMTCGMWAMA‘I‘MANPG'I'H'IGCAGTAGH‘OGTA’IGCAGMAANW‘I‘CCTAT
b — MetSerPheAlavalValArgMetGlnLysMetLysSerTyr

RSp-site start Pre
. . 3400
GANNMmMmMTmACMTCAGmAGMCGGGMTAAMCG! AAGAACGGA TT ACANAMA‘I'I‘A‘R‘.A'I“I"IGG'IGA
AlpbeuLyaG!ylleGlnPheHisAsnGlnArgGluAthlusetLytThrAlnProAlplleAlpLy-GluArq*elHlsGluAtnTyrAspLeuVllAsnA-pGluProlleAspTy(

. . . . . 500
A‘IGA‘BAACOSA‘l’mACTATM‘PIGM'R:ACMAAM'I'IGGMCGAGMMACANSAAAAGANCNNC‘HGTMANMHMTNTCA@KNACCGACAM AACGATTA
AsnGluArgValLysGlulleIleGluSerGlnLysValGlyThrArgLysThrArgLysAspAlavalLleuvalAsnGluLeullevalThrSerAspArgHisPhePheGluArgLeu

. . 3600 . .
GATCCNANANC’GMA@A TTTT A‘KGWAC‘IGH'CA‘N‘I'IGWMMAACNC‘I'CATANCAT
AspPr 1uG1nL 1uGl TYr ynLeuPheAllAspArgTyrGlyLyaGlnA.nlleAlaTyrAllThrValnitVllAspGluLy:ThrPtoni:Hetnil

3700 o . . .
mocmrosmccumosmnumwwr AN AAAA T CGTCAAGA AGACA A'GCMGA‘PI"IGAH'I‘A
LeuGlyValvalProMetArgAspGlyLysLeuGlnGlyLy 1Ph lnclubeuLeuTrpLeuclnA:pLylPheProGlunisHetGlnLylLeuGlyPheAspLeu

3800 . . . 3900
CM&"GG AAAAAGG TTCGG. A'ICGGGAGCATA TTT) AACAA. MMAGAGA‘HGATCT‘I‘H‘MMWMT‘KS \TAAAAAAAG TGAGTTG
GlnAqulyGlul.ylGlySe:A-pAtgGlulutIlecluntserl.yﬂhel.yll.ywlnfhzLeuGluLy:GluIleupLeuLeuGlnMnGluLeuLylAmLysl.ycsercluLeu

4000 . .
cosAmn'ncmmmrncmcocummamcmmmmmmmmmmmmcucmmocmxm AGCAAAAGAAAACGGTC
AlaIlebeusercluc)uvusnclyclul’he&ynleProvall.yu:gGluLyu.ylsarv.lGluvuP:o‘l‘hrGly!.ylArgAsnLeuLeuGlynecluclnl.yu.ys'rhrval

NGNS TCAACSGCGANTGTAATTT TAMAAG ACG AN TG TTRCANGATT TG ANGCAAAAAG TAAAAGCAGOAG CAGTTT TG AR COAGAG TEGATCAG TTE CTGAATACTOATTACGCA
MetLysSerThrGlyAsnVallleLeuLysAspGluValPheGlnAspLeuLyeGlnLysValLysAlaGlyAlavalLeuGlnThrArgValAspGlnLeuLeuAsnThrAspTyrAla

. . 4200 .
AAAGAGM‘N:MM AAAA GATCTACAAATAA TTTA AAA oscmmummncmmmcncrnocummammr
LthluMnGlnSerl.eul.yll.yncluValLyncluLequgSer'rhrnnl.ynsul.euSercl uGluAsnGlyArgLeuLysSerThrvValGluHisLeuThrAsnGlulleGluSer

TTATATGTAT TTTTAA Acccocncmommncncmmrmmnnwsccc AI'I"IGTAGGTMMNMAGMAAAG CCT GGCTTTTTGTG
LeuTyrValLeuThrLysAspPheLeuLysAlaArgT! 8G1luL BheclyvnPheValGlyLylValLynGluLyuunoA:gGlyLeu?heVal
. 4400 . 4500

GS'I'CM:CANAGCGA‘ECMAMMANSAAGMTACWCﬂcAAGAmﬂchGOGNATCGAGMCHOGmmCMMmCM  AAAAAAATCGCATGATTTGGAA
ArgGlnHisGluArgSerGluGluLysLysAsnThrPheSerLeuGlnAspValLeuGlnArgAspArgGluLeuArgGluGlnArgLysAlaLysArgLysLysSerRisAspLeuGlu

CGATAAGMAAGGCACI‘
Arg**
end Pro

Fig. 2. Nucleotide sequence of part of pTB913 (positions 2350 to 4525). The first nucleotide of pTB913 as sequenced
by Muller et al. (24) was chosen to represent position 1 in the numbering of pTB913.

The positions of the bleomycin resistance gene, the BA3-type minus origin, the RS, site, RBS and the Pre protein
are indicated.

degree of homology between the replication initiation proteins. Likewise the kanamycin
resistance genes were also very identical (20). Because of these similarities it is conceivable
that pTB913 would also replicate according to the rolling-circle model. This prompted
us to investigate the extent of homology between pTB913 and pUB110 by sequencing
pTBI13 to completeness.

In this paper we show that plasmids pMV 158 and pTB913 contain a conversion signal
(nearly) identical to the BA3-type minus origin of pUB110. Furthermore we show the
presence of a nucleotide sequence, similar to that of a recently described site-specific
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Fig. 3. Restriction maps of pMV158, pLSI, pUB110, pUB3, pTB913 and pTB3. The positions of the relevant
regions are indicated.

recombination function for the S.aureus plasmids pT181 and pE194 (25). This function
consists of a 24 nucleotide palindromic structure, designated as the RS,-site, and an open
reading frame (ORF) encoding a Pre protein (plasmid recombination enzyme) of
approximately 49 kD. It has been assumed that this protein promotes Rec-independent
plasmid cointegrate and multimer formation at the RS,-site in S.aureus (25).

MATERIALS AND METHODS

Bacterial strains, plasmids and media

The strains and plasmids used are listed in Table 1. TY broth (27) was used for culturing
E.coli and B.subtilis. For plating, TY broth was solidified with 1.5% agar. L.lactis was
cultured and plated on M17 (28) broth and agar supplemented with 0.5% glucose (GM17).
Kanamycin and phleomycin were used at final concentrations of 10 ug/ml and 2 pg/ml,
respectively, for B.subtilis. Tetracycline was added at a final concentration of 4 ug/ml
for both L.lactis and B.subtilis, and at a final concentration of 10 ug/ml for E.coli.
Isolation of plasmid and total DNA

Plasmid DNA was isolated from B.subtilis and E.coli by the method of Ish-Horowicz
and Burke (29) and, with minor modifications of the same procedure, from L.lactis (30).
Whole cell lysates were prepared and isolated as described before (13).

Restriction enzyme reactions, molecular cloning and gel electrophoresis

Restriction enzymes and endonuclease S1 were purchased from Boehringer GmbH
(Mannheim, Federal Republic of Germany) and used as recommended by the supplier.

7286



Nucleic Acids Research

A B
- 4
0CC— iem
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Fig. 4. Whole cell lysates of B.subtilis 8G5 harbouring pMV158 or pLS1 without (—) or with (+) treatment
with endonuclease S1.

A: B.subtilis 8G5 (pMV158)

B: B.subrilis 8G5 (pLS1)

The position of single stranded DNA (ss), covalently closed circle DNA (ccc), linear DNA (li) and open circle
DNA (oc) are indicated.

Molecular cloning was performed as described by Maniatis et al. (31). Digested DNA
was analyzed in 0.8% horizontal agarose gels in TBE buffer (89 mM Tris-borate, 89 mM
boric acid, 2mM EDTA, 0.5 pg of ethidiumbromide per ml, pH 8.0). DNA fragments
were isolated from gels using the freeze-squeeze method (32).

DNA sequencing

The nucleotide sequences of pMV158 and pTB913 were determined to completion by
sequencing double-stranded plasmid DNA in both orientations, using the T7 DNA
polymerase sequencing kit (Pharmacia, Uppsala, Sweden), which is based on the dideoxy
chain termination method (33). Synthetic oligonucleotides were kindly provided by Unilever
Research Laboratories (Vlaardingen, The Netherlands). In the computer-assisted sequence
comparisons MicroGenie software (Beckman, Palo Alto, Calif.) was used.
Transformation of L.lactis subsp. lactis, B.subtilis and E.coli

L.lactis was transformed by electroporation as described before (34) with minor
modifications. The cells were washed twice with 12.5 ml of ice-cold double distilled water,
once with 12.5 ml of 50 mM EDTA (pH 7.0), and finally with 12.5 ml of 0.3 M sucrose.
The cell pellets were resuspended in 0.4 ml of 0.3 M sucrose. The DNA solutions, usually
20 ul, containing 5 pg of DNA, and 0.4 ml of cell suspensions, were mixed and
electroporation was carried out at 12500 V/cm in a pre-cooled cuvette (0°C). The
capacitance was set at 25 uF and the Pulse Controller™ (Bio Rad) at 200 Q. After the
electric pulse, the cell suspensions were immediately transferred to 10 ml GM17-sucrose
(GSM17) medium (35) and, after allowing time for expression (2 h at 30°C), cells were
harvested, resuspended in 1 ml GSM17 medium and plated on GSM17 plates containing
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selective antibiotics. Competent cells of B.subtilis were prepared and transformed as
described by Bron et al. (13). E.coli was transformed according to Mandel and Higa (36).
Blot hybridizations

After electrophoresis in agarose gels (0.8%) the DNA was transferred to GeneScreen Plus
filters by the protocol of Southern, as modified by Chomczynski and Qasba (37). Random
primed DNA was labelled with digoxigenin-dUTP with the Nonradioactive DNA Labeling
and Detection Kit, (Boehringer GmbH, Mannheim, Federal Republic of Germany), and
subsequently denatured for 10 min at 100°C. The hybridization and staining steps were
carried out according to the manufacturer’s instructions.

RESULTS
Nucleotide sequence of pMV158
pLS1 is a broad host range deletion derivative of pMV 158 that is able to replicate in both
Gram-positive and Gram-negative bacteria (2). Although its minus origin of the palA-type
appears to be functional in S.pneumoniae (4), no efficient conversion of single-stranded
DNA was observed in either L.lactis or B.subtilis. This will be documented in one of
the following paragraphs. Because pLS1 lacks a 1.1 kb Eco RI-fragment of pMV 158, we
assumed that an alternative single-stranded DNA conversion signal, which was functional
in both L.lactis and B.subtilis, would be located on this part of pMV158. This prompted
us to analyze the Eco RI-fragment in more detail. The sequence of the Eco RI-fragment
is presented in Fig. 1. It is 1,139 bp in length which makes the total size of pMV158
5541 bp. Computer analysis showed a region in the Eco RI-fragment, extending from
positions 3197 to 3615 in pMV 158 (coordinates refer to pLS1 [2]), which exhibited more
than 99% homology with the pUB110 fragment between positions 1134 and 1552
(coordinates according to reference 20). This region of pUB110 contains the minimal
functions for the conversion of single- to double-stranded DNA (13,15) plus the RS,-site
(25,38). The homology between pUB110 and pMV 158 ended 9 bp downstream of the
RS,-site. These results indicate that in addition to the palA-type conversion signal on
pMV158 (4) a second conversion signal of the BA3-type is present on this plasmid.
At 112 bp downstream of the RS,-site a potential ribosome binding site (RBS) was
present, which was followed by an ORF of 1485 bp. This ORF extends into the part of
pMV158 that had been sequenced before in pLS1 (2). The free energy (dG°) of binding
between this RBS and the 3’ end of the 16S rRNA of B. subtilis was calculated to be
—22 kcal/mole (39). Upstream of this putative RBS a possible promoter was present from
positions 3576 to 3581 (—35 region) and positions 3598 to 3603 (— 10 region). This would
place the —10 region within the RS4-site.
Nucleotide sequence of pTB913
pTBI13 is a 4.5 kb deletion derivative of pTB19, a plasmid isolated from a thermophilic
Bacillus (21,22). On the part of the plasmid of which the sequence was determined before
(23,24) a kanamycin resistance gene and the repB gene are present, both showing more
than 99% homology with the corresponding genes from pUB110 (20). The homology of
the rep genes suggested that, like pUB110, pTB913 replicates via the rolling-circle
mechanism and, therefore, that a minus origin was likely to be present on the part of pTB913
of which the sequence had not yet been determined. We sequenced this 2176 bp fragment
to test this idea and to examine whether further homology existed between pUB110 and
pTBI13.

The sequence is presented in Fig. 2. By including the length of the newly sequenced
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S§S=-

Fig. 5. Whole cell lysates of B.subrilis 8G5 harbouring pUB110, pUB3, pTB913 or pTB3 without (—) and with
(+) treatment with endonuclease S1.

A: B.subtilis 8G5 (pUB110)

B: B.subtilis 8G5 (pUB3)

C: B.subtilis 8G5 (pTB913)

D: B.subtilis 8GS (pTB3)

The positions of single stranded DNA (ss), covalently closed circle DNA (ccc), linear DNA (li) and open circle
DNA (oc) are indicated.

part the total size of pTB913 was determined to be 4,525 bp. Computer analysis showed
a region extending from positions 2350 to 3198, which was completely identical to the
sequence of pUB110 between positions 2188 to 1340 (20). This region includes the
bleomycin resistance gene and the BA3-type minus origin. Therefore, like pUB110 and
pMV158, pTB913 contains the BA3-type minus origin. The bleomycin resistance genes
of pUB110 and pTB913 conferred resistance to this antibiotic both to B.subtilis 8GS and
B.stearothermophilus CU21 (results not shown).

Compared to pUB110, the RS,-site of pTB913 contained a one basepair substitution
in the loop of the potential stem-loop structure (See fig 2). A potential RBS was present
between position 3250 and 3257 followed by an OREF starting at position 3267. A potential
promoter was present at positions 3178 to 3183 (—35 region) and positions 3200 to 3205
(—10 region). This would, like pMV158 and pUB110 place the putative — 10 region within
the RS,-site. The free energy (dG°) of binding between the 3’ end of the 16S rRNA of
B.subtilis and the RBS was calculated to be —24 kcal/mole (39). The ORF extended from
positions 3267 to 4511.

Effect of the BA3 regions on the accumulation of single-stranded plasmtd DNA in B.subtilis
and L.lactis subsp. lactis

pLS1, which lacks the BA3-type minus origin (Fig. 3), was constructed by in vitro deleting
the 1,139 bp Eco RI-fragment from pMV 158 (40). pUB3 is a 4320 bp pUB110 derivative
from which the BA3-type minus origin was deleted by removing the Fru DII (position
1549) —Dra I (position 1321) fragment (Fig. 3) (20). This deletion should remove the entire
functional minus origin (15). pTB3 is a 4298 bp pTB913 derivative from which the BA3-type
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IR loop IR homology end points

—— <

pUB110 TAAAGTATA GTGTGT TATACTTTA CTTGGAAGT
pMV158 TAAAGTATA GTGTGT TATACTTTA CATGGAAGT
pTB913 TAAAGTATAG TGTG CTATACTTTA CATGGAAGT

pT181 AAGTCTA GTGTGT TAGACTT AAA CTAT
PE194 AAGTCTA GTGTGT TAGACTT TA TGAAATCTAT
PNE131 AAGTCTA GTGTGT TAGACTT TAATG
pT48 AAGTCTA GTGTGTIT TAGACTT TAATG

Fig. 6. Comparison of the RS, regions of plasmids pUB110 (20), pMV 158, pTB913, pT181 (25), pE194 (25).
pNEI31 (41) and pT48 (42).

The positions of the inverted repeats (IR), loops and the homology end points are indicated. Underlinings represent
differences among the nucleotide sequences.

minus origin was deleted by removing the Fnu DII—Dra I fragment corresponding to that
described above for pUB110 (Fig. 3).

We examined whether the absence of the BA3-type minus origin affected the accumulation
of single-stranded DNA from these deletion derivatives in B.subtilis 8G5 and L.lactis subsp.
lactis 11.1403. Whole cell lysates from cells harbouring pMV158, pTB913 or pUB110
or their corresponding deletion derivatives pUB3, pLS1 and pTB3 respectively were
isolated. The lysates were devided in two portions, one of which was treated with
endonuclease S1 to remove all single-stranded DNA present. After electrophoresis and
Southern blotting the filters were hybridized to non-radioactive labeled plasmid DNA of
the corresponding plasmids. From the results, shown in Figs. 4 and S, it is clear that deletion
of the BA3-type minus origin from all three plasmids resulted in the accumulation of
considerable amounts of single-stranded plasmid DNA (about 30% in mass), both in
B.subtilis and in L.lactis. This indicates that the BA3-type minus origin is active in both
organisms.

Comparison of the RSs-sites and Pre proteins

The sequence comparison of pMV158 and pTB913 with pUB110 revealed a high degree
of homology, not only within the BA3-type minus origin, but also within the nearby RS,
site. Other plasmids have been described to contain an RS,-like site and in Fig. 6 the
RS, regions of plasmids pUB110, pMV 158, pTB913, pT181 (25), pE194 (25), pNE131
(41) and pT48 (42) are compared. This comparison shows that two related classes of RS,-
sites can be distinguished. In the RS, sites of the first group, comprising pUBI110,
pMV158 and pTB913, the nucleotide sequence S' TAAAGTATA 3’ and its complement
are present as an inverted repeat (IR). No further homology was observed between the
various members of this group beyond 9 bp on the 3’ end of the IR. In the other group,
comprising pT181, pE194, pNE131 and pT48 the IR was formed between the sequence
5" AAGTCTA 3’ and its complement.

Adjacent to the RS, sites of pUB110, pTB913, pMV158, pE194 and pT181 ORF’s
were present. In pE194 and pT181 it has been suggested that these ORF’s encode site-
specific recombination (Pre) proteins (25). This prompted us to examine whether the ORF’s
of pTB913 and pMV158 might encode similar proteins. An alignment of the first 210
amino acids of all five proteins is presented in Fig. 7. A very high degree of homology
(85%) was observed between the N-terminal 200 amino acids of the proteins encoded by
pUB110 and pTB913, suggesting a similar function for this part of the proteins. Although
the level of homology observed between the N-terminal 200 amino acids of the proteins
encoded by ORF-D of pMV 158 and the Pre protein of pUB110 was substantially less (45%),

7290



Nucleic Acids Research

cmmam ] | e s o

MM e FECEE] <ZZ@m AEx O
*BHNNZZ xMXXOO FEERR) ZZZZZ | [(Mxxxx X 6 6 B

[SERSENE 4 HS> D HH MEEXZ wooma noUa< _GGGGG

e = o XA FEEEE) B XM woonn (XXX

> REEE Xmmaz nunnn R EEEEE] AT

[(Femea] wzzxz HEEEE DeDe > Mxxee | [@Faaan]

EXSTTSTS] EEEET D> DD - B [XCXOXXY) EIELT)

ZZZZ> woaxz HAHAA (s RENAZO Zoooon PCCEE]

[(E=E=x] SHHH EEE] rCngmm meema EEWI_

N b & NZAZO +HMEREOO * ik B ESIEETS

w oo o WO azzaa B by MEERAH axMXEO

X cao<z UB>>H ZMMEE EEEEDE) NXOZX

[cocoo] = & +AQAEE MMMAX [>>5b> | [EE=s5S

OXXZ B QzZzZzZ=Z o« <hnnd] | >>>m> EEEEE]

* A A B> HD EEELG] BCEEE VVLVOV o0 6 W@

=z E EREFECIE] EE MHMXE * B AN *AANZZ

[CXCX-R"¥ ] woooa cooaan ﬁ”ﬂﬂﬂﬂg FEEEE] ¥R fae B B

LN Db | A MK B B oo fou B LR ER axxex

nunovn ZZZZZ | (e ] & [=] mmxmmm CFEEEE)

MMXXN ] Ammxa CEEELEE T T AR [eY=T=T=T-]

EEFEENEE T2 L) BGEEXE BREELR HAaAA R

[ixdew] oeoce [Eeeew] n woxmx =zzom

T R ZEEXX «O000omn L XA

P EmEE>> 0 M KE0n NwOVVO FEEEE RN E-Y-Y-Y-X-) [EREPEE ]

29N, [(FExxx] azxzxz SEH>NH EEEED HAzZ> A% CEEEET-

SHRNT <O>aA> ZOOZAQ kMMM " EEEEER R =111

22BHE o> mn E zoozz 00Q B |>>>>>| [meaxx]

a<nn acaoaa nnOEo [EREREREy.] NEHEHE FEEEX]

mmmmm MmN O NOMKE ZWMMON XOXOZ | <adca |« 0o

33 S rovnann [zz=z=z=2 ] [PrHrrH] [mamoao D> D> |k Il D>

BERER Mnnun_ DEEZR mRAEN | mmmmk |« SLLaT =550

mmmmm InRainiaie AAARS 38388 SRS J8KAR 3RKA R

PR R} aA5227A

LM XAO
> ZxXW0
X >
M3 Ame
WZmom
AMZ A
(SR RNl
®HAaAQ00
[ RONER-
xoaornm
W D
@mm>m
E MM B
QR MmAX
CAAXO
EEHEMX
L ONO> >
XX Ooo
XMxXxaun
b fa B Z
BMX XSO
EEL ]
>EHEBDT
B 0
Mo
mEnTnmz
MM e
Qx> >
moQamo
nnnxe
zoounun

181
180
180
182
182

Fig. 7. Alignment of the first 210 amino acids of the putative Pre proteins of pMV158, pUB110 (20), pTB913,

pT181 (25) and pE194 (25). Amino acids, conserved in all five proteins are boxed. Asterisks indicate amino

acids differing between the two subgroups (pMV158, pUB110 and pTB913 versus pE194 and pT181), but conserved

within those subgroups.

boxes of conserved amino acids were present. These boxes were present in all five proteins

shown in Fig. 7. This suggests that at least the N-terminal parts of these proteins share
similar functions. The results also show that the Pre proteins of pMV158, pUB110 and

pTB913 on one hand were more related to each other than to those of pE194 and pT181
on the other (Fig. 7, indicated with asterisks). No conserved stretches of amino acids were

observed in the C-terminal portions of the five proteins (results not shown).

model (2,3,4). Although a minus origin of the palA-type (44) is present on the pLS1 deletion

variant of pMV 158 (4), the present work indicated that, in contrast to pMV 158, less efficient

conversion of single- to double-stranded DNA was observed with pLS1 in B.subtilis. Similar
results were obtained in L.lactis (results not shown). This suggested that an alternative

pMV 158, originally isolated from S.agalactiae, replicates according to the rolling-circle

DISCUSSION
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minus origin might be present on the 1.1 kb Eco RI-fragment, which had been deleted
from pMV 158 to construct pLS1. This prompted us to sequence pMV 158 to completion.
The results (Figs. 1 and 4) show that, indeed, a minus origin is present, and is more than
99% homologous with the BA3 conversion signal of pUB110 (13,14, 15). This means
that pMV 158 contains two minus origins: one of the palA-type (9,44) and one of the
BA3-type. To our knowledge pMV 158 is the first naturally occurring plasmid which has
been found to contain two minus origins. We showed that pLS1, lacking the BA3-type
minus origin, gave less efficient conversion of single- to double-stranded DNA than pMV 158
in both B.subtilis 8GS and L.lactis 1L1403 (Fig. 4). This indicates that the BA3-type minus
origin is required for the efficient conversion to double stranded plasmid molecules, at
least in these two organisms. Apparently, the palA-type minus origin is relatively inefficient
in B.subtilis and L.lactis. The latter result is in agreement with the observation of del Solar
et al. (4), who showed that the palA-type minus origin is not very efficient in B.subtilis.
The observation that pMV 158 contains two different minus origins may, at least in part,
explain the broad host range character of this plasmid: the palA sequence was reported
to be efficiently used in S.pneumoniae (4), and, somewhat less efficiently, in E.coli (4).
The functioning of this pMV 158 encoded palA-type minus origin in other streptococci
(pMV 158 was isolated from S.agalactiae) and in staphylococci, in which other members
of the palA family are active (9,44), has so far not been examined. Interestingly, the
BA3-type minus origin appeared to be highly efficient in two non-related Gram-positives:
B.subtilis and L.lactis. This is a rather unusual finding, since the activity of most of the
minus origins studied so far is limited to one or only a few closely related species (9).
pTB913 is a spontaneous deletion derivative of the thermophilic Bacillus plasmid pTB19.
The high level of similarity (99 %) of its replication functions with those of pUB110 (23,24)
suggested that, like pUB110, pTB913 would replicate according to the rolling circle-model.
Our search to demonstrate a cognate minus origin resulted in the detection of a conversion
signal identical to the BA3-type minus origin of pUB110. Therefore, the present paper
extends BA3-type minus origins to three plasmids, isolated from non-related species:
pUBL110 (from Staphylococcus aureus); pMV158 (from Streptococcus agalactiae) and
pTB913/pTB19 (from a thermophilic Bacillus). This observation lends support to the view
put forward by Gruss and Ehrlich (9), that the replication systems of many rolling-circle-
type Gram-positive plasmids are closely related. Due to the high recombination potential
of the single-stranded replication intermediates, large blocks of functionally related sequences
could be shuffled around between plasmids. The BA3-type minus origin might be an
example of such a block. Since in the plasmids studied sofar (pUB110, pMV 158, pTB913)
sequence divergence occurs just beyond the RS,-site, we speculate that this potential stem-
loop structure was, in an unknown way, involved in this process. Interestingly, the
comparison between pMV158 and pUB110 (or pTB913) showed that the sequence
divergence at the other end also occurred at a potential stem-loop structure (near the Fnu
DII site at position 1547 of the pUB110 sequence). This stem-loop structure contains an
inverted repeat of 10 bp (dG°= —11.2 kcal/mole) and a loop region of 3 bp.

On one side of the BA3-type minus origins of pMV 158, pTB913 and pUB110 a small
potential stem-loop structure was present, designated before as the RS, site (25,38).
Comparison of the RS, sites of these plasmids with those of pT181, pE194, pNE131 and
pT48 showed two distinct, but related groups of RS, sites (Fig. 6). In the first group,
comprising pTB913, pMV 158 and pUB110, the homology end point was located at 9 bp
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beyond the RS, site. A similar observation was made in the second group, comprising
pT181, pNE131, pT48 and pE194.

The RS, sites of pTB913, pMV158, pUB110, pT181 and pE194 were followed by
OREFs encoding proteins which showed considerable levels of similarity, exclusively in
the N-terminal part of the proteins, suggesting that these proteins are related and have
a common function. For pT181 and pE194 these proteins, designated as Pre proteins
(plasmid recombination enzyme), have been shown to be involved in the Rec-independent
formation of cointegrates between plasmids containing RS, sites (25,38). It was suggested
(25) that after binding to the RS, site the Pre protein promotes the formation of
cointegrates with other plasmids containing RS, sites. All five proteins contain conserved
positively charged amino acids (Arg and Lys). It is conceivable that these amino acids
are involved in the binding of the Pre protein to the RS, site (43). Interestingly, the Pre
proteins of pTB913, pMV158 and pUB110 are more related to each other than to those
of pT181 and pE194. These groupings coincide with the catagories of RS, sites described
above. This suggests that the various Pre proteins recognize specific RS, sites.

It has been speculated that the Pre protein may be involved in plasmid maintenance (25).
Although unequivocal proof is lacking, results from our laboratory (13) indicate that deletion
of the pre gene of pUB110 derivatives, larger than 10 kb, results in increased rates of
segregational plasmid loss. In addition, we have recently shown that a frameshift mutation
in the gene encoding the Pre protein destroyed conjugative mobilization of pMV158 (46).
Therefore, we suggest that the interaction of the RS, site and Pre protein not only serves
a function in plasmid maintenance, but also contributes to the distribution of small antibiotic
resistance plasmids among Gram-positive bacteria. The latter feature might help in the
spread of minus origins, such as BA3, and other plasmid functions among different Gram-
positive bacterial backgrounds.
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