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Abstract The single-strand origin (SSO) of the rolling-
circle (RC), broad-host-range lactococcal plasmid
pWVOl was functionally characterized. The activity of
this SSO in the conversion of single-stranded DNA to
double-stranded DNA was tested both in vivo and
in vitro. In addition, the effect of this SSO on plasmid
maintenance was determined. The functional pWVOl
SSO comprises a 250 b p region, containirig two in-
verted repeats (IRs). The activity of each IR was tested,
separately and in combination, in a plasmid derivative
that was otherwise completely devoid of structures that
might function as SSO. One of the IRs (IR I) showed
some horoology with other previously described SSOs
of the SSO A type, as weIl as with the conversion signal
of the Escherichia coli phage <I>Xl74. This IR was
shown to have a partial, RNA polyroerase-independent
activity in complementary strand synthesis, both
in vivo and in vitro. The second IR, which had no
activity of its own, was required for full SSO activity,
both in vivo and in vitro. The conversion of single-
stranded DNA to the double-stranded forro by the
complete SSO was only partly sensitive to inhibition by
rifampicin, indicating the existence of an RNA poly-
roerase-independent pathway for this event. The results
suggest that the pWVOl SSO can be activated by two
different routes: an RNA polyroerase-dependent one
(requiring the entire SSO), and an RNA polyroerase-
independent one (requiring only IR I).
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Introduction

We have previously shown that the broad-host-range
lactococcal plasmid pWVO1 belongs to the class of
rolling-circle (RC) plasmids (Leenhouts et al. 1991).
Plasmids that replicate via this mechanism show a high
degree of similarity, both at the structural and the
sequence level (for a review see Gruss and Ehrlich
1989). A key feature of RC plasmids is that their repli-
cation proceeds via single-stranded (ss) intermediates
(te Riele et al. 1986a, b; Murray et al. 1989). Conversion
of these single-stranded intermediates to the double-
stranded (ds) form is initiated frorn a non-coding region
of the plasmid, the single-strand origin (SSO). Usually
SSOs show activity in only a limited number of hosts
(Gruss et al. 1987). A further characteristic of SSOs is
that they contain regions of dyad symmetry which have
a high potential to form stem-loop structures that func-
tion in an orientation-dependent manner. The SSOs
that have been analyzed can be divided into four fami-
lies. Three of these, SSO A (previously palA), SSOu (pre-
viously palU) and SSOT (previously palT) have been
described in reviews on RC plasmids by Gruss and
Ehrlich (1989) and Bron (1990). A fourth family was
recently identified in small Lactobacillus plasmids (Leer
et al. 1992). The presence of an active SSO generally
enhances plasmid maintenance (Bron et al. 1988, 1991;
Bron 1990).

The conversion of ss plasmid DNA to dsDNA via
the SSOs that have been described so far is inhibited by
rifampicin, indicating that this step is initiated by the
host RNA polymerase (Boe et al. 1989). We previously
showed that the conversion of ssDNA to pWVO1
dsDNA derivatives in L. lactis was rifampicin insensi-
tive (Leenhouts et al. 1991), suggesting that the SSO of
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respect to the initiation of lagging strand synthesis and
plasmid maintenance, both in vivo and in vitro. Por the
in vivo tests we used a purpose-designed vector devoid
of sequences that might exert SSO activity. The in vitro
experiments were carried out with Staphylococcus aure-
us cell extracts as described previously for the lagging
strand synthesis of plasmid pT181 (Birch and Khan
1992). We show that a 250 bp palindromic region, con-
taining two IRs, delloted IR I and IR II (Leenhouts
et al. 1991), comprises the full SSO, both in vivo and in
vitro. IR I itself has partial SSO activity.

The SSO described here is of a new type, which we
denote SSOw. This SSO can be activated by both an
RNA polymerase-independent route, requiring IR
I only, and by an RNA polymerase-dependent route,
for which the entire SSO (IR I + IR II) is required.

Bacterial strains, biochemicals and growth conditions

Strains and plasmids used are listed in Table 1. L. lactis cells were
transformed by electroporation (Holo and Nes 1989) and plated on
M17 agar, containing 0.5 M sucrose. Transformants were grown in
M17 medium (Terzaghi and Sandine 1975). When required, the
media for L. lactis were supplemented with 5 ~g/ml erythromycin or
5 ~g/ml chloramphenicol. All in vivo assays were carried out in
L. lactis MG1363. Total cellular DNA from whole-celllysates was
isolated as described (Leenhouts et al. 1991). Chemicals were ob-
tained from Merck (Darmstadt, Germany) or BDH (Poole, UK).
Enzymes for DNA manipulations were from Boehringer (Mann-
heim, Germany) or Promega Biotec (Madison, Wis.).

this plasmid does not require the host RNA poly-
merase.

Complementary strand synthesis by most RC plas-
mids closely resembles the conversion of ssDNA of
filamentous phages, such as M13 and <l>X174, to their
replicative form (RF) (Baas and Jansz 1988). This con-
version also requires the presence of an SSO and the
host RNA polymerase. Two routes have been described
for RNA polymerase-independent conversion of single-
stranded phage DNAs (Baas and Jansz 1988). In the
complementary strand synthesis of phage <l>X174, the
primosome complex, which assembles at the primo-
some assembly site, is essential. The other route of
RNA polymerase-independent complementary strand
synthesis is used by G4-like phages. With these phages
the initiation of complementary strand synthesis occurs
at a fixed position and is primase-dependent. Since the
<l>X174 and G4 replication systems do not require host
RNA polymerase, ssDNA conversion in these systems
is rifampicin-insensitive.

Based on similarities in the leading strand replication
region, four distinct groups of RC plasmids have been
distinguished (Gruss and Ehrlich 1989). pWVO1
belongs to the pE194/pLS1 group of RC plasmids
(Leenhouts et al. 1991; del Solar et al. 1993), carrying
a gene that encodes the replication protein (repA), its
cognate double-strand origin (DSO), and a gene in-
volved in copy control (repC). In addition, pWVO1
carries a region (IR I) that shows limited sequence and
structural similarity to the SSOA family.

The aim of the present investigations was to identify
and characterize the functional SSO of pWVO1 with

Table 1 Bacterial strains and plasmids

Bacterial
strain or

plasmid

Properties Saurce ar reference

L. lactis
MGl363

S. aureus
RN 4220

Plasmids

pWVOl
pGKll
pGJSO03
pMV*

Prt Laboratory collectionSubsp. lactis, plasmid-free Lac

Restriction-defective strain Kreiswirth et al. (1983)

2.17kb cryptic plasmid from L. lactis subsp. cremoris Wg2
CmR, derivative of pWVO1; contains full SSO
CmR, 2.9 kb; pGKll without the 294 bp ClaI-Eco47-3 fragment; SSO deleted
pMV158 derivative, devoid of SSO structures

Leenhouts et al. (1991)
Kok et al. (1984)
This work
Meijer et al. (1995a, b);
this work
This workpMV*/III

pMV*/II
pMV*/I
pMV*/IV

Thiswork
This work
This work

pSK827
pSK920

This work

This work

pSK921

pMV*, containing the 294 hp ClaI-Eco47-3 fragment of pGKll in the ClaI-SmaI sites
of pMV*
Derivative of pMV * /III, lacking IR I

Derivative of pMV*/III, lacking IR II
Derivative of pMV*/1II in which the SacI fragment, carrying IR I and IR II,
is inserted in the opposite direction
Ml3mpl9, carrying a 434 hp MboI-HinclI fragment of pTl8l, comprising the SSOA
Ml3mpl8, carrying a 345 hp ClaI-PstI fragment from pMV*/III,
including IR I and IR II of pWVOl
Ml3mpl8, carrying a 226 hp ClaI-PstI fragment from pMV*/I, including IR lof pWVOl This work



Construction of pMV* and derivatives saturated ammonium sulphate precipitate was collected, dialysed
and used in the experiments. The protein concentration in the cell
extracts was 60-80 mg/ml.pMV* was derived from the streptococcal plasmid pMV158

(Burdett 1980). The latter plasmid contains two SSOs, one belonging
to the SSOu (previously known as palU) type, and the other to the
SSOA (previously known as palA) type (Meijer et al. 1995a, b). pMV*
is the parental plasmid ofthe previously described pMV(V- A -)Em
(Meijer et al. 1995a, b). In pMV* and pMV(V- A -)Em all DNA
sequences which might exert SSO activity are lacking: SSOA and
SSOu were deleted and an additional putative SSO, located within
the tetracycline resistance gene (del Solar et al. 1987), was removed
by replacing this gene with the erythromycin resistance gene
of pE194, and by adding a multiple cloning site. Details of the
construction of pMV(V- A -)Em are described elsewhere (Meijer
et al. 1995a, b), The essential difference between pMV* and
pMV(V- A -)Em is the plasmid copy number. Whereas pMV* has
a very low copy number (about 0.5 to 1 per chromosome equivalent)
and a low level ofplasmid maintenance, pMV(V- A -)Em has a high
copy number (about 100 per chromosome equivalent) due to a spon-
taneous nonsense mutation in the repressor gene (repA) for copy
control (Meijer et al. 1995b). A 294 b p ClaI-Eco47-3 fragment
containing the putative SSO of p WVO 1, including both IR I and IR
II, was isolated from pGKll, a pWVOl derivative. This fragment
was cloned into the ClaI and Smal sites of pMV*, resulting in
pMV*/III (Table 1, Fig. 2). IR II was removed by cutting pMV*/III
with HaeIl and Eco47-3. The mixture was treated with mung bean
nuclease to render the HaeIl site blunt-ended, and the fragment was
subsequently self-ligated, resulting in pMV*/I. IR I was removed in
a similar way by cutting pMV*/III with ClaI and HaeIl. The
resulting plasmid was denoted pMV*/Il.

In vitro DNA replication

In vitro replication of ssDNA using cell-free extracts was carried out
as described by Birch and Khan (1992). Reactions (30 Jll) contained
40 mM TRIS-HCl, pH 8.0, 100 mM KCl, 12 mM magnesium ace-
tate, 1mM DTT, 5% ethylene glycol (v/v), 2mM ATP, 0.5mM
UTP, 0.5 mM CTP and 0.5 mM GTP, 50 JlM each of dTTP, dCTP
and dGTP, 20 JlM 32p-labelled dA TP (specific activity 13,000 cpm/
pmol), 50 JlM NAD, 50 JlM cAMP, 200 ng of ssDNA and 1 mg of s.
aureus RN4220 protein extract. Where indicated, 100 Jlg/ml of
rifampicin was included to inhibit RNA synthesis by the host RNA
polymerase. Incubations were carried out at 32° C for 1 h. DNA was
isolated by phenol-chloroform extraction and alcohol precipitation
as described earlier (Murray et al. 1989). The reaction products, after
linearization ofplasmid DNA with appropriate restriction enzymes,
were analyzed by electrophoresis through 1.2% agarose gels (3 V /cm
for 16 h) using TRIS-acetate-EDTA buffer (Sambrook et al. 1989)
containing 0.5 Jlg/ml ethidium bromide. Reaction products were
identified by autoradiography of dried gels. The positions of the
various ssDNAs and ds M13 DNA derivatives were identified by
using DNA reference markers on the same gels.

DNA manipulatl

lnhibition of RNA polymerase by rifampicin in vivo Cloning procedures and the isolation of DNA were essentially as
described by Sambrook et al. (1989). Plasmid copy numbers per
chromosome equivalent were determined by the densitometric pro-
cedure described by Janniere et al. (1985). In this method, only ds
molecules are detected. The method used for the isolation and
detection of single-stranded plasmid DNA was described previously
(Leenhouts et al. 1991). Assays for segregational plasmid stability
were performed as described by Kiewiet et al. (1993).

Overnight cultures of L. lactis MG1363, harbouring either pMV*/I
or pMV*/I11, were diluted 100-fold and grown to an OD6oo of
0.6-0.8. RNA polymerase activity was then prevented by the addi-
tion of rifampicin to a final concentration of 100 ~g/ml. De novo
protein synthesis was prevented by the simultaneous addition of
chloramphenicol to a final concentration of 100 ~g/ml. Sub-
sequently, the cultures were incubated at 30° C and samples for the
preparation of whole-celllysates were taken at regular intervals.

Construction of M13 phages containing the SSOs of
pT181 and pWVOl

Analysis of the region of pWVOl required for
SSO activity in vivoBacteriophage M13 derivatives carrying the SSO of pT181 or of

pWVO1 were constructed by ligating appropriate DNA restriction
fragments into the replicative form (RF) DNA of M13mp18 and
M13mp19. The phages were propagated in E. coli JM109. Ligation
of a 434 bp MboI-HincII fragment (nucleotides 377-811) of pT181
into the BamHI-HincII sites of M13mp19 generated pSK827, con-
taining the SSOA sequence in the functional orientation. A 345 bp
ClaI-PstI fragment, containing the IR I and IR II regions from
pWVO1, was isolated from plasmid pMV*/IlI and cloned into
NarI + PstI-digested M13mp18 RF DNA. The IR I ofpWVO1 was
cloned into the NarI and PstI sites of M13mp18 DNA by inserting
a 226 bp ClaI-PstI fragment ofpMV*/I. Plasmid pSK920 contains
both IR I and IR II of p WVO 1, whereas pSK921 contains only IR I.
Preparative amounts of ssDNA templates for in vitro replication
were prepared as described (Birch and Khan 1992).

Analysis of the nucleotide sequence of pWVO1 re-
vealed six inverted repeats (IRs) (Leenhouts et al. 1991),
which were denoted IR I-IR VI (Fig. 1A). To determine
which region contains the SSO, all four HaeII frag-
ments of pWVO1 were cloned into the Smal site of
pMV* in both orientations. pMV* was derived from
the streptococcal broad-host-range plasmid pMV158
(Burdett 1980), which is closely related to pWVO1
(Leenhouts et al. 1991), by removing all regions that
might function as SSO (Meijer et al. 1995a, b). Deletion
of these regions leads to very low copy numbers (0.5 to
1 per chromosome equivalent) of this plasmid in L.
lactis. Since the presence of an active SSO should lead
to an increase in the copy number of ds plasmid forms
and a decrease in the amount of ssDNA, these
parameters were used as criteria for determining SSO

Preparation of staphylococcal cell-free extracts

Cell-free extracts were prepared from restriction-deticient s. aureus
RN4220 as described by Birch and Khan (1992). The 0- 70%







+ rif-rif

0- 10- 20' 40"

+ rif

O' 10' 2O' 40"

B -rifA

oc- oc-

..
u
c
"

1;1
"in
~

E
w
~0

cc-
ss -

cc-
ss -

0 20 40 60

Generotions

80 100

Fig. 5A, 8 Effect of rifampicin on ssDNA accumulation with plas-
mids pMV*/I (A) and pMV*/III (8). Rifampicin was added to
growing cultures at a final concentration of 100 /.lg/ml. Af ter addi-
tion of rifampicin, samples were taken at the times indicated.
Chloramphenicol was added simultaneously to all samples to a final
concentration of 100 /.lg/ml to prevent new rounds of replication

Fig.6 Maintenance of pMV* and its derivatives in non-selective
medium. pGK1 and pGJSO03 remained 100% stabie over the period
of measurement. Filled circles, pMV*; open squares, pMV*/I;.filled

squares, pMV*/1II

SSO is likely to enhance its maintenance. Both of these
possible effects were tested with the pWVO1 SSO.
Introduction of a partia1ly active SSO (IR I) into
plasmid pMV*, which is segregationa1ly unstable, con-
siderably improved its maintenance (Fig. 6). The pres-
ence ofthe fu1l SSO in pMV*/III rendered the plasmid
completely stable for the duration of the experiment
(100 generations of growth in non-selective medium),
whereas pMV* was rapidly lost from the population.
The presence ofthe fu1l SSO in the opposite orientation
reduced the maintenance to the levelof pMV* (results
not shown), indicating that the SSO of pWVO1 func-
tions in an orientation-dependent manner. As de-
scribed above, this also applies to the partia1ly active
SSO consisting of only IR I, since the HaeII fragment of
pGK1, containing IR I and IR VI, showed an effect on
the copy number of pMV* in only one orientation.

Comparison of the levels of maintenance and
plasmid copy numbers revealed a positive relationship.
Plasmids with a copy number equal to or higher than
2-3 per chromosome equivalent, such as pGJSO03,
were maintained stably. Instability was observed for
plasmids with a copy number lower than 1-2 per
chromosome equivalent, such as pMV*/I. A further
decrease in copy number led to a further decrease
in stability as shown for pMV*. We consider the
higher copy number of the pWVO1 derivative
pGJSO03, compared to pMV* and pMV*/I, to be
a likely explanation for the stability of this plasmid,
which lacks an SSO.

converted to dsDNA (Fig. SB; ssDNA is hardly detect-
able af ter 40 min). This indicates that, in addition to the
RNA polymerase-dependent activation, an RNA poly-
merase-independent activation is also operative on the
IR I + IR II SSO.

Similar results were obtained for the replication
of ssDNA, containing IR I, in cell-free extracts of
s. au reus. The SSO of pT181 was used as a control since
it is known to require host RNA polymerase for repli-
cation (Birch and Khan 1992). The replication of
pSK920, containing the complete SSO ofpWVO1, was
strongly reduced in the presence of rifampicin and in
the control (absence of exogenously added GTP, CTP
and UTP; Fig. 4). The residu al DNA synthesis in the
absence of GTP, UTP and CTP is due to low levels of
rNTPs present in the cell extracts. In contrast to
pSK920, the inherently lower levelof replication of
pSK921 DNA was relatively unaffected by the presence
of rifampicin (Fig. 4), indicating that IR lof the SSO
was largely independent of RNA polymerase. In sum-
mary, the data on the in vitro replication of pSK921
and the results obtained in vivo indicate that the SSO
of pWVO1 can act in the absence of the host RNA
polymerase and initiate lagging strand synthesis, albeit
with a reduced efficiency. The results also show that the
signals for lagging strand synthesis of the broad-host-
range plasmid pWVO1 are recognized by the proteins
in s. aureus cell extracts required for ssDNA to dsDNA
conversIon.

Plasmid maintenance
Discussion

It has frequently been observed that partial or complete
inactivation of the SSO leads to decreased maintenance
of the carrier plasmid (Bron 1990; Bron et al. 1991;
Meijer et al. 1995a, b). Consequently, the introduction
of an active SSO into an RC plasmid that lacks its own

In the present study we characterized and delineated
the SSO of the lactococcal plasmid pWVOl with re-
spect to activity in lagging strand DNA synthesis and
plasmid maintenance. Previously, we showed that



pWVO1 belongs to the class ofRC plasmids and that it
has an efficient SSO for L. lactis which, at the sequence
level, is different from other known plasmid SSOs
(Leenhouts et al. 1991). Similar SSOs are present on the
closely related lactococcal plasmids pSH71 (de Vos
1987) and pDI125 (Xu et al. 1991). As with most SSOs
described so far, high activity of the pWVO1 SSO
(SSOw) seems to be confined to a limited number of
bacterial species -lactococci in this case. In Bacillus
subtilis and E. coli this SSO has only a limited activity
(Leenhouts et al. 1991; our unpublished results). As
described in the present work, another major ditIerence
between SSOw and other known SSOs from plasmids
of gram-positive origin is the requirement for the host
RNA polymerase for its activity. The SSOw seems to be
unique in the sense that it appears to be active in two
pathways of lagging strand synthesis, one dependent on
RNA polymerase and the other independent of this
host enzyme.

The in vivo and in vitro approaches described here
indicate that this SSO is located on a 250 b p DNA
fragment, containing two inverted repeats, IR I and
IR II. Lagging strand DNA synthesis occurred via IR I
in the absence of IR li, but was sub-optimal. For full
activity of the SSO in L. lactis, the combination of IR
I and IR II was required in a process that was largely
dependent on RNA polymerase. Like the previously
described SSOs from other RC plasmids, activity ofthis
SSO was orientation-dependent. Conversion of ss
pWVO1 DNA by the complete SSO (IR I + IR II)
initially showed sensitivity to rifampicin, indicating
that RNA polymerase is involved, at least partly, in
lagging strand synthesis initiated at the full SSO. Even
in the presence of rifampicin, however, the plasmid
ssDNA was gradually converted to dsDNA during the
course of the experiment, apparently through an RNA
polymerase-independent pathway. Since conversion of
ssDNA via IR I in L. lactis was not atIected by the
addition of rifampicin, we presume that the IR I-
mediated pathway renders ssDNA conversion resistant
to rifampicin.

We interpret our observations concerning the rifam-
picin (in)sensitivity of ssDNA conversion by assuming
that lagging strand synthesis ofpWVO1 can follow two
routes. The first route is the more efficient one, and
requires both IR I and IR II. This route initially shows
sensitivity to rifampicin and is similar to that found
with other RC plasmids, requiring host RNA poly-
merase. The second route requires only IR Ion the
plasmid. We have previously identified similarities be-
tween the putative secondary structure and nucleotide
sequence of IR I and the complementary strand origin
of bacteriophage <l>X174 (Leenhouts et al. 1991). Based
on these similarities it can be envisaged that com-
plementary strand synthesis via IR I ofpWVO1 follows
a route similar to that of <l>X174, in which the
primosomal complex is involved (Arai and Komberg
1981).

The results of the present work are slightly at vari-
ance with our earlier work (Leenhouts et al. 1991),
which indicated that rifampicin did not affect lagging
strand DNA synthesis ofpWVO1 at all. In these earlier
experiments cultures were incubated in the presence of
rifampicin for 1 h. The present results show that during
this time full conversion of ssDNA to its ds from via the
RNA polymerase-independent route has already oc-
curred. Apparently, this obscured the early effect of
rifampicin noticed in the present work, and explains the
discrepancy between the two sets of results.

Results similar to those obtained in vivo were ob-
tained for lagging strand synthesis via the SSO of
p WVO 1 in vitro. Both IR I and IR II were required for
maximal efficiency of replication of ssDNA. The low
levelof lagging strand synthesis found in the presence
of IR I in vitro was only slightly affected by rifampicin,
which is in accordance with our conclusion that con-
version via IR I can occur independently of RNA
polymerase. Lagging strand synthesis via the full SSO
was rifampicin-sensitive, indicating the requirement for
RNA polymerase.

Plasmids carrying IR I + IR II were stably main-
tained in L. lactis. Since the plasmids used carry no
obvious structures for active partitioning, random dis-
tribution of the plasmids to the daughter cells at cell
division seems to be the major factor in their mainten-
ance. The frequency of plasmid loss in this case will
depend on plasmid copy numbers. The probability of
appearance of plasmid-free cells can then be calculated
by the equation: L = (l/2fn, where L is the loss fre-
quency and 2n the copy number of the plasmid per cell
at the time of division. At values of 2n ;;::: 10 the plasmid
is considered to be stabIe, because L values are then less
than 10-6. These values cannot be easily measured
(Nordstrom and Austin 1989). Assuming that the copy
number of the chromosome at the time of cell division
is 2, only pGK11 and possibly pMV*/III are expected
to be maintained in a stabIe manner. The number ofthe
chromosomes in logarithmically growing cells, how-
ever, can be as high as 4. This may explain why
pMV* /1, in spite of its relatively low copy number per
chromosome equivalent, showed a fairly high levelof
maintenance.

In summary, the present studies indicate that the
SSOw of pWVO1 consists of two IRs, located within
a 250 bp fragment. Initiation of the lagging strand
synthesis via this SSO is orientation-dependent and
requires the host RNA polymerase. In addition, the
results showed that conversion of ssDNA to dsDNA
can occur in an RNApolymerase-independent manner,
requiring only IR I. We assume that the primosome
complex is involved in this latter replication mode.
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