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Abstract The effect of the A TP-dependent exonuclease
AddAB complex on the structural stability of plasmid
pGPl in Bacillus subtilis was studied. Using deletion
mutagenesis and gene amplification techniques, B.
subtilis strains we re constructed either lacking or
overproducing the AddAB complex, a key enzyme in
homologous recombination. The deletion mutant pos-
sessed no residual A TP-dependent nuclease activity; in
contrast, the nuclease activity was up to 30 times higher
in lysates of strains carrying multiple co pies of the
addAB gelles in the chromosome. Southern blot ana-
lyses of these strains indicated that a linear relationship
exists between the number of chromosomal gene copies
and the levelof AddAB activity. The structural stability
of pGPl was analyzed in the AddAB-deficient and
over-producing backgrounds. Frequencies of deletion
formation in the plasmid, as monitored by the expres-
sion of the pGPl-encoded penP-lacZ fusion on media
containing X-gal, were shown to be increased at least
25-fold in the addAB knock-out mutant, whereas the
stability ofpGPl was improved up to l5-fold in strains
overproducing the AddAB enzyme. A possible explana-
tion for these findings is that interactions between
AddAB and plasmid molecules prevent the formation
of secondary structures that constitute potential dele-
tion target sites, and thereby enhance the structural
stability of plasmids.

Introduction

Most of the cloning vectors developed for use in
Bacillus subtilis are based on Staphylococcus aureus
plasmids that replicate via the rolling-circle mode (te
Riele et al. 1986; Gruss and Ehrlich 1989; Bron 1990).
Although succesful cloning has been reported, a prob-
lem often encountered in the development and use of
such cloning systems is the high levelof plasmid insta-
bility, both segregational and structural (for a review,
see Bron 1990). Segregational instability refers to
the loss of the entire plasmid population from the
ce1l. Inefficient conversion of single-stranded DNA
intermediates and the accumulation of linear high mo-
lecular weight (HMW) replication intermediates by
ro1ling-circle plasmids, are likely to result in high levels
of segregational instability (Viret and Alonso 1987;
Gruss and Ehrlich 1988; Bron 1990; Meijer et al. 1995).

Structural plasmid instability refers to the rearrange-
ment of plasmid genomes, usua1ly involving deletions
or inversions, which most frequently result from i1legit-
imate recombination. Illegitimate recombination be-
tween sequences that share little or no homology has
been demonstrated in numerous studies, in both
prokaryotes and eukaryotes, to underlie structural re-
arrangements of genomes. Two types of recombination
between short direct repeats (DRs) have been postu-
lated. The first is related to the "copy-choice" modelof
homologous recombination (for review, see Ehrlich
1989; Ehrlich et al. 1993), which involves "template-
switching" or "slipped mispairing" during replication.
Evidence for this type of rearrangement has been pro-
vided for both Escherichia coli (Albertini et al. 1982;
Weston-Hafer and Berg 1991; d'Alen9on et al. 1994)
and B. subtilis (Ehrlich et al. 1986; Peeters et al. 1988;
Bron et al. 1991). The second model involves DNA
"breakage-and-reunion" events and has been shown to
underlie recombination between short DRs in a num-
ber of studies (Conley et al. 1986; DasGupta et al. 1987).
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In addition, breakage-and-reunion events also
occur between non-DRs. These events probably
involve DNA binding enzymes, like topoisomerases,
origin-nicking proteins, transposases, site-specific rec-
ombinases and DNA invertases. The role of topoiso-
merases in deletion formation has been suggested in
several studies (Bullock et al. 1985; Peijnenburg et al.
1988; Bashkirov and Zvingila 1991). Several other host-
encoded recombination and DNA-repair enzymes have
also been shown to be involved in structural instability
(Leach and Stahl 1983; Peijnenburg et al. 1987, 1989;
Gibson et al. 1992).

To examine mechanisms of structural plasmid insta-
bility in B. subtilis, plasmid pGP1 was constructed,
containing a fusion between the Bacillus licheniformis
penicillinase gene (penP) and the lacZ gene of E. coli
(Peijnenburg et al. 1987; Fig. 1). Deletion frequencies in
the penP-IacZ region can be assayed as the fraction of
white colonies on media supplemented with the chro-
mogenic substrate X-gal. Based on sequence analyses of
deletion fusion points, it was concluded that: (i) the
deletions were most likely the result of breakage-and-
reunion rather than copy-choice-mediated slipped mis-
pairing; and that (ii) topoisomerase I might play a key
role in the formation of deletions in pGP1 (Peijnenburg
et al. 1988). Furthermore, the levelof pGP1 instability
was shown to be affected by mutations in various
recombination and DNA-repair genes (Peijnenburg
et al. 1987). For instance, the stability of pGP1 was
markedly decreased by mutations in the genes encod-
ing the AddAB recombination enzyme (Peijnenburg
et al. 1987; 1989), which is the analogue of the E.

coli RecBCD (Exo V) complex (Telander- M uskavitch
and Linn 1981; Kooistra et al. 1988). The genes encod-
ing AddAB have been cloned and sequenced (Kooistra
et al. 1988; Kooistra and Venerna 1991). Like RecBCD
of E. coli, AddAB possesses A TP-dependent double-
stranded exonuclease activity (ExoV), DNA-dependent
A TPase activity and A TP-dependent helicase activity
(Kooistra et al. 1993). In our previous studies on the
effects of add mutations on structural plasmid stability,
we postulated that the AddAB-related helicase activity
might (partially) unwind secondary structures in the
penI-penP regions of pGP1, which are putative target
sites for the generation of deletions (Peijnenburg et al.
1989). This would enhance the structural stability ofthe

plasmid.
The airn of the present studies was to analyze the

effects of overproduction of the AddAB complex on the
structural stability of plasmid pGP1. Stability was de-
termined in strains producing varying levels of the
enzyme. We demonstrate that overproduction of
AddAB, via amplification of the addAB genes in the
chromosome, improves the structural stability of
pGP1. A possible mechanism by which AddAB might
enhance plasmid structural stability is discussed.

Materials and methods

Strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table

Chemicals and enzymes

Chemicals used were of analytical grade and were obtained from
Merck (Darmstadt, Germany). Restriction endonucleases were used
as recommended by the manufacturer (Boehringer-Mannheim, Ger-
many; New Eng1and Biolabs, Beverly, Mass., USA); T4 DNA ligase
and T4 DNA polymerase (Boehringer) were used according to
Sambrook et al. (1989). 5-Bromo-4-chloro-3-indolyl p-D-galacto-
pyranoside (X-gal) was obtained from Boehringer and added to
a final concentration of 40 ~g/ml. Antibiotics were purchased from
Sigma (St. Louis, Mo., USA) and Boehringer. Mitomycin C (MC)
was obtained from Sigma, and was routinely used at 50 ng/ml.

Media and growth conditions

B. subtilis minimal medium consisted of Spizizen's minimal salts
(Spizizen 1958) supplemented with 0.5% glucose and 0.02% casein
hydrolysate (Difco, Detroit, Mich., USA). Amino acids and nucleo-
tides, if required, were added to 20 !lg/ml each; vitamins were added
to 0.4 !lg/ml. Minimal agar contained, in addition, 1.5% agar. TY
broth contained (per 1):10 9 tryptone (Difco), 5 9 yeast extract
(Difco), 10 9 NaCI, pH 7.4. Ampicillin (Ap) was used at 100 !lg/ml for
E. coli; chloramphenicol (Cm) at 5 !lg/ml for B. subtilis and eryth-
romycin (Em) at 50 !lg/ml for E. coli and 2 !lg/ml for B. subtilis.
Kanamycin (Km) was added at concentrations indicated in the
Results section. Optical densities of cultures were measured at 600
nm using a Vitatron microprocessor-controlled photometer (Vital
Scientific, Dieren, The Netherlands).

Fig.l Physical map of pGP1. The filled black arrow represents the
Escherichia coli lacZ sequences; the dotted arrows indicate the Bacil-
lus licheniformis penI-penP fragment. The antibiotic resistance
markers, chloramphericol (Cmr) and erythromycin-resistance (Emr),
are represented by open arrows; the origin of replication (open box) is
derived from the Lactoccus lactis plasmid p WVO 1 (Kok et al. 1984).
For details on the construction of pGP1, see Peijnenburg et al.

(1987)
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Table 1 Strains and plasmids

Stfain Of plasmid Relevant genotype or plasmid markera Source or reference

Bacillus subtilis

OGl

2G8

8G5

6G2258

6G2270

6G2266

8GKl53-2003

Bron and Venerna (1972)
Laboratory collection
Bron and Venerna (1972)
Peijnenburg et al. (1987)
Peijnenburg et al. (1987)
Peijnenburg et al. (1987)

Prototrophic
tyr-l thy
trpC2 tyr-l his ade met rib ura nic
8G5 derivative carrying addA5 mutation
8G5 derivative carrying addB71 mutation
8G5 derivative carrying addB72 mutation
8G5 derivatives carrying multiple copies of pSPT1988K;
amplification using Kmr
8G5 carrying deletion of addAB-ORF3, Kmr

This study
This study8GKO

Escherchia coli

MCI061 F- araDl39 L\(ara-Ieu) 7696 galEl5 galKl6 L\ (lac))X74 rpsL (StrF

hsdR2 (rKm~) merA merBl Wertman et al. (1986)
Plasmids

pGPl
Peijnenburg et al. (1987)

pKMl

pMTL23
pD2
pD2K
pSPT1988

Kiel et al. (1987)
Chambers et al. (1988)
B.J. Haijema; laboratory collection
This study

Kooistra and Venerna (1991)
McKenzie et al. (1986)pUB 110

pALKl12
J. Vehmaanperii, ALKO Research
Laboratories, Helsinki, Finland
This study

Cmr, Emr Lactococcus lactis replicon, carrying penP-lacZ fusion,
10.5 kb
pUC7 carrying Kmr gene from Streptococcus faecalis plasmid
pJH1, 4.1 kb, Apr Kmr
Apr, E. coli replicon, 2.5 kb
pMTL23 carrying add flanking sequences, 3.9 kb
pD2 carrying Kmr from pKM1, 5.4 kb
E. coli replicon carrying the 8.8 kb Sal/I-SmaI addAB fragment
from B. subtilis, Apr, 11.9 kb
4.5 kb Staphylococcus aureus plasmid, Kmr Bmr
pBR322 derivative carrying a 1.9 kb ThaI-TaqI fragment of
pUBl10, containing the Kmr gene

pSPT1988 carrying pUBl10 Kmr gene, 13.8 kbpSPT1988K

aKmr kanamycin resistance, Str streptomycin, Cm chlorampherical, Em erythromycin, Ap, ampicillin, B m bleomycin

Competence and transformation (Schleicher and Schuell, Dassel, Germany) and purified according to
the instructions of the manufacturer. Southern blot analysis was
performed using the non-radioactive ECL direct nucleic acid label-
ing and detection system (Amersham). Chromosomalor plasmid
DNA was digested with appropriate restriction enzymes; agarose gel
electrophoresis was performed at room temperature for 4 h at 20
mA. After depurination in 0.25 M HCI (15 min) the gels were
transferred to an alkaline transfer solution (0.4 M NaOH, 0.6 M
NaCI) and DNA was blotted onto GeneScreen Plus membranes
(Dupont, NEN Research Products, Boston, Mass., USA) for 4 h at
room temperature. Probe labeling, hybridization and detection
by ECL was subsequently carried out as indicated by the supplier.
DNA for probe labeling was sized by cutting with suitable
restriction enzymes (generating 0.1-1 kb fragments) to achieve
optimal labeling efficiency. Relative amounts of DNA were esti-
mated by densitometric scanning of the resulting blots, using an
Ultroscan XL enhanced laser densitometer (LKB, Bromma,
Sweden).

B. subtilis cells were grown to competence essentially as described by
Bron and Venema (1972) and transformed with approximately 1 ~g
DNA for 30 min at 37° C. Af ter exposure to plasmid DNA, the
cultures were diluted threefold in prewarmed TY broth, incubated at
37° C for 1 h to allow expression of antibiotic resistance markers,
and plated on selective media. Relative transformation frequencies
were determined as the number of transformants obtained per total
number of viabIe cells. DilIerences in competence were corrected for
by relating chromosomal transformation to plasmid transformation,
which has been shown to be independent of AddAB (Kooistra et al.
1988). Transformation of E. coli was performed either by the CaCl2
method as described by Sambrook et al. (1989), or by electrotrans-
formation, using a Gene Pulser (Bio-Rad Laboratories, Richmond,

Calif., USA).

DNA isolations and molecular cloning techniques

Chromosomal DNA from B. subtilis was isolated according to Bron
and Venerna (1972). Large-scale or mini-preparations of plasmid
DNA from both B. subtilis and E. coli were obtained by the
alkaline lysis method (Sambrook et al. 1989). [3HJ-labeled chro-
mosomal DNA was isolated from B. subtilis 2G8, grown on minimal
medium supplemented with 20 /.lg/ml of tyrosine, 2 /.lg/ml of
thymidine and [methyl-3HJthymidine (10/.lCi; specific activity
20.7 mCi/mg; Amersham International, Amersham, UK). The speci-
fic activity was approximately 2 x 10-5 cpm//.lg of chromosomal
DNA. Cloning procedures were performed as described by Sam-
brooket al. (1989). DNA restriction fragments were recovered from
agarose gels by electrophoresis onto DEAE NA45 membranes

Preparation of cell-free extracts

Celllysates for ATP-dependent nuclease assays and SDS-PAGE
were prepared as follows. Cells were grown on either TY broth or
minimal medium and harvested 2-3 h after the transition from
exponential to stationary phase growth; the expression of AddAB
has been shown previously to be maximal in this growth stage
(Haijema et al. 1995). Cell-free extracts were prepared by cell rupture
in a French press as described by Kooistra et al. (1991), using
a J5-598A laboratory pressure cell press (Aminco, Silver Spring,
Mass. USA). Prior to SDS-PAGE, lysates were centrifuged at 4° C
(13000 x g) for 15 min to remove intact cells and cell debris. Protein
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concentrations were deterrnined as described by Bradford (1976),
with bovine serum albumin (Sigma) as a standard.

addA; and (ii) a 0.7 kb BamHI- EcoRI fragment, up-
stream of the addB gene (Kooistra and Venema 1991).
The resulting plasmid, pD2K, was isolated from E. coli,
linearized with ScaI and used to transform competent
B. subtilis 8G5 cells. Southern hybridizations, using
addAB- and Kmr-specific probes, showed that in the

resulting kanamycin-resistant transformant, designated
8GKO, the addAB genes had been deleted and replaced
by the Kmr marker (result not shown). As a result ofthe
deletion, strain 8GKO exhibited sensitivity to mito-
mycin C (100 ng/ml); in addition, ATP-dependent
exonuclease assays demonstrated that the ExoV (ATP-
dependent nuclease) activity was completely lost in this
strain (Table 2A).

Assay of ATP-dependent exonuclease activity

A TP-dependent exonuclease activities were determined as the
amount of acid-soluble cpm released upon incubation of [3H]-
labeled chromosoma] DNA with cell-free extracts, and were carried
out as described by Kooistra and Venema (1991).

SDS-PAGE alld Western blot allalysis

SDS-PAGE was performed according to Laemmli (1970), using
a Mini-Protean II vertical electrophoresis system (Bio-Rad Laborat-
ories). Molecular weight markers consisted of myosin (200000 Da),
f3-galactosidase (116250 Da), phosphorylase b (92500 Da), bovine
serum albumin (66200 Da), and ovalbumin (42700 Da) (SDS-PAGE
standards, high molecular weight, Bio-Rad). Western blotting onto
nitrocellulose membranes (BA85; Schleicher and Schuell) was car-
ried out as described by Towbin et al. (1979). Molecular weight
markers for western blotting were from Amersham (Rainbow col-
oured protein molecular weight markers). AddAB production was
monitored with specific antisera against AddA and AddB, and
subsequent tracing of bound antibodies with alkaline phosphatase
(AP) anti-rabbit IgG conjugates and staining with AP substrates,
BCIP and NBT (Protoblot, Western Blot AP system, Promega
Biotec, Mass. USA).

Overproduction of AddAB using gene amplification

To examine whether overproduction of AddAB had
a positive effect on the stability of pGP1, strains were
constructed carrying multiple copies of the addAB
coding sequences on the chromosome. A 1.9 kb EcoRI-
XbaI fragment from pALKl12, carrying the kana-
mycin resistance marker (Kmr) of the Staphylococcus
aureus plasmid pUBl10, was treated with T4 DNA
polymerase and ligated with SmaI-linearized
pSPT1988. Plasmid pSPT1988 is a high copy-number
E. coli replicon, carrying the wild-type addAB genes
(Kooistra and Venema 1991). The resulting construct,
pSPT1988K, was used to transform competent B. sub-
tilis 8G5. Since this plasmid cannot replicate in this
host, kanamycin-resistant colonies were obtained via
Campbell-type integration of the plasmid into the host
chromosome (Fig. 2A). Amplification of the integrated
unit was carried out using concentrations ofkanamycin
ranging from 15 to 200I1g/ml. The levels of amplifica-
tion in the resulting clones (designated 8GK153 -2003)
were determined by Southern blotting of PstI-digested
chromosomal DNA of randomly selected clones and

Assay for structural plasmid stability

B. subtilis strains were transformed with approximately 1 I!g of
pGP1 DNA. Blue transformants on X-gal-containing plates, ex-
pressing the penP-lacZ gene fusion, were restreaked several times on
fresh minimal agar plates supplemented with Cm and X-gal. In
a typical stahility experiment, ten individual hlue colonies were
isolated and grown separati:ly for another 15-20 generations on TY
hroth supplemented with Cm. These cultures were screened for
white progeny hy plating on minimal agar containing Cm and X-gal;
stahilities are expressed as the percentage of white colonies in the
progeny. The data presented in the Results section are the average of
three independently performed experiments.

Results Table 2 A TP-dependent nuclease activities in cell-free extracts of
the addAB deletion mutant (A) and AddAB overproducing strain (B)

Construction and characterization of an addAB
deletion mutant of B. subtilis A TP-dependent nuclease

activity (release of
acid-soluble

[3H]-labeled
nucleotides

[cprn])

A TP-dependent

exonuclease

activity /I.lg

protein
In earlier work we reported that mutations in the gelles
encoding AddAB interfered with the structural stability
of pGP1 (Peijnenburg et al. 1987; 1989). These muta-
tions have, however, not been characterized in detail.
We therefore constructed a well-defined addAB dele-
tion mutant for the allalysis of the role of AddAB in the
structural stability of pGP1. The addAB gelles we re
deleted via replacement recombination, as follows.
The Streptococcus faecalis kanamycin resistance gene
(Kmr) from pKM1 was inserted into the unique EcoRI
site of plasmid pD2. The latter plasmid contains the
twO-Jegions flanking the addAB gelles on the chromo-
some: (i) a 1.0 kb SmaI- SphI fragment, downstream of

Strain + ATP -ATP d (c pm) (cpm/~g) %

A
8GS
8GKO

B
8GS
8GK2003

1210
776

786
700

424
76

663
28

100
4

856

18092

269
463

587
17629

235a

7052a

100
3001

a The specific activity of the [3H]-labeled substrate used in these

experiments was approximately fivefold lower than in A
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A SmaI/EcoRI

SmaI/XbaI

B 1234567PstI
SalI

-8.5

-5.2

>< 7.8 kb -

SalI ~ ~ Smal 4.9 -

, L...~ L I chr.8G5

PslI 78kb PslI 49 PslI

~ S CO (Campbell)

Km

r ~ ~ I chr8GK153

PslI PslI PslI PslI PslI

27 30 34 33 33x

~ Ampllflcatlon

Km Km

~~~:-'"~~~ chr8GK2003
Pst I Pst I 85 Pst I 52 Pst I n Pst I

AmpllfIcatlOn unit

Fig. 2 Construction of strains carrying multiple copies of the addAB
genes in the chromosome. A Schematic representation of Campbell-
type integration and subsequent amplification ofthe addAB genes in
the chromosome of B. subtilis 8G5. Wavy lines represent the addAB
genes; solid box, selectable marker kanamycin resistance, (Kmr); open
box, plasmid sequences. B Southern hybridization of PstI-digested
chromosomal DNA isolated from 8G5 and strains carrying multiple
copies of addAB. Lane 1, 8G5; lane 2, 8GKO; lane 3, 8GK153; lane 4,
8GK253; lane 5, 8GK503; lane 6, 8GK1003; lane 7, 8GK2003.
Arrows indicate the chromosomal DNA fragments hybridizing with
an addAB-specific probe (Asp700-digested pSPT1988). The numbers
below the figure represent the intensity of the fragments obtained
with the integrants relative to those in the parental strain, as deter-
mined by densitometric scanning

a factor of 25 between strains 8G5 and 8GK2003. The
growth characteristics of the overproducing strains did
not differ significantly from the parental strain 8G5,
whereas the deletion mutant showed severely impaired
growth (Fig. 3B). In addition, strain 8GK2003 showed
normal viability, transformability, and UV -survival
kinetics (results not shown).

Stability ofpGPl in strains producing varying levels of
AddAB

subsequent hybridization with addAB-specific probes.
The results showed that fragments of the expected size
hybridized with the probe (Fig. 2B), indicating that
integration and amplification of the integrated se-
quences had occurred at the correct site. The possibility
that these fragments originated from autonomously
replicating pSPT1988K could be ruled out since the
Km' fragment present on pSPT1988K does not contain
pUB110 replication functions (Table 1), and due to the
absence of homology, in the deletion mutant 8GKO,
pSPT1988K transformants could not be obtained.
Densitometric scanning of the blots indicated that,
although the intensity of the signals was beyond the
range of linearity, the addAB gen es were amplified
at least 30 times (Fig. 2B). This was confirmed by
A TP-dependent exonuclease assays on cell lysates of
these clones (Table 2B), which showed a 30-fold higher
activity in strain 8GK2003. This indicates that enzyme
production increased linearly with gene dosage. Pre-
vious studies on plasmid-based expression systems in-
dicated that product yield is frequently not directly
related to plasmid copy number (Mountain 1989).
Therefore, we suggest that the system described here
offers an attractive alternative for gene amplification
and overexpression of proteins of interest.

Surprisingly, the maximum levelof amplification was
already obtained with 15 I.Lg/ml of Km, the concentra-
tion used for the initial selection of Campbell-type
integrants. In the absence of Km, levels of amplification
dropped by approximately 1.5% per generation in
strain 8GK2003 (result not shown). Overproduction of
AddAB was subsequently monitored in cell-free ex-
tracts by SDS-PAGE and western blot analysis using
AddA" and AddB-specific antibodies (Fig. 3A). Com-
parison of the signals revealed a difference of at least

To analyze the effects of AddAB on structural plasmid
stability, pGP1 was introduced into an isogenic set of
strains producing various levels of AddAB. In the par-
ental strain, 8G5, 80-85% of the cultures contained
white progeny; the frequency of white colonies in these
cultures varied from 0.1 to 6% (average 0.85%;
Table 3). These data are in good agreement with our
previous results obtained with this strain (Peijnenburg
et al. 1987). In the absence of AddAB, in strain 8GKO,
the deletion frequencies had drastically increased
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Table 3 Structural stability of pGPl in strains 8G5, 8GKO and
8GK2003Mw 2 3A 1

Relevant genotypeStrain Percentage of white
Cm' colonies"

I
220 kD -

8GS

8GKO

8GK2003

Wild type

~addAB

[addABJnb

0.85
> 50

0.05
-AddA
-AddB

97.4

a Average of three independent experiments; in each experiment ten

randomly selected colonies were tested
b Multiple co pies of addAB in the chromosome; n is approximately

30

Mw 1 2 3 4

AddA -
AddB -

B

o
0
(0

CJ
O

Fig.4 Production of AddAB in mutants 6G2258, 6G2270, and
6G2266. The presence of AddAB was monitored immunologically
using antisera directed against AddA and AddB. The arrows indicate
the position of AddA and AddB, respectively. Lane 1, 8G5; lane 2,
6G2258; lane 3, 6G2270; lane 4, 6G2266

Fig. 3A, B SDS-PAGE/western blot analysis of AddAB production
and growth characteristics of strains producing varying levels of
AddAB. A Immunological detection of AddAB using antisera di-
rected against AddA and AddB. Cells were grown on minimal
medium and harvested 2 h after the cultures reached stationary
phase. Cell-free extracts were electrophoresed in 7.5% SDS-polyac-
rylamide gels and analyzed by western blotting. Mw, molecular
weight marker; lane 1, 8G5 (5 !lg protein, 30 min staining with
BCIP/NBT); 2, 8GKO (5 !lg, 30 min staining); 3, 8GK2003 (2 !lg, 10
min staining). Arrows indicate the positions of the AddA and AddB
subunits. B Growth of 8G5, 8GKO and 8GK2003 in minimal me-
dium. Overnight cultures were diluted 50-fold in fresh medium;
growth was monitored by OD6oo measurements

tectable (addB71/addB72) or present in a truncated
form (addA5) (Fig. 4). These data suggest that the
B subunit plays an essential role in maintaining the
structural stability of pGP1.

The results described above clearly showed that re-
duced levels of AddAB interfere strongly with the struc-
tural stability of pGP1. To test whether the stability
might be improved by increasing the intracellular level
of AddAB, pGP1 was introduced into the AddAB-
overproducing strain 8GK2003. Randomly selected
blue transformants were screened for white progeny in
a standard stability experiment. The frequency ofwhite
colonies in the progeny of 8GK2003 [pGP1J varied
from less than 0.01 to 0.15%, with an average of ap-
proximately 0.05% (Table 3). This indicates that the
structural stability of pGP1 was drastically improved
as a result of AddAB overproduction; the average fre-
quency of white colonies was approximately 15- to
20-fold lower than in the parental strain 8G5. Cells of
strain 8GK2003, harboring pGP1, had normal mor-
phology as judged by light microscopic inspection.
Filamentous growth, which might affect plasmid segre-
gation kinetics and therefore the frequency of white
progeny, was not observed. Analysis of total plasmid
DNA from parental and overproducing strains did not

(average > 50%; Table 3). Quantitatively, the average
percentage of white colonies observed in the deletion
mutant was somewhat higher than observed in our
earlier studies using a number of undefined add point
mutants (Peijnenburg et al. 1987; 1989). We further
analyzed these mutants by immunological detection of
AddAB in cell-free extracts of late exponential cultures.
The results showed that the AddA subunit was present
in all three mutants at levels comparable to that of the
parental strain, whereas the B subunit was either unde-
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M + +
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-ac

-I

8.5 kb -
-c cc

with potential secondary structures in the penIP pro-
moter-operator region and hypothesized that the heli-
case activity associated with the AddAB complex might
prevent deletion formation by unwinding these struc-
tures (Peijnenburg et al. 1988; 1989). The present results
can be accommodated in this hypothesis if we assume
that overproduction of AddAB results in a more effi-
cient unwinding of secondary structures, which would
reduce the frequency of deletion formation. The pro-
cedure described here for the stabIe amplification of the
addAB gelles and the overproduction of its product will
enable the purification of wild-type and mutant AddAB
complex es from their homologous background.
In vitro binding studies using purified AddAB will
allow us to test the eventual binding affinity of AddAB
for covalently closed circular plasmid directly, which
will provide valuable information for the evaluation of
our present working model.

The data presented here and those previously de-
scribed by Peijnenburg and coworkers (1989) differ
from the observations made by Kupsch et al. (1989),
who showed that deletion formation by a hot-spot
sequence in plasmid pHV15-1 was reduced by the
addB72 mutation, but not by the addA5 mutation. In
the latter studies, high molecular weight (HMW) DNA
was considered to constitute a substrate for AddAB-
stimulated deletion formation. Our recent studies on
single-stranded (SS) DNA and HMW DNA produced
in a number of addAB mutants created by site-directed
mutagenesis indicated that differences in the levels
of ssDNA and HMW DNA cannot account for the
host-specific differences observed in pGP1 stability
(R.B. Meima, G. Venema, S. Bron, in preparation). This
indicates that the nature of the deletions studied by
Kupsch et al. (1989) differs from those studied here.

Although the data described in this paper clearly
demonstrate the involvement of AddAB in the structural
stability ofthe model plasmid pGP1, further studies will
be required for the understanding of the molecular
mechanism by which the enzyme stabilizes this plas-
mid. Based on our western blot analyses, we anticipate
that the AddB subunit plays a key role in this process.
Studies on the effects of site-directed mutations affect-
ing specific activities of AddAB on structural plasmid
stability are in progress. Furthermore, additional ex-
perimental evidence is required to identify the factor(s)
responsible for the initial stages of deletion formation,
i.e. the introduction of single- or double-strand breaks
in the plasmid. Evidently, topoisomerase I is one ofthe
candidates for at least the introduction of ss nicks. At
present it is unclear how the initial DNA damage is
further processed to generate deletions. We conceive
that recombination and repair enzymes are involved in
this processing, since several mutations in recombina-
tional repair functions affect pGP1 deletion formation.
Future analyses using the add mutants described above
and strains mutated in additional re combination path-
ways, will enable us to address this question.

Fig.5 Southern blotting analysis oftotal DNA isolated from strains
carrying pGP1. In each lane approximately 1 J.lg of total DNA was
loaded. As a probe, SspI-digested pGP1 was used. M, molecular
weight marker (SPP1 x EcoRI); lane 1, 8G5; lane 2, 8GK2003. -,
untreated; + , digested with EcoRI. (M multimeric, oc open circular,
llinear, ccc covalently closed circular)

reveal significant differences in either copy number or
multimerization patterns of pGPl (Fig. 5), ruling out
the possibility that such differences would underlie

differences in pGPl stability.

Discussion

In this study, the role of the AddAB enzyme in the
structural stability of a model plasmid in B. subtilis was
investigated. Strains were constructed that either
lacked or overproduced the AddAB complex. It was
shown that deletion of the addAB gelles resulted in
a high levelof instability, whereas overproduction of
the AddAB complex considerably improved the struc-
tural stability of the model plasmid.

The levelof instability in the addAB deletion mutant
was slightly higher than in our previous studies (Peij-
nenburg et al. 1987; 1989), in which plasmid stability
was assayed in strains carrying undefined mutations in
the addAB gelles. Our present data show that in these
mutants AddAB is still synthesized. The difference in
plasmid stability in these strains, as compared with the
deletion mutant, may be explained by residual activity
in the former strains. In addition, the immunological
analyses of these mutants indicated that the B subunit
of AddAB, which we believe to be important for DNA
binding, is essential for maintaining the structural in-
tegrity ofpGP1. In contrast to the high level ofinstabil-
ity observed in the deletion mutant, pGP1 was very
stabIe in the AddAB-overproducing strain 8GK2003.
Together, these data clearly show that the AddAB
complex is important for pGP1 structural stability.

In previous studies, we showed that the majority of
the lef t deletion-endpoints in pGP1 were associated
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