JOURNAL OF BACTERIOLOGY, Oct. 1997, p. 6472-6479
0021-9193/97/$04.00+0
Copyright © 1997, American Society for Microbiology

Vol. 179, No. 20

Contribution of Different Segments of the par Region to Stable

Maintenance of the Broad-Host-Range Plasmid RK2

CARLA L. EASTER, PATRICIA A. SOBECKY, ano DONALD R. HELINSKI*

Department of Biology and Center for Molecular Genetics, University of California,
San Diego, La Jolla, California 92093-0634

Received 29 May 1997/Accepted 14 August 1997

A 3.2-kb region of the broad-host-range plasmid RK2 has been shown to encode a highly efficient plasmid
maintenance system that functions in a vector-independent manner. This region, designated par, consists of
two divergently arranged operons: parCBA and parDE. The 0.7-kb parDE operon promotes plasmid stability by
a postsegregational killing mechanism that ensures that plasmid-free daughter cells do not survive after cell
division. The 2.3-kb parCBA operon encodes a site-specific resolvase protein (ParA) and its multimer resolu-
tion site (res) and two proteins (ParB and ParC) whose functions are as yet unknown. It has been proposed that
the parCBA operon encodes a plasmid partitioning system (M. Gerlitz, O. Hrabak, and H. Schwabb, J.
Bacteriol. 172:6194-6203, 1990; R. C. Roberts, R. Burioni, and D. R. Helinski, J. Bacteriol. 172:6204-6216,
1990). To further define the role of this region in promoting the stable maintenance of plasmid RK2, the
parCBA and parDE operons separately and the intact (parCBA/DE) par region (3.2 kb) were reintroduced into
an RK2 plasmid deleted for par and assayed for plasmid stability in two Escherichia coli strains (MC1061K and
MV10Alac). The intact 3.2-kb region provided the highest degree of stability in the two strains tested. The
ability of the parCBA or parDE region alone to promote stable maintenance in the E. coli strains was dependent
on the particular strain and the growth temperature. Furthermore, the insertion of the ColE1 cer site into the
RK2 plasmid deleted for the par region failed to stabilize the plasmid in the MC1061K strain, indicating that
the multimer resolution activity encoded by parCBA is not by itself responsible for the stabilization activity
observed for this operon. To examine the relative contributions of postsegregational cell killing and a possible
partitioning function encoded by the intact 3.2-kb par region, stability assays were carried out with ParD
provided in trans by a compatible (R6K) minireplicon to prevent postsegregational killing. In E. coli MV10Alac,
postsegregational killing appeared to be the predominant mechanism for stabilization since the presence of
ParD substantially reduced the stability of plasmids carrying either the 3.2- or 0.7-kb region. However, in the
case of E. coli MC1061K, the presence of ParD in trans did not result in a significant loss of stabilization by
the 3.2-kb region, indicating that the putative partitioning function was largely responsible for RK2 mainte-
nance. To examine the basis for the apparent differences in postsegregational killing between the two E. coli
strains, transformation assays were carried out to determine the relative sensitivities of the strains to the ParE
toxin protein. Consistent with the relatively small contribution of the postsegregational killing to plasmid
stabilization in MC1061K, we found that this strain was substantially more resistant to killing by ParE in
comparison to E. coli MV10Alac. A transfer-deficient mutant of the par-deleted plasmid was constructed for the
stable maintenance studies. This plasmid was found to be lost from E. coli MV10Alac at a rate three times
greater than the rate for the transfer-proficient plasmid, suggesting that conjugation can also play a significant
role in the maintenance of plasmid RK2.

A number of plasmid-encoded systems which enable plas-
mids to be stably maintained during exponential growth in the
absence of selection have been described. At least four basic
mechanisms for ensuring plasmid stable maintenance have
been established: copy number control of replication, an active
partition system which consists of an in cis site and trans-acting
proteins, site-specific resolution of plasmid multimers to max-
imize the number of plasmid monomers for partitioning, and
postsegregational killing which prevents plasmid-free daughter
cells from arising during cell division (10, 13, 23).

The broad-host-range plasmid RK2 (60 kb) is maintained at
the relatively low copy number of five to eight copies/chromo-
some in Escherichia coli (38) and is stably maintained in a wide
range of gram-negative bacteria (6, 29, 31, 34, 38). RK2 con-
tains a 3.2-kb region designated par which has been shown to
provide stable maintenance of RK2 and mini-RK2 replicons
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(8,29, 31, 32, 34, 35). The par region contains five genes in two
divergent operons (8, 29, 35). The first operon, contained
within a 2.3-kb fragment, consists of three genes, parC, parB,
and parA. The second operon includes two genes, parD and
parE. The ParD and ParE proteins function as an antitoxin and
a toxin, respectively, similar in activity to the previously de-
scribed postsegregational killing systems of the F (ced), R1
(kis/kid), and P1 (phd/doc) plasmids (2, 12, 14, 19, 21). ParD is
known to combine with and neutralize the toxic effects of the
ParE protein (15).

Although a clear understanding of the mode of stabilization
provided by the parCBA operon of RK2 has not been estab-
lished, the parA4 gene has been shown to encode a resolvase
protein which in conjunction with its multimer resolution (res)
site is active for resolving plasmid multimers (7, 8, 29). The res
site is found within a 100-bp region between the two promoters
P,.cp4 and P, pp. Earlier work using mini-RK2 replicons
indicated that multimer resolution activity specified by the
parCBA operon by itself does not account for the level of
stabilization observed (29, 31, 35). ParB has been shown to be
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TABLE 1. E. coli strains and plasmids used

Strain or plasmid Genotype and relevant characteristics Reference
or source
Strains
MV10Alac thr-1 leuB6 lacY-1 thi-1 tonA21 supE44 rfvD1 AtrpE5 N~ A(argF-lac) deoC1::Tnl10 34
MC1061K F~ araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 rpsL(Str") hsdR2 ry~ my " mcrA merB1 Km* 27
DH5a F endAI hsdR17 supE44 thil recAl gyrA relAl A(lacZYA-argF)U169 deoR [®80dlacA(lacZ)M15] 16
HB101 F~ A(gpt-proA)62 leuB6 supE44 ara-14 galK2 lacY1 A(mcrC-mrr) rpsL20(Str") xyl-5 mtl-1 recA13 1
C2110Nal" polA his rha spontaneous nalidixic acid-resistant mutant 16
MV10AlacNal* Spontaneous nalidixic acid-resistant mutant of MV10Alac 34
Plasmids
pRK2526 RK2 tetA::lacZYA 34
pRK21382 RK2526 AparCBA/DE, Sp* 34
pRR71-H pUC19 derivative containing parCBA/DE on a HindIII fragment This work
pRR120-0.7H pBluescript II SK(+) containing parDE on a HindIII fragment This work
pRK21382-3.2 pRK21382 containing parCBA/DE This work
pRK21382-0.7 pRK21382 containing parDE This work
pVW8703 pUC8Cm containing traFG G. Waters
pCES8703 pVW8703 containing a deletion-substitution within traG This work
pCE60 traG mutant, derivative of pRK2526 This work
pCE61 traG mutant, derivative of pRK21382 This work
pCE61-3.2 traG mutant, derivative of pRK21382-3.2, Km® This work
pCE61-0.7 traG mutant, derivative of pRK21382-0.7, Km® This work
pBS51 pUC19 derivative containing parCBA on a HindIIl fragment 35
pCE61-2.3 pCE®61 containing parCBA, Km* This work
pRR46 Mini-R6K with parD inserted into the polylinker region 35
pCE46 Cm" derivative of pRR46 This work
pCE15 pCEA46 deleted for parD This work
pMM40 ColE1 derivative with inducible fac promoter 17
pAS4 pMMA40 containing parE with an ATG start and expressed from the fac promoter 15
PAS6 pMM40 containing parE with a TTG start and expressed from the tac promoter 15
pKS490 pUCS containing the cer site from ColE1 36
pCE61-cer pCE®61 containing the cer fragment from pKS490 This work
pCE490 pUCS containing the ColE1 cer site from pCE61-cer This work

an endonuclease, but its contribution to the stable mainte-
nance provided by the parCBA operon is not known. It has
been proposed that the ParA, ParB, and ParC proteins make
up an active partition complex (8, 29, 31, 35).

Initially it was shown that the entire 3.2-kb region carrying
either the parCBA and parDE operons or the parDE operon
alone provided effective stabilization of an RK2 minireplicon
in a variety of gram-negative bacteria (29, 31). In a later study
carried out only in E. coli, the parCBA operon was isolated on
a 2.3-kb fragment and shown to be effective in stabilizing a
mini-RK2 plasmid (35). The relative contributions of the
parCBA and parDE operons to the highly effective stabilization
activity of the whole 3.2-kb region were determined in assays
using a mini-RK2 plasmid and found to be dependent on the
particular E. coli host and the temperature of growth. Re-
cently, deletions were carried out on an intact RK2 plasmid
carrying lacZ (34) to remove either the entire 3.2-kb region or
each operon separately. The various RK2 deletions were then
tested for stable maintenance in E. coli and five other gram-
negative bacteria. Sia et al. (34) found that the relative impor-
tance of parCBA and parDE varied depending on the host
bacterium.

In the present study, the stabilization activities of the entire
parCBA/DE region and the parCBA and parDE operons alone
were determined by reinserting these operons, isolated on
DNA fragments of lengths of 3.2, 2.3, and 0.7 kb, respectively,
into the intact RK2 plasmid deleted for the par region. The
activities of these operons individually and together were de-
termined in two different E. coli hosts that differed in sensitivity
to the ParE toxin protein, which is responsible for postsegre-

gational killing by the parDE operon. In addition, the stabiliz-
ing activity of the intact parCBA/DE region was determined in
the different E. coli hosts under conditions where the postseg-
regational killing activity was prevented by providing the ParD
protein in frans by using a second compatible plasmid carrying
the parD gene. This has allowed an assessment of the relative
contributions in different E. coli hosts of the parCBA stabili-
zation system and postsegregational killing (parDE) to plasmid
RK2 maintenance when both systems are present on the plas-
mid.

MATERIALS AND METHODS

Materials. Restriction endonucleases, Klenow fragment of E. coli DNA poly-
merase, T4 DNA ligase, linkers, and shrimp alkaline phosphatase were obtained
from commercial suppliers and used as recommended by the manufacturers.
5-Bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) was purchased from
Gold Biotechnology, Inc. (St. Louis, Mo.). [a-*P]dATP (3,000 Ci/mmol) was
obtained from New England Nuclear (Boston, Mass.). Isopropyl-B-p-thiogalac-
toside (IPTG) and antibiotics were obtained from Sigma Chemical Co. (St.
Louis, Mo.).

Strains and media. The bacteria and their sources are listed in Table 1. E. coli
strains were grown in LB medium (22) (GIBCO BRL Scientific, Grand Island,
N.Y.). MacConkey agar (Difco Laboratories, Detroit, Mich.) was used for
growth of E. coli MV10Alac as noted. Antibiotics for E. coli selection were added
to final concentrations of 250 pg/ml for penicillin, 50 wg/ml for kanamycin, 50
wg/ml for spectinomycin, 25 wg/ml for chloramphenicol, and 10 pg/ml for nali-
dixic acid.

Plasmid construction. All DNA manipulations such as restriction enzyme
digestion, filling in of 5" overhangs with Klenow fragment, shrimp alkaline phos-
phatase treatment, DNA ligation, agarose gel electrophoresis, and transforma-
tion of E. coli have been previously described (20). Plasmid DNA was isolated by
either the boiling lysis (11) or the alkaline lysis (20) procedure.

Plasmid pRK21382 (Fig. 1) is an RK2 derivative that has been deleted for the
entire 3.2-kb par region (34). This plasmid was kindly provided by E. Sia and D.
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FIG. 1. RK2 carrying different par regions. The relative positions of the kanamycin resistance gene (Km"), conjugal transfer regions (Tral and Tra2), ampicillin
resistance gene (Ap"), origin of replication (oriVV), replication initiation protein gene (17f4), lacZYA insertion, and region of insertion of the par-containing fragments
are indicated. The insertion site of the three HindIII fragments containing the par regions is at the HindIII sequence within the kanamycin resistance gene, and these
insertions result in an inactivation of this gene. The orientation of the insert in each case is not known.

Figurski. pRK21382 carries the lac operon which was inserted into the tetracy-
cline resistance gene. Plasmid pRK21382-3.2 is a derivative of plasmid
pRK21382 that contains the parCBA and parDE operons on a 3.2-kb HindIII
fragment. For its construction, plasmid pRR71, a pUC19 derivative which con-
tains the 3.2-kb par region of RK2 in the polylinker region (27a), was modified
by insertion of HindIII linkers into the unique polylinker EcoRI site of pRR71,
which was blunt ended by using E. coli DNA polymerase Klenow fragment to
generate plasmid pRR71-H. The 3.2-kb par region was removed from pRR71-H
as a HindIII fragment and inserted into pRK21382 to generate pRK21382-3.2.
The orientation of the 3.2-kb fragment carrying parCBA/DE in pRK21382-3.2
was not determined. Plasmid pRK21382-0.7 was constructed by insertion of the

parDE operon from plasmid pRR120-0.7H into pRK21382. Plasmid pRR120-
0.7H is a derivative of plasmid pRR120 [pBluescript II SK(+) derivative con-
taining the parDE operon in the polylinker region] (28). The Xhol site in the
polylinker of pRR120 was filled in with E. coli Klenow enzyme, and a HindIII
linker was added. The parDE region was isolated as an approximately 0.7-kb
HindIII fragment and inserted into the HindIlI-cleaved pRK21382. Orientation
of the 0.7-kb fragment containing the parDE region was not determined in
pRK21382-0.7.

A conjugally transfer-deficient RK2 plasmid was generated by using plasmid
pCES8703, a derivative of plasmid pVW8703. pVW8703 (38a) is a pUC8-Cm
vector that contains the #raFG genes of RK2 cloned into the HindIIl and EcoRI
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sites of the polylinker. The unique NotI site in the traG gene of pVW8703 was
cleaved, and E. coli DNA polymerase Klenow fragment was used to fill in the 5’
overhang. A Smal linker with a B-turn proline codon (TCCCCCGGGGGA) was
inserted into the blunt-ended site, resulting in pCE8703, which is TraG™ as a
result of the insertion. Replacement of the #raG gene in the RK2 derivatives
pRK21382, pRK21382-3.2, pRK21382-0.7, and pRK2526 with the defective traG
gene was carried out in vivo as described by Coles et al. (5). The traG mutant
derivatives with the various par regions were designated pCE61, pCE61-3.2,
pCE61-0.7, and pCE60, respectively. Plasmid pCE61-2.3 was constructed by
insertion of the parCBA operon, isolated from pBS51 (35) as a HindIII fragment,
into the HindIII site of plasmid pCE61. To confirm the presence of the correct
RK2 par fragments in the conjugal transfer-deficient plasmids, Southern blot
analysis was carried out with specific par DNA sequences as probes, but the
orientation of the fragment was not determined (20).

Plasmid pCE46 was constructed by using plasmid pRR46 (30), a mini-R6K
derivative containing the parD gene. The chloramphenicol resistance gene was
isolated from pBR325 (26) on a 2.0-kb HindIII and Hincll fragment. This 2.0-kb
fragment was blunt ended and then inserted into Smal-cleaved pRR46. The
control plasmid, pCE15, was constructed by deleting the parD gene from pCE46
by digestion with BamHI and Kpnl, blunting the ends, and religation.

For the construction of pCE61-cer plasmid pKS490 (33), a pUCS derivative
containing the ColE1l cer fragment was digested with Smal, followed by the
addition of HindIII-phosphorylated linkers to yield pKS490H. The cer site was
then isolated as a HindIII fragment and inserted into the HindIII site of pCE61.
Positive clones of pCE61-cer were then screened by Southern blotting using the
cer site sequence as a probe. To test the functionality of the cer site in pCE61-cer,
the cer site was reisolated from pCE61-cer and reinserted into pUCS to generate
plasmid pCE490. Dimers pCE490 and pUCS were isolated from agarose gels and
transformed into E. coli HB101 and MC1061K. Plasmid DNA from transfor-
mants containing pCE490 and pUCS8 was isolated by boiling lysis and run on a
0.85% agarose gel to determine the proportion of dimers to monomers.

Determination of transfer frequency. Conjugation experiments were per-
formed on solid media as previously described (39), using E. coli MV10Alac
carrying the RK2 plasmid derivatives as donors and MV10AlacNal" (spontaneous
nalidixic acid-resistant mutant of MV10Alac) as the recipient. Cultures were
grown to mid- to late log phase, mixed at a donor-to-recipient ratio of 1:4, and
vacuum filtered through 0.05-pum-pore-size filters, followed by incubation of the
filters on LB plates for 1 h at 37°C. Filters were subsequently placed into 1 ml of
150 mM NaCl and vortexed. Serial dilutions were plated onto selective media to
determine the exact number of recipients, donors, and exconjugants. Plates were
incubated at 37°C for 16 to 20 h. Frequencies were expressed as the number of
exconjugants per recipient cell.

Plasmid stabilization assays. Stabilization assays have been previously de-
scribed (31). Briefly, overnight liquid cultures of E. coli containing the various
RK2 traG derivatives were grown under antibiotic selection at either 30 or 37°C.
An aliquot of each culture was diluted 10*- to 10°-fold in prewarmed LB broth
and grown under selection to mid-log phase at either 30 or 37°C. The remaining
aliquot of each overnight culture was used to isolate plasmid DNA to confirm the
presence of the particular plasmid. At time zero, cells were diluted into LB broth
and maintained without selection for 50 to 200 generations of log-phase growth.
Aliquots of cells were plated onto either LB agar containing X-Gal (40 pg/ml) or
MacConkey agar, depending on the E. coli strain and plasmid, to determine the
percentage of cells maintaining the plasmid. For the pCE61-cer studies, aliquots
of cells were plated onto LB agar, and the resulting colonies were tested for
antibiotic resistance by replica plating onto LB agar with and without antibiotics
in order to determine the portion of cells that had retained the plasmid. Plates
were incubated at 37°C for 16 to 20 h. The percent plasmid loss per generation
was calculated by using the following formula: (1 — ¥/F//F;) X 100, where n is the
number of generations elapsed, F; is the fraction of cells containing the plasmid
at the initial time point, and Fy is the fraction of cells containing the plasmid at
the final time point.

Analysis of plasmid stability with ParD in trans. Assays were carried out as
described above except that antibiotic selection was maintained continuously on
the mini-R6K derivative carrying parD in trans. Aliquots of cells were then plated
onto MacConkey or LB agar containing X-Gal (40 wg/ml), with antibiotic selec-
tion for the R6K derivatives to assess RK2 plasmid stability.

Toxicity of ParE. Transformations were carried with 0.25 to 1 pg of plasmid
DNA. pMM40 is a ColEl-derived plasmid that contains an inducible tac pro-
moter (17). Plasmids pAS6 and pAS4 are derivatives of pMM40 containing the
ParE gene with ATG and TTG translational starts, respectively (15). Various
dilutions of the transformation mixtures were made in LB liquid and plated on
LB agar containing penicillin and with or without 1 mM IPTG and incubated at
37°C for approximately 16 h. The number of transformants per microgram of
DNA was determined for each transformation assay.

RESULTS

Contribution of conjugal transfer to RK2 stability. Numer-
ous studies have demonstrated that the broad-host-range plas-
mid RK2 is capable of high-frequency conjugal transfer among
many diverse gram-negative bacteria (9). To determine the
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TABLE 2. Contribution of conjugal transfer to RK2 maintenance”

. Stabilization Transfer Plasmid loss rate
Plasmid - TraG -\
region frequency (%/generation)

pRK21382 None + 34x10°! 1.10
pCE61 None - <1.0x10°° 3.63
pRK21382-3.2  parCBA/DE + 3.6 x 107! 0.00
pCE61-3.2 parCBA/DE - <1.0x107° 0.00
pRK21382-0.7  parDE + 1.5 X 1072 0.01
pCE61-0.7 parDE - <1.0x 1077 0.15

“ Results reported for transfer frequencies, and plasmid losses per generation
are averages from at least two experiments. E. coli MV10Alac served as both
donor and recipient for conjugal transfer measurements carried out at 37°C.

b Stability assays were carried out at 37°C in LB broth for approximately 100
generations.

relative contribution of conjugal transfer to RK2 stable main-
tenance, the essential transfer gene #raG, located in the Tral
region of RK2 (39), was inactivated by insertional mutagenesis
in plasmids pRK2526 (intact RK2 with a lacZYA insert in the
tetracycline resistance gene), pRK21382 (a derivative of
RK2526 with the par region deleted), and the par-containing
derivatives of pRK21382 by homologous recombination with a
pUCS plasmid carrying an insertional mutation in #raG. The
traG-defective plasmid construct of the par-deleted pRK21382
is designated pCE61. The transfer frequencies of the various
RK2 derivatives were determined in E. coli MV10Alac grown
on solid LB medium.

Results of the conjugal transfer assays indicated that the
mutation in #raG resulted in an approximately 10° decrease in
transfer frequency in comparison to the raG™* plasmid (Table
2). In addition, plasmid loss rates were approximately three-
fold higher in cells containing pCE61 (traG par) than in cells
containing pRK21382 (raG™ par) (Table 2). By using pCE61
and its derivatives, plasmid-containing cells can be distin-
guished from plasmid-free cells by the presence of blue versus
white colonies that develop after plating on either X-Gal me-
dium or the presence of red versus white colonies that appear
on MacConkey agar. A reduction in the ability of the par-
deleted plasmid to be maintained is also observed when the
traG mutation is present in the plasmid carrying the parDE
operon. In the case of the RK2 derivative carrying both par
operons, there was no effect of reducing conjugal transfer on
plasmid stability since both the #raG™ and the #raG derivatives
were stably maintained. These results suggest that conjugal
transfer reduces the loss rate of the RK2 plasmid when its
stabilization mechanisms are not fully functional but that con-
jugal transfer by itself is not sufficient to compensate for all of
the plasmid loss when the entire 3.2-kb par region is not
present. Sia et al. (34) have obtained similar results in which
the essential traJ gene of RK2 was mutated and the conse-
quence of this reduction in conjugal transfer was loss rates
which were significantly greater in the case of the RK2 deriv-
ative deleted for the par region.

Contribution of the parCBA and parDE operons to RK2
plasmid maintenance. Several studies have focused on deter-
mining the mechanism by which the 3.2-kb parCBA/DE region
functions to ensure stable plasmid maintenance of RK2 and
mini-RK2 replicon derivatives (29, 31, 35). The 0.7-kb parDE
operon within the 3.2-kb par region encodes a postsegrega-
tional killing system that either prevents or at least lowers the
frequency of production of plasmid-free segregants during cell
division (15, 30). The 2.3-kb parCBA operon has been shown to
encode a site-specific recombination system which resolves
plasmid multimers and two proteins with unknown functions
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FIG. 2. Stabilization of RK2 by different par regions in two E. coli strains. (A) Stability in E. coli MV10Alac at 37°C; (B) stability in E. coli MV10Alac at 30°C in
LB; (C) stability of E. coli MC1061K at 37°C in LB. Plasmids used were pCE61 (OJ), pCE61-3.2 (O), pCE61-2.3 (), and pCE61-0.7 (©).

(7, 8, 29). However, several studies using RK2 minireplicons
have concluded that multimer resolution alone is not respon-
sible for stabilization of the minireplicons by the par region
since the ColEl1 cer site does not prevent loss of the plasmid in
the absence of the parCBA operon, nor were detectable levels
of multimers observed in these mini-RK2 plasmid stabilization
studies (29, 31, 35). In this study, we used an intact RK2
plasmid defective in conjugal transfer to assess the roles of the
parCBA and parDE operons in RK2 plasmid maintenance in-
stead of the minireplicons of RK2 that were used in the earlier
studies.

The traG derivative of RK2 (pCE61) containing either the
3.2-kb parCBA/DE, the 2.3-kb parCBA, or the 0.7-kb parDE
region was transferred into and established in two E. coli
strains (MV10Alac and MC1061K). After 100 generations of
nonselective growth at 37°C in LB broth, E. coli MV10Alac
exhibited little loss of whole RK2 carrying either the
parCBA/DE or the parDE region (Fig. 2A). In contrast, the
2.3-kb parCBA region did not provide a high level of stability in
E. coli MV10Alac (Fig. 2A). Since Sobecky et al. (35) recently
reported that the parCBA-mediated stabilization with mini-
RK?2 replicons as the test system may show some dependency
on plasmid copy number or temperature conditions of cell
growth, the intact RK2 stabilization assay was also carried out
in E. coli MV10Alac at 30°C. The earlier study with minirep-
licons (35) found that the plasmid copy number of a temper-
ature-sensitive minireplicon at 30°C was approximately twice
that at 33.5°C. As shown in Fig. 2B, the 2.3-kb parCBA region
exhibited a high degree of stabilization activity in E. coli
MV10Alac at 30°C. In addition, either parCBA/DE or parDE
alone effectively stabilized the plasmid at 30°C. In the second
E. coli strain tested, MC1061K, it was the parDE region alone
which was unable to provide efficient stabilizing activity of
intact RK2 when grown at 37°C in LB broth (Fig. 2C). The
presence of either parCBA/DE or parCBA provided greater
than 95% plasmid retention for 100 generations in E. coli
MC1061K (Fig. 2C). Sia et al. (34) similarly found reduced
effectiveness of the parCBA operon in E. coli MV10Alac grown
at 37°C.

Sensitivity of E. coli strains MV10Alac and MC1061K to the
parE protein. It has been previously shown that the parE gene
encodes a toxic protein which is responsible for the killing of
plasmid-free segregants (15, 30). The ParD protein complexes
with the ParE protein and acts as an antitoxin to the toxic
effects of ParE. Presumably, when a plasmid carrying the
parDE operon is lost from a cell, ParD is no longer present in
sufficient concentrations to prevent the killing action of the
ParE protein and the plasmidless cell dies. Kinetics studies
using minireplicons of RK2 carrying the parDE operon dem-

onstrated a correlation between loss of viability of cells and
loss of plasmid-containing cells with time in a growing culture
(30). It was previously found that certain E. coli strains were
more sensitive to the ParE toxin than others (15). The possi-
bility was considered that the substantial difference in effec-
tiveness of the parDE operon in stabilizing intact RK2 in the E.
coli strains MC1061K and MV10Alac may be due to greater
sensitivity of the MV10Alac strain to the ParE protein. To test
this possibility, MC1061K and MV10Alac were transformed
with two different plasmids, pAS4 and pAS6, each containing
parE under the control of the inducible promoter fac (15).
Plasmid pAS6 contains the parE gene and its native and
weaker translational start signal (TTG). Plasmid pAS4 con-
tains the parE gene with the stronger translational start signal
(ATG). Previous work has shown that plasmid pAS4 produces
substantially higher levels of the ParE protein than plasmid
pAS6 (15). As shown in Table 3, IPTG induction of either
pAS6 or plasmid pAS4 for ParE production resulted in no
transformants of E. coli MV10Alac, whereas many pAS6 trans-
formants were obtained with strain MC1061K in the absence of
induction. The results suggest that the apparent greater resis-
tance of MC1061K to the ParE protein is the reason for the
lesser effectiveness of the parDE operon to stabilize the RK2
plasmid in MC1061K than in MV10Alac.

Effect of ParD in trans on the stability of RK2 plasmids
carrying various par regions. The stabilization of plasmids
containing the 0.7-kb parDE operon is dependent on the ability
of ParE to kill plasmid-free segregants that may arise in the
population due to either replication or partition errors. Sup-
plying ParD in #rans allows plasmid-free segregants to survive
through the neutralization of ParE toxicity (15, 35). To exam-
ine the contribution of the parDE operon to the overall stabi-
lization seen for the 3.2-kb region in MV10Alac and
MCI1061K, ParD was supplied in frans by a coresident plasmid
(pCE46) that was maintained by antibiotic selection. As shown

TABLE 3. Sensitivity of E. coli strains to ParE*

No. of transformants obtained

Plasmid E. coli MC1061K E. coli MV10Alac
Uninduced Induced Uninduced Induced
pMM40 2.4 X 10° 2.8 X 10° 9.0 x 10* 1.9 X 10°
pAS6 34 x10° 3.8 x10° 2.8 x 10* 0.0
pAS4 42 X 10° 0.0 1.4 X 10° 0.0

“ Transformation mixtures were plated on LB agar containing penicillin (250
wg/ml) with and without IPTG (1 mM).
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TABLE 4. Stability of RK2 plasmids when ParD is
provided in trans

Loss rate (%/generation)®
Stabilization

Plasmid 3 J

region MV10Alac Ng,/;fﬁ)l,‘}c MC1061K N([gr(g)l}{
pCE61 None 5.55 4.96 3.15 2.45
pCE61-3.2 parCBA/DE 0.00 3.02 0.16 0.17
pCE61-0.7 parDE 0.60 3.20 1.58 2.23

“ Number of generations ranged from 100 to 200 in LB medium at 37°C.
 ParD is provided by plasmid pCE46.

in Table 4, in the case of MV10Alac, providing ParD in trans
substantially reduced the stabilization of RK2 by either the
3.2-kb region or the parDE operon alone, suggesting that the
stabilization activity of the 3.2-kb region at 37°C is largely due
to postsegregational killing encoded by the parDE operon (Ta-
ble 4). This finding is consistent with the relative ineffective-
ness of the parCBA region alone in stabilizing RK2 in this host
strain at 37°C (Fig. 2A). In contrast, the stabilization activity of
the 3.2-kb region in MC1061K is not affected by the presence
of ParD in frans, which is consistent with the overall effective-
ness of the parCBA operon alone in stabilizing the plasmid
(Fig. 2C) and the relative insensitivity of MC1061K to the toxic
activity of the ParE protein (Table 3). These results, in contrast
to those obtained with E. coli MV10Alac, indicate that the
stabilization provided by the parCBA/DE operons in E. coli
MCI1061K is largely due to the activity of the parCBA operon.

Multimer resolution and its role in stabilization. Several
plasmid systems have been shown to be stabilized by a func-
tional multimer resolution system (4, 18, 25). The ParA protein
encoded by the parCBA region of RK2 and its res site consti-
tute a highly effective system for resolving multimers and are
therefore capable of stabilizing plasmids particularly under
conditions of high levels of multimer formation and/or low
copy number. However, previous studies with mini-RK2 rep-
licons indicated that the stabilization activity of the parCBA
operon is unlikely to be due in large part to the multimer
resolution system within this operon (29, 31, 35). To determine
if that was the case for the intact RK2 plasmid, the cer site of
ColE1 was inserted into the RK2 par-deleted plasmid pCE61.
As shown in Table 5, whereas the parCBA region was highly
effective in stabilizing the pCE61 plasmid (0.03% loss per gen-
eration of pCE61-2.3 in MC1061K), the presence of the cer site
produced only a modest increase in stabilization of the plas-
mid. To prove the functionality of the cer site insert in pCE61,
the fragment containing the cer site was removed from pCE61-
cer and inserted into a derivative of plasmid pUC8 (pCE490),
which was then tested for its ability to monomerize pCE490
dimers in several E. coli strains. It was found that the cer site
was completely functional in resolving dimers of the pUCS
derivative (data not shown). Thus, in the case of the intact
plasmid RK2, a functional multimer resolution system cannot

TABLE 5. Determination of stabilization of RK2 by the ColE1
cer site in E. coli MC1061K

Plasmid Stabilization Loss rate
region (%/generation)”
pCE61 None 3.36
pCE61-2.3 parCBA 0.03
pCE61-cer ColE1 cer 2.11

¢ Calculated for 150 generations in LB medium at 37°C.
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replace the activity of the parCBA operon in providing stabi-
lization of the RK2 plasmid.

DISCUSSION

Most of the work to date characterizing the parCBA/DE
stabilization region of RK2 has been carried out with mini-
replicons of RK2. An exception is a recent study using an RK2
plasmid that is intact except for the insertion of a DNA frag-
ment carrying lacZYA into the tetracycline resistance gene
(34). The importance of examining the role of the entire par
region as well as the separate parCBA and parDE operons in
providing maintenance of the RK2 replicon in the context of
the many other genes and sequences of the intact plasmid led
to the present study. This study examines the effects on stable
maintenance of reinsertion of these par regions into the RK2
par-deleted plasmid in the presence and absence of the ParD
protein which was provided in trans by a second compatible
plasmid. Two E. coli hosts that display substantial differences
in the ability to maintain RK2 carrying either the parCBA or
the parDE operon alone were used. In addition, the ability of
the ColEl cer multimer resolution system to replace the
parCBA operon in stabilizing intact RK2 was examined. The
restoration of stabilization activity by the reinsertion of either
the intact or parts of the par region complements and extends
the earlier study using various par deletions and allows us to
examine in future studies the effect of various point mutations
and deletions in the par region on stabilization of the intact
RK2 plasmid.

For this study, a traG mutation was introduced into the
par-deleted RK2 plasmid to prevent conjugal transfer of the
plasmid and therefore minimize the possibility that conjugal
transfer from RK2-containing cells to cells that have lost the
plasmid would occur and thus mask any instability due to the
absence of all or parts of the par region. In the course of
working with this f7aG mutant of the par-deleted plasmid,
similar evidence supporting a role of conjugal transfer in plas-
mid maintenance was obtained by Sia et al. (34).

Stability measurements on constructs of the RK2 plasmid
carrying either the entire 3.2-kb parCBA/DE region or the
parCBA and parDE operons alone in E. coli MV10Alac and
MC1061K clearly demonstrated major strain differences in the
activities of the two operons when the cells were grown at 37°C.
While the entire 3.2-kb parCBA/DE region stably maintained
RK2 in both strains, the parDE operon was relatively ineffec-
tive in E. coli MC1061K whereas the parCBA operon poorly
stabilized RK2 in E. coli MV10Alac at 37°C. At 30°C, however,
the parCBA operon was quite effective in stabilization of RK2
in E. coli MV10Alac. Sobecky et al. (35) have observed a higher
copy number of a mini-RK2 temperature-sensitive replicon at
30°C than at 33.5°C; therefore, we examined the possibility that
the intact RK2 plasmid also displayed a higher copy number at
a lower temperature. Indeed, the copy number of par-deleted
RK2 in E. coli MV10Alac at 30°C was found to be 50% greater
than when the strain was grown at 37°C (data not shown). This
lower copy number at 37°C may at least partly explain the
ineffectiveness of the parCBA operon to stabilize in E. coli
MV10Alac particularly if there is a threshold of plasmid copy
number for parCBA effectiveness. Alternatively, the function
or expression of the parCBA operon may show some temper-
ature sensitivity in E. coli MV10Alac or the lower growth rate
of this strain at 30°C may affect the activity of the parCBA
stabilizing system. Plasmid stabilization studies that have been
carried out with Bacillus stearothermophilus, E. coli, and
Rhodococcus equi have led to the proposal that growth rate,
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temperature, and bacterial strains can have an effect on plas-
mid maintenance (3, 24, 37).

It is clear that E. coli MC1061K is significantly less sensitive
to ParE killing than E. coli MV10Alac. This is the likely expla-
nation for the relative failure of the parDE operon to stabilize
RK2 in MC1061K. MV10Alac, however, exhibits a high level of
sensitivity to ParE killing, which likely accounts for the effec-
tiveness of stabilization at 37°C by the parDE postsegregational
killing system in this particular strain. The basis for this differ-
ence in ParE sensitivity exhibited by these two E. coli strains is
unknown. Sia et al. (34) using the RK2 plasmid with specific
deletions of the par region similarly found a high level of
effectiveness of stabilization at 37°C by the parDE region in
MV10Alac and relatively ineffective stable maintenance by the
parCBA region. However, Sia et al. (34) did not examine other
E. coli strains. In both this earlier work and the present study,
the intact 3.2-kb parCBA/DE region is highly effective in sta-
bilizing RK2 in E. coli MV10Alac.

Because of the ability of the ParD protein to complex with
and inactivate the ParE protein, it is possible to assess the
contribution of the postsegregational killing mechanism to the
level of stabilization observed with the intact 3.2-kb
parCBA/DE region. This was done by establishing in both E.
coli strains tested (MV10Alac and MC1061K) an R6K plasmid
minireplicon (pCE46) that was compatible with the RK2 rep-
licon and expresses ParD constitutively. Under these condi-
tions, any loss of an RK2 plasmid carrying the parDE operon
would not result in cell killing by ParE because of the presence
of ParD expressed from pCE46 which was stably maintained by
antibiotic selection. With this approach, it is clear that the
parDE operon functions as a postsegregational killing mecha-
nism even in the context of the intact 3.2-kb parCBA/DE region
and that this killing mechanism plays a major role in the overall
stabilization provided by the parCBA/DE region in MV10Alac
and a minor role, if any, in MC1061K. Again, the results are
consistent with the relative tolerance levels of the two strains to
ParE.

Finally, the contribution of multimer resolution in RK2 sta-
bilization by parCBA/DE or parCBA alone was examined. Pre-
viously, it has been shown that the ColE1 cer multimer reso-
lution system consisting of the ColE1 plasmid cer site and host
genes did not increase the stable maintenance of a mini-RK2
replicon. However, the effect of the cer multimer resolution
system on stabilization of intact RK2 had not been tested
previously. It was particularly important to test the effect of cer
on the stability of the intact RK2 plasmid despite the previous
results with the mini-RK2 replicon since it has been shown for
the multimer resolution systems psi and loxP that their ability
to replace the dif system is dependent on their location in the
chromosome (19a). It is clear from the results of the present
study that at least in E. coli MC1061K, the cer system provides
at best only a moderate level of stabilization of RK2 under
conditions where the parCBA region is highly effective. It was
further shown that the same cer sequence that was inserted
into RK2 is functional in resolving a pUCS plasmid derivative
in the same MC1061K strain. It is also worth noting that RK2
naturally carries a functional Tn/ transposon with an active
ParA-like multimer resolution system (4a). These results sup-
port a mechanism for stabilization by the parCBA region other
than multimer resolution of plasmid dimers or higher multi-
meric forms. Preliminary results with deletions within the
parCBA region indicate that the par4 gene is absolutely critical
for the stabilization seen with this operon whereas the parB
and/or parC genes in certain E. coli strains enhance stabiliza-
tion by par4 (6a).

Consistent with the earlier observations of Sia et al. (34), we
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have found in this study that the 3.2-kb par region is highly
effective in stabilization of a relatively intact RK2 plasmid in
different strains of gram-negative bacteria grown under differ-
ent conditions. Although the results of both studies indicate
that the 3.2-kb parCBA/DE is highly effective in many of the
host tested, there may be other regions of RK2 necessary for
stable maintenance of the plasmid under certain growth con-
ditions or in different hosts. For example, in addition to the par
region, the kilE gene has been shown to be important for RK2
stable maintenance in Pseudomonas aeruginosa (40). More-
over, it is clear that the relative contributions of the parCBA
and parDE operons to RK2 stabilization vary depending on the
organism, temperature of growth, and possibly copy number. It
is perhaps surprising that even within the same bacterial spe-
cies significant differences can be found in different strains with
regard to the effectiveness of the parCBA and parDE operons
in providing stable maintenance of the RK2 plasmid. There is
little question, however, that the combined 3.2-kb parCBA/DE
region has evolved into a highly effective and broad-host-range
stabilization system. A major question is the mechanism of
stabilization by the intact par system beyond postsegregational
killing encoded by parDE. Of particular interest is the possi-
bility that parCBA alone or in conjunction with parDE form a
complex nucleoprotein structure that ensures plasmid distri-
bution to each daughter cell during cell division by a partition-
ing-like mechanism.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant AI-07194
from the National Institutes of Health and by a minority predoctoral
fellowship (5 F31 GM 17230-02) from the National Institute of Gen-
eral Medical Sciences to C.L.E.

We thank Eva Garrett for providing technical assistance. We also
thank Aresa Toukdarian, Rick Roberts, Sherri Coles, Virginia Waters,
and Helmut Schwab for their helpful suggestions.

REFERENCES

. Boyer, H. W., and D. Roulland-Dussoix. 1969. A complementation analysis
of the restriction and modification of DNA in Escherichia coli. J. Mol. Biol.
41:459-472.

2. Bravo, A, O. Sagrario, G. deTorrontegoi, and R. Diaz-Orejas. 1988. Killing
of Escherichia coli cells modulated by components of the stability system of
ParD of plasmid R1. Mol. Gen. Genet. 215:146-151.

3. Brownlie, L., J. R. Stephenson, and J. A. Cole. 1990. Effect of growth rate on
plasmid maintenance by Escherichia coli HB101 (pAT153). J. Gen. Micro-
biol. 136:2471-2480.

4. Cerin, H., and J. Hackett. 1993. The parVB region of Salmonella typhi-
murium virulence plasmid pSLT contains four loci required for incompati-
bility and partition. Plasmid 30:30-38.

4a.Chen, S. T., and R. C. Clowes. 1987. Variations between nucleotide se-
quences of Tnl, Tn2, and Tn3 and expression of B-lactamase in Pseudomo-
nas aeruginosa and Escherichia coli. J. Bacteriol. 169:913-916.

5. Coles, S. P., E. Lanka, and D. G. Guiney. 1993. Site-directed mutations in the
relaxase operon of RP4. J. Bacteriol. 175:4911-4916.

6. Davis, T. L., D. R. Helinski, and R. C. Roberts. 1992. Transcription and
autoregulation of the stabilizing functions of broad-host-range plasmid RK2
in Escherichia coli, Agrobacterium tumefaciens, and Pseudomonas aeruginosa.
Mol. Microbiol. 6:1981-1994.

6a.Easter, C., and D. Helinski. Unpublished data.

7. Eberl, L., C. S. Kristensen, M. Givskov, E. Groehmann, M. Gerlitz, and H.
Schwabb. 1994. Analysis of the multimer resolution system encoded by the
parCBA operon of broad-host-range plasmid RP4. Mol. Microbiol. 12:131-
141.

. Gerlitz, M., O. Hrabak, and H. Schwabb. 1990. Partitioning of broad-host-
range plasmid RP4 is a complex system involving site-specific recombination.
J. Bacteriol. 172:6194-6203.

. Guiney, D. G., and E. Lanka. 1989. Conjugative transfer of IncP plasmids, p.
27-56. In C. M. Thomas (ed.), Promiscuous plasmids. Academic Press, Ltd.,
London, England.

10. Helinski, D. R., A. Toukdarian, and R. Novick. 1996. Replication control and

other stable maintenance mechanisms of plasmids, p. 2295-2324. In F. C.

Neidhardt, R. Curtiss III, J. L. Ingraham, E. C. C. Lin, K. B. Low, B.

Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger

—_

o]

K=l



VoL. 179, 1997

11.
12.

13.

14.

15.

16.

17.

18.

19.

(ed.), Escherichia coli and Salmonella: cellular and molecular biology, 2nd
ed., vol. 2. ASM Press, Washington, D.C.

Holmes, D. S., and M. Quigley. 1981. A rapid boiling method for the prep-
aration of bacterial plasmids. Anal. Biochem. 114:193-197.

Jaffe, A., T. Ogura, and S. Hiraga. 1985. Effects of the ccd function of the F
plasmid on bacterial growth. J. Bacteriol. 163:841-849.

Jensen, R. B., E. Groehmann, H. Schwabb, R. Diaz-Orejas, and K. Gerdes.
1995. Comparison of ccd of F, parDE of RP4, and parD of R1 using novel
conditional replication control system of plasmid R1. Mol. Microbiol. 17:
211-221.

Jensen, R. B., and K. Gerdes. 1995. Programmed cell death in bacteria:
proteic stabilization systems. Mol. Microbiol. 17:205-210.

Johnson, E. P, A. Strom, and D. R. Helinski. 1996. Plasmid RK2 toxin
protein ParE: purification and interaction with the ParD protein. J. Bacte-
riol. 178:1420-1429.

Kahn, M., D. Ow, R. Sauer, A. Rabinowitz, and R. Calendar. 1980. Genetic
analysis of bacteriophage P4 using P4-plasmid ColE1 hybrids. Mol. Gen.
Genet. 177:399-412.

Kleiner, D., W. Paul, and M. J. Merrick. 1988. Construction of multicopy
expression vectors for regulated overproduction of proteins in Klebsiella
pneumoniae and other enteric bacteria. J. Gen. Microbiol. 134:1779-1784.
Krause, M., and D. G. Guiney. 1991. Identification of multimer resolution
systems involved in stabilization of the Salmonella virulence plasmid pSDL2.
J. Bacteriol. 173:5754-5762.

Lehnerr, L., and M. Yarmolinsky. 1995. Addiction protein Phd of plasmid P1
is a substrate of the CIpXP serine protease of Escherichia coli. Proc. Natl.
Acad. Sci. USA 92:3274-3277.

19a.Leslie, N. R., and D. J. Sherratt. 1995. Site-specific recombination in the

20.

21.

22.

23.

24.

25.

26.

replication terminus region of Escherichia coli: functional replacement of
dif. EMBO J. 14:1561-1570.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

Miki, T., Z. T. Chang, and T. Horiuchi. 1984. Control of cell division by sex
factor F in Escherichia coli. I1. Identification of genes for inhibitor protein on
the 42.84-43.6 segment. J. Mol. Biol. 174:627-646.

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Nordstrom, K., and S. J. Austin. 1989. Mechanisms that contribute to the
stable segregation of plasmids. Annu. Rev. Genet. 23:37-69.

Oskam, L., G. Venema, and S. Bron. 1992. Plasmid maintenance in Bacillus
stearothermophilus is strain-dependent. FEMS Microbiol. Lett. 93:203-208.
Patient, M. E., and D. K. Summers. 1993. ColE1 multimer formation triggers
inhibition of Escherichia coli. Mol. Microbiol. 9:1089-1095.

Prentki, P., F. Karch, S. Iida, and J. Meyer. 1981. The plasmid cloning vector

CONTRIBUTIONS OF THE par REGION TO RK2 STABILITY

27.

6479

pBR325 contains a 482-base-pair-long inverted duplication. Gene 14:289-
299.

Raleigh, E. A,, K. Lech, and R. Brent. 1989. Current protocols in molecular
biology. John Wiley & Sons, New York, N.Y.

27a.Roberts, R. Unpublished data.

28.

29.

30.

31

32.

33.

34,

3s.

36.

37.

38.

Roberts, R. C. 1993. Ph.D. dissertation. University of California, San Diego,
La Jolla, Calif.

Roberts, R. C., R. Burioni, and D. R. Helinski. 1990. Genetic characteriza-
tion of the stability functions of a region of broad-host-range plasmid RK2.
J. Bacteriol. 172:6204-6216.

Roberts, R. C., A. R. Strom, and D. R. Helinski. 1994. The parDE operon of
the broad-host-range plasmid RK2 specifies growth inhibition associated
with plasmid loss. J. Mol. Biol. 237:35-51.

Roberts, R. C., and D. R. Helinski. 1992. Definition of a minimal plasmid
stabilization system from the broad-host-range plasmid RK2. J. Bacteriol.
174:8119-8132.

Saurugger, P., H. Hrabak, H. Schwabb, and R. M. Lafferty. 1986. Mapping
and cloning of the par-region of broad-host-range plasmid RP4. J. Biotech-
nol. 4:333-343.

Sherratt, D. J., L. K. Arciszewska, G. Blakely, S. Colloms, K. Grant, N.
Leslie, and R. McCulloch. 1995. Site-specific recombination and circular
chromosome segregation. Philos. Trans. R. Soc. Lond. Ser. B 347:37-42.
Sia, E. A,, R. C. Roberts, C. Easter, D. R. Helinski, and D. H. Figurski. 1995.
Different relative importances of the par operons and the effect of conjugal
transfer on the maintenance of intact promiscuous plasmid RK2. J. Bacte-
riol. 177:2789-2797.

Sobecky, P. A, C. L. Easter, P. D. Bear, and D. R. Helinski. 1996. Charac-
terization of the stable maintenance properties of the par region of broad-
host-range plasmid RK2. J. Bacteriol. 178:2086-2093.

Summers, D. K., and D. J. Sherratt. 1988. Resolution of ColEI dimers
requires a DNA sequence implicated in the three dimensional organization
of the cer site. EMBO J. 7:851-858.

Takai, S., T. Sugawara, Y. Watanabe, Y. Sasaki, T. Tsubaki, and T. Sekizaki.
1994. Effects of growth temperature on maintenance of virulent Rhodococ-
cus equi. Vet. Microbiol. 39:187-192.

Thomas, C. M., and D. R. Helinski. 1989. Vegetative replication and stable
inheritance of IncP plasmids, p. 1-25. In C. M. Thomas (ed.), Promiscuous
plasmids. Academic Press, Ltd., London, England.

38a.Waters, G. Unpublished data.

39.

40.

Waters, V., B. Strack, W. Pansegrau, E. Lanka, and D. Guiney. 1992. Mu-
tational analysis of essential IncPa plasmid transfer genes #raF and traG and
involvement of #raF in phage sensitivity. J. Bacteriol. 174:6666-6673.
Wilson, J. W., E. A. Sia, and D. H. Figurski. 1997. The kilE locus of pro-
miscuous IncPa plasmid RK2 is required for stable maintenance in Pseudo-
monas aeruginosa. J. Bacteriol. 179:2339-2347.



