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Three homologues of the plasmid RK2 ParDE toxin-antitoxin system are present in the Vibrio cholerae
genome within the superintegron on chromosome II. Here we found that these three loci—two of which have
identical open reading frames and regulatory sequences—encode functional toxin-antitoxin systems. The ParE
toxins inhibit bacterial division and reduce viability, presumably due to their capacity to damage DNA. The in
vivo effects of ParE1/3 mimic those of ParE2, which we have previously demonstrated to be a DNA gyrase
inhibitor in vitro, suggesting that ParE1/3 is likewise a gyrase inhibitor, despite its relatively low degree of
sequence identity. ParE-mediated DNA damage activates the V. cholerae SOS response, which in turn likely
accounts for ParE’s inhibition of cell division. Each toxin’s effects can be prevented by the expression of its
cognate ParD antitoxin, which acts in a toxin-specific fashion both to block toxicity and to repress the
expression of its parDE operon. Derepression of ParE activity in �parAB2 mutant V. cholerae cells that have
lost chromosome II contributes to the prominent DNA degradation that accompanies the death of these cells.
Overall, our findings suggest that the ParE toxins lead to the postsegregational killing of cells missing
chromosome II in a manner that closely mimics postsegregational killing mediated by plasmid-encoded
homologs. Thus, the parDE loci aid in the maintenance of the integrity of the V. cholerae superintegron and in
ensuring the inheritance of chromosome II.

Toxin-antitoxin (TA) systems were first described in low-
copy-number plasmids such as F, R1, and RK2, where they
promote plasmid maintenance in bacterial populations by kill-
ing plasmid-free daughter cells (17, 34, 40). This mechanism of
plasmid maintenance, often referred to as postsegregational
killing, relies on the greater stability of the toxin than its anti-
dote, the antitoxin. Daughter cells lacking a plasmid bearing a
TA system cannot synthesize either TA component and thus
become subject to the growth-inhibitory/killing activity of the
more long-lived toxin (reviewed in reference 16). To date, nine
families of TA systems have been described (58), all of which
employ toxins that inhibit either protein or DNA synthesis
(58). TA proteins are typically encoded by an operon in which
the gene encoding the antitoxin is located upstream of the gene
encoding the toxin (reviewed in reference 16).

Notably, TA systems are not only encoded by low-copy-
number plasmids. Nearly all completely sequenced bacterial
genomes have been found to contain chromosomal TA loci
(43), and some bacterial genomes harbor very large numbers of
such loci. For example, Mycobacterium tuberculosis has more
than 80 putative TA loci (46) and Escherichia coli has at least
15 (43, 44, 46). Chromosomal TA loci are often clustered
together and associated with mobile genetic elements (43), and
paralogous loci are frequently present (43). The physiologic
roles of chromosomal TA loci are not well understood and
remain the subject of some controversy. TA systems may pri-

marily be selfish entities that merely promote their own vertical
inheritance. However, several distinct biological roles for chro-
mosomal TA systems have been proposed. There is evidence
that these ubiquitous loci may mediate stress responses (3, 43),
programmed cell death (10, 26–28), persister cell generation
(25, 30), stabilization of large dispensable chromosome regions
(55, 60), and multicellular development (36). Such effects are
not necessarily mutually exclusive.

We have been investigating the activities and functions of
TA loci in Vibrio cholerae, the Gram-negative rod that causes
cholera (2). The V. cholerae genome, like that of all vibrios, is
divided between two chromosomes (20). The large V. cholerae
chromosome, chromosome I (chrI), is 2.96 Mbp and encodes
nearly all of the organism’s essential genes. The small V. cholerae
chromosome (chrII, 1.07 Mbp) contains a relative excess of hy-
pothetical and uncharacterized open reading frames (ORFs), but
the presence of at least a few essential genes on this replicon
qualifies it as a bona fide chromosome (9). Interestingly, all 13
annotated V. cholerae TA loci are found on chrII within a
126-kb superintegron (3, 43) (see Fig. 1A). These 13 TA loci
include three parDE homologs, as well as seven relBE loci, one
phd/doc locus, and two higBA loci. One higBA locus was shown
to encode a functional TA pair whose toxin, HigB, inhibits
translation by cleaving mRNA (2, 4). We recently found that
the parDE2 locus also encodes a functional TA system (62).
This locus exhibits modest similarity to the plasmid RK2
parDE locus, which has been shown to inhibit DNA gyrase
(23). We found that the ParE2 toxin of V. cholerae inactivates
DNA gyrase through a mechanism that differs from that of
other characterized gyrase inhibitors, including the F plasmid-
encoded CcdB toxin and the quinolone antibiotics (62). The
ParD2 antitoxin formed a protein complex with ParE2, thereby
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preventing its activity; however, ParD2 could not reverse
ParE2 toxicity.

Previous studies have revealed that there are chromosome-
specific mechanisms to ensure the proper segregation of V.
cholerae chrI and chrII to daughter cells (12–14, 50, 61). Both
chromosomes contain origin-proximal homologues of plasmid
partitioning (par) loci that promote the localization of their
respective replicons (13, 14, 61). Yamaichi et al. found that the
chrII par locus (parAB2) was essential for proper partitioning
of chrII to daughter cells (61). ChrII was mislocalized in a V.
cholerae parAB2 deletion mutant, leading to loss of the entire
small chromosome in a fraction of the population (61). Inter-
estingly, the nonviable cells that lost chrII underwent charac-
teristic cytologic changes, including cell enlargement and nu-
cleoid condensation and degradation (61). We speculated that
at least some of these cytologic changes might be due to the
chrII-encoded toxins, since antibiotics that inhibit the same
processes as some of these toxins also induced some of the
phenotypes that chrII-deficient cells developed (61).

Here, we examined the activities of the three V. cholerae
parDE loci. We found that each of the loci encodes a functional
TA system. The transcription of parDE1 (which has both cod-
ing and promoter sequences identical to those of parDE3) and
that of parDE2 are independently regulated by their cognate
ParD antitoxins. Furthermore, the ParD proteins only neutral-
ized the toxicity of their cognate ParE proteins. Expression of
ParE1 or ParE2 in V. cholerae led to pronounced DNA damage
and stimulated the V. cholerae SOS response. Presumably as a
consequence of this cellular response to DNA damage, the
ParE toxins blocked cell division. Finally, we found that the
three ParE toxins act in a redundant fashion to degrade chrI in
V. cholerae cells that have lost chrII. Taken together, our find-
ings suggest that chromosome missegregation stimulates ParE-
mediated killing of aneuploid daughter cells.

MATERIALS AND METHODS

Bacterial strains and plasmids. The plasmids and strains used in this study are
listed in Table 1. All of the V. cholerae strains used in this study were derivatives
of El Tor clinical isolate N16961 (20). Deletions of parDE1, parDE2, and parDE3
in the N16961 background were created using standard allelic exchange proto-
cols (8). Initial attempts to delete the entire parDE loci in one step were unsuc-
cessful. Therefore, we deleted the toxin genes before deleting the respective
antitoxins. In each case, we used derivatives of the allele exchange vector
pCVD442 (8) containing DNA flanking the sequence targeted for deletion (Ta-
ble 1). �parAB2 mutant strains were generated by using a previously described
vector (61). Bacteria were routinely grown in LB medium at 37°C. Antibiotics
were used at the following concentrations: streptomycin, 200 �g/ml; kanamycin,
50 �g/ml; ampicillin, 100 �g/ml; chloramphenicol, 20 �g/ml for E. coli and 5
�g/ml for V. cholerae.

ParE and ParD activity assays. All V. cholerae strains were grown in LB with
appropriate antibiotics and 0.2% glucose to an optical density at 600 nm (OD600)
of �0.3 to 0.5, spun down, washed twice with LB, resuspended in LB with
antibiotics and either 0.2% glucose or 0.02% arabinose, and then grown at 37°C.
A 50 �M concentration of IPTG (isopropyl-�-D-thiogalactopyranoside) was
added to induce the expression of ParD1. At successive time points, aliquots
were removed, the OD600 was measured, and the bacteria were plated onto
selective plates containing 0.2% glucose to enumerate CFU.

Molecular biology and cytologic techniques. Plasmid stability assays were
carried out as described previously (61). E. coli CAG1849 (53) or V. cholerae
N16961 lacZ containing plasmid-borne transcriptional fusions was used for �-ga-
lactosidase assays. All cultures were grown in LB medium with antibiotics plus
0.2% glucose at 37°C to an OD600 of �0.3 to 0.5, spun down, washed twice, and
resuspended in LB with either 0.2% glucose or 0.02% arabinose grown at 37°C
for 1 h. �-Galactosidase assays were carried out as previously reported (35).

Total DNA was isolated as previously described (51). Pulsed-field gel electro-
phoresis was performed as described previously (61). The In Situ Cell Death
Detection Fluorescein Kit (Roche Applied Science) terminal deoxynucleotidyl-
transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay kit was
used according to the manufacturer’s protocol. Cells were visualized with a 100�
alpha-plan lens on a Zeiss Axioplan 2 microscope for both phase-contrast and
epifluorescence microscopy. TUNEL assays were quantified using the Meta-
Morph imaging system, and statistical analyses were performed using GraphPad
Prism software.

ParE1 and gyrase copurification. A log-phase culture of JY178 was grown in
0.02% arabinose and 50 �M IPTG for 4 h to induce both His6-ParE1 and ParD1
expression; this protocol yields an excess of the ParE1 toxin. His6-ParE1 was
affinity purified using Ni-nitrilotriacetic acid (Ni-NTA) resin (Qiagen) according
to the manufacturer’s instructions. Briefly, cell lysates were incubated with Ni-
NTA resin equilibrated with binding buffer (50 mM NaH2PO4 [pH 8.0], 500 mM
NaCl, 10 mM imidazole) for 2 h at 4°C. The wash buffer contained 50 mM
NaH2PO4 (pH 8.0), 500 mM NaCl, and 20 mM imidazole, and the elution buffer
contained 50 mM NaH2PO4 (pH 8.0), 500 mM NaCl, and 250 mM imidazole. All
fractions were collected and analyzed by Western blotting. Blots were probed
with anti-His antibody (Genetex), anti-GyrA antibody (Inspiralis), or anti-GyrB
antibody (Inspiralis). Purified E. coli gyrase (New England Biolabs) was used as
a control.

RESULTS

Independent autoregulation of the three parDE loci on V.
cholerae chrII. The superintegron on V. cholerae chrII contains
three loci that exhibit similarity to the parDE locus found in
plasmid RK2 (Fig. 1A) (43). The parDE1 (vca0312-vca0311)
and parDE3 (vca0386-vca0385) loci have identical DNA se-
quences and are predicted to encode ParD and ParE proteins
with modest identity to the respective RK2 homologues (Fig.
1A). ParD2 and ParE2 (loci vca0360.1 and vca0359, respec-
tively), which we previously characterized (62), exhibit 14%
and 22% identity to ParD1 and ParE1, respectively. Similar to
other ORFs within the superintegron (43), the start codons of
all three parD genes are in close proximity to the 5� flanking
attC sites, leaving relatively little space to accommodate pro-
moters.

Typically, TA genes are coordinately expressed from a
promoter found upstream of the 5� antitoxin gene. However,
bioinformatic analyses of parDE1/3 and parDE2 using BPROM
(Softberry, Inc., Mount Kisco, NY) suggested that, in addition
to the expected ParD promoters, PparD1 and PparD2, the parE
genes might have their own promoters, PparE1 and PparE2. We
constructed plasmid-based transcription reporter fusions for
all four potential promoters to assess their activities. The PparD

fusions enabled significant expression of the reporter gene,
lacZ; however, comparable assays using the PparE reporters
suggest that the potential/putative parE promoters are not
functional (Fig. 1B). Additional genetic and Northern analyses
suggested that transcription of parE1 and parE2 instead ini-
tiates at PparD1 and PparD2, respectively (data not shown), and
thus that genes within each TA pair are cotranscribed.

Many TA loci are negatively regulated by binding of the
toxin/anti-toxin protein complex to the operon’s promoter (33,
41, 42, 56). However, autoregulation of RK2 parDE expression
is unusual in that ParD can independently mediate autorepres-
sion, and the binding of ParE to ParD does not promote the
interaction between ParD and the PparDE promoter (24, 47).
Similarly, we found that ParD1 and ParD2 were sufficient to
repress expression from PparD1 and PparD2, respectively (Fig.
1C). Furthermore, expression of ParE1 and ParE2 along with
their cognate antitoxins did not enhance repression of the
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant description Reference(s) or
source

V. cholerae
N16961 El Tor biotype 20
JY718 N16961/pBAD-E1/pGZparD2 This study
JY772 N16961/pBAD-E2/pGZparD1 This study
JY646 N16961 parDE2 This study
JY648 N16961 parDE2/pBAD-E2/pGZparD2 This study
JY650 N16961 parDE2/pBAD-E2/pGZ119EH This study
JY722 N16961 parDE1 parDE3 This study
JY716 N16961 parDE1 parDE3/pBAD-E2/pGZ119EH This study
JY782 N16961 parDE1 parDE3/pBAD-E2/pGZparD1 This study
YBB324 N16961 parAB2::spec 61
JY728 N16961 parE1 parE2 parE3 parAB2::spec This study
JY733 N16961 parE2 parAB2::spec This study
JY735 N16961 parE1 parE3 parAB2::spec This study
Nlac N16961 lacZ M. K. Waldor
JY774 N16961 lacZ/pBAD-E1/pMQLZ This study
JY777 N16961 lacZ/pBAD-E2/pMQLZ This study
JY780 N16961 lacZ/pBAD33/pMQLZ This study
PB81 N16961 higBA/pBAD18 higB 2, 4, 21

E. coli
CAG18439 MG1665 lacZU118 lacI42:::Tn10 53
JY97 CAG18429/pCB-PparD1 This study
JY111 CAG18439/pCB-PparD1/pBAD33 parD1 This study
JY288 CAG18439/pCB-PparE1 This study
JY290 CAG18439/pCB-PparE2 This study
JY335 CAG18439/pCB-PparD2 This study
JY346 CAG18439/pCB-PparD2/pBAD-D1 This study
JY349 CAG18439/pCB-PparD2/pBAD-D2 This study
JY538 CAG18439/pCB-PparD1/pBAD-D2 This study
MC1061 F� lacX74 rpsL araD139 �(ara leu)7697 galU galK hsdR mcrB thi 61
YBA268 MC1061/pXX705 61
JY764 MC1061/pXX705parDE2 This study
JY768 MC1061/pXX705parDE1 This study
BL21(DE3) E. coli BL21 containing a lambda prophage in which the gene for T7 RNA polymerase is

under the control of the lacUV5 promoter
Novagen

JY178 BL21/pETparE1/pBAD-D1 This study

Plasmids
pBAD33 Expression vector containing the PBAD promoter with a pACYC184 origin of replicon 18
pBAD-E1 parE1 in SacI-XbaI sites of pBAD33 This study
pBAD-E2 parE2 in SacI-XbaI sites of pBAD33 62
pBAD-D1 parD1 in KpnI-XbaI sites of pBAD33 This study
pBAD-D2 parD2 in KpnI-XbaI sites of pBAD33 This study
pCB182 Promoter reporter vector containing a lacZ gene 52
pCB-PparE1 Predicted promoter region of parE1 in BglII-HindIII sites of pCB182 This study
pCB-PparE2 Predicted promoter region of parE2 in BglII-HindIII sites of pCB182 This study
pCB-PparD1 Predicted promoter region of parD1 in BamHI-XbaI sites of pCB182 This study
pCB-PparD2 Predicted promoter region of parD2 in BglII-HindIII sites of pCB182 This study
pGZ119EH Ptac expression vector (ColD replicon) 29
pGZparD2 parD2 gene in KpnI site of pGZ119 This study
pGZparD1 parD1gene in KpnI site of pGZ119 This study
pXX705 bla �sopABC (mini-F plasmid) 37
pXX705parDE1 parDE1 operon in BamHI site in pXX705 This study
pXX705parDE2 parDE2 operon in BamHI site in pXX705 This study
pMQLZ pCB192 derivative with lexA::lacZ 45
pCVD442 sacB-containing allele exchange vector 8
pCVD442-E1 Flanking regions and part of parE1 coding sequence fused together to generate parE1

deletion of bp 23 to 336 in pCVD442
This study

pCVD442-D1 Flanking regions of parD1 in pCVD442 used to generate parDE1 deletion in N16961 parE1 This study
pCVD442-E2 Flanking regions and part of parE2 coding sequence fused together to generate parE2

deletion of bp 11 to 114 in pCVD442
This study

pCVD442-D2 Flanking regions of parD2 in pCVD442 used to generate parDE2 deletion in N16961 parE2 This study
pCVD442-E3 Flanking regions and part of parE3 coding sequence fused together to generate parE3

deletion of bp 169 to 326 in pCVD442
This study

pCVD442-D3 Flanking regions of parD3 in pCVD442 used to generate parDE3 deletion in N16961 parE3 This study
pET28b Expression vector containing T7 promoter Novagen
pETparE1 parE1 gene in NdeI-XhoI sites of pET28b This study
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promoters (data not shown), suggesting that formation of toxin/
antitoxin complexes does not augment these antitoxins’ activity
as transcription repressors. Finally, ParD1 and ParD2 only
repressed expression from their cognate promoters and did not
repress expression from PparD2 and PparD1, respectively (Fig.
1C). Thus, there is no cross talk in the regulation of expression
of parDE1/3 and parDE2 by their respective antitoxins.

parDE1 and parDE2 promote plasmid stability in E. coli. A
few chromosomal TA genes have been shown to promote the
stability of unstable low-copy-number plasmids, as was initially
observed using plasmid-derived TA genes (4). We inserted V.
cholerae parDE1 and parDE2 along with their endogenous pro-
moters into pXX705, an unstable derivative of the F plasmid
that lacks F’s partitioning and TA genes, to test if they could
promote the maintenance of this vector (37). After 18 gen-
erations without selection, only 34% of the cells still con-
tained pXX705 (Fig. 2). In contrast, both pXX705-parDE1
and pXX705-parDE2 were retained in nearly 90% of the cells
under these growth conditions (Fig. 2). Since the V. cholerae
parDE1 and parDE2 loci can promote the maintenance of
low-copy-number plasmids in E. coli MC1061, a heterologous
host, their activities do not appear to depend on a V. cholerae-
specific factor.

ParE1 and ParE2 inhibit cell division and reduce cell via-
bility in V. cholerae. To explore the effects of ParE1/3 and
ParE2 on V. cholerae, we introduced vectors enabling inde-
pendent and inducible expression of toxins and antitoxins
into V. cholerae strains lacking parDE2 (JY646) or parDE1
and parDE3 (JY722). We then monitored the effects of toxin
induction on culture density (OD600) and cell viability (CFU)
in the presence or absence of the corresponding antitoxin. We
observed that induction of ParE1 for 30 min in the parDE1

parDE3 mutant slightly reduced the number of viable cells in
the culture and that 2 h of ParE1 expression caused an �2-log
reduction in the number of CFU (Fig. 3A). The effect of ParE2
induction in the parDE2 mutant was slightly delayed, relative
to that of ParE1 induction, but ultimately even more dramatic,
as it reduced the number of CFU by more than 3 logs (Fig. 3C).
This toxicity was completely blocked by the expression of each
protein’s cognate antitoxin, suggesting that toxicity is due to a
discrete, neutralizable activity and is not a nonspecific conse-
quence of protein overexpression (Fig. 3A and C). We previ-
ously observed a similar effect for parE2 in wild-type (WT) V.
cholerae (62); however, the effects of parE1 have not previously
been addressed.

Notably, the decrease in CFU that resulted from the expres-
sion of parE1 and parE2 in the absence of antitoxin was not
accompanied by a reduction in the turbidity of these cultures
(as assessed by OD600). In fact, the OD of these cultures
increased in a similar fashion, regardless of whether or not
expression of the respective toxin gene was induced with arabi-
nose (Fig. 3B and D). These findings suggested that, at least for
the 2-h time period used in this assay, ParE1 and ParE2 do not
induce cell lysis but might instead block cell division. Micro-
scopic analyses supported this hypothesis; they revealed that by
60 min after induction of either ParE1 or ParE2, nearly all of
the cells exhibited filamentous morphology, reflecting defec-
tive cell division (Fig. 4A, phase). The toxins’ effects on cell
morphology, like their effects on cell viability, were fully
blocked by the cognate antitoxins.

Antitoxins specifically inhibit the toxicity of their cognate
toxins. To gain insight into the process(es) by which toxin
activity can be inhibited, we explored whether the ParD1 and
ParD2 antitoxins could block the effects of a noncognate toxin.
Mismatched pairs of toxins and antitoxins were introduced into
WT V. cholerae, and their effects on growth and viability were
assayed as described above. We observed that ParD1 did not
protect cells from ParE2 toxicity and ParD2 did not protect
cells from ParE1 toxicity (Fig. 3E). Together with the obser-
vation presented above that ParD1 and ParD2 only repressed
their cognate promoters (Fig. 1B), these findings suggest that
these proteins have specificity both as regulators and as toxin-
neutralizing agents. Studies of paralogous TA loci in other

FIG. 1. Autoregulation of the V. cholerae parDE loci. (A) Sche-
matic of the positions of the three parDE loci, as well as those of
additional TA loci, within the chrII superintegron. The genes are not
drawn to scale relative to the superintegron. Each value at the top
indicates the percent identity of the respective protein to RK2 ParD
and ParE. (B) �-Galactosidase activities from transcriptional reporter
fusions of parD1::lacZ (open columns), parD2::lacZ (dashed columns),
parE2::lacZ (filled columns), and parE1::lacZ (�, below detection)
were measured in E. coli CAG18439. (C) PparD1 (open columns) and
PparD2 (dashed columns) promoter activities were measured in the
presence of arabinose-inducible expression constructs for
ParD1(pBAD-D1) or ParD2(pBAD-D2). Either 0.02% arabinose (�)
or 0.2% glucose (�) was added to exponential-phase cultures 1 h prior
to the assay to induce or repress the expression of the antitoxins. In
panels B and C, the data represent the averages and standard deriva-
tions from at least three independent experiments.

FIG. 2. V. cholerae parDE1 and parDE2 stabilize the mini-F plas-
mid in E. coli. The presence of pXX705 (filled circles) or a derivative
of this plasmid containing either parDE1 (filled squares) or parDE2
(filled triangles) was determined after 5 and 18 generations in the
absence of selection. A representative experiment is shown.
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organisms, including a study of three paralogous parDE loci in
Caulobacter crescentus, have also failed to detect evidence for
cross talk between antitoxins and toxins encoded by distinct but
paralogous TA loci (4, 11).

ParE1 and ParE2 cause DNA damage and trigger the SOS
response. Our in vitro analyses revealed that addition of ParE2
to gyrase converted this enzyme into an endonuclease capable
of degrading chromosomal DNA (62). Consequently, we won-
dered whether the ParE-induced block in cell division (Fig.
4A) was an indicator of DNA damage and induction of the
DNA repair (SOS) response, which is known to halt cell divi-
sion. To assess whether ParE2 and ParE1 can cause DNA
damage in vivo, we examined XbaI-digested total DNA, which
includes genomic and plasmid DNAs, isolated from cells over-
expressing either ParE2 or ParE1 and lacking the correspond-
ing antitoxin. As shown in Fig. 4B, overexpression of either of
these toxins resulted in significant DNA degradation, which is
apparent as the absence of the normal XbaI cleavage pattern.
Additional evidence for the in vivo DNA-damaging activity of

ParE2 and ParE1 was obtained from TUNEL assays, which
enable the detection of single-stranded and double-stranded
DNA breaks and are widely used for detecting DNA damage
associated with apoptosis in eukaryotes (15). Using this assay,
intense fluorescence (the indicator of DNA breakage) was
observed when ParE1 or ParE2 was overexpressed in V. chol-
erae (Fig. 4A). When the cognate antitoxin was coexpressed
along with ParE2 or ParE1, there was nearly complete in-
hibition of the in vivo DNA damage in both the restriction
digestion assay (Fig. 4A) and the TUNEL assay (Fig. 4B).
Collectively, these data demonstrate that ParE1 and ParE2
overexpression, in the absence of a neutralizing antitoxin,
results in DNA damage.

Since overexpression of either ParE1 or ParE2 caused DNA
damage and we recently found that V. cholerae ParE2 targets
DNA gyrase (62), we hypothesized that ParE1 also targets this
essential enzyme. To investigate this possibility, we purified His6-
ParE1 from E. coli BL21 (JY178) and tested whether fractions
containing His6-ParE1 also contained GyrA and GyrB. Western
blotting of fractions containing affinity-purified His6-ParE1
also contained the two gyrase subunits (see Fig. S1 in the
supplemental material). Importantly, neither GyrA nor GyrB
binds nonspecifically to the Ni-NTA matrix using this protocol
(62). Thus, both ParE1 and ParE2 bind gyrase and likely cause
DNA damage by interfering with its activity.

To test if ParE-mediated DNA damage triggers the V. chol-
erae SOS response, we measured the activity of a lexA::lacZ
transcriptional reporter fusion in cells overexpressing either
ParE1 or ParE2. LexA is the master repressor of the SOS
regulon (which includes lexA), and since DNA damage leads to
LexA cleavage, lexA transcription is increased during SOS (31,
32). Induction of the expression of either of the ParE toxins
strongly induced lexA::lacZ activity (Fig. 4C). Thus, the DNA
damage resulting from the unfettered action of either of the
two V. cholerae ParE toxins appears to stimulate the SOS
response, which is likely to underlie some, if not all, of ParE’s
inhibition of cell division.

All three ParE toxins contribute to DNA damage in V. chol-
erae lacking ChrII. In our previous work, we hypothesized that
the activities of the toxins encoded in the chrII superintegron
might contribute to the characteristic cytologic changes that
accompany cell death in V. cholerae parAB2 mutants that lose
chrII (61). In �parAB2 mutant strains, chrII segregates ran-
domly, yielding cells that only bear chrI. These CHUBs (con-
densed nucleoid, hypertrophic, undividing bacteria) are not
viable, and the ChrI DNA they contain is highly degraded (61).
Since chrII-deficient cells can no longer synthesize antitoxin to
neutralize DNA-degrading ParE proteins and since these tox-
ins probably have a longer half-life than their cognate antitox-
ins (based on work with other TA loci, as well as our unpub-
lished observations), we investigated whether the three ParE
toxins contribute to chrI degradation in CHUB cells.

We compared the amount of chrI degradation in parAB2
mutant V. cholerae strains that contained all three parDE loci
and strains that harbored deletions of parE2, parE1 and parE3,
or all three parE loci by using both TUNEL and a restriction
enzyme assay. As previously reported, most of the CHUB cells
in the parAB2 mutant culture exhibited pronounced TUNEL
staining (Fig. 5A), as well as marked DNA degradation, which
is evident in XbaI-digested DNA resolved by pulsed-field elec-

FIG. 3. V. cholerae parDE1 and parDE2 are functional TA loci.
Arabinose-inducible constructs for toxin expression were introduced
into V. cholerae lacking the corresponding TA locus/loci, along with
either a plasmid enabling the expression of the cognate antitoxin (filled
symbols) or a vector control (empty symbols). At time zero, the cells
previously grown with 0.2% glucose were washed and resuspended in
either 0.2% glucose (solid lines) or 0.02% arabinose (dotted lines). At
each time point, culture turbidity (OD600) and the number of CFU
were monitored. IPTG (50 �M) was added to induce ParD1 produc-
tion in panels A, B, and E. ParD2 was produced under the control of
its native promoter in panels C, D, and E. �parDE1 parDE3 mutant
JY722, �parDE2 mutant JY646, and WT N16961 were the strain
backgrounds used in panels A and B, C and D, and E, respectively. The
results represent the means and standard deviations from three exper-
iments.
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trophoresis (Fig. 5C, lane 2). In the absence of all three parE
genes, there was a marked reduction in the amount of DNA
damage observed in the parAB2 mutant V. cholerae cells in
both the TUNEL and restriction enzyme assays (Fig. 5A, B,
and C, lane 3). In contrast, there were no detectable differ-
ences in the amounts of DNA damage observed in the parAB2,
parE2 parAB2, and parE1 parE3 parAB2 mutant cells (Fig. 5A,
B, and C, lanes 2, 4, and 5), suggesting that the three ParE
toxins have redundant activities in cells that have lost chrII.
The ParE toxins do not appear to contribute to phenotypes
other than DNA degradation that characterize CHUB cells.
There were no detectable differences in growth deficits (data
not shown), nucleoid condensation, or cellular hypertrophy in
parAB2 versus parE1 parE2 parE3 parAB2 mutant cells (Fig.
5A). In aggregate, these observations suggest that the ParE
toxins account for some (or all) of the DNA degradation that
accompanies chrII loss in parAB2 mutant cells but do not make
substantial contributions to the other phenotypes, such as nu-
cleoid condensation, that also appear following loss of the
small chromosome. Some of these phenotypes are likely a
consequence of the unfettered action of the other 10 toxins
encoded by the chrII superintegron. For example, we found
that overexpression of HigB, a superintegron-encoded toxin

that cleaves mRNA and inhibits protein synthesis (2, 4, 21),
results in nucleoid condensation (data not shown).

DISCUSSION

We have explored the roles and regulation of the V. cholerae
parDE loci which are encoded within the superintegron on
chrII. These three loci—two of which have identical ORFs and
regulatory sequences—encode toxin/antitoxin systems whose
toxins can inhibit bacterial division and reduce viability. The in
vivo effects of ParE1/3 mimic those of ParE2, which we have
previously demonstrated to be a DNA gyrase inhibitor in vitro,
suggesting that ParE1 is likewise a gyrase inhibitor, despite its
relatively low degree of sequence identity. In support of this
idea, we found that gyrase copurified along with ParE1 in cells
overexpressing this toxin. Expression of the V. cholerae ParE
proteins induces DNA degradation and activates the SOS re-
sponse to DNA damage, which in turn inhibits cell division.
Each toxin’s effects can be prevented by the expression of its
cognate ParD antitoxin, which acts in a toxin-specific fashion
both to block toxicity and to repress the expression of its parDE
operon. Derepression of ParE toxin activity in �parAB2 mu-
tant V. cholerae cells that have lost chrII accounts for the

FIG. 4. ParE1 and ParE2 overexpression causes DNA damage, induces SOS, and blocks cell division. (A) Cell and nucleoid morphology and
TUNEL analysis of JY650 (�parDE2/pBAD-E2/pGZ) and JY716 (�parDE1 parDE3/pBAD-E1/pGZ) before and after induction of ParE2 (E2)
or ParE1 (E1) expression with 0.02% arabinose and in JY648 (�parDE2/pBAD-E2/pGZ-D2) and JY782 (�parDE1 parDE3/pBAD-E1/pGZ-D1)
after the addition of 0.02% arabinose plus 50 �M IPTG. Scale bar, 2 �m. (B) XbaI-digested genomic DNA isolated from JY648, JY650, JY716,
and JY782. ParE1 or ParE2 production was induced with 0.02% arabinose (ara) for 2 h. Lane M, molecular weight standards (k, 103).
(C) �-Galactosidase activities of a lexA::lacZ fusion were measured in V. cholerae lacZ in the presence of overexpressed ParE1 (pBAD-E1, dashed
columns), ParE2 (pBAD-E2, filled columns), or a vector control (pBAD, open columns). Cultures were grown in LB plus 0.2% glucose to an OD600
of �0.3, washed, and then resuspended in either 0.2% glucose (�) or 0.02% arabinose (�) for 1 h before the measurement of �-galactosidase
activity. The data represent averages from at least three independent experiments.
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prominent DNA degradation that accompanies the death of
these cells. Overall, our findings suggest that the parDE loci aid
in the maintenance of the integrity of the V. cholerae super-
integron and in ensuring the inheritance of chrII.

The genomes of many species of gammaproteobacteria
and some alphaproteobacteria also contain homologues of
the RK2 parDE genes (43). Besides our analyses of the chro-
mosomal V. cholerae parDE loci presented here, studies of
chromosomal parDE loci in C. crescentus and E. coli O157:H7
have recently been reported (7, 11, 19). Multiple parE ho-
mologs are also present in these Gram-negative organisms,
although two of the E. coli O157 antitoxins for ParE, desig-
nated PaaA, are not homologues of ParD. Similar to our ob-
servations regarding the specificity of V. cholerae ParD regu-
lation of ParE expression and activity, the paralogous ParD
and PaaA antitoxins in C. crescentus and E. coli O157 did not
functionally complement each other, indicating that there is no
cross talk among the parDE-related loci in these organisms (11,
19). Fiebig et al. also reported that transcription of the three
functional C. crescentus paralogous parDE loci appears to be
differentially regulated by distinct environmental conditions,
providing further support for the idea that parDE paralogues
act as distinct functional units (11). Although regulatory insu-
lation between TA paralogues appears to be common (46), it is

not universal, as cross talk between similar but nonidentical
ccdAB TA systems has been reported (49, 59).

Even though the V. cholerae ParD antitoxins only exhibit
modest similarity to RK2 ParD, they likely autorepress the
transcription of their cognate TA loci in similar fashions (47).
Purified ParDRK2, acting as a dimer, binds to its promoter and
directly interferes with the binding of RNA polymerase (47).
Since V. cholerae ParD1 and ParD2 are predicted to contain
N-terminal ribbon-helix-helix DNA binding domains like that
present in ParDRK2 (39), it seems probable that these V. chol-
erae antitoxins also directly bind and repress their respective
promoters. However, the various ParD antitoxins may bind to
and inhibit the activity of their cognate ParE toxins in distinct
ways. The C-terminal ParE-interacting domain of ParDRK2 is
unfolded (38, 39, 47) and only becomes structured upon inter-
action with ParE. In contrast, C. crescentus ParD1, which forms
a heterotetrameric complex with ParE1 in solution and in the
ParD1-ParE1 crystal, is well structured in the absence of ParE1
(7). Ongoing efforts to determine the structures of V. cholerae
ParD2 and the ParD2-ParE2 complex should reveal if these
proteins are like those of RK2 or C. crescentus. It will also be
interesting to learn whether ParD antitoxins, like the E. coli
O157 PaaA antitoxins, interfere with ParE action by seques-
tering the toxin away from the nucleoid (19).

FIG. 5. All three ParE toxins contribute to DNA damage in �parAB2 mutant V. cholerae. (A) Phase-contrast microscopy, TUNEL, and
4�,6-diamidino-2-phenylindole (DAPI) staining of CHUB cells isolated from YBB324 (�parAB2), JY728 (�parAB2 parE1 parE2 parE3), JY735
(�parAB2 parE1 parE3), and JY733 (�parAB2 parE2) cells. (B) Quantification of TUNEL assays from at least 100 cells per group; means and
standard deviations are shown. The difference between �parAB2 and �parAB2 parE1 parE2 parE3 is statistically significant (the nonparametric
Kruskal-Wallis test and Dunn’s multiple-comparison test were performed; P 	 0.05). A. U., arbitrary units. (C) Pulsed-field gel electrophoresis of
XbaI-digested DNA isolated from WT (lane 1), YBB324 (�parAB2) (lane 2), JY728 (�parAB2 parE1 parE2 parE3) (lane 3), JY735 (�parAB2
parE1 parE3) (lane 4), and JY733 (�parAB2 parE2) cells (lane 5). Lane M, molecular weight standards (K, 103).
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The chromosome-encoded ParE toxins from V. cholerae, C.
crescentus, and E. coli O157, as well as RK2 ParE, all seem to
have similar effects in the cell. In all cases, expression of toxin
in the absence of the cognate antitoxin leads to marked inhi-
bition of cell viability, measured as the recovery of colonies in
plating assays. At least initially, toxin induction leads to little or
no decrement in the increase of culture turbidity (11); how-
ever, this apparent increase in culture density masks a blockage
in cell division marked by the formation of filamentous cells
(Fig. 4) (11, 19, 48). The disruption of cell division is likely a
consequence of ParE-dependent activation of the SOS re-
sponse (Fig. 4) (19). In E. coli, SOS promotes expression of
SulA, a protein that blocks cell division by binding to FtsZ and
blocking Z-ring formation (5). CcdB, a toxin which, like V.
cholerae ParE2 (62), stabilizes gyrase DNA cleavage interme-
diates and causes DNA breaks in vitro (6, 54), also triggers SOS
and blocks E. coli cell division (1, 22, 57). Interestingly, V.
cholerae does not encode a SulA homologue; thus, the nature
of the connection between SOS and inhibition of cell division
remains to be determined for this organism. The basis for SOS
induction is almost certainly that inhibition of gyrase by ParE
causes DNA damage. In vitro, RK2 ParE- and V. cholerae
ParE2-mediated gyrase inhibition can damage DNA (23, 62),
but our present findings reveal, for the first time, ParE-medi-
ated DNA damage in vivo (Fig. 4 and 5).

The physiologic function of chromosomal TA loci remains
controversial, in part because it has been difficult to assess the
effects of endogenous, rather than exogenously expressed, pro-
teins. In studies with exogenously expressed proteins, it is not
clear how well the relative levels of toxin and antitoxin, and the
timing of their expression, reflect those of the natural loci,
from which the two factors are coordinately expressed. Here,
we demonstrate that the V. cholerae parDE loci are respon-
sible for the chromosome degradation observed in V. chol-
erae parAB2 mutants that have lost chrII, suggesting that these
chromosomal loci, like those contained in plasmids, are agents
of postsegregational killing. The V. cholerae parDE loci are also
likely to inhibit the emergence of cells with deletions within the
chrII superintegron, which, unlike those lacking all of chrII,
might otherwise be viable, and thus, the parDE loci should
contribute to the stable perpetuation of the V. cholerae ge-
nome. Notably, events such as chrII loss and rearrangement
both present no opportunity for recovery from ParE-mediated
toxicity, as the needed antitoxin genes are no longer present. It
remains to be determined whether a transient reduction in
ParD levels and/or activity (e.g., due to enhanced proteolysis of
the antitoxin), resulting in ParE-mediated growth inhibition
that is temporary rather than terminal, ever occurs or whether
ParE’s inhibition of gyrase is, instead, always a fatal event.
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