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DNA gyrase is an essential bacterial enzyme required for the
maintenance of chromosomal DNA topology. This enzyme is
the target of several protein toxins encoded in toxin-antitoxin
(TA) loci as well as of man-made antibiotics such as quinolo-
nes. The genome of Vibrio cholerae, the cause of cholera, con-
tains three putative TA loci that exhibit modest similarity to
the RK2 plasmid-borne parDE TA locus, which is thought to
target gyrase although its mechanism of action is uncharacter-
ized. Here we investigated the V. cholerae parDE2 locus. We
found that this locus encodes a functional proteic TA pair that
is active in Escherichia coli as well as V. cholerae. ParD2 co-
purified with ParE2 and interacted with it directly. Unlike
many other antitoxins, ParD2 could prevent but not reverse
ParE2 toxicity. ParE2, like the unrelated F-encoded toxin
CcdB and quinolones, targeted the GyrA subunit and stalled
the DNA-gyrase cleavage complex. However, in contrast to
other gyrase poisons, ParE2 toxicity required ATP, and it in-
terfered with gyrase-dependent DNA supercoiling but not
DNA relaxation. ParE2 did not bind GyrA fragments bound by
CcdB and quinolones, and a set of strains resistant to a variety
of known gyrase inhibitors all exhibited sensitivity to ParE2.
Together, our findings suggest that ParE2 and presumably its
many plasmid- and chromosome-encoded homologues inhibit
gyrase in a different manner than previously described agents.

Toxin-antitoxin (TA)3 loci encode a toxic protein (the
toxin) and an antitoxin, either RNA or protein, that can neu-
tralize the toxin activity. TA loci were originally identified in

low copy plasmids (1, 2), where they ensure plasmid mainte-
nance by killing plasmid-free daughter cells in a process
known as post-segregational killing (3). Plasmid-borne TA
loci promote plasmid maintenance because antitoxins are
more labile than their cognate toxins in the intracellular envi-
ronment. Plasmid-free cells, which can no longer synthesize
either toxin or antitoxin, are therefore subject to the growth
inhibitory/killing effect of the relatively long-lived toxin. Al-
though TA loci were initially discovered in plasmids, in the
current “post-genomic era,” it has become clear that these loci
are also present in the chromosomes of nearly all species of
bacteria, often in multiple copies (4). Some bacteria harbor
very large numbers of TA loci in their chromosome (5), typi-
cally in association with mobile genetic elements. For exam-
ple, in Vibrio cholerae, 13 TA loci are found associated with
attC recombination sequences,which apparently enabled their
capture by the integrase of the chromosome 2 superintegron
(6). Even though the biochemical activities of several chromo-
some-encoded toxins have been deciphered, the physiologic
significance of these ubiquitous loci remains the subject of
controversy (7–9).
CcdB and ParE are representative of two families of unre-

lated toxins that block DNA replication by inhibiting DNA
gyrase, an essential enzyme that is also the target of quinolone
antibacterial agents (10). ParE, a toxin encoded on plasmid
RK2 (11–13), and CcdB, a toxin encoded on the F plasmid,
have unrelated amino acid sequences, but they both poison
DNA gyrase. CcdB and ParE are encoded adjacent to proteic
antitoxins, known as CcdA and ParD, respectively. Proteins
similar to CcdB and ParE are encoded within plasmid and
chromosomal sequences (4). Chromosomal CcdB homo-
logues have been shown to target gyrase (14), but studies
demonstrating that chromosomal ParE homologues poison
this essential enzyme have not been reported.
Like other type II topoisomerases, DNA gyrase modifies

DNA topology by introducing a double-stranded break in
DNA through which a second DNA duplex is passed (15).
This process can result in relaxation of positive or negative
supercoils, both of which are energetically favored. Gyrase
can also introduce negative supercoils; this process requires
ATP. Both transcription and DNA replication generate posi-
tively supercoiled DNA, and gyrase is required to relieve the
topological stresses associated with these essential processes.
Maintenance of correct levels of chromosomal superhelicity is
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also critical for initiation of DNA replication and for the for-
mation of open complexes for initiation of transcription (16).
Gyrase is a tetramer composed of two GyrA and two GyrB

subunits, and both subunits contain distinct functional do-
mains. The N-terminal domain of GyrA catalyzes the cleavage
and rejoining of DNA, and its C-terminal domain binds and
wraps DNA around the enzyme. Without the GyrA C-termi-
nal domain (GyrA-CTD), also called the “DNA wrapping do-
main” or GyrA33 (17), gyrase is unable to negatively supercoil
DNA; however, it still retains low levels of relaxation activity
(18). The N-terminal domain of GyrB binds and hydrolyzes
ATP, whereas its C-terminal domain interacts with GyrA and
DNA (16, 19).
The mechanism of action of relatively few gyrase inhibitors

has been determined. CcdB has been found to bind the dimer-
ization domain of GyrA, thereby preventing strand passage as
well as closure of the enzyme. In the presence of CcdB, the
covalently linked DNA gyrase reaction intermediates are sta-
bilized, which generates a “road block” for cellular poly-
merases in vivo and detectable DNA fragmentation in vitro
(20). Quinolone antibiotics, such as nalidixic acid, also stabi-
lize DNA gyrase intermediates, although they and CcdB tar-
get distinct sites within GyrA (16). ParE from plasmid RK2 is
also thought to poison gyrase by stabilizing gyrase-DNA com-
plexes, but the interactions between ParE and gyrase subunits
and the mechanism by which ParE inhibits gyrase have not
been explored. An Escherichia coli strain harboring a CcdB-
resistant GyrA was not resistant to RK2-encoded ParE, raising
the possibility that ParE inhibits gyrase in a different manner
than CcdB (11). Putative ParDE homologues are encoded in
the genomes of a wide variety of Gram-negative and Gram-
positive bacteria (4, 21), but studies of the target and mecha-
nisms of these chromosome-borne TA systems have not been
conducted.
Here, we investigated the activities encoded by the parDE2

locus found in the V. cholerae superintegron. In this Gram-
negative rod, the cause of cholera, the 13 putative TA loci in-
clude 3 loci with modest similarity to parDE of RK2. The pre-
dicted ParE2 amino acid sequence exhibits 29% sequence
identity with RK2-ParE, whereas the predicted ParD2 se-
quence is only 12% identical to RK2 ParD. We found that the
V. cholerae parDE2 genes encode a functional TA pair. Over-
expression of ParE2 inhibited the growth of both V. cholerae
and E. coli. ParD2 could prevent but not reverse ParE2 toxic-
ity and, thus, may function in a different fashion than many
other antitoxins. ParD2 co-purified along with ParE2, suggest-
ing that ParD2-mediated neutralization of ParE2 toxicity re-
sults from the in vivo formation of a ParE2-ParD2 protein
complex. Gyrase also co-purified with ParE2; in vitro studies
revealed that distinct sites within GyrA are bound by ParE2
and CcdB. Unlike quinolones and CcdB, ParE2 requires ATP
to stabilize gyrase-DNA cleavage complexes. In aggregate, our
findings suggest that ParE2 inhibits gyrase in a different man-
ner from other gyrase toxins.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—The plasmids and strains
used in this study are listed in Table 1. All the gyrase mutant

strains were generously provided by Coli Genetic Stock Cen-
ter at Yale University. Bacteria were grown in LB medium at
37 °C. Antibiotics were used at the following concentrations:
streptomycin, 200 �g/ml; kanamycin, 50 �g/ml; chloram-
phenicol, 20 �g/ml for E. coli and 5 �g/ml for V. cholerae.
Mapping the 5� End of the parD2 Transcript Analysis—To-

tal RNA was extracted from N16961 using TRIzol (Invitro-
gen), and after DNase I (Qiagen) treatment, 5� rapid amplifi-
cation of cDNA ends was performed according to
manufacturer’s protocol (Invitrogen). The reverse transcrip-
tion reaction was performed with JPP78 (TCATCGAAT-
GTTTTCACTAT) and then PCR-amplified with the
Abridged Anchor Primer (Invitrogen) and JPP80
(TGAAGCTATCAAGGTCATAATCAGCGTCA).
In Vivo ParE2 and ParD2 Activity Assays—V. cholerae and

E. coli strains were grown in LB with appropriate antibiotics
and 0.2% glucose to an A600 of �0.3–0.5, spun down, washed
twice with LB and then resuspended in LB with antibiotics
and either 0.2% glucose or 0.02% arabinose and grown at
37 °C. At successive time points, aliquots were removed and
plated onto selective plates containing 0.2% glucose to enu-
merate colony-forming units (CFU).
Protein Purification—E. coli gyrA and gyrB and V. cholerae

parD2 and parE2 were each introduced into a modified
pET28b (�) expression vector (Novagen) to yield recombi-
nant proteins that contain a His6 tag on their respective N
termini. This modified pET28b vector encodes a tobacco etch
virus protease recognition site (22). The DNA sequences of
these constructs were confirmed. Proteins were expressed and
purified according to a standard protocol (GE Healthcare).
Briefly, 1-liter cultures of E. coli BL21(DE3) containing one of
the expression vectors was grown at 37 °C in LB supple-
mented with kanamycin to an A600 of �0.6, then protein ex-
pression was induced by the addition of 1 mM isopropyl-�-D-

TABLE 1
Strains and plasmids used in this study

Name Relevant description
Source or
reference

Strains
N16961 V. cholerae El Tor biotype Ref. 26
JY367 N16961/pBAD33parE2�pGZparD2 This study
JY370 N16961/pBAD33parE2�pGZvector This study
BW27784 Ref. 28
JY 233 BW27784/pBAD33parE2�pGZparD2 This study
JY569 BW27784/pBAD33parE2�pGZvector This study
BL21(DE3) Novagen
JY262 BL21(DE3)/pET28bHisparD2 This study
JY302 BL21(DE3)/pET28bHisparE2�pBAD33parD2 This study
JY307 BL21(DE3)/pET28bHisparD2�pBAD33parE2myc This study
JY384 BL21(DE3)/pET28bHisgyrA This study
JY444 BL21(DE3)/pET28bHisgyrB This study
JY664 BL21(DE3)/pET28bHisparD2�pBAD33ccdBv.f. This study
JY668 BL21(DE3)/pET28bHisgyrA14�pBAD33ccdBv.f. This study
JY670 BL21(DE3)/pET28bHisgyrA14�pBAD33parE2 This study
JY281 DH5�/pBAD33parE2myc This study

Plasmids
pBAD33 Ref. 53
BAD33parE2 parE2 gene in SacI-XbaI sites of pBAD33 This study
pBAD33ccdBv.f. V. fischeri ccdB gene in SacI-XbaI sites of pBAD33 This study
pGZ119EH Ref. 54
pGZparD2 parD2 gene in EcoRI-XbaI sites of pGZ119 This study
pET28b Ref. 22
pET28bparE2 parE2 gene in NdeI-XhoI sites of pET28b This study
pET28bparD2 parD2 gene in NdeI-XhoI sites of pET28b This study
pET28bgyrA E. coli gyrA in NdeI-XhoI sites of pET28b This study
pET28bgyrB E. coli gyrB in NdeI-XhoI sites of pET28b This study
pET28bgyrA14 E. coli gyrA14 in NdeI-BamHI sites of pET28b This study
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thiogalactopyranoside (IPTG), and growth was continued for
an additional 4 h at 25 °C. Then the cells were lysed in a
French pressure cell, and the His-tagged proteins were puri-
fied using His-Trap nickel columns (Amersham Biosciences)
on an FPLC. The column was equilibrated with binding buffer
(50 mM NaH2PO4, pH 8.0, 500 mM NaCl. 20 mM imidazole,
10% glycerol). After washing with buffer W (50 mM NaH2PO4,
pH 8.0, 500 mM NaCl, 20 mM imidazole, 10% glycerol), His6-
tagged proteins were eluted from the column with a 20-ml
linear imidazole gradient (20–500 mM imidazole). Fractions
containing pure protein (purity �90% estimated by SDS-
PAGE) were pooled and dialyzed overnight at 4 °C in protein
storage buffer (20 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 3 mM

DTT, 50% glycerol). Size-exclusion chromatography was sub-
sequently performed for further purification of His-GyrA and
His-GyrB. When purifying His-tagged versions of either GyrB
or GyrA, we noticed that endogenous GyrA or GyrB, respec-
tively, always co-purified along with the epitope-tagged sub-
unit. This was routinely monitored with dot blots performed
with anti-GyrA and anti-GyrB antibodies. These blots re-
vealed that more GyrA co-purified with His-GyrB than GyrB
with His-GyrA (data not shown).
Native ParE2 was generated by removing the N-terminal

His6 tag from purified His6-ParE2 using AcTEV protease (In-
vitrogen) according to manufacturer’s protocol. Vibrio fischeri
CcdB and E. coli GyrA14, GyrA59 were produced as described
by Dao-Thi et al. (23) and De Jonge et al. (14), respectively.
E. coli GyrB was provided by Inspiralis Ltd. (Norwich, UK).
In Vivo Protein Interaction and Analysis—Log-phase cul-

tures of JY302 or JY307 were grown in 0.02% arabinose and 50
�M IPTG for 2 h to induce both His-ParE2 and ParD2-myc
expression. His6ParE2 was affinity-purified using an Ni-ni-
trilotriacetic acid (Ni-NTA) resin (Qiagen) according to the
manufacturer’s instructions. Briefly, cell lysates were incu-
bated 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. Wash buffer was 50 mM NaH2PO4, pH 8.0, 500 mM

NaCl, 20 mM imidazole, and elution buffer was 50 mM

NaH2PO4, pH 8.0, 500 mM NaCl, 250 mM imidazole. All frac-
tions were collected and analyzed by Western blotting. Blots
were probed with anti-Myc antibody (Invitrogen) or anti-His
antibody (Genetex) or anti-GyrA antibody (Inspiralis) or anti-
GyrB antibody (Inspiralis).
Surface Plasmon Resonance—Surface plasmon resonance

experiments were performed on a BIAcore� 2000 system (GE
Healthcare). The interactions between V. cholerae ParE2 or
V. fischeri CcdB and various gyrase fragments were analyzed
on both CM5 and Ni-NTA chips.
Sensor Chip CM5—E. coli His-GyrA, His-GyrA14, and His-

GyrB were immobilized on a CM5 sensor chip (GE Health-
care) via amine coupling. For immobilization, the system was
initially primed with Hepes-buffered saline with a flow rate of
5 �l/min. The carboxylated dextran matrix was activated by a
7-min injection of a solution containing 0.2 M N-ethyl-N�-(3-
diethylamino)propyl) carbodiimide and 0.05 M N-hydroxysuc-
cinimide. A protein solution in 10 mM sodium acetate, pH 4.5,
was then injected until the desired amount of protein was
immobilized. The surface immobilization was then blocked by

a 7-min injection of 1 M ethanolamine hydrochloride. Hen-
egg lysozyme was coupled in a similar fashion in the remain-
ing flow cell for reference subtraction. After having been cou-
pled to the CM5 chip, His-GyrB was washed with
regenerating buffer (50 mM NaOH, 1 M NaOH) before analy-
sis. This protocol greatly reduced the amount of the co-puri-
fying untagged GyrA subunit (data not shown). Binding ex-
periments were performed at 25 °C in running buffer (35 mM

Tris-HCl, pH 7.5, 25 mM NaCl, 5 mM MgCl2, 5 mM dithio-
threitol, 5% glycerol, 0.02% Tween 20) that was filtered and
de-gassed before usage. The flow was set at 30 �l/min, and
data were collected at 1 Hz. All analytes were dialyzed into
the running buffer before analysis. Association was observed
for 120 s, and dissociation was observed for 240 s. Regenera-
tion was performed with 10 �l of regeneration buffer. The
binding data were analyzed with the BIAevaluation 4.1 soft-
ware (GE Healthcare), and the figures were generated with
pro Fit 6.1.11 (Quantum Soft).
For the kinetic analysis on the ParE2-GyrA59 interaction

(Fig. 5G), E. coli GyrA59 was immobilized on a CM5 sensor
chip in a similar manner. About 1200 relative units of GyrA59
was immobilized in flow cell 2 of the chip and washed with
regeneration buffer (100 mM NaOH). The surface in flow cell
1 was used as a reference and treated only with N-ethyl-N�-(3-
diethylamino)propyl) carbodiimide, N-hydroxysuccinimide,
and ethanolamine. Sensorgrams of different V. cholerae ParE2
concentrations (3.9 nM, 7.8 nM, 15.6 nM, 31.25 nM, 62.6 nM,
125 nM, 250 nM, 500 nM, 1 �M, 2 �M) plus a 0 concentration
(injection of running buffer) were collected in duplicate. The
flow was set at 5 �l/min, and data were collected at 2 Hz. This
low flow rate was chosen based on the small quantity of ParE2
available; purifying large quantities of the protein was not fea-
sible given its toxicity. Mass transport phenomena are likely at
play under these conditions, and thus, the reported values for
kon, koff, and KD should be regarded as apparent.

All analytes were dialyzed into the running buffer before
analysis. Association was observed for 500 s and dissociation
was observed for 300 s. Regeneration was performed with 10
�l of regeneration buffer. The sensorgrams were fitted to a
heterogeneous ligand model according to the equations below
after subtraction of the reference and zero concentration data,
which provided the kinetic parameters for the ParE2-GyrA59
interaction.

Ligand 1:
d�AB1�

dt
� kon1�A��B1� � koff1�AB1� (Eq. 1)

Ligand 2:
d�AB2�

dt
� kon2�A��B2� � koff2�AB2� (Eq. 2)

In this model A denotes the analyte, and B denotes the ligand.
Sensor Chip NTA—E. coli GyrA, GyrA14, GyrA59, and

GyrBA were immobilized on a BIAcore� Ni-NTA sensor chip
(GE Healthcare) via their N-terminal hexahistidine tags as
described (24). Binding experiments were performed as de-
scribed above with a different running buffer (35 mM HEPES
pH 7.5, 25 mM NaCl, 5 mM MgCl2, 0.005% Tween 20). To en-
sure that the chip was free of any ligand, 20 �l of regeneration
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buffer (10 mM HEPES, pH 8.3, 150 mM NaCl, 350 mM EDTA,
0.005% Tween 20) was passed over the flow cells at 5 �l/min.
This was followed by a 20-�l injection of the activation buffer
(500 �M NiSO4, 35 mM HEPES, pH 7.5, 25 mM NaCl, 5 mM

MgCl2, 0.005% Tween 20) in flow cell 2 at 10 �l/min. The li-
gands His-GyrA14, His-GyrA59, His-GyrBA, and His-GyrA
were, respectively, immobilized to the chip by injecting 10, 10,
10, and 50 �l of a 7 �g/ml solution at 20 �l/min followed by a
dissociation time of 100 s. The analytes were injected at a vol-
ume of 30 �l at 20 �l/min followed by a dissociation time of
at least 400 s. Regeneration was subsequently performed by
injecting 40 �l of regeneration buffer at 10 �l/min.

For the interaction between V. cholerae ParD2 and ParE2,
N-terminal His-tagged ParD2 was non-covalently coupled to
a Ni-NTA chip by injecting 10 �l of a 7 �g/ml solution at 20
�l/min followed by a dissociation time of 100 s. The rest was
performed as described for the ParE2-gyrase interaction on
the Ni-NTA chip.
Gyrase Activity Assays—DNA gyrase supercoiling, relax-

ation, and cleavage assays were performed essentially as de-
scribed (25). Substrates for these assays were 3.5 nM relaxed
pBR322, 1.02 nM supercoiled pCB182, or 4.82 pM V. cholerae
chromosomal DNA. For supercoiling and cleavage assays, the
reaction buffer was 35 mM Tris-HCl, 24 mM KCl, 4 mM

MgCl2, 2 mM DTT, 1.8 mM spermidine, 1 mM ATP, 6.5% glyc-
erol, and 0.1 mg/ml BSA. For holoenzyme relaxation assays,
ATP and spermidine were omitted from the assay buffer, and
for A592B2 relaxation assays, ATP was included. 1 unit of
DNA gyrase (30 nM) (New England Biolabs) or 100 nM
A592B2, 1.88 �M ParE2, 2.25 �M ParD2, and 0.5 mM nalidixic
acid (Sigma) were used as indicated. Both supercoiling and
cleavage reactions were carried out at 37 °C for 1 h, whereas
relaxation reactions were performed at 30 °C for 3.5 h. The
reactions were stopped with 50 �g/ml proteinase K and 1%
SDS. The DNA was precipitated with phenol:chloroform:
isoamyl alcohol (25:24:1) (Invitrogen) before it was loaded on

to 1% agarose gels and electrophoresed in the absence of
ethidium bromide.

RESULTS

The V. cholerae parD2 Locus Was Mis-annotated—The
predicted V. cholerae ParE2 amino acid sequence exhibits 29%
sequence identity with RK2-ParE. In contrast, the predicted
ParD2 sequence is only 12% identical to RK2 ParD. However,
two different annotations of the V. cholerae parD2 locus have
been reported. In the original annotation of the genome of
V. cholerae El Tor strain N16961, the parD2 locus (vca0360)
was predicted to encode a protein of 153 amino acids (26). In
a bioinformatics study re-annotating microbial genomes, Bocs
et al. (27) predicted that parD2 is actually a shorter ORF,
vca0360.1, embedded within vca0360 (Fig. 1A). We used 5�
rapid amplification of cDNA ends to experimentally investi-
gate the parD2 transcription start site. This analysis revealed
that the start of parD2 transcription initiated 182 nucleotides
3� of the annotated vca0360 translational start site, 11 bp 5� of
the translation start site predicted by Bocs et al. (27) (Fig. 1).
Additional analyses suggest that there is a recognizable and
functional promoter upstream of this transcription start site
(data not shown). The predicted VCA0360.1 ORF yields a
protein of 80 amino acids that exhibits up to 67% sequence
similarity to other chromosome-encoded ParDs and 24%
identity to the RK2 plasmid-encoded ParD (Fig. 1D). In con-
trast, the predicted VCA0360 amino acid sequence exhibited
less similarity to other ParD2 proteins. Together, these obser-
vations strongly suggest that vca0360.1 encodes V. cholerae
ParD2, and we used this parD2 annotation for the studies de-
scribed below.
ParE2 Is Toxic to Both V. cholerae and E. coli, and Its Toxic-

ity Can Be Ameliorated by ParD2—We constructed plasmid-
borne inducible versions of parE2 and parD2 to test if these
V. cholerae genes encode a functional toxin/antitoxin pair.
Expression of parE2 from pBAD-E2 is induced by arabinose,

FIGURE 1. Organization of the V. cholerae parDE2 locus. A, shown is a schematic representation of the parDE2 region in the V. cholerae N16961 chromo-
some. The white arrow represents the original vca0360 ORF as previously annotated (26), and the light gray arrow represents the vca0360.1 ORF as anno-
tated in Bocs et al. (27). The thin arrow represents the predicted parD2 promoter based on the 5� rapid amplification of cDNA ends. B: lane M, 1-kb plus
marker; lane 1, specific PCR product from the 5� rapid amplification of cDNA ends experiment. C, the start of the parD2 transcript, represented by the arrow,
was determined by sequencing the PCR shown in B. The parD2 translational start site, as predicted by Bocs et al. (27), is shown with the box around the ATG.
D, alignments of the predicted amino acid sequences of vca0360.1 (V. cholerae ParD2) with the indicated chromosome- and plasmid (RK2)-encoded ParD
sequences are shown.
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whereas expression of parD2 from pGZ-D2 is constitutive
and driven by its endogenous promoter. The parE2 expres-
sion construct was introduced along with either pGZ-D2 or a
vector control into wild type El Tor V. cholerae strain N16961
and E. coli BW27784. Induction of parE2 expression in the
absence of the parD2 expression construct was highly toxic in
both strains. After parE2 induction, the number of CFU in
cultures was reduced by �3–5 orders of magnitude relative to
the number in cultures in which parE2 expression was re-
pressed with glucose (Fig. 2, A and B, red diamonds versus
black squares). The rapidity and magnitude of the reduction
in CFU after induction of parE2 expression were even more
dramatic in E. coli BW27784 than in V. cholerae, perhaps be-
cause this E. coli strain has a constitutive arabinose trans-
porter and does not exhibit inducer exclusion (28), and ParD2
in the wild type V. cholerae strain may partially neutralize the
effect of ParE2. Notably, no toxicity after parE2 induction was
observed in any strain containing pGZ-D2. Collectively, these
data suggest that parE2 encodes a toxin whose target is con-
served between V. cholerae and E. coli and whose activity can
be neutralized by ParD2.
We also tested whether ParD2 could reverse ParE2 toxicity

in vivo. For these experiments we used E. coli BL21 containing
pBAD-E2 and pET-parD2 (JY307), which enabled inducible
expression of both proteins. The strain was initially cultured
in glucose to repress parE2 expression. As described above,
induction of parE2 expression in the absence of parD2 induc-
tion reduced the plating efficiency of this strain by several

orders of magnitude, whereas induction of parE2 expression
when parD2 was produced simultaneously did not impair
plating efficiency (Fig. 2C). Induction of parD2 expression 30
min after induction of parE2 also did not reduce the number
of CFU. However, when parD2 expression was initiated 60 or
90 min after induction of parE2, little or no neutralization of
ParE2 toxicity was detected (Fig. 2C, red stars and red dia-
monds, respectively). These results suggest that ParD2, unlike
several previously characterized antitoxins, such as RelE (29),
may be unable to reverse the toxicity of its cognate toxin.
ParE2 and ParD2 Interact—Protein antitoxins typically

neutralize their cognate toxins by binding to them and inhib-
iting their ability to interact with their respective cellular tar-
gets (30–33), We investigated whether ParD2 interacts with
ParE2 in vivo by testing whether epitope-tagged versions of
these proteins would co-purify from E. coli BL21 co-express-
ing ParE2-Myc and His-ParD2 (JY307). The N-terminal His-
tagged ParD2 was affinity-purified from lysates of JY307 using
Ni-NTA resin. After washing, protein bound to the resin was
eluted with increasing concentrations of imidazole. The
eluted fractions were then immunoblotted with anti-His and
anti-Myc antisera. As seen in Fig. 3A, these Western blots
revealed that ParE2-Myc was purified along with His-ParD2.
A mock purification using lysate from cells expressing ParE2-
Myc but not His-ParD2 revealed that ParE2-Myc did not bind
to the Ni-NTA resin in the absence of His-ParD2 (Fig. 3B).
Together, these observations suggest that ParE2 is present in
a complex containing ParD2, but they do not establish that

FIGURE 2. Effect of ParE2 and ParD2 on V. cholerae and E. coli viability. V. cholerae N16961 (A) and E. coli BW27784 (B) contained a plasmid-borne, arabi-
nose-inducible parE2 (pBAD-E2) and either an empty vector (pGZ, diamonds and squares) or the vector harboring parD2 under control of its native pro-
moter (pGZ-D2, circles and triangles). All cultures were grown in LB supplemented with 0.2% glucose at 37 °C until an A600 of �0.3, washed and resus-
pended in either LB plus 0.2% glucose (glu) (black squares and triangles) or LB plus 0.02% arabinose (ara) (red diamonds and circles). CFU were enumerated
at the indicated time points. C, E. coli BL21 (pBAD-E2, pET-D2), (JY307), harbors plasmids with arabinose-inducible parE2 and IPTG-inducible parD2. Cultures
were grown in LB supplemented with 0.2% glucose until an A600 of �0.3, washed and resuspended in either LB plus 0.2% glucose (glu) or glucose plus 50
�M IPTG (black squares and circles) or LB plus 0.02% arabinose (ara) (red shapes). IPTG (50 �M) was added at the indicated time points after the addition of
arabinose. CFU were enumerated at the indicated time points.
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there is direct contact between these proteins. However, sur-
face plasmon resonance (SPR) assays using purified His-
ParD2 and untagged ParE2 demonstrated that these proteins
physically interact and form a stable complex (Fig. 3C).
ParE2 Interacts with DNA Gyrase—Even though ParE2 only

exhibits a modest degree of sequence identity to the ParE en-
coded by plasmid RK2, we explored whether it has the same
cellular target as the plasmid-encoded toxin DNA gyrase.
First, we tested whether we could detect an association be-
tween ParE2 and gyrase in vivo, as described above for His-
ParD2 and ParE2-Myc. Western blotting of proteins purified
from E. coli BL21 expressing His-ParE2 (JY302) revealed that
fractions containing affinity-purified His-ParE2 also con-
tained GyrA and GyrB (Fig. 4A). GyrA and GyrB were not
detected in control purifications performed using lysates of
BL21-expressing His-ParD2 (JY262), indicating that they do

not bind non-specifically to the affinity matrix (Fig. 4B).
These results suggest that ParE2 is part of a complex contain-
ing GyrA and GyrB in vivo. Because GyrA and GyrB form a
tight tetramer, it is not surprising that both gyrase subunits
co-eluted with ParE2.
To explore if ParD2 could prevent ParE2 interactions with

gyrase, we overexpressed His-ParD2 along with ParE2. In this
context, no GyrA or GyrB co-purified along with ParD2 and
ParE2 (Fig. 4C), suggesting that when ParE2 is bound to
ParD2, the toxin cannot interact with gyrase.
ParE2 Binds to GyrA—To further characterize the interac-

tions of ParE2 and gyrase, the binding of ParE2 to gyrase and
the individual gyrase subunits was probed using SPR. In these
experiments we compared the interaction of ParE2 with dif-
ferent regions of DNA gyrase from E. coli immobilized on
BIAcore sensor chips. As a control, we examined the binding
of the V. fischeri CcdB toxin, which is known to bind to GyrA
(34, 35), to the same chips. Initially, the binding of the toxins
to GyrBA was examined. A His-GyrB-GyrA complex was
non-covalently coupled to a Ni-NTA sensor chip to probe the
interactions between the toxins and GyrBA. As seen in Fig.
5A, V. fischeri CcdB and V. cholerae ParE2 both bound to
GyrBA.
Next, interactions between ParE2 and the individual gyrase

subunits were examined. As shown in Fig. 5B, neither ParE2
nor CcdB interacted with GyrB alone. However, an associa-
tion between GyrB and GyrA was observed (Fig. 5B, green
line), suggesting that the GyrB bound to the chip was properly
folded. In addition, we observed that ParE2, like CcdB, bound
to chips coated only with His-GyrA (Fig. 5C). Together, these
data indicate that the copurification of GyrB along with
affinity-purified ParE2 (Fig. 4) was due to an indirect associa-
tion of these proteins that was mediated by GyrA.
ParE2 Binds to a Different Site on GyrA than CcdB—To

gain insight into the ParE2 target within GyrA, we made use
of previously characterized fragments of this enzyme. We ob-
served that ParE2, like CcdB, binds to GyrA59, a 59-kDa frag-
ment that includes the N-terminal amino acid residues 2–523
but lacks the C-terminal DNA-wrapping domain (Fig. 5D).
Model-based analysis of the sensorgrams recorded during the
multicycle analysis of the ParE2-GyrA59 interaction revealed
that the binding of ParE2 to GyrA59 is not monophasic; in-
stead, two binding events occur in parallel. The simplest
model providing a reasonable fit to the data is a heterogene-
ous ligand model. This model has a �2 of 1.84 and indicates a
high affinity for the ParE2-GyrA59 interaction with a KD be-
tween �20 pM and 10 nM (Fig. 5G). The heterogeneity in
binding of ParE2 by GyrA59 was most likely introduced by
the immobilization method. Such heterogeneity was also ob-
served in the interaction of covalently coupled GyrA59 with
CcdB (51).
Although ParE2 and CcdB both bind to GyrA59 with simi-

lar high affinity, the toxins differed in their ability to bind a
GyrA fragment known as GyrA14 (amino acids 363–497),
which mediates the dimerization of GyrA monomers. SPR
revealed no interaction between ParE2 and this fragment,
whereas, as previously reported, binding of CcdB was appar-
ent, indicating that the two toxins recognize distinct regions

FIGURE 3. Co-purification of Myc tagged ParE2 with His-tagged ParD2.
A, His-ParD2 from JY307, E. coli BL21 co-expressing His-ParD2 and ParE2-
Myc (lysate) was affinity-purified using Ni-NTA resin. The starting lysate
flowthrough (FT), washes, and eluted fractions were analyzed by Western
blotting with anti-His and anti-Myc antibodies. B, cell lysate from JY281,
E. coli DH5�-expressing ParE2-Myc were processed as in A and then ana-
lyzed using anti-Myc antibody. C, His-tagged ParD2 (�50 relative units (R.U.)
was coupled to a Ni-NTA chip, and native ParE2 was injected at the indi-
cated concentrations, expressed in terms of monomer.

V. cholerae ParE2 Poisons DNA Gyrase

40402 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 51 • DECEMBER 17, 2010



within GyrA (31, 36, 37) (Fig. 5E). Further support for this
conclusion was provided by the observation that a Ni-NTA-
GyrA chip whose binding to CcdB is fully saturated can still
readily bind ParE2 (Fig. 5F).
Furthermore, in vivo studies also indicated that ParE2 and

CcdB have distinct targets within GyrA. Consistent with pre-
vious reports, expression of GyrA14 protected cells from the
toxicity of CcdB, likely by titrating CcdB from its cellular tar-
get (37) (supplemental Fig. S1). In contrast, GyrA14 did not
prevent ParE2 toxicity. Even in the presence of GyrA14, more
than a 10-fold reduction in CFU was observed after induction
of ParE2 expression (supplemental Fig. S1A). These findings
provide strong support for the idea that ParE2 binds to a dif-
ferent domain of GyrA than CcdB. As expected, ParE2 toxic-
ity was neutralized by ParD2 in this system, but ParD2 did not
protect cells from the toxicity of V. fischeri CcdB (supplemen-
tal Fig. S1B).
ParE2 Stabilizes Gyrase-DNACleavage Intermediates—

Studies on quinolone antibiotics (e.g. nalidixic acid (Nal)),
CcdB, and RK2-encoded ParE revealed that these agents all
inhibit the gyrase catalytic cycle by stabilizing DNA-gyrase
cleavage intermediates. Such cleaved intermediates are readily
detectable on agarose gels after reaction mixtures of gyrase,
DNA, and toxins are treated with SDS and proteinase K (38,
39). We used a similar protocol to test whether ParE2 also
stalls the gyrase-DNA cleavage complex using purified E. coli
gyrase, ParE2, and V. cholerae chromosomal DNA as a sub-
strate. In this assay Nal caused gyrase-dependent cleavage of

the chromosomal DNA substrate (Fig. 6, lanes 3 and 4), as
expected. The addition of ParE2 to gyrase also resulted in the
formation of cleaved DNA (Fig. 6, compare lane 2 versus 7),
but ParE2 did not cleave the DNA on its own (Fig. 6, lane 6).
Together, these observations strongly suggest that ParE2, like
Nal, stabilizes gyrase-DNA cleavage complexes. Similar re-
sults were also obtained when negatively supercoiled plasmid
DNA was used as the substrate (data not shown).
We carried out similar assays to test whether ParD2 could

prevent and/or reverse ParE2 stabilization of gyrase-DNA
cleavage complexes. When ParD2 was mixed with ParE2 be-
fore their addition to gyrase and DNA, near complete neutral-
ization of ParE2 activity was observed (Fig. 6, compare lane 9
versus 7, and supplemental Fig. S2, lane 8). However, when
ParD2 was added simultaneously with ParE2 to the reaction,
less complete neutralization was observed (supplemental Fig.
S2, lane 6). Finally, when ParD2 was added 30 min after
ParE2, relatively little neutralization of the ParE2 effect was
detected (supplemental Fig. S2, lane 7). We also found that
ParE2-GyrA59 complex immobilized on the sensor chip could
not be disrupted by ParD2 (data not shown). Together, these
findings support the idea that ParD2 is unable to rescue
ParE2-poisoned gyrase, which are consistent with the obser-
vation that ParD2 could not reverse ParE2 toxicity in vivo
(Fig. 2C). Thus, ParD2 appears to differ from RK2 ParD (13)
and CcdA (25), which can rejuvenate ParE- or CcdB-poisoned
gyrase, respectively.

FIGURE 4. Co-purification of GyrA and GyrB with His-ParE2. Cell lysates from E. coli BL21(DE3) expressing His-ParE2 (JY302) (A) or expressing His-
ParD2(JY262) (B) or E. coli BL21 co-expressing His-ParD2 and ParE2-Myc (JY307) (C) were incubated with Ni-NTA resin, washed, and then eluted with imidaz-
ole. The initial lysates flowthrough (FT), washes, and eluted fractions were electrophoresed on polyacrylamide gels and then analyzed by Western blotting
with anti-GyrA, anti-GyrB anti-His, and anti-ParE2 antibodies as indicated. Purified E. coli gyrase was used as the control. The positions of GyrA or GyrB are
indicated with arrows.
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ParE2 Inhibits Gyrase Supercoiling Activity in an ATP-de-
pendent Manner—We further characterized the ParE2 effect
on gyrase utilizing additional in vitro assays of gyrase activity,
as earlier studies of RK2 ParE did not specifically address
whether this plasmid-encoded toxin inhibited gyrase-medi-
ated DNA relaxation and/or supercoiling (13). Gyrase has
previously been shown to relax supercoiled plasmid DNA and
to introduce supercoils into relaxed plasmids in vitro. The

first reaction proceeds relatively slowly but is ATP-independ-
ent, whereas the latter reaction requires ATP (25, 38, 39).
Both can be interrupted by agents such as CcdB and quin-
olone antibiotics, which stabilize gyrase-DNA reaction
intermediates.
We used plasmid DNA substrates and purified E. coli gy-

rase to investigate whether ParE2 interferes with gyrase-cata-
lyzed supercoiling and/or relaxation of DNA. Using a relaxed

FIGURE 5. SPR measurements of interactions between V. cholerae ParE2 or V. fischeri CcdB and gyrase. GyrBA (�200 relative units (RU)) (A), GyrA
(�150 RU) (C), GyrA59 (�600 RU) (D), and GyrA14 (�400 RU) (E) were non-covalently coupled to a Ni-NTA chip, whereas GyrB (�1800 RU) (B) was covalently
coupled to a CM5 chip. The analytes were injected over the immobilized ligands at the indicated concentrations, expressed in terms of monomer. F, V. fisch-
eri CcdB was injected at a concentration of 50 �M to saturate the CcdB binding site on GyrA. After a dissociation time of 200 s, ParE2 was injected at a con-
centration of 10 �M. A control experiment with a second CcdB (10 �M) injection showed that all CcdB binding sites are saturated after the first CcdB injec-
tion. G, shown is kinetic analysis of the interaction between V. cholerae ParE2 and E. coli GyrA59. The top graph displays the sensorgrams at different ParE2
concentrations (0 nM, 3.9 nM, 7.8 nM, 15.6 nM, 31.25 nM, 62.5 nM, 125 nM, 250 nM, 500 nM, 1 �M, 2 �M), which were collected in duplicate and are shown in
black. The red lines represent the best fit of the model function (heterogeneous ligand model) to the experimental curves. The residuals of the fitting proce-
dure are shown in the bottom graph. Model-based analyses of the sensorgrams recorded during the multicycle analysis of the ParE2-GyrA59 interaction
indicates that the binding of ParE2 to GyrA59 is not monophasic and that two binding events occur in parallel. Fitting with a simple 1:1 Langmuir binding
model does not result in acceptable residuals (�2 � 22.4). The simplest model providing a reasonable fit to the data is a heterogeneous ligand model,
resulting in a �2 of 1.84. In aggregate, analysis of this data set reveals a very high affinity for the ParE2-GyrA59 interaction with a KD between �20 pM

and 10 nM.
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plasmid substrate, we found that ParE2, like Nal and CcdB,
inhibited introduction of supercoils by gyrase with an IC50 of
�1.2 �M (Fig. 7A, compare lanes 2, 4, and 5, and supplemen-
tal Fig. S3), a similar value as CcdB (25). ParE2 effect could be
blocked by preincubation of this protein with ParD2 (Fig. 7A,
lane 8), consistent with the ParD2 previously noted role as an
antitoxin in vivo and in vitro. In contrast, ParE2 and Nal had
distinct effects upon relaxation of plasmid DNA (Fig. 7B and
supplemental Fig. S4). The addition of a range of ParE2 con-
centrations had no effect upon gyrase-mediated relaxation of
a supercoiled substrate (Fig. 7B, compare lane 2 and 6, and
supplemental Fig. S4, compare lanes 3–7), whereas the addi-
tion of Nal (Fig. 7B, lane 4) resulted in accumulation of
cleaved DNA intermediates (Fig. 7B, lane 4), as previously
described (40). Furthermore, no or minimal inhibition of
DNA relaxation was detected during a time course extending
from 0 to 6 h in the presence of ParE2 (data not shown).
These data suggest that ParE2, like Nal, can inhibit gyrase
activity but that its mechanism of action differs. In particular,
ParE2 appears to lack the capacity to block gyrase-mediated
relaxation of DNA.

As the supercoiling assay, unlike the relaxation assay, is
performed in the presence of ATP, we assessed whether the
presence of nucleotide was important for ParE2 activity. For
these assays we used a chromosomal DNA substrate (which is
expected to mostly consist of linear DNA molecules). The
addition of gyrase alone to this substrate either in the absence
or presence of ATP had no discernible effect on its integrity,
as expected when gyrase-mediated cleavage is followed by
religation (Fig. 8). The addition of Nal resulted in accumula-
tion of cleavage intermediates; as previously reported (38),
this disruption of the gyrase reaction cycle was not dependent
on ATP hydrolysis, although it did appear to be enhanced by
the presence of nucleotide (Fig. 8, compare lanes 4–7). In
contrast, the addition of ParE2 to reactions containing gyrase
resulted in accumulation of cleavage intermediates only in the
presence of ATP. No cleavage was detected when ATP was
replaced by the non-hydrolyzable analog ATP�S or by GTP.
Thus, although ParE2, like Nal and other gyrase poisons, can
stabilize DNA-gyrase cleavage intermediates, the ParE2 effect
appeared to be dependent upon gyrase binding to and hydro-
lyzing ATP.
An alternative explanation of the requirement for ATP for

ParE2 toxicity is that the activity of ParE2 itself could depend
on ATP. To exclude this possibility, we used a reconstituted
gyrase (A592B2) containing a truncated GyrA that lacks the
C-terminal 33-kDa DNA-wrapping domain of GyrA (18). The
A592B2 complex cannot supercoil DNA, even in the presence
of ATP, but it retains the ability to relax negatively super-
coiled DNA. Consequently, use of this enzyme allowed the
effect of ParE2 on relaxation of a supercoiled substrate to be
assessed in the presence of ATP (17). In this assay, the A592B2
complex could convert nearly all of a supercoiled plasmid to a
relaxed form (supplemental Fig. S5, A, lane 1 versus 2, and B,
lane 1 versus 3). Inclusion of Nal in the reaction markedly
inhibited A592B2 relaxation of the plasmid (supplemental Fig.
S5A, lanes 3 and 4), similar to previous reports where cipro-
floxacin was used (25). In contrast, a range of ParE2 concen-
trations did not inhibit A592B2 activity even in the presence of
ATP (supplemental Fig. S5 A, lane 6, and B, lanes 4–7). These
findings buttress the conclusion that ParE2 lacks the ability to

FIGURE 6. Effect of ParE2 and ParD2 on cleavage of chromosomal DNA
by gyrase. In vitro reactions with chromosomal DNA, gyrase, ParE2, and
ParD2 were carried out as described under “Experimental Procedures.” M
indicates 1 kb plus DNA ladder.

FIGURE 7. The effect of ParE2 on gyrase supercoiling (A) and relaxation (B) of plasmid DNA substrates. The reactions were performed as described
under “Experimental Procedures” except in B the reaction was stopped with SDS and proteinase K. In A, the substrate was relaxed pBR322 DNA, and in B the
substrate was negatively supercoiled pCB182. M indicates 1Kb plus DNA ladder.
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block gyrase-mediated relaxation of DNA supercoils and ar-
gue against the possibility that ATP is required to convert
ParE2 to an active form. Furthermore, these findings provide
additional evidence that the ParE2 mechanism is distinct from
those of quinolones and CcdB, both of which inhibit A592B2
activity (25).
Gyrase Mutants That Confer Resistance to Known Gyrase

Toxins Do Not Confer Resistance to ParE2—To continue to
explore how ParE2 inhibits gyrase, we expressed ParE2 in a
variety of E. coli strains harboring gyrase alleles that confer
resistance to antibiotics and toxins that poison this enzyme.

Strains harboring gyrBmutations conferring resistance to
coumermycin A1 and microcin B17 were sensitive to ParE2
(data not shown). This was an expected result, as our findings
indicated that ParE2 targets GyrA. Our observations pre-
sented above also suggest that ParE2 targets a different part of
GyrA than CcdB. Consistent with this idea, DB3.1, a strain
containing the CcdB-resistant gyrA R462C, was also sensitive
to ParE2 (Fig. 9). Finally, all of the strains harboring gyrA alle-
les conferring resistance to Nal were sensitive to ParE2. In
aggregate, these observations suggest that ParE2 poisons gy-
rase via a mechanism that is distinct from previously de-
scribed agents that target this essential enzyme.

DISCUSSION

Our findings revealed that the parDE2 locus found in the
superintegron of V. cholerae chromosome II encodes a func-
tional proteic TA pair. Overexpression of ParE2 markedly
inhibited growth of V. cholerae as well as E. coli, indicating
that ParE2 toxicity is not restricted to V. cholerae and that the
cellular target of ParE2 is conserved in both organisms. The
parD2ORF was mis-annotated in the V. cholerae genome, but
expression of the correct parD2ORF neutralized ParE2 toxic-
ity. ParD2 co-purified with ParE2, and direct interactions be-
tween the proteins were detected with SPR. However, ParD2
appears to function in a different fashion than many other
antitoxins, as ParD2 could prevent but not reverse ParE2 tox-
icity. ParE2, like plasmid RK2-encoded ParE, CcdB, microcin
B17, and quinolone and coumarin antibiotics, targets DNA
gyrase. We found that ParE2, like CcdB and quinolones, tar-

FIGURE 8. Requirement for ATP hydrolysis in ParE2 stabilization of gy-
rase-DNA cleavages. The reactions were carried out as described under
“Experimental Procedures” using V. cholerae chromosomal DNA as sub-
strate. 1 mM ATP, ATP�S, or GTP were used in these reactions. 5 �M ParE2 or
1 mM nalidixic acid were included as indicated. M indicates 1 kb plus DNA
ladder.

FIGURE 9. Strains bearing gyrase alleles conferring resistance to several gyrase toxins remain sensitive to ParE2. In A, the strains indicated were
tested for their resistance to ParE2 after the toxin was expressed from pBAD-E2. Strains were scored as sensitive if there was attenuated growth after induc-
tion of ParE2 expression with arabinose. In B, the mutations listed in A were mapped onto the crystal structure of E. coli GyrA59 colored in green (PDB entry
1AB4 (52). GyrA14 is shown in dark gray, and the red patches correspond to the residues involved in the interaction between CcdB and GyrA (Gln-456, Asp-
460, Arg-462, Gln-464). The residues conferring resistance to quinolones when mutated are colored blue. This figure was generated using MacPyMOL
(DeLano Scientific, Ltd.).
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gets GyrA and stabilizes the DNA-gyrase cleavage complex.
However, ParE2, in contrast to quinolones and CcdB, did not
bind to GyrA14 and required ATP hydrolysis to stabilize gy-
rase cleavage intermediates. Also unlike quinolones and
CcdB, ParE2 only interferes with gyrase supercoiling; its abil-
ity to relax DNA is apparently unaffected. Together, these
findings suggest that ParE2 may only gain access to its target
site(s) on GyrA at a particular stage of the supercoiling reac-
tion, possibly after DNA wrapping and ATP hydrolysis. Fi-
nally, a set of strains resistant to a variety of known gyrase
inhibitors all exhibited sensitivity to ParE2. Thus, taken to-
gether, our findings strongly suggest that ParE2 and most
likely its many plasmid- and chromosome-encoded homo-
logues inhibit gyrase in a different manner than previously
described agents that poison this essential enzyme.
ParD2 Action and Its Physiological Implications—The in-

teraction of ParD2 with ParE2 appears to be unusual. Our
findings indicate ParD2, like other antitoxins, binds to its cog-
nate toxin ParE2. However, unlike several antitoxins, includ-
ing RK2 ParD, and F-plasmid CcdA (13, 41), V. cholerae
ParD2 appears to be unable to reverse ParE2 inhibition of gy-
rase activity (Fig. 6). Structural studies have revealed that at
least some antitoxins interact with their cognate toxins
through direct binding of a disordered region present in the
antitoxin C termini. As a consequence of such interactions,
the disordered region reorganizes into a well defined struc-
ture, and conformational changes occur in the toxin, distort-
ing the binding site for the cellular target (42–44). Recently,
the crystal structure of the Caulobacter crescentus ParD1-
ParE1 complex was reported (45). Based on this structure,
Dalton and Crosson (45) proposed that ParD interactions
with ParE do not induce large conformational changes in the
toxin. Because C. crescentus ParD and V. cholerae ParD2 are
similar (50% identity), we suspect ParD2 and ParE2 interact in
a similar manner as their C. crescentus homologues. If this is
the case, it is tempting to propose that the inability of ParD2
to reverse ParE2 toxicity stems from the absence of significant
changes in ParE2 structure when it is bound by ParD2. Thus,
if ParE2 is bound to gyrase, ParD2 binding may not lead to
release gyrase from ParE2. A challenge for future studies will
be to define if and how ParD2 prevents ParE2 interaction with
GyrA in vivo. Recently Hallez et al. (46) reported that PaaA,
an antitoxin for a ParE homologue in E. coliO157, altered the
toxin subcelluar localization. It is possible that ParD2, which
lacks similarity to PaaA, blocks ParE2 toxicity in a similar
fashion as PaaA by sequestering the toxin away from gyrase.
Although there is considerable controversy regarding the

physiologic function of chromosomal TA loci, previous work
has led to the suggestion that such loci contribute to genome
integrity. For example, two Vibrio vulnificus superintegron-
encoded TA loci (relBE1 and parDE1) appear to prevent large
scale chromosome loss (6). The parDE2 locus and likely the
two parDE1 loci in the V. cholerae chromosome II superinte-
gron may also function to promote the integrity of the
V. cholerae genome, which like all members of the Vibrion-
aceae is divided between two chromosomes. V. cholerae
strains that lose chromosome II undergo a characteristic se-
ries of cytologic changes culminating in cell death (47). One

of the phenotypes observed after chromosome II loss is the
guillotining of the remaining chromosome I. The DNA dam-
age observed in the cells lacking chromosome II resembles the
catastrophic effect of ParE2 on V. cholerae chromosomal
DNA shown in Fig. 6. Thus, parDE2might contribute to
V. cholerae genome integrity via a mechanism similar to post-
segregational killing. After loss of chromosome II (and the
parDE2 locus), the more stable ParE2 would outlive the
ParD2 antitoxin and poison DNA gyrase leading to the cleav-
age of chromosome I. We are currently exploring whether the
V. cholerae parDE loci contribute to destruction of chromo-
some I when chromosome II is lost from cells.
A Novel Mechanism for Poisoning Gyrase—Our findings

suggest that ParE2 interacts with gyrase at a site different
from that of other agents that target this enzyme (Fig. 9). Even
though we found that, like CcdB (51, 55), ParE2 binds to
GyrA59 with high affinity (Fig. 5), ParE2 did not interact with
GyrA14 (Fig. 5), unlike the CcdB family of toxins. Further-
more, ParE2 bound to GyrA saturated with CcdB (Fig. 5F).
The locations of the residues conferring CcdB and Nal resist-
ance are mapped on to the crystal structure of GyrA59 in Fig.
9. Because these residues are mostly found in the core of the
GyrA subunit, it is likely that ParE2 interacts somewhere else
on this gyrase subunit.
We found that ParE2, like CcdB and quinolones, can stabi-

lize gyrase-DNA cleavage intermediates (Fig. 6). Covalent gy-
rase-DNA intermediates are formed during the gyrase cata-
lytic cycle after the enzyme binds and cleaves the “G segment”
of the DNA duplex (48). Ordinarily (in the absence of toxin),
gyrase then transports the “T segment” through the resulting
“gate” and then reseals the gap, thereby altering DNA topol-
ogy. In contrast to quinolones and CcdB, ATP is required for
ParE2 to stall the gyrase cleavage complex (Fig. 8). Although
the precise role of ATP in the gyrase cycle is still not clear, it
is generally accepted that its binding and hydrolysis trigger
conformational changes in the entire enzyme complex (19).
Upon binding ATP, the N-terminal ATPase domains of GyrB
dimerize and close the “ATP-operated clamp,” capturing the
T segment, which is then passed through the transiently
cleaved G-segment. It has been suggested that ATP hydrolysis
provides the driving force for transport of the T segment,
when it passes from the “top” to the “bottom” of the enzyme
(49). The latter step is thought to be essential for the gyrase
supercoiling cycle (19). Thus, it is possible that changes in
gyrase structure that accompany DNA wrapping and ATP
hydrolysis, such as T segment top-down passage and the
opening of the DNA gate, are required for ParE2 to interact
with gyrase and inhibit its supercoiling activity. Because simi-
lar conformational changes in gyrase structure likely do not
occur during enzyme relaxation of DNA, which proceed in
the absence of ATP and DNA wrapping (19, 50), ParE2 is in-
capable of inhibiting gyrase relaxation activity. We neverthe-
less detected ParE2 binding to gyrase on the chip in the ab-
sence of ATP. However, previous studies have shown that
gyrase can adopt atypical conformations when bound to SPR
chips (51). Additionally, it is possible that ParE2 gyrase inter-
actions are ordinarily constrained by the presence of DNA in
supercoiling and relaxation assays.
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Overall, the action of ParE2 on gyrase resembles the action
of CcdB. However, there clearly are differences; for example,
the requirement of ATP for ParE2 toxic action. It is likely that
the two toxins do not share the same binding site, as the
GyrA14 peptide did not abrogate the toxic action of ParE2.
Given the extensive nature of the GyrA-GyrA interface that is
likely to be transiently revealed during the ATP-dependent
supercoiling process, we suggest that ParE2 may bind some-
where in this interface region. This is a topic for future
investigation.
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