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Toxin-antitoxin (TA) loci, which were initially characterized as plasmid stabilization agents, have in recent
years been detected on the chromosomes of numerous free-living bacteria. Vibrio cholerae, the causative agent
of cholera, contains 13 putative TA loci, all of which are clustered within the superintegron on chromosome II.
Here we report the characterization of the V. cholerae higBA locus, also known as VCA0391/2. Deletion of higA
alone was not possible, consistent with predictions that it encodes an antitoxin, and biochemical analyses
confirmed that HigA interacts with HigB. Transient exogenous expression of the toxin HigB dramatically
slowed growth of V. cholerae and Escherichia coli and reduced the numbers of CFU by several orders of
magnitude. HigB toxicity could be counteracted by simultaneous or delayed production of HigA, although
HigA’s effect diminished as the delay lengthened. Transcripts from endogenous higBA increased following
treatment of V. cholerae with translational inhibitors, presumably due to reduced levels of HigA, which
represses the higBA locus. However, no higBA-dependent cell death was observed in response to such stimuli.
Thus, at least under the conditions tested, activation of endogenous HigB does not appear to be bactericidal.

Toxin-antitoxin (TA) loci, which were initially characterized
as plasmid-borne mediators of plasmid stability (12), have in
recent years been identified within the chromosomes of nu-
merous bacterial species (27). These loci typically encode two
proteins, including a toxin, which can inhibit cell growth and/or
viability, and an antitoxin, encoded upstream of the toxin,
which inhibits the activity of the toxin (reviewed in reference
13). Under favorable growth conditions, TA loci produce suf-
ficient antitoxin to bind and inactivate the cognate toxin, and
the toxin’s effects are blocked. However, under unfavorable
conditions, the balance between toxin and antitoxin is per-
turbed, and the toxin is able to act. Antitoxin insufficiency can
develop following loss of a plasmid carrying a TA locus, as
antitoxins are less stable than their corresponding toxins; this
allows for selection against plasmid loss (38). An altered toxin/
antitoxin ratio can also be induced by cell stressors, such as
starvation, antibiotics, DNA damage, and oxidative stress,
which can prevent antitoxin synthesis and/or activate antitoxin-
degrading proteases (6, 8, 16, 23, 34). For chromosomal TA
loci, antitoxin depletion results in both an immediate excess of
toxin and increased transcription of the TA locus, as antitoxins
generally serve as autorepressors of the TA operon.

Although most TA loci have similar genetic organizations
and regulatory paradigms, the toxins differ in their modes of
action. For example, the toxins CcdB and ParE inhibit DNA
replication due to trapping and inactivation of DNA gyrase (9,
20, 26). In contrast, the toxins RelE and MazF inhibit transla-
tion, though not via identical means (5, 28, 39, 40), and indirect
evidence suggests that Doc inhibits translation as well (17).

The mechanisms for the toxins HigB and VapC have not been
reported, although sequence and structural analyses may pro-
vide some clues (3, 27). Interestingly, however, such analyses of
better-characterized toxins have yielded the unexpected find-
ings that toxins with apparently unrelated activities can have
similar sequences (e.g., ParE and RelE) (27) or similar struc-
tures (e.g., CcdB and MazF) (4).

The cellular role for chromosomally carried TA loci is a
subject of controversy. It is clear that exogenous overexpres-
sion of toxins in the absence of antitoxins prevents bacterial
growth (typically assayed as CFU). Furthermore, TA-depen-
dent cell death has been observed in Escherichia coli following
activation of endogenously encoded MazF and YoeB, encoded
by two of the species’ five known chromosomal TA loci (6, 23,
34). Engelberg-Kulka and colleagues have proposed that the
MazF toxin induces programmed cell death, perhaps allowing
a subset of cells to be sacrificed to benefit the bacterial popu-
lation as a whole (1, 11, 22). However, this hypothesis has been
contested by Gerdes and colleagues (6, 13, 29), who argued
that several toxins, including MazF, have a bacteriostatic,
rather than bactericidal, effect that facilitates bacterial adap-
tation to stress. They reported that transient activation of en-
dogenous TA loci can slow cell metabolism (e.g., protein syn-
thesis) but that cell growth is restored following removal of the
toxin-inducing stimulus (5, 7). Analyses of the effects of simul-
taneous and staggered induction of exogenous TA genes have
also been used to investigate this issue; however, the results of
these experiments have varied, depending both upon the du-
ration of toxin expression prior to antitoxin induction and upon
the media in which the bacteria were cultured (2, 29), and
consequently both groups have found support for their respec-
tive hypotheses.

Comparative genomic analyses revealed that obligate host-
associated organisms are largely free of TA loci, while such loci
are present in the vast majority of sequenced free-living bac-
terial species (27). Based in part on the potential role for TA
loci as stress response elements, it was hypothesized that this
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disparity reflects the different likelihoods that organisms in
these two groups will encounter and survive in fluctuating
environments. The genome of the diarrheal pathogen Vibrio
cholerae, which can thrive in aquatic environments with varying
temperature and salinity and can also survive and multiply
within the human digestive tract, was found to contain 13
putative TA loci (27, 32). Interestingly, all were located within
the superintegron found on ChrII, the smaller of V. cholerae’s
two chromosomes. The 13 TA loci were associated with attC
sites, suggesting that they once were, or may still be, mobile
genetic cassettes. Here we characterize VCA0391/2, one of the
putative TA loci, which is homologous to higBA of plasmid
Rts1 and has also been designated higBAI (27).

The higBA locus was first identified in a temperature-sensi-
tive plasmid (Rts1) of Proteus vulgaris (36); subsequently, 74
similar loci have been detected within the genomes of 31 dis-
tinct gram-positive and gram-negative bacterial species (27).
To date, no chromosomal HigB and HigA orthologues have
been characterized, and only limited information is available
regarding the Rts1-encoded proteins. higBA loci differ from
other characterized TA loci in that the toxin-encoding gene
(higB) lies upstream of the antitoxin-encoding gene (higA);
however, as with other TA loci, it appears that the antitoxin
represses transcription of the operon. In Rts1, a weak antitoxin-
specific promoter not subject to repression by HigA has also
been detected (37). There is weak sequence similarity between
higB, relE, and parE (3), which provides conflicting clues about
the cellular role of HigB. The Rts1-carried locus appears to be
responsible for the plasmid’s inhibition of host growth at re-
strictive temperatures (36), but the cellular target(s) for HigB
is unknown.

We have analyzed the cellular requirement for higB and higA
in V. cholerae, their expression and regulation, and their effects
upon the survival of V. cholerae and E. coli. Deletion of higB or
higBA did not alter V. cholerae growth, but deletion of higA
alone was not possible. Overexpression of HigB inhibited
growth of both V. cholerae and E. coli by several orders of
magnitude, consistent with its presumed role as a toxin. Coex-
pression of HigA with HigB, either simultaneously or following
initial HigB accumulation, mitigated the effect of HigB; bio-
chemical analyses revealed that HigA interacts with HigB,
presumably thereby blocking HigB’s toxicity. Conditions that
activate endogenous HigB were identified; however, such con-
ditions were not found to cause toxin-dependent cell death.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All V. cholerae strains used here were
streptomycin-resistant derivatives of the sequenced clinical isolate N16961 (18).
The E. coli strains BI533 (MG1655 Nalr) (19) and BW27784 (22) were used for
E. coli toxicity and rescue studies. Cells were cultured in LB broth at 37°C unless
otherwise noted. M63 minimal medium (24) was supplemented with 0.2% glu-
cose and 0.1% Casamino Acids. Antibiotics were used at the following concen-
trations unless otherwise noted: streptomycin, 200 �g/ml; ampicillin, 100 �g/ml;
chloramphenicol, 20 �g/ml (E. coli) and 5 �g/ml (V. cholerae); and nalidixic acid,
40 �g/ml. Additional antibiotics tested for the ability to induce the higBA locus
(noted in text) were all used at concentrations that typically prevent growth of V.
cholerae, although in a few cases (e.g., 50 to 100 �g/ml spectinomycin) growth
inhibition was not detected during the relatively short assay period. Arabinose
(0.02%) and glucose (0.2%) were added to induce and repress PBAD, respec-
tively, and IPTG (isopropyl-�-D-thiogalactopyranoside; 1 mM) was used to in-
duce Ptac. Mitomycin C was used at 20 ng/ml.

Plasmid and strain construction. Constructs for deletion of higB (VCA0391)
and higA (VCA0392) were generated using overlap extension PCR. PCR prod-
ucts were cloned into pCVD442 and introduced into the chromosome using
standard allelic exchange protocols (10). Primers used for the higB deletion
construct were as follows: HigB-A, AGAAAGTGTGGAATCTTCAGC;
HigB-B, AAATTCTAATGCCATTGCAACTTGCACTGTCTC; HigB-C, GCA
TTAGAATTTACTTACTTAGACCCACATAAG; and HigB-D, GGACAATT
AAACCGATTTTTG. Primers used for the higA deletion construct were as
follows: HigA-A, AGAAAGTGTGGAATCTTCAGC; HigA-B, ATAGTCGTT
ACCTCAATACTTATGTGGGTCTAA; HigA-C, GGTAACGACTATCAAACG
CTTCAAGAGGGACAG; and HigA-D, TTGTTTGAAAGGCATTTTACG.

pBADhigB, which contains the higB open reading frame defined here (see Fig.
2) expressed under the control of the arabinose-inducible promoter PBAD, con-
sists of a PCR product generated with the primers HigBx3 (CGAGCTCGGAT
GCACAATGAGACAGT) and HigBY (GCTCTAGAAGTCGTTACCTCAAT
ACTTATG), digested with SacI and XbaI, and cloned into pBAD18Kn (15).

pGZhigA, which contains higA expressed under the control of the IPTG-
inducible promoter Ptac, consists of a PCR product generated with HigAX
(CGAGCTCCTTACTTAGACCCACATAAGTATTG) and HigAY (GCTCTA
GAAAAAACCAACGCATGGTAAA), digested with SacI and XbaI, and
cloned into pGZ119EH (25).

To generate pBADHigBHis, the TIGR-annotated higB gene was amplified
using HigB-N (TTGTGCACAGTGTCATTATG) and HigB-C2 (ATACTTAT
GTGGGTCTAAGTAAG) and cloned into pBADTOPO (Invitrogen). The
higB-his fragment was then amplified with HigBx3 and 3-His (GCTCTAGATC
AATGGTGATGGTGATG), digested with SacI and XbaI, and cloned into
pBAD18Kan.

pQE30higBAmyc, which allows for IPTG-induced production of His6HigB
and HigA-Myc, consists of higBA amplified with 5B-PQE (CGAGCTCATGGC
ATTAGAATTTAAAGAT) and 3A-Myc (GCTCTAGATCACAGATCTTCTT
CGCTAATCAGTTTCTGTTCTGTACGTGCGCTTTGTTCC), digested with
SacI and XbaI, cloned into pBAD18Kan, released with SacI and PstI, and ligated
into pQE30 (QIAGEN).

pGZhigAmyc, which encodes a HigA-Myc fusion protein under the control of
Ptac, consists of higA amplified with HigAX and 3A-Myc, digested with SacI and
XbaI, and ligated into pGZ119EH.

phigBlacZ contains sequences amplified with 5phigB (GAAGATCTGCGTA
AAATTGCTTTCTCA) and 3phigB (CCCAAGCTTGTGCATCCATAGGCA
AA), digested with BglII and HindIII, and ligated to pCB182N (provided by
H. H. Kimsey) to generate a transcriptional reporter fusion for the higB pro-
moter.

phigAlacZ contains sequences amplified with pHigAf (CGGGATCCTGGTT
AGAGCAGTTTTACGAGGATG) and phigAr (GCTCTAGATGATGTGAT
GCCCATTGGTTC), digested with BamHI and XbaI, and ligated to pCB182
(35) to generate a transcriptional reporter fusion for the higA promoter.

All sequences were amplified from N16961 DNA. Plasmid construction was
confirmed by DNA sequencing. pCVD442 derivatives were introduced into V.
cholerae by conjugation; all other plasmids were introduced into V. cholerae and
E. coli by electroporation.

RNA analyses. RNAs were extracted from bacterial cell pellets using Trizol
(Invitrogen) and then treated with DNase I (QIAGEN). For Northern blots,
RNAs were run in glyoxal gels (Ambion) and then transferred to Bright Star Plus
nylon membranes (Ambion). Blots were hybridized to in vitro-transcribed probes
(Strip-EZ RNA; Ambion) in Ultrahyb (Ambion) at 68°C. Templates for probe
transcription were linearized derivatives of pCRII-TOPO (Invitrogen) contain-
ing higA (nucleotides [nt] 9 to 251 relative to the translational start) or higB
(nt �29 to 254). Primer extension analyses were performed on RNAs from
wild-type (wt) V. cholerae treated with 10 �g/ml chloramphenicol for 20 min to
induce expression of higBA. RNAs were reverse transcribed from the primer
Gsp3 (CACCAACCTTTAAGATTTCCTTCA), using MonsterScript (Epicenter
Biotechnologies), at 60°C. The sequencing ladder was generated from a Gsp3-
5pHigB DNA template, using Gsp3.

Protein purification and analysis. Log-phase cultures of E. coli XL1-Blue-
(phigBhis) were grown with 0.2% arabinose for 3 h to induce expression of
His6HigB. The tagged protein was affinity purified under native conditions, using
Ni-nitrilotriacetic acid (NTA) (QIAGEN) according to the manufacturer’s instruc-
tions. Purified protein was run in a denaturing polyacrylamide gel, transferred to a
polyvinylidene difluoride membrane, and stained with Coomassie blue. The mem-
brane with purified protein was submitted for N-terminal sequencing (Tufts Uni-
versity Core Facility). Similarly, log-phase cultures of XL1-Blue(pQE30higBAmyc)
were grown for 3 h with 0.2 mM IPTG to induce expression of His6HigB and
HigA-Myc. Proteins were affinity purified as described above and then eluted from
the resin in the presence of 250 mM imidazole. Purified proteins were run in
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denaturing polyacrylamide gels and either stained with colloidal Coomassie blue or
transferred to nitrocellulose membranes for Western blotting. Blots were probed
with a penta-His antibody (QIAGEN) or anti-Myc antibody (Invitrogen). De-
tection of HigA-Myc in control purifications and total cell lysates from
BW27784(pBADhigB/pGZHigAmyc) was performed in the same manner.

Viability assays. wt and higBA mutant V. cholerae strains were cultured in LB
until an optical density at 600 nm (OD600) of �0.7, and then the cultures were
divided and either treated with 1 to 10 �g/ml chloramphenicol or 50 �g/ml
kanamycin or left untreated. Subsequently, cultures were plated at various time
points on LB agar lacking either antibiotic to enumerate CFU. All antibiotic
concentrations tested slowed or halted culture growth (measured as OD600).

HigB toxicity assays. V. cholerae N16961 and N16961 higBA and E. coli BI533
were each transformed with pBAD18Kan and pBADhigB. Transformed strains
were grown to exponential phase in LB with kanamycin, 0.2% glucose, and
streptomycin (V. cholerae) or nalidixic acid (E. coli). Cultures were then spun
down, washed twice with LB, resuspended to an OD600 of �0.3 in LB with
antibiotics and either 0.02% glucose or 0.02% arabinose, and returned to 37°C.
Aliquots were removed every 30 min for assessment of OD600 and for dilution
onto selective plates containing 0.2% glucose to enumerate CFU.

HigA activity assays. The effect of simultaneous production of HigB and HigA
was assessed using N16961 higBA(pBADhigB/pGZHigA). The effect of delayed
HigA production was assessed using N16961 higBA(pBADhigB/pGZHigAmyc)
and E. coli BW27784(pBADhigB/pGZHigAmyc). Strains were grown in LB with
antibiotics and 0.2% glucose to exponential phase, spun down, rinsed twice with
LB, resuspended to an OD600 of �0.3 in LB with antibiotics and either 0.02%
glucose or 0.02% arabinose, and returned to 37°C. At time zero or later time
points, 1 mM IPTG was added to some cultures to induce expression of HigA.
For the assay of simultaneous HigB and HigA induction, aliquots were removed
every 30 min for dilution onto selective plates containing 0.2% glucose to enu-
merate CFU. For the assay of delayed HigA induction, cells were cultured for 30
min in the presence of IPTG prior to being plated on selective plates containing
0.2% glucose.

RESULTS

Generation of V. cholerae lacking higB and higBA. To study
the role of and requirement for the higBA locus in V. cholerae
(VCA0391/2) (Fig. 1A), we attempted to generate derivatives
of a sequenced clinical isolate, N16961 (18), lacking one or
both genes. Mutants containing an in-frame deletion in higB
were readily isolated; however, we could not generate an in-
frame deletion within higA in wt V. cholerae, even if higA was
provided in trans on a plasmid. In contrast, higA deletion mu-
tants could be derived from the N16961 higB mutant. These
data are consistent with the hypothesis that HigB is a toxin
whose activity can be blocked by an antitoxin, HigA. The
growth rates (OD600) and viability (CFU) of wt and higB and
higBA mutant V. cholerae strains did not differ notably in either
LB or M63 minimal medium (data not shown).

Expression and regulation of higBA. Northern blotting was
used to assess the expression of higBA in the three strains
under a variety of conditions. Low-abundance transcripts of
higB and higA were detected in RNAs of wt V. cholerae grown
in LB and minimal medium to both log and stationary phase,
although expression was somewhat higher in log-phase cul-
tures grown in minimal medium (Fig. 1B and C). Under all
conditions tested, the RNA from the higB mutant that hybrid-
ized to the higA probe was shorter than that from wt V. chol-
erae, suggesting that HigB and HigA are produced from a
single transcript. A short higA-hybridizing species, which was
much less abundant than the predominant species, was also
detected in wt V. cholerae. This transcript is probably processed
from the longer transcript, as promoter analyses (see below)
suggest that a higA-specific promoter has, at best, very weak
activity under the conditions assayed.

We also monitored higBA transcript abundance following

treatment of cultures with antibiotics, with mitomycin C, and
with elevated temperatures, as previous studies have suggested
that such stresses can induce expression of TA loci (8, 16, 23).
No increase in transcript abundance was detected 20 min after
the addition of the ampicillin analog carbenicillin (50 �g/ml) or
mitomycin C (20 ng/ml) to cultures or following incubation of
cultures at 42°C for 20 min or 55°C for 10 min (Fig. 1D).
Exposure of cells to carbenicillin (50 to 250 �g/ml) for 1 h or
to rifampin (50 �g/ml) for 20 min also did not increase higB
transcript abundance, despite the marked effect of these agents
on culture density (data not shown). However, addition of the
protein synthesis inhibitors chloramphenicol (1 to 10 �g/ml)
and kanamycin (50 to 500 �g/ml) to cultures caused a dramatic
increase in higBA transcripts in as little as 20 min (Fig. 1D).
The protein synthesis inhibitor spectinomycin also increased
higBA transcript abundance, but to a lesser extent, perhaps
related to its smaller impact on cell replication. The results
obtained with protein synthesis inhibitors are consistent with
those from previous studies of TA loci, as reduced production
of the presumably unstable antitoxin HigA should release the
higBA locus from HigA-mediated autorepression. Surprisingly,
however, transcripts larger than those typically observed for
the higBA locus were also detected following higBA-inducing
treatments. The biological significance of the latter observation
is unknown.

To confirm that the V. cholerae higBA locus is autoregulated,
we assessed the activity of a higB::lacZ transcriptional reporter
fusion (Fig. 1A) in wt and higB and higBA mutant V. cholerae
strains (Fig. 1E). No difference was observed between the
activities of the reporter in wt and higB mutant V. cholerae,
suggesting that, in contrast to regulation of other TA loci (13),
HigB does not play a significant role in downregulating its own
expression (e.g., as a corepressor). This conclusion is consistent
with the similar abundances of higA transcripts detected in wt
and higB mutant V. cholerae by Northern blotting (Fig. 1B).
However, the activity of the higB reporter was �3.5 times
greater in the higBA background than in the wt and higB
background. Thus, it appears that HigA either directly or in-
directly represses expression of the higBA locus, as observed
for other antitoxins.

Analysis of the Rts1 higBA locus revealed that it contains a
higA-specific promoter (PhigA) as well as the operon promoter
(PhigB) (37). Bioinformatic analysis of V. cholerae higBA
(BPROM; http://www.softberry.com/berry.phtml?topic�bprom&
group�programs&subgroup�gfindb) suggested that this might
also be the case in V. cholerae (data not shown). However, very
little �-galactosidase activity was detectable from a higA::lacZ
transcriptional reporter fusion containing the potential
promoter (Fig. 1A), although this activity was higher than that
from a vector control (0.3 to 1.2 Miller units versus �0.1 units)
(Fig. 1F and data not shown). These data indicate that if a
higA-specific promoter is present, it is active either at very low
levels or under different growth conditions from those that
activate the higB promoter.

Cloning and 5�-end mapping of V. cholerae higB. To perform
more comprehensive analyses of the role of HigB in the ab-
sence of HigA, we attempted to create an inducible higB ex-
pression vector, using the arabinose-inducible promoter PBAD

in pBAD18Kn (15). Even though glucose, the repressor of
PBAD, was used in our attempts to insert higB downstream of
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pBAD, we were at first unable to obtain clones containing the
wt higB sequence. Subsequent sequence analyses comparing
the annotated V. cholerae HigB protein to predicted HigB
proteins from other organisms (27) revealed minimal homol-
ogy upstream of amino acid (aa) 23 of the predicted V. cholerae
HigB protein, suggesting that higB might be misannotated in
the V. cholerae genome and that our cloned fragments could
include the higB promoter, PhigB. Primer extension and 5� rapid
amplification of cDNA ends confirmed this theory and indi-
cated that the true transcriptional start site for V. cholerae higB
lies 36 nt downstream of TIGR’s annotated translational start
site (Fig. 2B and C and data not shown). Based on these
findings, we hypothesized that the true HigB translational start
site is situated at amino acid 23 relative to the annotated start
site. Subsequent attempts to generate a new pBADhigB con-
struct lacking the endogenous PhigB promoter were successful.
In addition, we created a variant of this construct (pBADHig-
BHis) predicted to encode HigB with a His6 tag fused to its
carboxyl terminus. Affinity purification and amino acid se-
quencing of this protein (which was found to be nontoxic)
confirmed that its amino terminus had the predicted ALEFK
sequence; thus, the presumed translational start site (Fig. 2B)
is associated with a functional ribosome binding site.

HigB is a potent toxin that prevents growth of both V.
cholerae and E. coli. We introduced pBADhigB into wt and
higBA mutant V. cholerae strains and into E. coli BI533 and
measured if induction of higB expression influenced cell
growth and/or survival. As measured by OD600, induction of
HigB synthesis in the N16961 higBA strain dramatically slowed
the rate of culture growth but did not reduce the culture
density below its starting point, perhaps suggesting that HigB
did not induce cell lysis (Fig. 3A). However, when we assessed
the viability of cells in induced cultures (via quantitation of
CFU), we found that production of HigB for as little as 30 min
reduced the number of CFU by several orders of magnitude
(Fig. 3B). This marked reduction occurred despite the pres-

FIG. 1. Expression and regulation of V. cholerae higBA. (A) Sche-
matic representation of the higBA region of V. cholerae chromosome
II, drawn approximately to scale. Thick arrows show genes, as anno-
tated by TIGR, pointed in the direction of transcription. Bent arrows
show the locations of the experimentally determined higBA promoter
and the predicted higA promoter. The filled rectangle corresponds to
the first 22 aa codons of annotated higB, which are not believed to be
translated (see Fig. 2). Hatched areas denote regions deleted from

higB and higA. Open rectangles show regions cloned to generate tran-
scriptional reporter fusions in phigBlacZ and phigAlacZ. Thin arrows
show regions transcribed in vitro to generate antisense riboprobes. (B)
Northern blot of RNAs from wt, higB, and higBA strains of V. cholerae
grown in either M63 or LB medium to various densities. The blot was
probed with a riboprobe complementary to higA transcripts. (C)
Northern blot as described for panel B, but probed with a riboprobe
complementary to higB transcripts. (D) Northern blot of RNAs from
wt V. cholerae grown in LB medium and treated with a variety of
stresses. Cultures were grown at 37°C to an OD600 of �0.7 (left and
right panels) or 0.5 (middle panel) and then either left at 37°C for an
additional 20 min (control [C]) or incubated with carbenicillin (50
�g/ml [Cb]) or chloramphenicol (1 to 10 �g/ml [Cm]) for 20 min, with
kanamycin (50 to 500 �g/ml [Kn]) or spectinomycin (50 to 100 �g/ml
[Sp]) for 1 h, or with spectinomycin (500 �g/ml) or mitomycin C (20
ng/ml [M]) for 20 min. Heat-treated cells were shifted either to 42°C
for 20 min or to 50°C for 10 min. The blot was probed with a riboprobe
complementary to higB transcripts. (E) �-Galactosidase activities
(Miller units) from a higB::lacZ transcriptional reporter fusion (phig-
BlacZ) in wt, higB, and higBA strains of V. cholerae. Data are averages
for at least three experiments. (F) �-Galactosidase activities (Miller
units) from a higA::lacZ transcriptional reporter fusion (phigAlacZ) in
wt, 	higB, and 	higBA strains of V. cholerae. Data are averages for at
least three experiments.
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ence of glucose, the repressor of pBADhigB, within the assay
plates. Thus, a short period of HigB production in the absence
of HigA can dramatically interfere with V. cholerae’s ability to
replicate. HigB induction also reduced the plating efficiency of
N16961(pBADhigB) (Fig. 3C), although the reduction was less
rapid, perhaps because of the presence of endogenous HigA.
HigB had an even more dramatic effect in E. coli BI533 (Fig.
3D), indicating that HigB’s effects are not dependent upon the
presence of additional vibrio-specific factors. For all three
strains tested, the number of CFU was not reduced to zero; a
subpopulation of cells continued to replicate, which is consis-
tent with the slight increase in culture density (Fig. 3A).

HigA prevents the toxicity of HigB. To assess directly
whether HigA could block the toxicity of HigB, we cotrans-
formed the N16961 higBA strain with pBADhigB and
pGZhigA, a plasmid containing higA under the control of the
IPTG-inducible promoter Ptac. CFU were then quantitated for
cultures grown in glucose, with or without IPTG, and in arabi-
nose, with or without IPTG. Production of HigA had no effect
on the viability of cells grown in glucose (higB repressed);
however, it increased the viability of cells cultured with arabi-
nose (higB induced) by several orders of magnitude, restoring
CFU to the level observed for cells with repressed higB (Fig.
4A). Thus, V. cholerae HigA appears to function as an antitoxin
that can prevent the growth-inhibitory effect of HigB.

Studies of additional TA loci have suggested that the
growth-inhibitory effect of some toxins (e.g., RelE) can be
bacteriostatic rather than bactericidal (29). For such toxins, it
is possible to reverse the toxin’s effects by subsequent (rather
than simultaneous) production of antitoxin. We performed
analogous “rescue” experiments with both the higBA mutant V.
cholerae strain and E. coli BW27784 (22). Both strains were
cotransformed with pBADhigB and pGZhigAmyc. The latter
plasmid, which was shown to have antitoxin activity in experi-

ments like those shown in Fig. 4A (data not shown), encodes
an epitope-tagged version of HigA, thus permitting biochem-
ical as well as functional detection of HigA.

For the rescue experiments, cells were initially cultured ei-
ther in glucose (no HigB) or in arabinose (with HigB) for
various amounts of time, followed by an additional 30 min of
growth in the presence or absence of IPTG (i.e., with or with-
out HigA). CFU were then enumerated on plates containing
glucose and lacking IPTG. In the V. cholerae higBA back-
ground, induction of higB for 30 min followed by induction of
higA resulted in little or no reduction of CFU relative to that
for cultures in which toxin was not induced (Fig. 4B, 30 min).
In contrast, a 30-min induction of toxin with no subsequent
antitoxin induction resulted in a 
100-fold drop in CFU (Fig.
3B). Longer delays (60 to 120 min) prior to higA induction
resulted in incomplete rescue of culture viability; still, even
when higA was induced 120 min after induction of higB, this
increased the number of CFU �10-fold relative to that for a
parallel culture in which higB was induced but higA was not
(Fig. 4B, arabinose with or without IPTG, 120 min). Similar
results were obtained from experiments performed with E. coli,
although both toxicity and rescue were somewhat less effective.
Complete blockage of HigB toxicity in E. coli was obtained
only with simultaneous induction of HigB and HigA produc-
tion, and no rescue was observed if HigA synthesis was induced
90 min after that of HigB, but some rescue was observed at
intermediate time points (Fig. 4C). Overall, it appears that the
effects of short-term (�30 min) production of HigB can effec-
tively be countered by HigA induction but that those from
longer (
60 min) HigB exposure are generally, though not
entirely, irreversible.

Since several toxins have been shown to either directly or
indirectly interfere with protein synthesis (5, 7), we explored
the possibility that HigA’s apparent inability to completely

FIG. 2. Determination of transcriptional and translational start sites for V. cholerae higB. (A) Alignment of the 5� ends of annotated V. cholerae
HigB and characterized or putative HigBs from Salmonella enterica serovar Typhimurium, Yersinia pestis, Idiomarina loihiensis, and Rts1.
Conserved amino acids are shaded. (B) Annotated and experimentally determined start sites for V. cholerae higB and HigB. The annotated
translational start is shown in bold italics, the experimentally determined translational start site is boxed, and the experimentally determined
transcriptional start site is underlined and marked with a bent arrow. (C) Primer extension analysis of the 5� end of V. cholerae higB transcripts.
The sequence corresponds to the bottom strand shown in panel B. RT, reverse transcription reaction performed with a higB-specific primer. The
same start site was also identified using 5� rapid amplification of cDNA ends (data not shown).
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prevent HigB-dependent toxicity after delayed induction might
actually reflect a failure in HigA synthesis after substantial
exposure to toxin. To do this, we compared the levels of HigA-
Myc generated in the presence versus the absence of toxin.
Cells were harvested for Western analysis 60 min after induc-
tion of HigA-Myc production. Analyses were initially at-
tempted using cell lysates from N16961 higBA(pBADhigB/
pGZhigAmyc); surprisingly, we were never able to detect
HigA-Myc in these lysates, despite clear functional evidence
that HigA is produced (Fig. 4B). We hypothesize that protein
processing removes or modifies the Myc epitope tag in V.
cholerae cultures. However, HigA-Myc was readily detected in
E. coli transformed with the above plasmids, both in the pres-
ence and in the absence of HigB (Fig. 4D). Antitoxin was
apparent even when its synthesis was induced 90 min after
induction of HigB, at which point no amelioration of toxicity
was observed; antitoxin levels per ml of culture were slightly
reduced at this time point relative to levels in cultures lacking
toxin. Thus, the absence of rescue when antitoxin induction
lags sufficiently behind toxin induction is not simply due to a
failure of antitoxin production. However, it is possible that the

quantity of HigA produced following late induction is insuffi-
cient to inactivate the HigB already accumulated. Alterna-
tively, it may be that after 90 min of HigB production, down-
stream pathways have been altered to such an extent that even
complete inactivation of HigB by HigA cannot restore normal
cellular functions.

We also assessed whether induction of the endogenous
higBA locus is linked to the death of V. cholerae cells. Both wt
and higBA cells were treated with agents shown to induce
higBA transcript accumulation (Fig. 1D), which presumably
reflects inactivation of the repressor/antitoxin HigA and a cor-
responding activation of HigB. Exposure of these strains to
chloramphenicol (1 to 10 �g/ml) or kanamycin (50 �g/ml)
slowed or halted growth of both strains; however, when cells
were enumerated (CFU) following up to 3 h of antibiotic
treatment, no significant differences were detected between
survival rates for wt and higBA mutant V. cholerae (Fig. 5 and
data not shown). Thus, it does not appear that transient acti-
vation of endogenous HigB promotes programmed cell death,
although it is possible that a HigB-dependent loss of viability
might be detected following lengthier periods of antibiotic

FIG. 3. Effects of HigB production on culture density and CFU of V. cholerae and E. coli. Strains contained either pBAD18 (triangles) or
pBADhigB (circles). All cultures were grown in LB medium plus 0.2% glucose, washed, and resuspended in either LB plus 0.02% glucose (open
symbols) or LB plus 0.02% arabinose (filled symbols) at time zero. Culture densities and/or CFU were enumerated at subsequent time points.
(A) OD600 for V. cholerae higBA strain. (B) CFU of V. cholerae higBA strain. (C) CFU of wt V. cholerae. (D) CFU of E. coli BI533.
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treatment. For these experiments, it is not possible to assess
whether toxin activation inhibits cell growth, as the antibiotics
used to induce HigB activity independently have such an effect.

HigB and HigA interact in vivo. It is generally believed that
antitoxins block the activities of their cognate toxins by binding
to them and thereby inhibiting their interactions with other
cellular factors. To determine whether V. cholerae HigB and
HigA interact, we coexpressed epitope-tagged versions of each
protein and assessed whether they could be copurified. Pro-
duction of the tagged proteins was controlled by a single pro-
moter in the expression construct pQE30HigBAmyc, allowing
IPTG-inducible expression of balanced amounts of toxin and
antitoxin. His6HigB was affinity purified under native condi-
tions, using Ni-NTA resin; Coomassie blue staining of the
protein eluted from the resin revealed a closely migrating dou-
blet of between 10 and 15 kDa, consistent with the sizes of
His6HigB (110 aa) and HigA-Myc (115 aa) (Fig. 6A). Western
blotting of purified samples confirmed that both His6HigB and
HigA-Myc had been purified (Fig. 6B and C). In contrast, no
HigA-Myc was detected in samples purified in parallel from E.
coli expressing HigB and HigA from pBADHigB (untagged
protein) and pGZHigAmyc (data not shown), suggesting that
HigA-Myc does not associate nonspecifically with the Ni-NTA
resin but was instead purified due to its interaction with HigB.
Thus, it appears likely that HigA’s inhibition of HigB toxicity
is, as with other antitoxins, dependent upon direct interaction
between the two proteins.

DISCUSSION

We have characterized the V. cholerae higBA locus, the first
chromosomally carried locus of this class to be studied. We
found notable similarities between V. cholerae higBA, Rts1

FIG. 4. Effects of HigA production coincident with or subsequent
to induction of HigB in V. cholerae and E. coli. All cultures were grown
in LB medium plus 0.2% glucose, washed, and resuspended in either
LB plus 0.2% glucose or LB plus 0.02% arabinose at time zero. At
either time zero (A) or subsequent time points (B, C, and D), IPTG
was added to some cultures to induce production of HigA (A) or
HigA-Myc (B, C, and D). After further incubation, cells were plated to
enumerate CFU (A, B, and C) or harvested for protein isolation and
Western blotting. Results of representative experiments are shown in
each panel. (A) CFU of N16961 	higBA(pBADhigB/pGZHigA).
(B) CFU of N16961 	higBA(pBADhigB/pGZHigAmyc). (C) CFU of

E. coli BW27784(pBADhigB/pGZHigAmyc). (D) Western blot of E.
coli BW27784(pBADhigB/pGZHigAmyc) probed with anti-Myc anti-
body. Lane X, no addition of IPTG to induce HigA-Myc production.

FIG. 5. Survival of wt and higBA mutant V. cholerae cells following
exposure to chloramphenicol. Cultures of wt (open bars) and higBA
mutant (hatched bars) V. cholerae were grown to an OD600 of �0.7,
split, and either treated with 1 or 5 �g/ml chloramphenicol (Cm) or left
untreated. After various times, cultures were plated on LB agar with-
out chloramphenicol to enumerate CFU. Survival represents the num-
ber of CFU in treated cultures relative to the number of cells in
untreated cultures at the same time point. Each bar is the average
value for two to four experiments.
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higBA, and several characterized TA loci carried on the E. coli
chromosome. Overexpression of the toxin (HigB) blocks in-
creases in culture density and rapidly reduces CFU in a culture
by several orders of magnitude. This toxicity is preventable by
simultaneous expression of the antitoxin (HigA). Toxicity can
also be reduced by delayed induction of the antitoxin; HigA’s
effect is noticeable when it is induced up to 120 min after
induction of HigB, although delays significantly reduce its ef-
ficacy (Fig. 4B). Endogenous higB and higA are not usually
differentially expressed, as they are largely, if not entirely,
controlled by a shared promoter. This promoter is repressed by
HigA (Fig. 1E). Although toxins have been reported to act as
corepressors for other TA loci, including Rts1 higBA, there is
no indication that V. cholerae HigB functions as a corepressor;
the activities of a higB::lacZ transcriptional reporter fusion did
not differ in wt and higB V. cholerae strains. This result also

suggests that stabilization of HigA by HigB is not a key factor
in maintaining adequate antitoxin levels.

The expression and/or activity of some TA loci can be al-
tered by numerous stimuli, typically stresses, such as amino
acid and glucose starvation, exposure to various classes of
antibiotics, oxidative stress, elevated temperature, and expo-
sure to DNA-damaging agents (6, 8, 16, 23, 33, 34). This does
not appear to be the case for the V. cholerae higBA genes,
which instead appear to be regulated by a more limited set of
stimuli. Carbenicillin, rifampin, mitomycin C (sufficient to ac-
tivate RecA) (31), and growth at either 42 or 50°C had no
effect on higBA transcript abundance, suggesting that these
treatments do not alter the level of HigA or its ability to
repress the higBA promoter. However, increased higBA tran-
script levels were detected following exposure of V. cholerae to
the protein synthesis inhibitors chloramphenicol, kanamycin,
and spectinomycin. Presumably, HigB is more stable than
HigA (as seen with other toxin-antitoxin pairs), and conse-
quently, any stimuli that nonspecifically block translation can
preferentially reduce antitoxin levels and alleviate repression
of the TA locus. Thus, we predict that amino acid starvation,
previously shown to promote transcription of relBE and per-
haps mazEF (7, 8; contradicted by reference 1), would also
increase expression of higBA and that all of the activating
stimuli would influence expression of the other TA loci con-
tained within V. cholerae’s superintegron as well. Due to the
altered balance between toxin and antitoxin levels, such stimuli
should also promote toxin activity.

The biological role of chromosomally carried TA loci is the
subject of debate. Engelberg-Kulka and colleagues have pro-
posed that TA loci induce programmed cell death (11, 23),
while Gerdes and others favor the idea that these loci merely
retard cell growth until favorable growth conditions are re-
stored (4, 13, 29). These conflicting ideas may, in part, reflect
genuine differences in the activities of TA-encoded toxins, i.e.,
some may act more as killers than others. For example,
mazEF-dependent cell death in E. coli has been reported in
response to numerous stimuli (14, 16, 23, 33, 34), whereas
induction of relBE (and in certain cases mazEF) has no effect
on cell viability (5, 7). The conflicting conclusions also appear
to reflect differences between the conditions (e.g., time or
culture media) under which the effects of toxin production
were assessed.

One approach used to address the question of whether TA-
encoded toxins are bacteriostatic or bactericidal has been to
monitor whether the effects of toxin production (typically ex-
ogenously expressed) can be reversed by subsequent produc-
tion (again exogenous) of antitoxin. If delayed expression of
antitoxin is sufficient to restore culture viability, then it is
argued that the effect of the toxin is bacteriostatic; when no
rescue is observed, it is argued that the toxin is bactericidal. We
performed analogous experiments using V. cholerae HigB and
HigA and observed that delayed production of HigA following
production of HigB could reduce or eliminate HigB-depen-
dent toxicity (Fig. 4B and C). However, after sufficient delay,
the effect of HigA was minimal to undetectable. Thus, it is
clear that whether HigB is judged to be bacteriostatic versus
bactericidal based on this approach depends largely upon the
conditions and times assayed: the effects of short exposure to

FIG. 6. Affinity purification of His6HigB and associated HigA-Myc.
His6HigB and HigA-Myc were coexpressed from pQE30HigBAmyc in
E. coli XL1Blue, and His6HigB was affinity purified from cell extracts,
using Ni-NTA resin under nondenaturing conditions. Cell extracts and
subsequent fractions from the purification were run in denaturing
polyacrylamide gels and then analyzed using either Coomassie blue
staining or Western blotting. (A) Proteins from various purification
stages stained with colloidal Coomassie blue. (B) Western blot of pre-
and postpurification fractions probed with anti-Myc antibody.
(C) Western blot of pre- and postpurification fractions probed with
anti-His6 antibody.
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HigB are reversible, while those of longer exposures largely are
not, as has been observed for MazF (2, 29).

A pitfall of “rescue” experiments performed to date is that in
most cases investigators have not reported whether antitoxin is
actually produced in response to inducing stimuli. Since several
toxins have been shown to interfere with protein translation
(e.g., RelE and MazF/ChpAK), it is easy to imagine that after
a certain period of toxin induction, cells may no longer be
capable of synthesizing antitoxin. Under such conditions, it
cannot be argued that the antitoxin is ineffective at countering
the toxin; instead, it is simply absent. To address this concern
in our own rescue experiments, we monitored the accumula-
tion of epitope-tagged antitoxin (HigA-Myc) following its in-
duction at various time points relative to higB induction. We
found that even after 90 min of HigB production, cells could be
induced to synthesize a significant quantity of HigA; thus,
HigB does not appear to have a dramatic global effect on gene
expression. HigA accumulation was slightly lower per ml of
culture in cells expressing HigB than in cells with repressed
HigB expression; however, this may reflect the slower growth
of cells expressing toxin. These data strongly suggest that the
absence of rescue following 90 min of toxin production is not
simply due to a failure to synthesize antitoxin, suggesting that
exogenously produced HigB can be bactericidal. However, it is
also possible that extended toxin induction does not initiate a
new cellular program (e.g., programmed cell death); an alter-
native explanation might be that the antitoxin produced is
simply insufficient to inactivate the toxin that has already ac-
cumulated.

We also assessed whether conditions that activate endoge-
nous higBA (e.g., protein synthesis inhibitors) promote toxin-
dependent cell death. No significant difference was observed
between survival rates of wt and higBA V. cholerae cells fol-
lowing exposure to either chloramphenicol or kanamycin. Fur-
thermore, chloramphenicol treatment had an extremely lim-
ited effect on the viability of wild-type cells, despite having a
dramatic effect on cell replication (Fig. 5 and data not shown).
Because such treatment clearly activates higBA, and probably
activates additional TA loci within the V. cholerae superinte-
gron, our data suggest that expression of HigB (and potentially
other toxins as well) at endogenous levels for several hours is
not bactericidal.

The function of the higBA locus in V. cholerae remains to be
determined. One possibility is that toxin activation (presum-
ably in response to unfavorable growth conditions) inhibits
bacterial growth until more auspicious growth conditions are
restored. Interestingly, it has been observed that TA loci are
activated in persister cells, which neither grow nor die in the
presence of bactericidal agents (21). However, it is still unclear
how, following toxin activation, cells can regenerate a growth-
favoring TA balance, particularly if the accumulated toxin in-
hibits gene expression, as demonstrated for several toxins. The
dynamics of toxin inactivation poststress have not been ex-
plored thoroughly. It may be that antitoxin-independent pro-
cesses for inactivation remain to be discovered or that antitoxin
production can be uncoupled from toxin production (e.g., via
activation of PhigA). Stochastic processes may also play a role
(4); however, it is difficult to see how these alone could allow
for complete maintenance of culture viability. More under-

standing of this cycle may develop as natural conditions that
promote toxin activation are identified.

Another possible role for chromosomal TA loci is promo-
tion of genomic stability. For example, V. cholerae higBA might
protect against loss either of the V. cholerae second chromo-
some or, as proposed by Rowe-Magnus et al., of the V. cholerae
superintegron (32). Segregation and partitioning mechanisms
for chromosome II appear to be quite reliable, and hence
chromosome loss is a very rare event; however, it is interesting
that cells induced to lose chromosome II (and thus presumably
containing an excess of residual HigB relative to HigA) share
some striking morphological characteristics with cells that
overexpress HigB (Y. Yamaichi and M. K. Waldor, unpub-
lished observations). Thus, HigB may aid in selecting against V.
cholerae cells containing only chromosome I in the rare cases
where such cells develop. In contrast to the overall stability of
chromosome II, it is clear that the V. cholerae superintegron is
extremely plastic (30). It contains numerous repeat sequences
that might be expected to lead to frequent excision events;
however, as with a loss of the complete chromosome, loss of a
TA-encoding region would cause irreversible activation of the
toxin due to the absence of the antitoxin-encoding gene. Such
activation may provide strong counterselection against dele-
tion of TA loci and, presumably, against deletion of adjacent
loci that might be lost simultaneously. Consequently, although
TA loci might initially be seen as “selfish” genes, they may also
provide benefits for the organism in which they reside.
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ADDENDUM IN PROOF

While this paper was under review, Christensen-Dalsgaard
and Gerdes (M. Christensen-Dalsgaard and K. Gerdes, Mol.
Microbiol. 62:397–411, 2006) reported the mechanism of ac-
tion of HigB.
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