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Expression of toxT, the transcription activator of cholera toxin and pilus production in Vibrio cholerae, is the
consequence of a complex cascade of regulatory events that culminates in activation of the foxT promoter by
TcpP and ToxR, two membrane-localized transcription factors. Both are encoded in operons with genes whose
products, TcpH and ToxS, which are also membrane localized, are hypothesized to control their activity. In this
study we analyzed the role of TcpH in controlling TcpP function. We show that a mutant of V. cholerae lacking
TcpH expressed virtually undetectable levels of TcpP, although tcpP mRNA levels remain unaffected. A time
course experiment showed that levels of TcpP, expressed from a plasmid, are dramatically reduced over time
without co-overexpression of TcpH. By contrast, deletion of foxS did not affect ToxR protein levels. A fusion
protein in which the TcpP periplasmic domain is replaced with that of ToxR remains stable, suggesting that
the periplasmic domain of TcpP is the target for degradation of the protein. Placement of the periplasmic
domain of TcpP on ToxR, an otherwise stable protein, results in instability, providing further evidence for the
hypothesis that the periplasmic domain of TcpP is a target for degradation. Consistent with this interpretation
is our finding that derivatives of TcpP lacking a periplasmic domain are more stable in V. cholerae than are
derivatives in which the periplasmic domain has been truncated. This work identifies at least one role for the
periplasmic domain of TcpP, i.e., to act as a target for a protein degradation pathway that regulates TcpP
levels. It also provides a rationale for why the V. cholerae tcpH mutant strain is avirulent. We hypothesize that
regulator degradation may be an important mechanism for regulating virulence gene expression in V. cholerae.

Vibrio cholerae, which causes severe dehydrating diarrhea in
humans, expresses important virulence determinants under the
control of unusual transcription activator proteins, ToxR and
TcpP, which reside in the inner membrane of the cell (16, 38).
Membrane-localized ToxR and TcpP activate transcription of
the toxT gene (11, 16), which encodes a direct activator of
cholera toxin and toxin-coregulated pilus expression (11).

The model for the cooperative action between ToxR and
TcpP in controlling foxT transcription is that TcpP binds to the
toxT promoter just upstream of the basal promoter element
and from this position interacts with and stimulates RNA poly-
merase. ToxR binds upstream of TcpP, and in the model,
ToxR does not directly activate transcription but instead en-
ables activation by TcpP, perhaps through protein-protein in-
teraction (26,27). ToxR, TcpP, and other membrane-localized
transcription activators are bitopic membrane proteins, with an
amino-terminal cytoplasmic domain, called a winged helix-
turn-helix domain, that is similar to a DNA-binding and tran-
scription activation domain found in response regulator pro-
teins such as OmpR and PhoB (32, 38). The amino-terminal
domain is followed by a transmembrane domain, which, in
turn, is followed by a periplasmic domain of indeterminate
function. Attempts to identify a function for the periplasmic
domain have been inconclusive, although some evidence sug-
gests that it may be a signal-sensing domain. For example,
replacing the periplasmic domain of ToxR with alkaline phos-
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phatase leads to a constitutive phenotype in which toxin ex-
pression is no longer affected by some signals that influence
expression in cells with wild-type ToxR (38). A fusion of the
periplasmic domain of TcpP to B-lactamase is also active under
conditions that are not normally permissive for expression of
virulence genes in V. cholerae (16). Additionally, in the topo-
logically similar CadC protein of Escherichia coli, which acti-
vates gene expression in response to low pH in the presence of
lysine, mutations resulting in constitutive, signal-independent
activity map to the periplasmic domain (10).

A feature of the periplasmic domain of ToxR-like proteins is
their association with other membrane proteins that appear to
regulate their function. For ToxR, this effector is ToxS, en-
coded downstream of toxR on the V. cholerae chromosome and
required for wild-type ToxR activity (36). The TcpP effector is
TcpH, the gene for which is cotranscribed with fcpP (4, 16).
The precise mechanism of action of these membrane effector
proteins is unclear. Based on evidence from experiments done
with E. coli and Salmonella enterica serovar Typhimurium,
ToxS is hypothesized to play a role in stabilizing ToxR (11, 13,
44). In E. coli, ToxS expression enables low levels of ToxR to
activate transcription (11, 36) and this ability is associated with
an increase in ToxR stability. More specifically, expression of
ToxS has been shown to increase the stability of a ToxR-PhoA
fusion and a AcI-ToxR fusion in E. coli (11, 13). Residues
within the cytoplasmic amino-terminal domain of ToxR were
identified as being required for this ToxS-dependent stability
in E. coli (11). In addition, a Leu-to-Ser mutation at residue 33
of ToxS (ToxS, 555) conferred instability on ToxR in S. enterica
serovar Typhimurium, again suggesting that interaction be-
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tween ToxR and ToxS somehow regulates stability of the former
by the latter (44).

Another hypothesis of ToxS function is that it enhances the
dimerization of ToxR, thought to be a critical feature of ToxR
activity (11, 13, 38). This hypothesis is based on the behavior of
ToxR fusion proteins in E. coli, most notably one in which the
periplasmic and transmembrane domains of ToxR were fused
to the operator-binding site of the lambda repressor cI (13).
This domain requires dimerization to bind DNA and repress
transcription. ToxR-cI showed enhanced operator site binding
in the presence of ToxS, suggesting that the presence of ToxS
leads to a greater amount of dimerization of ToxR through its
periplasmic or membrane domain. Later work examining ToxR
conformation calls into question the necessity of dimerization
for ToxR function in V. cholerae (12, 41, 42). Since virtually all
of the work examining ToxS function has been performed with
heterologous systems, the role of ToxS in V. cholerae remains
unclear.

The relationship of TcpH to TcpP function has been less
well characterized than that of ToxS to ToxR. Strains lacking
tcpP are deficient for activation of foxT transcription (16), and
strains with mutations in tcpH demonstrate irregular toxT tran-
scription (4, 57) and are deficient for activating virulence fac-
tors downstream of toxT, including cholera toxin and toxin-
coregulated pilus (4). tcpH mutants have also been shown to
colonize infant mice at levels significantly below those of the
wild type (4). These data demonstrate the importance of both
tepP and tcpH for toxT transcription activation. The TcpP re-
quirement in virulence gene expression is better understood
than is the TcpH requirement, although TcpH is likely needed
because of its effect on TcpP function, as overexpression of
tcpH enhances TcpP activity (16).

In this study we analyzed the role of TcpH in TcpP function
and here report its role in a posttranslational mechanism that
regulates TcpP levels in the cell. We show that a tcpH deletion
mutant produces nearly undetectable steady-state levels of
TcpP, in contrast to those of ToxR in V. cholerae in the absence
of ToxS, and that this effect on TcpP concentration is not at the
transcriptional level but rather at the posttranslational level.
We present evidence that levels of TcpP are governed by a
proteolytic mechanism that is antagonized by TcpH and that
the target of TcpP degradation is its periplasmic, carboxy-
terminal domain.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The V. cholerae classical
strain O395 was used throughout this study. The E. coli strains DH5a and
DHS5aMpir were used for cloning, and SM10\pir was used for conjugation with V.
cholerae. All strains were grown in Luria-Bertani (LB) medium at 30 or 37°C. To
activate virulence gene expression, V. cholerae was cultured at 30°C in LB me-
dium at pH 6.5. Mid-log cultures were used for all experiments. Plasmids used in
this study include the suicide vector pKAS32 (51), the constitutive expression
vector pACYC184, and the arabinose-inducible expression vector pBAD18Kan
(15). Unless otherwise noted, 0.1% arabinose was used to induce expression of
Pgap. Plasmid DNA was transferred into V. cholerae by electroporation or by
filter conjugation with the E. coli strain SM10\pir. E. coli strains were trans-
formed by standard methods (47). When appropriate, the following antibiotics
were used at the concentrations indicated: streptomycin, 100 pg/ml; kanamycin,
50 pg/ml; chloramphenicol, 20 pg/ml; ampicillin, 100 pg/ml; and tetracycline, 10
png/ml.

Construction of deletion mutants. The AtcpH strain was constructed by clon-
ing a fragment of DNA containing an internal deletion of fcpH generated by
SOEing PCR (17), with the use of Expand Hi-Fidelity polymerase (Boehringer
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Mannheim), into the suicide vector pKAS32 (51). Construction of this mutant is
described in detail elsewhere (57). Briefly, SOE (splicing by overlap extension)
PCR was used to amplify a region of DNA spanning 689 bp upstream of the tcpH
start codon to 572 bp downstream of the stop codon, containing an internal
deletion of the tcpH gene. To facilitate cloning into the suicide vector pKAS32,
the fragment was engineered with unique restriction sites at the 5’ and 3" ends.
The fragment was then cloned into pKAS32, and the resultant plasmid was then
electroporated into the E. coli strain SM10\pir. This new strain was mated into
V. cholerae strain O395 or O395 foxT::lacZ (16) by filter conjugation. Selection
for integration was done on thiosulfate-citrate-bile salts-sucrose (Difco) plates
containing ampicillin (50 pg/ml). Resolution of the cointegrate was selected for
on LB plates containing streptomycin (1 mg/ml). Recombination and loss of the
wild-type allele were confirmed by PCR analysis with primers flanking the dele-
tion. The AtcpP (57) and AtoxR (26) strains used for this study have been
previously described.

The AtoxS derivative was constructed as follows. A BamHI fragment from
pVM16 (38), lacking the toxS coding sequence but carrying V. cholerac DNA
from upstream and downstream of foxS, was cloned into the BgllI site of the
suicide plasmid pKAS32 (51). The resulting plasmid was introduced by electro-
poration into V. cholerae strain 0395, with selection for ampicillin resistance
encoded by the plasmid. Subsequent recombinants in which the wild-type allele
was replaced with the AroxS allele were identified as described previously (51).
The presence of the mutant allele was then confirmed by PCR.

Construction of fcpP and toxR expression vectors. Full-length fcpP and toxR
genes were amplified from O395 chromosomal DNA with Expand Hi-Fidelity
polymerase (Boehringer Mannheim). After amplification, the PCR products
were digested and ligated into the inducible expression vector pPBAD18Kan. The
truncated forms of fcpP were constructed in the same manner by using the
identical 5’ oligonucleotide and appropriate 3’ oligonucleotides. The truncations
were made at amino acid positions 138, 169, 190, and 222. The tcpP-toxR chi-
meric gene was constructed by SOEing PCR to fuse the fcpP gene through the
predicted transmembrane domain with the predicted periplasmic domain of
toxR. The same strategy was employed to create the toxR-tcpP chimeric gene. The
resulting chimeric DNA fragments were cloned into pBAD18Kan. The tcpH
gene was cloned into the constitutive expression vector pACYC184.

Western blots. Overnight cultures grown at 30°C in LB medium were subcul-
tured at a dilution of 1:100 in LB (pH 6.5) and grown at 30°C for 4 to 5 h. For
strains containing the pBAD18Kan vector, arabinose was added to the culture
medium at the time of subculture. The mid-log culture (1 ml) was then pelleted
and resuspended in 50 to 100 pl of 1X sample buffer (47). Whole-cell pellets
were boiled for 5 min and loaded onto a 15% polyacrylamide gel. Loading
volumes were adjusted to normalize for culture optical density at 600 nm
(ODgqp). Proteins were transferred to Immobilon-P membranes (Millipore) and
probed with rabbit anti-TcpP antibody (generated by Zymed) at 1:500, followed
by goat anti-rabbit HRP-conjugated secondary antibody (Pierce) at 1:10,000.
Proteins were detected with use of an ECL detection kit (Amersham).

RNA isolation and analysis. Overnight cultures grown at 30°C in LB medium
were subcultured at 1:100 in LB (pH 6.5) and grown at 30°C for 4 to 5 h.
Mid-log-phase culture (15 ml) was then pelleted, and RNA was extracted by
using TRIzol reagent (Gibco-BRL) according to the manufacturer’s protocol.
RNA samples were then treated with DNase I and quantified by measurements
of OD,¢. Reverse transcriptase (RT)-PCR was performed with Superscript II
reverse transcriptase (Gibco-BRL) according to the manufacturer’s instructions.
Each ¢cDNA reaction was performed with 5 pg of RNA and 250 nmol of random
oligonucleotides (Gibco-BRL). Control reactions lacking reverse transcriptase
were performed in parallel. Equal amounts of the cDNA generated were then
used in PCRs with primers to amplify either tcpP or, as a control, the o subunit
of RNA polymerase.

Pulse expression experiments with arabinose and rifampin. Overnight cul-
tures grown at 30°C in LB medium were subcultured at 1:100 in LB (pH 6.5) and
grown at 30°C for 3.5 h. L-(+)-Arabinose (Sigma) was added to a concentration
of 0.1%, and cultures were held at 30°C for an additional hour. Next, rifampin
(Sigma) was added to 200 wg/ml to stop transcription while cells remained under
the given culture conditions. Samples were collected at various time points
following the addition of rifampin. Culture sample (1 ml) was collected for
ODy determination and 1 ml was collected for Western blot analysis. Process-
ing for Western blot analysis was done as described above.

Measurement of foxT-lacZ activation. Overnight cultures grown at 30°C in LB
medium were subcultured at 1:100 in LB (pH 6.5) and grown at 30°C for 4 to 5 h.
‘Where appropriate, expression of Py, was induced by the addition of arabinose
at the time of subculture. Culture samples (50 to 100 wl) were used to determine
B-galactosidase activity as previously described (34).
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RESULTS

TcpP derivatives with altered periplasmic domains are un-
stable in V. cholerae. Our investigation of TcpH function grew
out of studies of localization requirements for the membrane-
localized transcription factors ToxR and TcpP. Both are bi-
topic proteins with winged helix-turn-helix cytoplasmic do-
mains required for DNA binding and transcription activation.
ToxR and TcpP together activate toxT transcription, while
ToxR alone controls transcription of the porin genes ompU
and ompT, by activating the former and repressing the latter
(37). Membrane localization of ToxR is a requirement for
activation of the foxT promoter but not for regulation of the
omp promoters (8).

We sought to determine the localization requirements for
TcpP-dependent transcription activation by constructing trun-
cated forms of TcpP, shown in Fig. 1A. The cytoplasmic form
of TcpP, TepP,,,, was completely deficient for transcription
activation, as determined in a V. cholerae toxT-lacZ fusion
strain (Fig. 1C). The results for Tep,,.,, and TcpP,,;, with
deletion of all and half of the periplasmic domain, respectively,
are shown in Fig. 1B and C. Based on their instability, no
conclusions can be drawn about their ability to activate tran-
scription, but the instability may reveal something about the
overall structure or integrity of TcpP. These data suggest that
the stability of TcpP is fragile and that the protein cannot
tolerate gross structural changes to its periplasmic domain and,
as a result, transcription activity may require the full-length
version of the protein (Fig. 1C). Our observation that the TcpP
cytoplasmic domain alone lacks the ability to activate tran-
scription, along with prior work showing constitutive activity
resulting from fusion of TcpP periplasmic domain with that of
B-lactamase (16), led us to hypothesize that the periplasmic
domain plays an important regulatory role in TcpP function.
The observation that overexpression of fcpH, a primarily
periplasmic protein, enhances TcpP activity provides evidence
that TcpH may have a hand in TcpP stability and activity (16),
as has been proposed for the ToxR effector protein ToxS (11,
13, 36, 44).

Steady-state levels of full-length TcpP are dependent on
TcpH in V. cholerae. To begin assessing the role of TcpH in
TcpP function, we examined the phenotype of a V. cholerae
tcpH mutant. This mutant was previously shown to have an
altered pattern of foxT transcription and, consequently, to ex-
press significantly reduced amounts of cholera toxin (4, 57).
We determined the steady-state levels of TcpP in the wild type
and the tcpH mutant by immunoblotting (Fig. 2A). This exper-
iment showed that steady-state levels of TcpP are dependent
on expression of TcpH, as the fcpH mutant strain expressed
virtually undetectable levels of TcpP after growth to the mid-
logarithmic phase in LB at pH 6.5 and 30°C, conditions that
stimulate toxin and pilus production in wild-type V. cholerae
(Fig. 2A). Restoration of TcpH production by plasmid comple-
mentation resulted in concomitant restoration of TcpP to near
wild-type levels.

To determine if providing stability to their cognate activators
is a common feature of the effector proteins ToxS and TcpH,
we tested the levels of ToxR in a cell with a deletion of roxS.
Unlike that which we observed for TcpP in the absence of
TcpH, loss of ToxS had no measurable negative effect on
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FIG. 1. Effect of membrane localization on stability and activity of
TcpP. (A) Schematic diagram of the TcpP truncates constructed. The
truncates were expressed from the inducible plasmid pBAD18. (B)
Western blot analysis of the AzcpP strain transformed with the trun-
cates illustrated above. (C) B-Galactosidase assay of AtcpP strains
containing a chromosomal foxT-lacZ reporter fusion transformed with
the truncates described above.

steady-state levels of the ToxR protein (Fig. 2B), which is in
agreement with observations from studying ToxR and ToxS
function in serovar Typhimurium (44) but contrary to reports
of experiments of the effects of ToxS on ToxR function in
E. coli (11, 13). We conclude that TcpH ultimately regulates
TcpP protein levels and that this type of control, which may be
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FIG. 2. Effect of tcpH and toxS deletion on TcpP and ToxR, re-
spectively. (A) Western blot analysis of TcpP levels in wild-type (WT),
AtcpH and AtecpH + tecpH(pACYC184) cultures. (B) Western blot
analysis of ToxR levels in the wild type (WT), AtoxS, and AtoxR. For
both analyses, cells were grown to mid-log phase in LB medium at pH
6.5 at 30° C.

at the transcriptional or posttranscriptional level, is not a gen-
eral characteristic of membrane-localized transcription factors
in V. cholerae.

One explanation to account for diminished levels of TcpP in
the tcpH null strain is that tcpH deletion affects tcpP transcrip-
tion. To test this possibility, we performed RT-PCR with tcpP-
specific primers on RNA from mid-logarthmic-phase cultures
grown under inducing conditions. No difference in fcpP tran-
script levels between wild-type and fcpH mutant cultures was
observed (Fig. 3). These findings rule out any significant effect
of TepH on #cpP transcription and suggest that TcpH contrib-
utes either to translation of the tcpP message or to stability of
the protein.

Based on prior observations regarding the relationship be-
tween ToxR and ToxS, we chose to investigate the effects of
TcpH on TcpP protein stability. We performed a pulse expres-
sion experiment in which cloned fcpP was induced from the
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arabinose-inducible Py, promoter in either the presence or
absence of cloned, overexpressed TcpH (the chromosomal
tcpH gene was intact for this experiment). After a pulse of tcpP
induction by the addition of arabinose, rifampin was added to
the cultures to inhibit further transcription initiation. Samples
were taken at different times after rifampin addition and pro-
cessed for immunoblot analysis (Fig. 4).

In the absence of overexpressed TcpH, the level of TcpP
steadily diminished over time after cessation of new transcrip-
tion, so that by 180 min after the addition of rifampin, TcpP
was nearly undetectable in culture extracts (Fig. 4, top). In
contrast, when TcpP was induced in the presence of overex-
pressed TcpH, its level was unaffected by the addition of ri-
fampin for the entirety of the experiment (Fig. 4, bottom),
supporting the hypothesis that TcpH is important for the sta-
bility of TcpP in V. cholerae.

A TcpP-ToxR fusion protein is stable and active. Our data to
this point show that TcpH protects TcpP from turnover in
V. cholerae and that ToxR is an inherently more stable protein
in the absence of its cognate effector protein ToxS. Because
TcpH is predicted to localize in the periplasm, we hypothesized
that the periplasmic C terminus of TcpP is unstable in the
absence of TcpH. We exchanged the C-terminal domain of
TcpP with that of ToxR by splicing the two genes together, as
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FIG. 3. Effect of tcpH deletion on the level of tcpP transcript. RT-
PCR analysis of RNA transcript from wild-type (WT), AtcpP, AtcpH,
and AtcpH + tcpH (pACYC184) cultures RNA was harvested from
cultures grown to mid-log phase in LB medium at pH 6.5 and 30°C.
(A) The TcpP-specific product is shown. (B) The RNA polymerase
a-subunit (rpoA)-specific product is shown to demonstrate that levels
of RNA have been normalized. +RT, with reverse transcriptase; —RT,
without reverse transcriptase.
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FIG. 4. Co-overexpression of TcpH increases the stability of TcpP.
Western blot analysis of the AfcpP tcpH ™" strain transformed with
tcpP alone (AtcpP + P) expressed from the inducible plasmid tcpP
(pBAD18) or cotransformed with tcpP(pBAD18) and tcpH (AtcpP + P
+ H) expressed from pACYC184. Rifampin was added to stop tran-
scription of mid-log cultures. Cultures remained at 30°C after the ad-
dition of rifampin.

described in Materials and Methods. The chimeric protein,
TcpPg, was assayed for its stability compared to wild-type
TcpP by the same pulse expression experimental protocol as
described above for Fig. 4. The gene encoding TcpP or TcpP
was expressed from the Py, promoter by arabinose induc-
tion, followed by the addition of rifampin to stop further tran-
scription. Protein levels were determined over time by Western
blotting of anti-TcpP sera. TcpP was again unstable in this
experiment, which did not include co-overexpressed TcpH. By
comparison, TcpP, was much more stable, supporting our
hypothesis that the periplasmic domain of ToxR is more stable
than that of TcpP (Fig. 5A).

To further demonstrate that the periplasmic domain of TcpP
is a determinant of instability, the periplasmic domain of ToxR
was replaced with that of TcpP and another pulse expression
experiment was performed. Whereas ToxR was stable over the
time period of the experiment, there was a marked decrease in
ToxRp levels during the same period (Fig. 5B). Instability of
the fusion protein may be reflected by the presence of the
lower band, a possible degradation product (Fig. 5B). We do
not believe this instability is attributable simply to alteration of
the ToxR periplasmic domain or to fusion of a foreign domain,
because other periplasmic chimeras of ToxR are not unstable;
periplasmic fusions of ToxR with portions of B-lactamase, the
activator protein GCN4, and alkaline phosphatase result in
stable and active proteins in V. cholerae (8). Furthermore,
when TcpH was coexpressed with ToxR, this lower-molecu-
lar-weight species was undetectable (data not shown). We con-
clude from these experiments that the natural C terminus of
TcpP confers instability on the remainder of the protein, that
TcpH enhances stability of TcpP, and that the C terminus of
ToxR is naturally more stable.

Protease Do, a V. cholerae homolog of DegP, does not act on
TepP. Our experiments demonstrate that the instability of
TcpP is due to its periplasmic domain, leading us to hypothe-
size that a periplasmic protease is responsible for TcpP turn-
over. In an effort to identify additional factors affecting TcpP
stability, we focused on the periplasmic chaperone-protease
DegP. Although the primary function of DegP in gram-nega-
tive prokaryotes is thought to be maintenance of healthy pro-
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teins in the periplasm (6), DegP has also been implicated in the
virulence of numerous pathogenic organisms (3, 7, 21, 31, 43,
45). Examination of the V. cholerae degP homolog, protease do
(ptd), indicated that ptd is not responsible for degradation of
TcpP (data not shown).

DISCUSSION

Regulation of virulence gene expression in V. cholerae in-
volves a multilevel regulatory cascade leading to toxT transcrip-
tion by the membrane-localized regulatory proteins ToxR and
TcpP. Of the two proteins, TcpP is more extensively regulated.
Expression of foxR appears to be constitutive, although activity
of the protein is regulated by ToxS (11, 13, 36, 44), while tcpP
gene expression is controlled through the environmentally sen-
sitive AphA and AphB proteins (25, 50) and by several other
factors whose precise roles in this process are not as fully
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FIG. 5. Effect of the periplasmic domain on TcpP stability and
activity. (A) The AfcpP mutant strain was transformed with either
tcpP,,, (PBAD18) containing the full-length wild-type version of tcpP
or tcpPy (pBAD18) containing a chimeric version of zcpP in which the
periplasmic domain has been replaced with that of ToxR. Western blot
analysis of mid-log cultures was performed after the addition of
rifampin to stop transcription. Cultures remained at 30°C after the
addition of rifampin through the end of the time course. (B) The
same experiment as described for panel A was performed with the
AtoxR mutant strain transformed with either toxR,,,-pBAD18 or toxRp
(pBAD18).
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characterized as are those of AphA and AphB (1, 23, 24, 58).
In this report we present evidence that levels of TcpP are also
controlled by proteolysis and that TcpH can protect TcpP
against this degradation. Prior work had identified tcpH as the
site of a spontaneous mutation that rendered V. cholerae de-
ficient for expression of ctx4AB and tcpA and avirulent in the
infant mouse model (4) and as being required for transcription
of toxT (4, 57). Our findings provide the first mechanistic data
to account for the link between TcpH and expression of the
virulence genes ctxAB and tcpA in V. cholerae.

One conclusion that we draw from our results is that the
functions of small effector proteins, such as ToxS and TcpH, in
the service of their cognate membrane-localized activators are
not equivalent. Lack of ToxS in the V. cholerae cell has no
demonstrable effect on ToxR levels, whereas lack of TcpH
leads to severely diminished levels of TcpP. One hypothesis to
account for the finding regarding TcpH is that, in its absence,
TcpP is folded poorly and is rapidly degraded as a conse-
quence. Protecting TcpP from being degraded due to ineffi-
cient folding would suggest that TcpH may serve as a type of
molecular chaperone for TcpP. A chaperone role has been
proposed for ToxS, based on the observation that a mutant
ToxS protein, ToxS; 55, led to instability of ToxR when the
two proteins were coexpressed in serovar Typhimurium (44).
In that study, the investigators observed no effect on ToxR
levels in the absence of ToxS in serovar Typhimurium, similar
to our finding for V. cholerae reported herein, but they did
report that expression of ToxS, ;5 allowed for degradation of
ToxR when the proteins were coexpressed. They postulated
that the mutant protein may act to unfold the periplasmic
domain of ToxR, thereby causing it to become susceptible to
proteolysis. A mechanism for how this proposed unfolding may
occur was not suggested; but taking all of their data together,
Pfau and Taylor postulated that the role of ToxS is to enable
the proper folding of ToxR needed for transcription activation
but not for DNA binding (44).

TcpH may serve as a type of molecular chaperone for TcpP,
but it appears to differ greatly in function from that hypothe-
sized for ToxS by Pfau and Taylor (44). In that hypothesis,
ToxR requires ToxS to facilitate the conformation necessary
for transcription activation, not to fold into a stable structure,
whereas the requirement for TcpH is critical for producing
stable TcpP. The function of TcpH appears to be more similar
to that of CooB or ExbB than that of ToxS. CooB is an
apparent periplasmic chaperone required for CS1 pilus assem-
bly in enterotoxigenic E. coli. CooB associates with pilus sub-
units, a necessary step in protecting them from periplasmic
degradation (54). ExbB aids in membrane localization (22),
stability (49), and activity of TonB (28), a protein required for
transduction of energy from the inner to the outer membrane
in E. coli. A proper ratio of ExbB:TonB is evidently necessary
to protect protease-sensitive sites in TonB (49), and the inter-
action between these proteins appears to be long-lived, with
the proteins remaining complexed throughout the energy
transduction cycle.

Periplasmic chaperones associated with processes such as
pilus biogenesis (18), outer membrane biogenesis (2, 5, 9, 39,
48), and secretion (19), have been identified but an overall
understanding of the periplasmic folding process and inner
membrane protein biogenesis is still emerging. None of the
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classical cytoplasmic chaperones, such as members of the hsp
60, hsp 70, or hsp 100 family, is found in the periplasm, con-
sistent with the fact that this compartment lacks the ATP re-
quired for their activity. The periplasm does contain two other
classes of folding catalysts, protein disulfide isomerases and
peptidyl-prolyl isomerases, which act to catalyze thiol-disulfide
exchanges and cis-trans isomerization, respectively. Apart from
their roles in disulfide bond formation and peptidyl-prolyl
isomerase activity, a few of these proteins also act as chaper-
ones to promote folding and to prevent aggregation of unstable
proteins (40, 46, 56). TcpH shares no homology or predicted
functional domains with these folding factors or any other
known proteins, offering no clues as to how TcpH functions.

Although we do not yet know the specific mechanism by
which TcpH regulates the levels of TcpP in the cell, we do
know that TcpP is indeed subject to proteolysis and we hypoth-
esize that regulated degradation of TcpP may be a specific
mechanism by which the cell maintains appropriate levels of
downstream gene expression. It is clear from the extensive reg-
ulation upstream of tcpP in the virulence cascade of V. cholerae
that a great deal of precision is required for proper activation
of virulence genes. One can therefore imagine that there also
exists deliberate ways of limiting expression of these genes. A
study of the transcription profile of V. cholerae within human
stools led the investigators to suggest that virulence gene ex-
pression is down-regulated as the microbes prepare for survival
outside of the host (33). One recently defined mechanism for
down-regulating virulence gene expression in V. cholerae is
negative regulation by the LuxO-HapR quorum-sensing sys-
tem. At high cell density, quorum-sensing regulators act to in-
hibit expression of the ToxR virulence cascade (24, 35, 58). We
suggest that another mechanism could be regulated degrada-
tion of TcpP. That down-regulation of virulence may occur via
modulation of TcpPH has been suggested previously, based on
the observation that fcpH acquires frameshift mutations at a
high frequency when cells are cultured overnight under condi-
tions that induce expression of the ToxR regulon (4). From our
data regarding the relationship between TcpP and TcpH, it
follows that these mutations interfere with ability of TcpH to
provide stability to TcpP.

We hypothesize that TcpP undergoes a regulated process of
proteolysis whereby environmental signals control degradation
of TcpP. TcpP turnover in this manner would allow the organ-
ism to make a quick transition in response to changes in envi-
ronmental conditions. In lieu of a mechanism for regulating
TecpP function by phosphorylation-de-phosphorylation as in
classic two component regulators, TcpH-dependent stabiliza-
tion may be a mechanism to control TcpP levels and, thereby,
its activity. Several schemes might be imagined to address how
steady-state TcpP levels are coordinated with favorable or un-
favorable conditions for virulence gene expression. Protection
of TcpP could be mediated by differential affinities between
TcpP and TepH under different environmental conditions, and
there may even be competition between TcpH and the pro-
tease that degrades TcpP. The frameshift mutations that accu-
mulate in TcpH under certain culture conditions (4) could be
another way of modulating the TcpH-TcpP interaction accord-
ing to the environment. Alternatively, regulation of degrada-
tion may lie on the side of the protease, rather than in TcpP or
TcpH. If expression and/or activity of the protease is regulated,
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then fluctuations in its levels and activity corresponding to
changes in conditions could dictate degradation of TcpP.

Our findings emphasize the role of posttranscriptional reg-
ulation in controlling global gene expression patterns. Specif-
ically, we have uncovered a proteolytic mechanism with po-
tential impact on virulence gene expression. There are many
examples of proteolysis-regulating stress response, the cell cy-
cle, and development in prokaryotes in response to temporal
and spatial cues (20). One example of protein degradation
mechanisms specifically associated with virulence control in a
bacterial pathogen is provided by Pseudomonas aeruginosa.
The alg and mucD genes encode proteins with homology to
the periplasmic serine protease/chaperone DegP (29, 30, 52,
53). Inactivation of these genes causes derepression of algi-
nate biosynthesis, leading to mucoidy, which is associated
with chronic respiratory infections in cystic fibrosis (3).

The susceptibility of TcpP to proteolysis is likely attributable
to being in a misfolded state long enough to be engaged by
degradative proteases (14, 55). Identification of the protease(s)
responsible for its degradation is of interest, and in this study,
we focused on the chaperone-protease DegP, based on its lo-
cation in the periplasm and involvement in a variety of pro-
cesses, including pathogenesis (3, 7, 21, 31, 43, 45). Our results
indicate that the V. cholerae degP homolog, protease Do (ptd),
does not contribute to TcpP turnover, and analysis of other
candidates is underway. Identifying the chaperones and pro-
tease(s) governing TcpP stability will provide insight into the
dynamics of TcpP folding and stabilization by TcpH. More
knowledge of these processes is critical for understanding the
potential mechanism of proteolytic control of virulence gene
regulation in V. cholerae.
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