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ABSTRACT

TcpP and ToxR coordinately regulate transcription of toxT, the master regulator of numerous virulence factors in Vibrio chol-
erae. TcpP and ToxR are membrane-localized transcription factors, each with a periplasmic domain containing two cysteines. In
ToxR, these cysteines form an intramolecular disulfide bond and a cysteine-to-serine substitution affects activity. We deter-
mined that the two periplasmic cysteines of TcpP also form an intramolecular disulfide bond. Disruption of this intramolecular
disulfide bond by mutation of either cysteine resulted in formation of intermolecular disulfide bonds. Furthermore, disruption
of the intramolecular disulfide bond in TcpP decreased the stability of TcpP. While the decreased stability of TcpP-C207S re-
sulted in a nearly complete loss of toxT activation and cholera toxin (CT) production, the second cysteine mutant, TcpP-C218S,
was partially resistant to proteolytic degradation and maintained �50% toxT activation capacity. TcpP-C218S was also TcpH
independent, since deletion of tcpH did not affect the stability of TcpP-C218S, whereas wild-type TcpP was degraded in the ab-
sence of TcpH. Finally, TcpH was also unstable when intramolecular disulfides could not be formed in TcpP, suggesting that the
single periplasmic cysteine in TcpH may assist with disulfide bond formation in TcpP by interacting with the periplasmic cys-
teines of TcpP. Consistent with this finding, a TcpH-C114S mutant was unable to stabilize TcpP and was itself unstable. Our
findings demonstrate a periplasmic disulfide bond in TcpP is critical for TcpP stability and virulence gene expression.

IMPORTANCE

The Vibrio cholerae transcription factor TcpP, in conjunction with ToxR, regulates transcription of toxT, the master regulator of
numerous virulence factors in Vibrio cholerae. TcpP is a membrane-localized transcription factor with a periplasmic domain
containing two cysteines. We determined that the two periplasmic cysteines of TcpP form an intramolecular disulfide bond and
disruption of the intramolecular disulfide bond in TcpP decreased the stability of TcpP and reduced virulence gene expression.
Normally TcpH, another membrane-localized periplasmic protein, protects TcpP from degradation. However, we found that
TcpH was also unstable when intramolecular disulfides could not be formed in TcpP, indicating that the periplasmic cysteines of
TcpP are required for functional interaction with TcpH and that this interaction is required for both TcpP and TcpH stability.

Cholera is caused by ingestion of the aquatic Gram-negative
bacterium Vibrio cholerae. The profuse watery diarrhea char-

acteristic of cholera is induced by cholera toxin (CT), an ADP-
ribosylating toxin that induces cyclic AMP production in intesti-
nal epithelial cells, resulting in massive secretion of water and
electrolytes. Microcolony formation and colonization of the intes-
tine require expression of the toxin-coregulated pilus (TCP) (1).
Transcription of the genes encoding CT and TCP, as well as several
other virulence factors, is regulated by the transcription activator
ToxT (2). toxT expression is regulated by two transmembrane
winged-helix-turn-helix (w-HTH) transcription factors, ToxR
and TcpP, and their coactivators ToxS and TcpH, respectively
(3–10). Based on current models, upon entry into the intestine,
environmental signals activate expression of tcpPH (11, 12).
TcpPH, along with constitutively expressed ToxRS, activates tran-
scription of toxT, resulting in colonization and CT secretion in a
temporally coordinated fashion (13). Under noninducing condi-
tions, TcpP is specifically targeted for degradation by the site 1
periplasmic protease, Tsp, followed by the membrane-localized
metalloprotease YaeL (10, 14, 24).

TcpP and ToxR have three distinct domains: an N-terminal
cytoplasmic DNA-binding domain, a single membrane-spanning
domain, and a C-terminal periplasmic domain. The cytoplasmic

domain of TcpP and ToxR is homologous to that of the OmpR/
PhoB family of w-HTH transcription factors (15). Mutations in
several key residues of the cytoplasmic domains of both TcpP and
ToxR that inhibit DNA binding and transcriptional activation
have been identified (5, 16–18). TcpP binds to a direct repeat in
the toxT promoter just upstream of the predicted RNA polymer-
ase (RNAP) binding site (5, 19), while ToxR binds to a direct
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repeat, three turns upstream of the TcpP-binding site (5, 20).
Based on the location of these binding sites, TcpP likely interacts
with RNA polymerase and is the direct activator of toxT. This
model is further supported by the fact that overexpressed TcpP
can activate toxT in the absence of ToxR, but ToxR cannot activate
toxT expression in the absence of TcpP (3–5, 18). Membrane lo-
calization of ToxR is required for toxT activation in conjunction
with TcpP but not activation of the TcpP-independent ompU pro-
moter (21–23). Thus, ToxR is believed to serve as a coactivator,
enhancing transcriptional activation of toxT by promoting TcpP
recruitment and/or binding to the toxT promoter (5, 17, 18).

The periplasmic coactivators TcpH and ToxS coordinate with
the periplasmic domains of TcpP and ToxR, respectively, for full
activation of toxT (3, 4, 6, 8–10). ToxS has been shown to increase
ToxR dimerization and transcriptional activation of toxT by ToxR
(9), while TcpH is required for TcpP stability and enhances tran-
scriptional activation of toxT by protecting TcpP from degrada-
tion (10, 14). The periplasmic domain of TcpP is particularly vul-
nerable to proteolytic degradation resulting in instability of the
entire protein (10, 14). Evidence for the role of the periplasmic
domain in TcpP instability was provided when the periplasmic
domain of TcpP was fused to ToxR, making a ToxR-TcpPperi chi-
meric protein. This resulted in an unstable ToxR species unless
TcpH was present (10). Conversely, replacement of the periplas-
mic domain of TcpP with the periplasmic domain of ToxR re-
sulted in increased TcpP stability (10). Proteolysis of TcpP is reg-
ulated in a multistep process in which initially the site 1 protease
Tsp (tail-specific protease) recognizes the C terminus and cleaves
TcpP (24). This partially degraded TcpP, designated TcpP*, is
then further cleaved by the membrane-localized metalloprotease
YaeL, resulting in complete degradation of TcpP (14). In Esche-
richia coli, YaeL cleaves RseA, a transmembrane protein that teth-
ers �E to the membrane. Cleavage and subsequent degradation of
RseA release �E from the membrane, thereby allowing �E to acti-
vate its target promoter (25–27). TcpP is active in the membrane,
and cleavage of TcpP by YaeL results in inactivation and degrada-
tion (14).

Proper disulfide bond formation is important for the function
of many periplasmic proteins (28). In V. cholerae, the disulfide
isomerase DsbA is required for proper formation and activity of
TCP, CT, ToxR, and other virulence factors (29–32). The periplas-
mic domain of ToxR contains two cysteines that form an intra-
molecular disulfide bond, and disruption of this periplasmic in-
tramolecular disulfide in ToxR by mutation of one of the cysteines
to serine in the classical V. cholerae strain O395 resulted in forma-
tion of an intermolecular disulfide, likely between two ToxR mol-
ecules (33). The resulting mutant, when expressed from a plasmid,
was found to be 30-fold defective in induction of CT expression
(33). A recent study in which ToxR was expressed from the chro-
mosome found that mutating both periplasmic cysteines of ToxR
in the classical strain O395 led to a dramatic decrease in OmpU
production but less than a 2-fold defect in CT production in LB
medium at pH 6.5 and 30°C (toxin-inducing conditions [32]).
Differences in CT production in these two studies may be due to
differences in the effects of replacing one (33) or both (32) cys-
teines or due to differences between plasmid-expressed and chro-
mosomally expressed ToxR. TcpP also has cysteines at similar
positions in its periplasmic domain. In this study, we determined
that the TcpP periplasmic cysteines also form an intramolecular
disulfide bond. In addition, we examined the role of TcpP

periplasmic cysteines in toxT transcriptional activation and found
that the intramolecular periplasmic disulfide bond of TcpP is im-
portant for TcpP stability and maximal transcriptional activation
of toxT and V. cholerae virulence gene expression. Finally, we also
found that the stability of the TcpP affector protein TcpH depends
upon the presence of the periplasmic cysteines of TcpP and the
single periplasmic cysteine of TcpH (C114). This suggests that
TcpP and TcpH interact via a transient disulfide bond, while
TcpH facilitates proper TcpP folding and intramolecular disulfide
bond formation.

MATERIALS AND METHODS
Bacterial strains and plasmids. All strains and plasmids used in this study
are listed in Table S1 in the supplemental material. Specific mutants were
generated by site-directed mutagenesis using primers listed in Table S2 in
the supplemental material and Pfu Turbo (Stratagene) followed by DpnI
digestion as described previously (19). Plasmids containing the mutants
were cloned into DH5�. The sequences of all constructs were verified at
the University of Michigan DNA Sequencing Core or by Genewiz. Plas-
mids were then transferred to reporter strains. For chromosomal muta-
tions, the sequence containing the mutation was cloned into the suicide
plasmid pKAS32 (34). The plasmids were mated into V. cholerae and
chromosomal recombination was selected as described previously (34).
The same system was used to delete tcpP from the chromosomes of vari-
ous V. cholerae protease deletion strains. The locus encoding non-
epitope-tagged TcpPH was digested from pMMB207-tcpPH (pEK32 [see
Table S1]) using EcoRI and BamHI and cloned into the EcoRI and BamHI
sites in a pBAD18 (Kan) plasmid in which the second BamHI site and the
NheI site at the upstream end of the multiple-cloning site were removed
by site-directed mutagenesis [the new plasmid was designated pGOOD
(Kan)].

Culture conditions. V. cholerae strains were routinely grown over-
night in Vc LB (LB containing 5 g/liter of NaCl rather than 10 g/liter) at
37°C. To induce virulence gene expression and promote tcpP expression
and stability, all samples were assayed after induction in Vc LB (pH 6.5) at
30°C. Cultures were grown in the presence of 100 �g/ml of ampicillin, 25
�g/ml of chloramphenicol, 100 �g/ml of streptomycin, and 30 �g/ml of
kanamycin as needed.

�-Galactosidase assays. Cultures were diluted from overnight growth
in Vc LB at 37°C and induced at 30°C for 4 h in Vc LB (pH 6.5) with 100
�M isopropyl-�-D-thiogalactopyranoside (IPTG) or 0.1% arabinose (as
required). To monitor induction from plasmid-based TcpP, the previ-
ously described reporter strains EK813 (�tcpP toxT-lacZ) and EK1490
(�tcpP �toxR toxT-lacZ) (18) were used. For quantification of toxT ex-
pression directed by chromosomally encoded tcpP, a plasmid containing a
toxT-lacZ reporter was utilized (pTLI2 [see Table S1 in the supplemental
material]) (35). Twenty to 100 �l of culture was used to measure �-galac-
tosidase activity as described previously (36). For quantification of ToxR
activation of ompU-lacZ and toxT-lacZ, the chromosomal reporter strains
EK383 and EK733 were used (4, 22). The optical density at 600 nm
(OD600) was determined by spectrophotometry and used to normalize
cultures for subsequent Western blot analysis.

Western blotting. Samples were resuspended in SDS-PAGE sample
buffer containing 1 mM dithiothreitol (DTT) adjusted for OD600 and
boiled for 5 min before being loaded onto a 10 to 15% polyacrylamide gel.
TcpP-herpes simplex virus (HSV) was detected using mouse monoclonal
anti-HSV at a 1:10,000 dilution (Novagen) or rabbit polyclonal anti-TcpP
at a 1:500 dilution (a kind gift from Victor DiRita). ToxR was detected
using rabbit polyclonal anti-ToxR antibodies at a 1:10,000 dilution. TcpH
was detected with a rabbit polyclonal antibody generated against two
TcpH peptides, TRYQTLPDPSSQK and LIPDYSQSNASRDYN, used at a
1:500 dilution (a kind gift from Victor DiRita). Alkaline phosphatase
(AP)-conjugated anti-mouse (Invitrogen) or anti-rabbit (Invitrogen) sec-
ondary antibody was used at a 1:3,000 dilution. The intensities of the
bands were determined using the freely available software ImageJ.
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Production of rabbit anti-ToxR antibodies. Two rabbits were immu-
nized by Covance with a purified form of ToxR-His6 containing the first
170 amino acids of the ToxR cytoplasmic domain (ToxRcyt2) followed by
a tobacco etch virus (TEV) protease cleavage site and C-terminal His6 tag,
according to standard procedures. ToxRcyt2-His6 protein was expressed
and purified from the E. coli overexpression strain Rosetta (DE3) pLysS
(see Table S1 in the supplemental material) following cloning of toxRcyt2
into the pET30b� vector (Novagen) via NdeI and KpnI restriction sites
(see Tables S1 and S2).

Nonreducing Western blotting. Dilutions (1:50) of overnight cul-
tures were grown in Vc LB broth with 100 �M IPTG for 3 h at 30°C. One
milliliter of culture was treated on ice for 15 min with 10 �M iodoacet-
amide (Sigma) to block free cysteines before being pelleted. The OD600 of
the culture was used to determine the appropriate volume of SDS sample
buffer with or without DTT for resuspension. Samples were analyzed by
Western blotting as described above.

Immunoprecipitation and mass spectrometry. Membranes contain-
ing TcpP-HSV were prepared as previously described (6) and boiled for 5
min in 1% SDS. Samples were diluted 1:100 in 50 mM Tris (pH 7.4)–300
mM NaCl–1% Triton X-100 and centrifuged to remove any precipitates.
Mouse monoclonal anti-HSV (Novagen; 1:500 dilution) was used to bind
TcpP-HSV to protein A/G-agarose beads (CalBiochem). After washing,
the beads were resuspended in sample buffer with or without DTT. Sam-
ples were analyzed by Western blotting and Coomassie staining, and se-
lected bands were removed and analyzed by mass spectrometry by the
University of Michigan Proteomics Consortium.

TcpP stability in protease deletion strains. Cultures were induced for
16 h in Vc LB (pH 6.5) with 0.1% arabinose at 30°C. Samples were ad-
justed for OD600 and analyzed by Western blotting using the antibody
against TcpP as described above.

ELISA for cholera toxin production. Enzyme-linked immunosorbent
assays (ELISAs) for CT were performed as described previously (5, 37).
The supernatant from induced cultures was allowed to bind to GM1 gan-
glioside-coated wells in a 96-well plate. Bound CT was then detected using

an anti-CT primary antibody and AP-conjugated anti-rabbit secondary
antibody. Color development of the substrate para-nitrophenylphos-
phate (pNPP) was measured after 20 min, and the average of 2 replicate
wells was used to determine CT content for each sample.

RESULTS
TcpP forms an intramolecular disulfide bond. To determine
whether TcpP, like ToxR, forms primarily intramolecular disul-
fide bonds, V. cholerae lysates containing pMMB207-expressed
TcpP-HSV (TcpP which contains a C-terminal HSV tag) were run
on nonreducing SDS-PAGE and analyzed by Western blotting. To
preserve disulfide bond formation and prevent additional disul-
fide bonds from forming during sample preparation, V. cholerae
lysates were treated with iodoacetamide as described previously
(33). Nonreduced TcpP-HSV ran slightly faster than reduced
TcpP-HSV due to the presence of an intramolecular disulfide
bond (Fig. 1, lanes 1, 4, and 5). Two fainter bands at approxi-
mately 70 kDa were also visible on the nonreduced gel (Fig. 1,
lanes 4, and 5); these bands are consistent with formation of in-
termolecular disulfide bonds between two TcpP molecules. These
dimers could be the result of formation of a single intermolecular
disulfide bond between two TcpP molecules or two disulfide
bonds between two TcpP molecules. To determine whether the
disulfide bonds observed were formed between the two periplas-
mic cysteines present in TcpP, each periplasmic cysteine was mu-
tated to serine (C207S and C218S). Because these mutants were no
longer able to form intramolecular disulfide bonds, TcpP-C207S
and TcpP-C218S ran either at the same position as reduced TcpP
or at a higher molecular mass consistent with a TcpP dimer
formed by intermolecular disulfide bonds (Fig. 1, lanes 6 to 9).
The TcpP dimer bands migrated slightly differently depending on

FIG 1 TcpP forms intramolecular and intermolecular disulfide bonds. Lysates of V. cholerae (EK459 �toxR �tcpP) expressing pMMB-TcpP-HSV and either pSK
or pSK-ToxR-HA (a ToxR-expressing plasmid with a C-terminal HA tag) were incubated with iodoacetamide prior to resuspension in sample buffer with or
without DTT. Blots were probed with anti-HSV primary antibody and alkaline phosphatase-conjugated anti-mouse secondary antibody. Mutations in either or
both periplasmic cysteines were used to perturb disulfide bond formation. The arrows and diagrams along the side of the blot indicate the state of the periplasmic
cysteines in each form of TcpP detected.
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whether C207 or C218 was present, likely due to differences in the
location of the disulfide bond relative to the C terminus of the
protein. Since proteins in this family tend to dimerize (21, 33,
38–42), and this band was the expected size of a TcpP dimer, we
predicted that this band was likely the result of an intermolecular
disulfide bond formed between two TcpP molecules. To confirm
this, the complex was isolated by immunoprecipitation and ana-
lyzed by mass spectrometry (data not shown). The only peptides
detected by mass spectrometry were from TcpP, indicating that
this band is the result of a TcpP homodimer (data not shown).
When both periplasmic cysteines were mutated to serine, only a
single band at the expected size for reduced TcpP was observed
(Fig. 1, lanes 10 and 11), confirming that the disulfide bonds ob-
served were formed by the periplasmic cysteines and not any of the
four cytoplasmic cysteines in TcpP. The presence of ToxR had no
effect on disulfide bond formation (Fig. 1). These data are in
agreement with a previous study demonstrating a role for DsbA in
the formation of TcpP intramolecular disulfide bonds (43).

In conclusion, the periplasmic cysteines in TcpP form primar-
ily intramolecular disulfide bonds. However, when only one
periplasmic cysteine is available, TcpP forms cross-linked ho-
modimers.

TcpP-HSV containing intermolecular disulfide bonds main-
tains toxT activation. The TcpP periplasmic cysteine mutants
were tested for transcriptional activation of a chromosomal toxT-
lacZ reporter to determine whether an intramolecular periplasmic
disulfide bond is required for activity. TcpP-C218S was able to
activate transcription at 	80% of wild-type levels (Fig. 2A). Since
TcpP-C218S is not able to form intramolecular disulfide bonds,
this demonstrates that the intramolecular disulfide bond is not
required for transcriptional activation of toxT. Additionally, the

presence of an intermolecular disulfide bond only partially inter-
fered with toxT activation by TcpP-C207S, which maintained 48%
activity. TcpP-C207S was also present at about 59% of the levels of
wild-type TcpP (Fig. 2B). TcpP-C207S/C218S, on the other hand,
was the most defective for toxT activation (13% of the wild type),
even though it had a level of protein similar to TcpP-C207S (Fig.
2B). Thus, either intramolecular or intermolecular disulfide
bonds in the periplasmic domain of TcpP are required to maintain
�50% or greater toxT activation capacity.

TcpP-mediated toxT activation in the absence of ToxR de-
creased 10-fold, as ToxR facilitates TcpP-mediated toxT activa-
tion (5). ToxR-independent activation of toxT by overexpressed
TcpP-C207S and TcpP-C218S was at or above wild-type levels
(Fig. 2A, white bars), again demonstrating that maintenance of
either intramolecular or intermolecular periplasmic disulfide
bonds in TcpP is sufficient for toxT activation activity. Mutation
of both cysteines, yielding TcpP-C207S/C218S, resulted in the loss
of toxT activation by TcpP overexpressed in the absence of ToxR
(Fig. 2A), although in this strain background, TcpP-C207S/C218S
was particularly unstable, maintaining just 36% of the level of
TcpP protein as wild-type TcpP.

Stability of TcpP periplasmic cysteine mutants is greatly re-
duced when expressed from the chromosome without a C-ter-
minal epitope tag. Because our initial experiments were per-
formed with C-terminally HSV-tagged TcpP and the C terminus
of TcpP is known to be susceptible to periplasmic proteases (10,
14), we determined the consequences of disrupting TcpP periplas-
mic disulfide bond formation with untagged chromosomally ex-
pressed TcpP. tcpP-C207S, tcpP-C218S, or tcpP-C207S/C218S al-
leles were introduced on the chromosome and toxT activation was
measured using a plasmid-based reporter containing a toxT-lacZ

FIG 2 TcpP-HSV is able to activate transcription of toxT in the presence of intramolecular or intermolecular periplasmic disulfide bonds. (A) toxT activation by
the TcpP-HSV periplasmic cysteine mutants expressed from the pMMB207 plasmid was measured by �-galactosidase assay using chromosomal toxT-lacZ
reporters (EK813 and EK1490 [see Table S1 in the supplemental material]) (18). Activation was measured in both the presence (black bars) and the absence
(white bars) of chromosomally expressed ToxR. (B) TcpP-HSV expression was monitored by Western blotting using anti-HSV antibody. *, P 
 0.005 relative to
the value for wild-type TcpP.
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fusion. Expression of TcpP-C207S and the TcpP-C207S/C218S
mutant resulted in a dramatic decrease in toxT expression, ap-
proaching the levels seen in the �tcpP strain (Fig. 3). This decrease
in activity corresponded to profound TcpP instability, since little
to no TcpP-C207S or TcpP-C207S/C218S was detectable by West-
ern blotting (Fig. 3). TcpP-C218S was the most stable of all the
chromosomally expressed mutants (although only present at 15%
of wild-type levels) and maintained �50% of toxT activation rel-
ative to wild-type TcpP. While TcpP-C207S was not detectable by
Western blotting, it was able to activate toxT expression 1.5-fold
above background. These findings indicate that TcpP can be arti-
ficially protected from proteolysis by addition of a C-terminal
HSV tag, and this likely accounts for the differences observed in
stability between the mutants expressed from the chromosome
and the pMMB207-tcpP-HSV plasmid (Fig. 2B and 3A). Analysis
of chromosomally expressed wild-type TcpP demonstrated that
TcpP still forms intramolecular disulfides when expressed from
the chromosome (Fig. 3B).

To determine whether the defect in TcpP stability, and there-
fore toxT transcription, resulted in a defect in virulence gene pro-
duction, CT secretion directed by each chromosomally expressed
TcpP mutant was measured. As expected from the toxT activation
data (Fig. 3), TcpP-C207S and TcpP-C207S/C218S directed back-
ground levels of CT production, a nearly 4,000-fold decrease rel-
ative to that of the parental strain O395 (Table 1). TcpP-C207S
was able to produce CT levels just above the limit of detection for
this assay, indicating that the low levels of toxT induced in this
strain (Fig. 3) may be sufficient to induce a small amount of CT
production (Table 1). The dramatically reduced levels of CT pro-
duced by TcpP-C207S and TcpP-C207S/C218S corresponded to
undetectable TcpP protein levels in their respective strains (see
Fig. S1 in the supplemental material), as was observed in the toxT
activation assay (Fig. 3). TcpP-C218S was the most stable chro-
mosomally expressed cysteine mutant in both the toxT activation
and CT assays, although expression levels were still well below the
wild-type levels (Fig. 3A; see also Fig. S1). This resulted in a slight
(2-fold) defect in toxT-lacZ induction (Fig. 3). This level of toxT
expression is sufficient for levels of CT production approaching
the wild type, as CT levels were reduced only 6-fold in this strain
(1,000-fold above background) (Table 1). Thus, the decrease in
toxT expression and CT production by the TcpP periplasmic cys-
teine mutants corresponds to their relative instability, indicating
that defects in toxT transcription and virulence factor production
by these mutants are directly related to their decreased stability.

TcpH is unstable in the absence of TcpP. Since the open read-
ing frames of tcpP and tcpH overlap and the mutation resulting in
TcpP-C218S (TGC to TCC) also affects the start codon for tcpH
(ATG to ATC), we determined whether expression of TcpH in
trans would confer stabilization on any of the chromosomally en-
coded TcpP periplasmic cysteine mutants. Each chromosomal
TcpP periplasmic cysteine mutant was transformed with pACYC
or pACYC-TcpH (10), and levels of TcpP and TcpH were assessed
by Western blotting. Expression of TcpH in trans was not able to
stabilize expression to any of the TcpP periplasmic cysteine mu-
tants (Fig. 4A, lanes 9, 11, and 13). TcpP was stable with or without
the TcpH-expressing plasmid since TcpH was also expressed from
its normal chromosomal locus (Fig. 4A, lanes 2 and 3).

To our surprise, in the presence of any of the TcpP periplasmic
cysteine mutants, TcpH was unstable, suggesting that TcpH may
require the cysteines of TcpP to efficiently interact and maintain
both TcpP and TcpH stability (Fig. 4B, lanes 9, 11, and 13). To
confirm this result in a strain with no endogenous TcpH expres-
sion, a �tcpPH mutant was assessed for TcpP and TcpH stability

TABLE 1 Some chromosomally encoded TcpP periplasmic cysteine
mutants are severely defective for cholera toxin productiona

Strain
Amt of CT produced
(ng/ml/OD600)

O395 1,467 � 583
�tcpP �toxR mutant 
0.2 � 0.2
C207S mutant 0.39 � 0.04
C218S mutant 238 � 103
C207S C218S mutant 
0.2 � 0.2
a Levels of cholera toxin secretion by each chromosomally encoded TcpP periplasmic
cysteine mutant were detected by a CT-ELISA on overnight cultures of V. cholerae. CT
levels in TcpP-C207S and TcpP-C207S/C218S were not significantly above those in the
�tcpP �toxR negative-control strain (P � 0.06 for TcpP-C207S). CT was measured in
duplicate in two separate experiments (n � 4).Values are means � standard deviations.

FIG 3 The instability of chromosomally expressed TcpP cysteine mutants
lacking a C-terminal epitope tag results in a toxT activation defect. (A) Tran-
scription activation of toxT was monitored by �-galactosidase assay in V. chol-
erae strains in which the wild-type allele of tcpP was replaced with alleles en-
coding TcpP cysteine mutants. toxT activation was monitored using the
plasmid-based toxT-lacZ reporter, pTLI2 (35). A Western blot of lysates from
the �-galactosidase assay was probed with anti-TcpP antibodies and demon-
strated the instability of these constructs. While TcpP-C207S and TcpP-
C207S/C218S were undetectable, TcpP-C218S was present at 15% of the level
of wild-type TcpP as determined by ImageJ software. *, P 
 0.005 relative to
the value for wild-type TcpP; #, P 
 0.005 relative to the value for the �tcpP
mutant. (B) The presence of an intramolecular disulfide bond in chromo-
somally encoded TcpP was confirmed following overnight growth of the wild-
type strain O395 and processing of samples with and without DTT.
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when TcpP and TcpH were expressed from separate plasmids
(pGOOD-tcpP and pACYC-tcpH). As seen with the chromosomal
mutants, TcpP-C218S was more stable than TcpP-C207S and the
presence of TcpH did not affect expression levels of TcpP-C218S
(Fig. 4C). In contrast, wild-type TcpP was stabilized only in the
presence of TcpH, as reported previously (10, 14) (Fig. 4C). Again,
in the absence of TcpP (Fig. 4D, lane 4) or in the presence of the
TcpP periplasmic cysteine mutants (Fig. 4D, lanes 7, 9, and 11),
TcpH was unstable.

The single periplasmic cysteine of TcpH is required for TcpP
and TcpH stability. TcpH has a single periplasmic cysteine, an

unusual arrangement for a periplasmic domain (44). We hypoth-
esized that this cysteine may interact with TcpP, serving a chaper-
one-like function for TcpP folding and proper disulfide bond for-
mation. A TcpH-C114S derivative was constructed and assessed
for its ability to stabilize wild-type TcpP. TcpH-C114S was unable
to protect wild-type TcpP from degradation (Fig. 5A). Further-
more, the TcpH-C114S mutant itself was unstable, indicating that
this cysteine is required for maintaining a conformation of TcpH
that is resistant to periplasmic degradation (Fig. 5B).

Degradation of the TcpP periplasmic mutants requires YaeL,
with some contributions from DegS and Tsp. Since YaeL is the

FIG 4 TcpP and TcpH require each other for stability. Using chromosomal constructs with and without expression of additional TcpH from pACYC-tcpH (10),
only wild-type TcpP was protected from degradation by TcpH (A). Furthermore, TcpH was detected only when expressed in conjunction with wild-type TcpP
(B). Using a strain with no endogenous TcpP or TcpH expression (�tcpPH), plasmid-based expression of TcpP (pGOOD-tcpP) and TcpH (pACYC-tcpH) from
separate plasmids also demonstrated that wild-type TcpP is the only form of TcpP stabilized by TcpH (C) and TcpH was detected only when coexpressed with
wild-type TcpP (D). TcpP-C218S was partially stable regardless of the presence of TcpH (C).
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known site 2 protease of wild-type TcpP under noninducing con-
ditions (14), we determined whether the degradation of TcpP
periplasmic mutants also depends upon YaeL. Thus, we con-
structed an O395 �tcpP strain into which we added back pBAD18-
TcpPH plasmids encoding the TcpP periplasmic cysteine mutants
(without epitope tags). Upon plasmid-based expression, the un-
tagged TcpP-C207S, TcpP-C218S, and TcpP-C207S/C218S were
still unstable (Fig. 6A). A residual degradation band at approxi-
mately 15 kDa was observed in the periplasmic cysteine mutant
strains, as proteolysis may have been incomplete due to plasmid-
based overexpression. This 15-kDa band may represent a partially
protease-resistant intermediate containing the portion of TcpP
homologous to other winged-HTH proteins of the OmpR/PhoB
transcription activator family (15). When these constructs were
expressed in a �tcpP �yaeL background, the TcpP periplasmic
cysteine mutants were processed to a protein of �20 kDa, previ-
ously designated TcpP*, representing a partially proteolyzed
product of TcpP in the absence of YaeL (Fig. 6B) (14). This deg-
radation product was previously found upon shifting wild-type
O395 cultures to noninducing conditions in a �yaeL strain (14).
The same pattern was observed when TcpP periplasmic mutants
were expressed from the chromosome of a �yaeL strain (data not
shown). The increased degradation of mutants TcpP-C207S,
TcpP-C218S, and TcpP-C207S/C218S to TcpP* in the �yaeL
background under inducing conditions indicates that they are
more vulnerable to cleavage by YaeL than wild-type TcpP. Their
susceptibility to degradation under TcpP-inducing conditions is
similar to degradation of wild-type TcpP under noninducing con-
ditions.

Cleavage by YaeL is a two-step process, with a site 1 protease
initiating cleavage, followed by cleavage by the site 2 protease,
YaeL. One site 1 protease candidate is DegS. DegS is the V. cholerae
homolog of the site 1 protease responsible for initial cleavage of

proteins prior to YaeL cleavage in E. coli (14, 26). Although dele-
tion of DegS in V. cholerae did not result in increased stability of
wild-type TcpP under noninducing conditions (14), DegS could
be involved in degradation of the more proteolytically sensitive
TcpP periplasmic cysteine mutants. Using the pBAD18 expression
system, we observed partial stabilization of TcpP-C218S in the
�tcpP �degS strain (present at 32% of wild-type TcpP levels) but
no stabilization of TcpP-C207S or TcpP-C207S/C218S (Fig. 6C).
This indicates that although deletion of degS can partially stabilize
TcpP-C218S, there is another periplasmic protease that is primar-
ily responsible for the enhanced proteolytic degradation of the
TcpP periplasmic cysteine mutants. Another candidate for the site
1 protease mediating degradation of the TcpP periplasmic cys-
teine mutants is DegP (encoded by ptd and also known as pro-
tease-DO). DegP is a periplasmic chaperone responsible for deg-
radation of unstable or misfolded proteins in the periplasm (10,
45, 46). Deletion of ptd resulted in only a modest increase in sta-
bility of the TcpP-C218S periplasmic cysteine mutant (Fig. 6D),
indicating that Ptd is not the primary site 1 protease for misfolded
TcpP. Deletion of both degS and ptd did not give any additional
stabilization of the TcpP periplasmic cysteine mutants (Fig. 6E).
Finally, it was recently reported that under noninducing condi-
tions, the periplasmic protease Tsp serves as the site 1 protease for
TcpP (24). Thus, we measured the stability of the TcpP periplas-
mic cysteine mutants in a �tsp background using our pBAD-based
TcpPH plasmid expression system. Deletion of tsp led to partial
stabilization of TcpP-C218S, similar to the case with the �degS
mutant (Fig. 6F) (37% stability relative to that of wild-type TcpP),
and slight stabilization of TcpP-C207S (5% stabilization) but no
stabilization of the TcpP-C207S/C218S double mutant (Fig. 6F).
To determine whether these various periplasmic proteases per-
form redundant functions, we constructed a �degS �ptd �tsp tri-
ple protease mutant strain. Expression of the TcpP periplasmic
cysteine mutants in the �degS �ptd �tsp strain did not result in
any enhanced stabilization over those with the �degS and �tsp
mutants alone (Fig. 6G). Thus, another yet-to-be-identified
periplasmic protease or combination of proteases is likely respon-
sible for much of the degradation of the TcpP periplasmic cysteine
mutants.

DISCUSSION

The purpose of this study was to determine whether TcpP forms
periplasmic disulfide bonds and, if so, to determine whether the
disulfide bonds are required for TcpP stability and toxT promoter
activation. We found that TcpP, like ToxR, has two periplasmic
cysteines that form an intramolecular disulfide bond (Fig. 1 and
3B). Disruption of this disulfide bond by mutation of either of the
two TcpP periplasmic cysteines to serine results in an intermolec-
ular disulfide, forming a TcpP homodimer (Fig. 1). An additional
faint band can be detected at approximately 50 kDa in both the
TcpP-C207S and TcpP-C218S mutants (Fig. 1), which is the pre-
dicted size of a TcpP-TcpH heterodimer. TcpH is somewhat un-
usual in that it is a periplasmic protein with a single cysteine and
may serve a chaperone-like function for TcpP (44). TcpP mutants
lacking the ability to form an intramolecular disulfide bond are
unstable when chromosomally expressed without a C-terminal
epitope tag (Fig. 3; see also Fig. S1 in the supplemental material).
This instability results in decreased toxT activation and ToxT-
dependent CT production (Fig. 3A and Table 1). Disulfide bonds
formed with C207 are particularly crucial for stability, since the

FIG 5 A TcpH-C114S mutant cannot stabilize wild-type TcpP. TcpP and
TcpH were cotranscribed from the pBAD18-based plasmid pGOOD-tcpPH
encoding either wild-type TcpH or TcpH-C114S. Strains were induced for
tcpPH expression with 0.1% arabinose, and levels of TcpP (A) and TcpH (B)
were determined by Western blotting.
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FIG 6 TcpP periplasmic cysteine mutants are degraded through the YaeL pathway. (A) Stability of untagged TcpP periplasmic cysteine mutants expressed from
pBAD18-based plasmids in a �tcpP strain was monitored by Western blotting. (B) Deletion of yaeL from V. cholerae strains expressing TcpP with periplasmic
cysteine mutations resulted in accumulation of partially degraded TcpP (designated TcpP*). The stability of the plasmid-expressed TcpP cysteine mutants was
also monitored by Western blotting in �tcpP �degS (C), �tcpP �ptd (D), �tcpP �degS �ptd (E), �tcpP �tsp (F), and �tcpP �degS �ptd �tsp (G) strains. TcpP was
detected by Western blotting with anti-TcpP as a probe. The percentage of full-length TcpP remaining in each lane relative to wild-type TcpP for each panel is
provided below each lane and was determined by ImageJ software (http://rsbweb.nih.gov/ij/).
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TcpP-C218S mutant (maintaining C207) is more stable than the
TcpP-C207S mutant (Fig. 3A; see also Fig. S1). Since TcpP-C207S
is particularly sensitive to proteolytic degradation, formation of a
disulfide bond by this residue may partially mask a proteolytic
recognition site on TcpP. This would render wild-type TcpP and
TcpP-C218S more stable than TcpP-C207S.

It has been previously proposed that in the presence of the bile
salt taurocholate in the small intestine, TcpP forms a dimer via a
C207-C207 intermolecular disulfide bond (43). Thus, under cer-
tain environmental conditions, TcpP may alter its disulfide bond-
ing capacity to favor intermolecular disulfides rather than an in-
tramolecular disulfide bond. One caveat of these studies is that in
V. cholerae, the TcpP molecules analyzed by Western blotting to
detect monomeric or dimeric TcpP included a C-terminal epitope
tag. Thus, the transcription activation activity in V. cholerae by
these TcpP periplasmic cysteine mutants may not correlate with
the corresponding Western blot analyses that rely on the C-termi-
nal FLAG tag (43). Our findings demonstrate that addition of a
C-terminal epitope tag to TcpP artificially stabilizes the protein in
the presence of the periplasmic cysteine mutations (Fig. 1 and 2).
Thus, it is unclear how the periplasmic mutants in the previous
study would have behaved for taurocholate-dependent activation
had they included the C-terminal FLAG tag.

One common observation between our studies is that the
TcpP-C218S derivative appears to maintain some stability or ac-
tivity regardless of the presence of a C-terminal epitope tag. Yang
et al. found that TcpP-C218S was blind to bile, resulting in con-
stitutive toxT-lux activation with or without taurocholate (43).
We consistently found that the TcpP-C218S mutant was more
stable than the TcpP-C207S mutant (Fig. 3 and 6; see also Fig. S1
in the supplemental material) and its stability was TcpH indepen-
dent (Fig. 4). Reinforcing the latter finding, we noted the tcpP-
C218S mutation overlaps the start site of tcpH (changing ATG to
ATC) and likely decreases translation of tcpH. However, expres-
sion of additional TcpH from a plasmid did not further stabilize
the TcpP-C218S mutant (or any periplasmic cysteine mutant)
(Fig. 4A).

Under inducing conditions, TcpP is protected from degrada-
tion by TcpH, allowing it to induce expression of toxT (10, 14).
When switched to noninducing conditions, TcpP is cleaved by the
recently described site 1 periplasmic protease Tsp (24). This re-
sults in further cleavage by YaeL and degradation of TcpP, thus
decreasing induction of toxT (14). When the intramolecular di-
sulfide in TcpP is disrupted, TcpP is also readily degraded by the
YaeL pathway, even under inducing conditions (Fig. 6). This
could be due to decreased interaction with TcpH and/or improper
folding of the periplasmic domain.

In the course of assessing the ability of TcpH to stabilize
periplasmic cysteine mutants of TcpP, we found that in the ab-
sence of TcpP or in the presence of periplasmic cysteine mutants
of TcpP, TcpH was also unstable. This suggests that TcpP and
TcpH may interact via a disulfide-bonded intermediate between
the single periplasmic cysteine of TcpH (C114) and either of the
periplasmic cysteines of TcpP as TcpP is secreted through the
membrane. We hypothesize that C207 of TcpP would be the first
to emerge in the periplasmic space during secretion of TcpP (47);
thus, C207 may initially bind to TcpH until C218 of TcpP emerges
to allow an intramolecular disulfide bond in TcpP to form (Fig.
7C). According to this model, TcpH would perform a chaperone-
like role in assisting with TcpP periplasmic disulfide bond forma-

tion and protein folding. Based on the instability of TcpH in the
absence of TcpP or in the absence of either periplasmic cysteine of
TcpP, this model also suggests that once tcpP transcription is shut
down and TcpH has no new TcpP molecules to bind to, it may be
degraded. In agreement with the important role of TcpH-C114 in
interaction with TcpP and formation of this TcpP/TcpH bond
stabilizing TcpPH, when we generated a TcpH-C114S mutant, the
protein was unstable. While it is possible that this mutation af-
fected the structural integrity of TcpH, leading to degradation,
this is a modest amino acid change and the TcpH degradation
phenotype matches that of providing TcpH with forms of TcpP
lacking intramolecular disulfide bond formation capability. Un-
fortunately, attempts to stabilize TcpH-C114S by the addition of
an epitope tag did not result in stabilization. The TcpH antibody
was designed against two peptides (TRYQTLPDPSSQK and LIPD
YSQSNASRDYN) 28 and 11 residues N terminal to the cysteine
residue in TcpH. Thus, TcpH-C114 is not part of the epitope used
to generate the anti-TcpH antibody.

It should be emphasized that at this time, the direct interaction
between TcpH-C114 and the periplasmic cysteines of TcpP is
speculative. But suggesting such a role for TcpH is instructive for
future experiments to determine specific mechanism(s) of TcpP/
TcpH interaction.

The periplasmic domain of the TcpP cysteine mutants is de-
graded in part by the site 1 periplasmic proteases DegS and Tsp
(Fig. 6C and F), resulting in production of TcpP* (Fig. 6B). In the
presence of YaeL, this intermediate form is cleaved and degraded,
preventing detection of TcpP* (Fig. 6A). YaeL is a site 2 protease
and therefore is only active on previously cleaved substrates. DegS,
a periplasmic protease which is the site 1 protease for YaeL in other
systems (26), while not required for proteolytic degradation of
wild-type TcpP (14), plays a partial role in degradation of TcpP-
C218S but not TcpP-C207S (Fig. 6C). Although proteolysis of the
TcpP periplasmic cysteine mutants points to instability in the
periplasmic domain, deletion of the gene encoding the general
protease typically responsible for degradation of misfolded
periplasmic proteins, DegP (45, 46), did not increase stability of
the TcpP periplasmic cysteine mutants (Fig. 6D). Finally, the re-
cently described site 1 protease for TcpP degradation under non-
inducing conditions in V. cholerae, Tsp (24), plays a more modest
role in degradation of the TcpP periplasmic cysteine mutants, as
deletion of tsp alone or in combination with �degS and �ptd led to
only partial stabilization of TcpP-C218S, modest (5%) stabiliza-
tion of TcpP-C207S, and minimal, if any, stabilization of the
TcpP-C207S/C218S double mutant (Fig. 6F and G).

While this report focused on the periplasmic cysteines of TcpP,
it is instructive to compare our findings with TcpP/TcpH to those
for the highly homolgous ToxR/ToxS system. Disruption of the
periplasmic disulfide bond of ToxR, a protein of similar structure
to TcpP in V. cholerae, is reported to not affect stability except
potentially under conditions of nutrient limitation and alkaline
pH (33, 48). In a ToxR overexpression system, Ottemann and
Mekalanos found a 30-fold decrease in CT production when they
disrupted the periplasmic disulfide bond by mutating a periplas-
mic cysteine to serine (33). Using a chromosomally expressed al-
lele, Fengler et al. recently found that mutation of both ToxR
periplasmic cysteines prevented ompU expression and allowed for
enhanced ompT expression (ompU is activated by ToxR, while
ompT is repressed by ToxR) (32) under growth conditions similar
to those in the studies by Ottemann and Mekalanos (LB medium).
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However, chromosomally expressed ToxR lacking both periplas-
mic cysteines still directed nearly wild-type levels of CT, a process
requiring ToxR and TcpP working together (32). Using chromo-
somally expressed toxR alleles in the V. cholerae classical strain
O395, we found that mutation of either periplasmic cysteine in
ToxR resulted in a 20% decrease in ompU transcription activation,
and mutation of both cysteines in ToxR resulted in a 40% decrease
in ompU transcription activation in LB (see Fig. S2 in the supple-
mental material), similar to the findings of Fengler et al. Disrup-
tion of the periplasmic disulfide bond in ToxR did not have much
effect on toxT activation when ToxR was expressed from its chro-
mosomal locus, as we observed only a 20% defect in activation of
toxT in all of our ToxR periplasmic mutants. This corresponded to
no significant defect in CT production in any of the strains we
tested, similar to the results obtained by Fengler et al. in both
classical and El Tor V. cholerae strains (32). Thus, although ToxR
and TcpP contain similar periplasmic intramolecular disulfide
bonds, these disulfide bonds appear to play different roles in these

proteins. In TcpP, the periplasmic disulfide bond is particularly
critical for stability of TcpP and therefore expression of toxT and
production of CT. The TcpP periplasmic intramolecular disulfide,
in combination with TcpH, enhances stability, allowing TcpP to
be present long enough to induce expression of toxT (Fig. 7A).
Since TcpH cannot functionally interact with TcpP mutants af-
fecting the periplasmic cysteines (Fig. 4), TcpH is degraded and
TcpP is more susceptible to degradation in the presence of such
substitutions in TcpP (Fig. 7B). In wild-type V. cholerae, when
virulence gene expression is to be turned off, the inherent insta-
bility of TcpP and TcpH will then allow for rapid downregulation
of cholera toxin, the toxin-coregulated pilus, and other factors
(10, 14), while genes directly activated by ToxR (such as ompU)
will maintain their expression, as the ToxR periplasmic domain is
more stable than that of TcpP (10).

It was recently reported that TcpP-ToxR interactions are also
influenced by periplasmic cysteines and that TcpP and ToxR can
form intermolecular disulfide bonds under certain environmental

FIG 7 Model for disulfide bond- and TcpH-mediated protection of TcpP from degradation. The intramolecular periplasmic disulfide bond, along with TcpH,
protects TcpP from degradation under TcpP-inducing conditions. (A) Model showing protection of wild-type TcpP under inducing conditions. TcpH protects
TcpP from proteolysis by the site 1 protease Tsp and YaeL. (B) When the intramolecular periplasmic disulfide bond in TcpP is disrupted, TcpH is no longer able
to protect TcpP, leaving it vulnerable to degradation by DegS, Tsp, and other, yet-to-be-identified site 1 proteases. This allows for further degradation by the
membrane-localized protease YaeL. Based on our data (Fig. 4), TcpH is also degraded when the periplasmic disulfide of TcpP is unable to form. (C) A
hypothesized mechanism for TcpP interaction with TcpP via TcpP-C207 and TcpH-C114 as TcpP emerges across the inner membrane is shown. In this model,
as newly synthesized TcpP emerges in the periplasm through the SecYEG complex (47). TcpP-C207 emerges first and is engaged by C114 of TcpH until
TcpP-C218 emerges and forms an intramolecular disulfide bond with TcpP-C207. Without this interaction, both TcpP and TcpH are degraded. After TcpH
facilitates intramolecular disulfide bond formation in one TcpP molecule, TcpH may be degraded or may engage a newly emerging TcpP molecule.
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conditions, such as low oxygen (49). Given that our data (Fig. 1;
see also Fig. S2 in the supplemental material) and those of Fengler
et al. (32) indicate that the periplasmic cysteines of ToxR are not
required for toxT activation, additional studies are required, un-
der various environmental conditions and in the absence of
epitope tags or protein fusions that affect TcpP stability, to
determine the importance of TcpP-ToxR disulfide bond for-
mation in virulence gene expression by V. cholerae.
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