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The toxin-coregulated pilus (TCP) of Vibrio cholerae and the soluble TcpF protein that is secreted via the
TCP biogenesis apparatus are essential for intestinal colonization. The TCP biogenesis apparatus is composed
of at least nine proteins but is largely uncharacterized. TcpC is an outer membrane lipoprotein required for
TCP biogenesis that is a member of the secretin protein superfamily. In the present study, analysis of TcpC in
a series of strains deficient in each of the TCP biogenesis proteins revealed that TcpC was absent specifically
in a fcpQ mutant. TcpQ is a predicted periplasmic protein required for TCP biogenesis. Fractionation studies
revealed that the protein is not localized to the periplasm but is associated predominantly with the outer
membrane fraction. An analysis of the amount of TcpQ present in the series of 7cp mutants demonstrated the
inverse of the TcpC result (absence of TcpQ in a fcpC deletion strain). Complementation of the 7cpQ deletion
restored TcpC levels and TCP formation, and similarly, complementation of fcpC restored TcpQ. Metal affinity
pull-down experiments performed using His-tagged TcpC or TcpQ demonstrated a direct interaction between
TcpC and TcpQ. In the presence of TepQ, TepC was found to form a high-molecular-weight complex that is
stable in 2% sodium dodecyl sulfate and at temperatures below 65°C, a characteristic of secretin complexes.
Fractionation studies in which TcpC was overexpressed in the absence of TcpQ showed that TcpQ is also

required for proper localization of TcpC to the outer membrane.

Vibrio cholerae is a gram-negative bacterium that causes the
gastrointestinal disease cholera, which is spread via the fecal-
oral route. Upon passage through the stomach, the bacterium
utilizes its single polar flagellum to swim from the lumen
through the intestinal mucous layer to reach the epithelial
surface in the crypts of the intestine where it colonizes. Toxin-
coregulated pilus (TCP) serves as the primary factor involved
in the colonization and persistence of the bacteria in the small
intestine (18, 32, 39, 40). TCP is classified as a type 4 pilus
based on the N-terminal homology of the monomeric (pilin)
subunit, TcpA. Type 4 pili are long, filamentous appendages
expressed by a number of gram-negative bacteria and are clas-
sified by sequence homology within the hydrophobic N-termi-
nal region of the mature pilin and a methylated N-terminal
residue (10, 25, 37). There are two subclasses of type 4 pili,
namely, 4A and 4B, with TCP representing the latter (35). TCP
has been demonstrated to be necessary for the colonization of
humans, and the colonization defect of fcp mutants is paral-
leled in the infant mouse model (12). Upon colonization the
bacterium produces cholera toxin, which is an ADP-ribosylat-
ing toxin composed of one A subunit and five B subunits
encoded by the ctxAB operon. Cholera toxin is secreted by a
type II extracellular protein secretion (Eps) system (16, 33).
The ctxAB operon is part of the genome of the cholera toxin
bacteriophage (CTXd), a 7-kb lysogenic filamentous bacterio-
phage which utilizes TCP as its receptor (42).

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Dartmouth Medical School, Hanover, NH
03755. Phone: (603) 650-1632. Fax: (603) 650-1318. E-mail: Ronald
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TCP fibers are homopolymers of TcpA pilin, encoded by the
first gene in the tcp biogenesis operon. The operon is located
on a large pathogenicity island, the Vibrio pathogenicity island,
located on chromosome 1. Biogenesis of type 4 pilus fibers in-
volves polymerization and secretion of the pilin subunit by a
mechanism involving a set of proteins that compose an assembly
and export apparatus (reviewed in reference 37). Biogenesis of
TCP requires the activities of nine TCP-specific proteins in addi-
tion to the pilin itself that are encoded by genes located in the tcp
operon. The apparatus is not only responsible for the biogenesis
of TCP but is also required for the extracellular secretion of TcpF,
a soluble colonization factor (17). TcpF secretion is a two-step
process, akin to the type II protein secretion systems. The general
secretory pathway translocates TcpF to the periplasm, and then
outer membrane translocation is achieved via the TCP biogenesis
machinery. The functions of only three of the nine TCP-specific
gene products have been reported. The fcpJ gene encodes the
type 4 prepilin peptidase, required for the processing of TcpA
(21). The tcpT gene encodes the putative cytoplasmic ATPase,
which is peripherally tethered to the inner membrane TCP appa-
ratus components (14, 23). The fcpC gene encodes an outer mem-
brane lipoprotein required for pilus biogenesis and also contrib-
utes to resistance to complement (30).

In this report we identify an outer membrane complex of the
TCP biogenesis apparatus, comprised of TcpC and TcpQ.
TcpC was originally proposed to function analogously to PapC
of the pyelonephritis-associated pilus (pap) of uropathogenic
Escherichia coli (29). However, experimental evidence has ac-
cumulated suggesting that type 4 pili do not utilize an usher-
chaperone system for biogenesis. Rather, the C terminus of
TcpC exhibits extensive homology with a well-conserved region
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Source or reference

E. coli
Oneshot TOP10 F~ mcrA A(mrr-hsdRMS-mir)
recAl endAl lon gyrA96 thi-1

supE44 relA1 N~ A(lac-

Invitrogen

proAB)
V. cholerae
0395Sm Classical, Ogawa Sm" derivative Laboratory collection
RT4031 0395Sm ArcpAll 18
RT4368 0395Sm ArtcpB1 17
RT4369 0395Sm AtepCl 17
RT4370 0395Sm AtcpD1 17
RT4371 0395Sm AtcpEl 17
RT4372 0395Sm AtcpF1 17
RT4373 0395Sm AtcpQ1 17
RT4374 0395Sm AtcpRI 17
RT4375 0395Sm AtepS1 17
RT4376 0395Sm AtcpT1 17
CL101 0395 CTX-Km¢p Laboratory collection
NB115 RT4369 pNB10 This study
NBI116 RT4373 pNB10 This study
NB064 RT4373 pNB11 This study
NB178 RT4369 pNB11 This study
NB114 0395Sm pNB10 This study
NB138 0395Sm pNB11 This study
NB211 569B Sm CTX-Km¢ This study
pBADTOPO
NB161 RT4369 pRPA101 This study
Plasmids
pBADTOPO pBR322 para-BAD promoter Invitrogen
araC Ap*
pNB10 pBADTOPO TcpC-6His Ap" This study
pNB11 pBADTOPO TcpQ-6His Ap" This study

of members of the secretin superfamily of proteins, which are
utilized by type 4 pilus and type II extracellular secretion sys-
tems to translocate pilin subunits and macromolecules across
the outer membrane. Secretins are integral outer membrane
proteins that form large stable multimeric complexes and usually
exhibit a 12-fold symmetry (reviewed in reference 3). Examples of
well-characterized secretins include PilQ of Neisseria meningitidis,
BfpB of enteropathogenic E. coli (EPEC), XcpQ of Pseudomonas
aeruginosa, and PulD of Klebsiella oxytoca (4, 5,7, 8, 31, 34). The
N-terminal domain of secretins is divergent and thought to extend
into the periplasm and interact with other components of the
secretion or biogenesis machinery (3). These interactions have
been shown to have different functions in various systems. Several
secretin complexes are dependent on small lipoproteins that play
a role in localization and/or multimerization (9, 19, 36), but none
of these small lipoproteins have been copurified as part of the
secretin complexes. These small lipoproteins do not show a great
deal of homology among each other. However, in some systems
the small interacting protein is not a lipoprotein. For example, the
BfpB secretin is itself a lipoprotein but is dependent on BfpG, a
small outer membrane protein, for multimerization (34). Inter-
estingly, the closest BLAST (1) homologs to TcpC, CofD of
CFA/II in enterotoxigenic E. coli and CfcD of Citrobacter roden-
tium, are predicted to be lipoproteins as well (26, 38). The only
other secretin that is a lipoprotein, XpsD of Xanthomonas
campestris, does not belong to a type 4 pilus biogenesis system (6).
The results of the present study are consistent with a role for
TcpC as an outer membrane secretin that interacts with a small
protein, TcpQ, required for TepC localization and stability.

J. BACTERIOL.

MATERIALS AND METHODS

Bacterial strains, plasmids, growth media, and DNA manipulation. Bacterial
strains and plasmids used in this study are listed in Table 1. Derivatives of V. cholerae
0395Sm were maintained at —70°C in Luria-Bertani (LB) medium containing 20%
(volvol) glycerol. V. cholerae strains grown under TCP-expressing conditions were
grown in LB broth, pH 6.5, at 30°C for 12 to 15 h. Streptomycin was used at a final
concentration of 100 pg/ml, ampicillin was used at 100 pg/ml, kanamycin was used
at 45 pg/ml, and arabinose was used at 0.01%. All DNA manipulations were per-
formed by standard molecular and genetic techniques (2, 22).

Autoagglutination assay. V. cholerae strains were grown under TCP-inducing
conditions, removed from the shaker, and allowed to stand on the bench for 30
min. The cultures were inspected without disturbing the tubes. The supernatant
clarity and pellet formation were used as a measure of agglutination, with wild
type arbitrarily assigned a +++ score.

Preparation and purification of TcpC- and TepQ-specific antisera. The Jame-
son-Wolf algorithm to predict antigenic index and the Kyte-Doolittle algorithm
to predict hydrophobicity were used to select regions in the protein sequence of
TepC and TepQ that might be antigenic (15, 20). On the basis of this analysis,
peptides corresponding to amino acids 352 to 370 in TcpC (SSIETTKDTNT
DEETRTVK) and amino acids 52 to 70 in TcpQ (ETFIESEEFEQEESPSKDP)
were synthesized and conjugated to keyhole limpet hemagglutinin, and the con-
jugates were used for immunizing rabbits for the production of polyclonal anti-
sera (Biosynthesis, Inc., Lewisville, Tex.). TcpQ antibody was affinity purified
using Sulfolink gel (Pierce) according to the specifications of the manufacturer.

Immunoblot analysis. Proteins from whole-cell lysates or various cellular frac-
tions were separated on a sodium dodecyl sulfate (SDS)-12.5% polyacrylamide
gel. For immunodetection, proteins were electroblotted onto a nitrocellulose
membrane at 4°C in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol,
pH 8.3) with a wet transfer apparatus (Bio-Rad Laboratories) (41). TcpC poly-
clonal antibody was used at a dilution of 1:1,000, and the affinity-purified TcpQ
antibody was used at a dilution of 1:100. The horseradish peroxidase-conjugated
secondary antibody (Cappel; ICN) was used at a dilution of 1:100,000.

Cellular fractionation. Cells grown under TCP-expressing conditions were
harvested by centrifugation and treated with polymyxin B sulfate (10 mg/ml) in
phosphate-buffered saline for 10 min on ice to release periplasmic contents.
Spheroplasts were separated from the soluble periplasmic fraction by centrifu-
gation at 10,000 X g for 10 min. The spheroplast fraction was resuspended in 1X
SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer, and the super-
natant containing the periplasmic contents was diluted with 2X SDS-PAGE
loading buffer. In order to obtain total membranes, the spheroplast fraction was
resuspended in 10 mM Tris-Cl (pH 8.0) and passed through a French pressure
cell at 8,000 Ib/in? to break open the cells. After a low-speed centrifugation at
10,000 X g at room temperature (RT) for 10 min to remove any unbroken cells,
the lysate was centrifuged at 100,000 X g at 4°C for 30 min to pellet the
membrane fraction. The inner and outer membranes were differentially solubi-
lized as follows. The membrane pellet was resuspended in 10 mM Tris-Cl-100
mM NaCl containing 2.5% Sarkosyl, held at RT for 30 min, and centrifuged at
200,000 X g at RT for 1 h. The supernatant was retained as the inner membrane
fraction, and the pellet containing the outer membrane was resuspended in 200
wl of 10 mM Tris-Cl (pH 8.0). Protein estimation was carried out using the BCA
protein assay kit (Pierce) with bovine serum albumin as standard.

Metal affinity chromatography. Cells grown under TCP-expressing conditions
and induced with arabinose to express His-tagged TcpC or TepQ were harvested and
resuspended in extraction buffer (50 mM sodium phosphate, 300 mM sodium chlo-
ride, pH 7.0) containing 1% (vol/vol) Triton X-100. The cells were broken by two
passages through a French pressure cell at 8,000 Ib/in®. The lysate was loaded onto
a Talon metal affinity resin spin column (Clontech), and the protein purification
protocol specified by the manufacturer was followed. The initial elution fractions (E1
and E2 [see Fig. 5]) were obtained using an extraction buffer that contained 150 mM
imidazole, and the final fractions (E3 and E4) were obtained using a buffer contain-
ing 100 mM EDTA. All steps were carried out on ice or at 4°C.

Cholera toxin phage transduction. Strains were grown according to the procedure
described for the autoagglutination assay, and the transduction assay was carried out
as previously described (42). Briefly, equal volumes of CTX-Kmd¢ supernatant and
bacterial cultures were mixed and incubated at RT for 30 min. Appropriate dilutions
were plated on LB agar containing kanamycin. Transduction efficiency was reported
as ratio of test strain transductants to the number of input CFU divided by the ratio
of wild-type transductants to the number of input CFU. The coculture assay was
performed by growing the CTX-Kmd-containing strain along with the test strain
overnight in LB medium (pH 6.5) at 30°C. Appropriate dilutions were plated on LB
agar containing kanamycin, streptomycin, and ampicillin.
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FIG. 1. TcpC stability in fcp deletion strains. (A) Western immunoblot analysis of whole-cell lysates of tcp deletion mutants with TepC antibody.
(B) Periplasmic fractions of the tcp deletion strains. (C) Outer (OM) and inner (IM) membrane fractionations of the tcp deletion strains.

RESULTS

TcpC is detectable in all zcp deletion strains except for a
tcpQ mutant. By using a set of nonpolar, in-frame deletions in
the fcp genes, it has been previously shown that TcpC is re-
quired for TCP biogenesis, and TcpC has been shown to be an
outer membrane lipoprotein (17, 30). To investigate possible
interactions between TcpC and other components of the bio-
genesis apparatus, we began by assessing the localization and
stability of TcpC in each of the #cp deletion mutants. Western
immunoblot analysis of whole-cell lysates revealed that TcpC
was present at a level comparable to wild type in all the #cp
deletions, except a tcpQ deletion strain (Fig. 1A). TcpC was
not mislocalized to the periplasm in any of the biogenesis
mutants (Fig. 1B). Membrane fractionation experiments re-
vealed that TcpC localizes to the outer membrane in all the
deletion mutants in which it is expressed (Fig. 1C). The tcpC
deletion was complemented with a plasmid expressing a TcpC-
(His), construct, as determined by restoration of autoaggluti-
nation and CTX¢ transduction (Table 2). The absence of
TepC in a tcpQ deletion strain indicated a possible interaction
between the two proteins, and this prompted us to analyze the
levels of TcpQ in a tcpC mutant.

TepQ is absent in a zcpC deletion mutant and localizes to the
membrane fraction in a wild-type background. TcpQ is a 15-
kDa protein that is predicted to be localized to the periplasm
due to the presence of an N-terminal signal sequence along
with an overall hydrophilic nature of the mature protein (Sig-
nalP) (27). Western immunoblot analysis of whole-cell lysates

from wild-type and AtcpQ and AtcpC strains revealed that
TcpQ was completely absent in a tcpC deletion mutant (Fig.
2A). This reciprocal result with respect to the previous exper-
iment that demonstrated an absence of TcpC in a tcpQ mutant
further supports the potential interaction between TcpC and
TcpQ. Such a protein-protein interaction within an outer
membrane complex might contribute to the stability of both
the proteins in the complex. Periplasm and spheroplast frac-
tionation experiments showed that the majority of TcpQ frac-
tionates to the spheroplast fraction, in contrast to what would
be expected for a periplasmic protein (Fig. 2B). Fractionation
experiments were performed on the wild type, a tcpA deletion
strain (pilin mutant), and a tcpB deletion strain (random bio-
genesis mutant). Further membrane fractionation of the sphero-
plast fraction was performed on the wild type and the biogenesis
mutants in order to determine whether TcpQ localized to the
inner or the outer membrane. EpsL and TcpC were used as inner
and outer membrane controls for the Sarkosyl-based membrane
fractionation protocol (Fig. 3A). TcpQ localizes predominantly to
the outer membrane fraction in the wild type and all of the
biogenesis mutants, which would be consistent with an interaction
with TcpC in the outer membrane (Fig. 3B). The Western blot
analysis also indicated that TcpQ migrates as two bands. The two
bands likely correspond to two forms of TcpQ, since both were
detected by an antibody generated against an internal TcpQ pep-
tide sequence and both the protein species are absent in a tcpQ
deletion. The smaller band is likely the result of proteolytic deg-
radation, although this not been investigated. Complementation

TABLE 2. TCP-related phenotypes in wild-type, fcp mutant, and complemented strains

Result for strain type:

Phenotype
WT¢ AtepC AtepQ AtepC pTepC-Hisg AtcpQ pTepQ-Hisg
Agglutination” +++ - - + +
CTX¢ transduction frequency 1.6 X 1077 1x 1071 1x 1071 2x1077 2.8 X 1077

“WT, wild type.
b + 4+, wild-type level of autoagglutination; +, moderate autoagglutination.
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FIG. 2. TcpQ stability and localization in wild-type and pilin and
biogenesis mutant strains. (A) Whole-cell pellet lysates from wild-type,
AtepQ, AtepC, and AtcpA strains were electroblotted and probed with
TcpQ antibody. (B) Fractionation profile of wild-type, AtcpA, and
AtcpB strains. WCP, whole-cell pellet lysates; P, periplasm; S, sphero-
plast. Arrows indicate the two forms of TcpQ.

of the #cpQ deletion with a plasmid expressing TcpQ-(His), re-
stores expression of TCP (Table 2), and both protein species
could be detected using an anti-His antibody (data not shown),
suggesting that, if proteolytic degradation occurs, it is likely to be
an N-terminal event. Concurrent with restoration of TCP expres-

M oM

J. BACTERIOL.

sion, TcpC is partially restored in the fcpQ complementation
strain (data not shown).

Altered protein localization in fcpC and fcpQ mutants. In
order to understand the localization pattern of TcpC and
TepQ, we overexpressed TcpC in a tcpQ deletion strain and
TcpQ in a tepC deletion strain. The cross-complementation
strains did not make TCP, which was tested by phage trans-
duction and coculture experiments. The TcpC localization pat-
tern in the tcpQ deletion strain was analyzed by cellular frac-
tionation. Western blot analysis indicated that TcpC was
mislocalized to the inner membrane fraction, which was dif-
ferent from a wild-type strain overexpressing TcpC, where the
localization pattern was consistent with the known pattern for
TcpC (Fig. 4A). To confirm TepQ localization to the periplasm
in the absence of TcpC, we overexpressed TcpQ-(His), in a
tcpC deletion strain. Periplasm and spheroplast fractionation
demonstrated that TcpQ localized predominantly to the
periplasmic fraction as expected (Fig. 4B).

TepC and TepQ directly interact. The absence of TepC in a
tcpQ deletion strain and the absence of TcpQ in a tcpC dele-
tion strain suggested a possible interaction between the two
proteins. The complementation data indicated that the poten-
tial interaction was required for TCP biogenesis. To confirm
the interaction, we performed a pull-down experiment using
the His-tagged version of TcpC as well as the reverse using a
His-tagged version of TcpQ. Whole-cell extracts were pre-
pared from the AtcpC pTcpC-(His), strain, membrane proteins
were solubilized using a detergent, and the resulting lysates
were incubated with Talon metal affinity resin. The eluates
from the metal affinity column were subjected to Western blot

E EpsL

—

AA AB  AQ AC
oM

_— -
IM

AR 4D

. — A ———

TepC

AS AT  AE  AF
TepQ

. —
— e A— —
e -

FIG. 3. TcpQ localization in wild-type and biogenesis mutant strains. (A) Inner and outer membrane fractions from wild-type cells probed with
EpsL and TcpC (membrane controls) (B) Membrane fractionation profile of wild-type and biogenesis mutant strains. OM, outer membrane; IM,
inner membrane. Arrows indicate the two forms of TcpQ.
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A. 0395 AtcpQ pTepC 0395 pTcpC
0395 AtepC oM IM oM per oM IM per
— —— —— ' S - — — «TpC
B. AtepC pTepQ 0395 pTepQ

0395 AtepQ

e
=
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Sph Sph
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FIG. 4. TcpC and TepQ localization patterns in tcpQ and tcpC deletion strains. (A) Immunoblot analysis of membrane and periplasmic
fractions from wild-type (0395), AtcpQ (pNB10), and O395 (pNB10) strains with anti-TcpC antibody. (B) Fractionation profile of TcpQ in AtcpC
(pNB11) and 0395 (pNB11) strains with anti-TcpQ antibody. The first two lanes in both panels are wild-type and deletion strain controls. Per or
per, periplasm; Sph, spheroplast; OM, outer membrane; IM, inner membrane.

analysis. It was found that TepC-(His), was able to pull down
both forms of TepQ (Fig. 5A) and TepQ-(His), was able to pull
down TepC (Fig. 5B). These data suggest that TcpC and TcpQ
are directly associated with one another.

TepC forms a multimeric complex in the outer membrane. A
general property of secretins such as BfpB, the bundle-forming

pilus (BFP) biogenesis secretin of EPEC, as well as others, is that
they form a stable multimer that does not dissociate unless heated
to temperatures of 65°C or higher in protein gel sample buffer
containing 4% SDS (34). To determine if TcpC is part of a stable
multimeric complex, whole-cell lysates from 0395, AtcpA, AtcpQ,
AtepC, and AtcpS strains were incubated in protein gel sample

AtepC + TepC-(His),

A. 0395
FT E, FT
——
B 0395

Elution fractions (1-4)

- ] TepQ
N —

AtcpQ + TepQ-(His)g

FT E, FT

Elution fractions (1-4)

TepC

FIG. 5. TcpC and TepQ interact directly as demonstrated by metal affinity chromatography. (A) Metal affinity chromatography performed with
His-tagged TcpC. Fractions were separated by SDS-PAGE, and TcpQ was detected by immunoblot analysis. Elution fractions 1 and 2 (E1 and E2)
were obtained using buffer containing 150 mM imidazole. Fractions 3 and 4 (E3 and E4) were obtained using buffer containing 100 mM EDTA
in order to completely strip the beads. (B) The reciprocal experiment with metal affinity chromatography with His-tagged TcpQ and probing of

the immunoblot with anti-TcpC antibody. FT, flowthrough.
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37° C/5 min 65° C/ 5 min

J. BACTERIOL.

100° C/ 5 min

d Nt D—" S —

+«—— TepC
Multimer

o w—. +——— TcpC
Monomer

WT AQ AC AS A4 WTAQ ACAS AA WT AQ AC AS AA

FIG. 6. TcpC forms a high-molecular-weight complex similar to that seen for other secretins. The whole-cell lysates from wild-type (WT),
AtepC, AtcpQ, AtcpA, and AtcpS strains were resuspended in SDS-PAGE loading buffer and treated at 37 or 65°C or boiled for 5 min. Following

SDS-PAGE, Western blot analysis with TcpC antibody was performed.

buffer containing 4% SDS at 37, 65, and 100°C and examined for
multimer formation by Western analysis. A AzcpS strain was in-
cluded in the analysis because, like TcpQ, TepS is another pre-
dicted periplasmic protein in the biogenesis apparatus that might
potentially influence TcpC. In the wild-type background TcpC
was found to migrate as a multimer that did not enter the resolv-
ing gel unless subjected to 100°C. The high-molecular-weight
complex was still present in the AfcpA and AtcpS strain lysates,
indicating that the complex formation is independent of the pres-
ence of the TcpA pilin and that TcpS, the other predicted
periplasmic protein, does not play a role in complex formation
(Fig. 6). As expected the complex was absent in the fcpQ strain
lysate.

DISCUSSION

Type 4 pili are critical virulence factors for many pathogenic
bacteria and play a variety of roles in pathogenesis such as host
adhesion, twitching motility, and microcolony formation. Sim-
ilar to type II secretion systems of gram-negative bacteria, type
4 pili require a multicomponent assembly apparatus for pilus
biogenesis. However, our understanding of the functional char-
acteristics of type 4 pili greatly surpasses our understanding of
their biogenesis. Characterization of the type 4 pilus biogenesis
apparatus has a number of important implications in under-
standing molecular mechanisms of pathogenesis and will help
us better understand the strikingly similar type II secretion
machinery present in gram-negative bacteria.

In the present study, we sought to characterize the outer
membrane lipoprotein, TcpC, within the context of the biogen-
esis apparatus. Using a set of in-frame deletions, we found that
TcpC levels are comparable to wild type in all the mutants except
a tcpQ deletion strain. TcpQ is a predicted periplasmic protein
with a molecular mass of 15 kDa and some similarity to pilus
operon genes located in the same position, like CfcC, CofC, and
BfpG of C. rodentium, enterotoxigenic E. coli, and EPEC, respec-
tively. Interestingly, localization studies found TcpQ to be present
predominantly in the outer membrane rather than the periplasm

except in a tcpC mutant. In such a mutant TcpQ was completely
absent, the reciprocal of the result with respect to TcpC in a tepQ
mutant, suggesting the existence of a TcpC-TcpQ protein com-
plex. Metal affinity chromatography performed using His-tagged
TcpC and TepQ confirmed the same.

TcpC was found to form a stable high-molecular-weight
complex like all other characterized secretins, and the complex
is formed in the absence of the pilin and other biogenesis
components, except TcpQ. All these results point to features of
TcpC that are consistent with its forming a secretin complex in
the outer membrane. Most of the biochemically characterized
secretins require the presence of a small outer membrane
(lipo)protein which plays a role in stabilizing the secretin
and/or outer membrane localization (9, 11, 19, 36). TcpQ was
found to be required for TcpC stability, and biochemical frac-
tionation demonstrated a role in outer membrane localization
as well, suggesting a possible role as a chaperone and/or a pilot
protein. TcpQ could serve as a protein plug, gating the secretin
pore, but experimental evidence does not support this hypoth-
esis. Antibiotic sensitivity studies performed in EPEC sug-
gested that BfpB was an incompletely gated pore, and E. coli
expressing the fl phage protein pIV had a moderate increase
in maltodextrin diffusion into the periplasm (24, 34). However,
overexpression of TcpC in the absence of TcpQ does not result
in increased outer membrane permeability (data not shown).
This could be attributed to the mislocalization of TcpC. The
possibility that a portion of TcpC flaps back into the pore and
serves as a plug, as for K. oxytoca, where the N-terminal por-
tion of the secretin, PulD, is thought to perform the function of
a plug (28), does exist. It is possible that TcpQ could play a role
in the opening and closing of the secretin pores by possibly
utilizing mechanically transferred energy from ATP hydrolysis,
which occurs at the cytoplasmic face of the inner membrane.
Recent biochemical evidence in the BFP system, obtained us-
ing cross-linking and pull-down studies performed using a His-
tagged version of BfpB, suggests the possible existence of a
complex, which spans the periplasmic space (13). Such a com-
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plex could play a structural or functional role in type 4 pilus
biogenesis systems.

Although TcpC belongs to the secretin superfamily, there
are several features that distinguish it from the typical mem-
bers of the secretin family. While retaining the overall C-
terminal homology to the secretin family members, TepC lacks
the highly conserved secretin signature sequence, (V,I)PXL
(S,G)XIPXXGXLF, present in the C-terminal region. BfpB
lacks this motif as well, and it has been previously suggested by
Schmidt et al. (34) that BfpB might define a distinctive subclass
of outer membrane proteins that intersect with the secretin
superfamily. Most characterized secretins, with the exception
of BfpB, require a small outer membrane lipoprotein for the
stability and/or outer membrane localization of the secretin.
TepC falls into the category of putative secretins that are
themselves lipoproteins, which includes BfpB, CofD, and
CfcD. However, TcpC requires the small periplasmic protein
TcpQ to stabilize it. TcpQ does not possess a lipoprotein con-
sensus motif. Finally, BfpB monomers are stable in the absence
of BfpG (34), whereas TcpC is completely degraded in the
absence of TcpQ. These differences indicate that TcpC and
BfpB might belong to a subclass in the secretin superfamily,
but the secretin complex biogenesis pathways might be differ-
ent. It also suggests that TcpQ might play a role slightly dif-
ferent in secretin biogenesis from that of the set of character-
ized small proteins. These differences between TcpC and BfpB
are further reiterated by the failure of BfpB to complement a
tcpC deletion (data not shown).

It was previously known that TcpC is required for TCP
biogenesis. The results of the present study suggest that it is the
secretin in the biogenesis apparatus. A recent study demon-
strated that TcpF, a secreted colonization factor, utilizes TCP
to reach the extracellular environment. TcpF was found to
accumulate in the periplasm in a TcpC deletion strain, but it is
unclear whether the requirement is a direct one or whether the
lack of formation of TCP leads to the accumulation of TcpF in
the periplasm. Further studies to characterize the TCP biogen-
esis apparatus might lead to a better understanding of the type
4 pilus biogenesis apparatus as well as an understanding of the
possible convergence of the type 4 pilus and type II secretion
systems in V. cholerae.
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