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Abstract

Bacteria use a variety of mechanisms to translocate proteins from the cytoplasm where they are
synthesized to the cell surface, extracellular environment, or directly into other cells, where they
perform their ultimate functions. Type V Secretion Systems (T5SS) use B-barrel transporter
domains to export passenger domains across the outer membranes of Gram-negative bacteria.
Distinct among T5SS are Type Vb or Two Partner Secretion (TPS) systems in which the
transporter and passenger are separate proteins, necessitating a mechanism for passenger-
translocator recognition in the periplasm and providing the potential for reuse of the translocator.
This review describes current knowledge of the TPS translocation mechanism, using Bordetella
filamentous hemagglutinin (FHA) and its transporter FhaC as a model. We present the hypothesis
that the TPS pathway may be a general mechanism for contact-dependent delivery of toxins to
target cells.

INTRODUCTION

Bacteria use surface molecules to interact with inanimate objects during biofilm
development, other bacteria during sociomicrobiological community activities, and host
organisms during mutualistic, commensal, and parasitic symbioses. Among the mechanisms
for delivering proteins to the surface of Gram-negative bacteria are Type V Secretion
Systems (T5SS) (1-3). T5SS comprise a passenger domain and an associated p-barrel
transporter domain that, once integrated into the outer membrane via the Bam assembly
complex, is sufficient for export of the passenger from the periplasm to the cell surface.
Based on domain architecture, T5SS are categorized into five classes, with Type Vb or Two-
Partner Secretion (TPS) pathway systems being distinct because the passenger domain
(referred to generically as a TpsA protein) is synthesized independently from the transporter
domain (the TpsB protein). This arrangement requires a mechanism for passenger-
transporter recognition in the periplasm, and may allow reuse of the transporter for export of
multiple copies of the same, or closely related, passenger proteins.

TpsB proteins are members of the Omp85 superfamily that includes the p-barrel outer
membrane insertases BamA in bacteria, Tob55/Sam50 in mitochondria, and Toc75 in
chloroplasts (4, 5). The C-terminal ~350 amino acids (aa) of Omp85 family proteins form a
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B-barrel pore composed of 16 p-strands linked by loops and turns (Fig. 1A). At or near the
N-termini are periplasmically-located polypeptide transport-associated (POTRA) domains
(two in TpsB proteins), each about 80 aa in length with a Baapp structure, that mediate
recognition of translocation substrates (6). TpsA proteins are large, often longer than 3,000
aa. They contain highly conserved N-terminal ~250 aa “TPS domains’ that fold into right-
handed p-helices, with each turn of the helix formed from three B-strands in a triangular
arrangement (7-10) (Fig. 1B). The remaining portions of TpsA proteins are not highly
conserved, but are predicted to contain substantial p-helical regions, usually within the N-
terminal half of the protein, as well as regions of undetermined structure and distinct
globular domains located near the C-terminus.

TPS systems are widespread among Gram-negative bacteria, and TpsA proteins perform a
broad range of activities that includes adherence, cytolysis, iron acquisition, and
interbacterial signaling and intoxication (11). The best characterized TPS system is
filamentous hemagglutinin (FHA) and its transporter FhaC of Bordetella pertussis, the
causal agent of human whooping cough, and Bordetella bronchiseptica, which infects the
respiratory tracts of a broad range of mammals (12). FHA is a key Bordetella virulence
factor. It is essential for establishing infection in the lower respiratory tract by mediating
adherence to respiratory epithelia, and it plays an important role in suppressing the initial
inflammatory response to infection, promoting bacterial persistence (13-15). In this chapter,
we discuss what is known about FHA secretion as a prototypical TPS pathway protein.
Although differences surely exist, many aspects of FHA secretion are likely to be conserved
among TPS family members.

INITIAL STEPS IN THE SECRETION PROCESS

FHA is first synthesized as a ~370 kDa preproprotein (3,591 aa in B. pertussis Tohama | and
3,710 aa in B. bronchiseptica RB50) called FhaB. Its 71 aa signal sequence, which is
removed during Sec-mediated translocation across the cytoplasmic membrane, contains a 25
aa N-terminal extended signal peptide region (ESPR) (16). ESPRs are highly conserved,
present on a large number of T5SS proteins (17, 18), and have been implicated in regulating
co-translational and post-translational Sec-mediated translocation (19-23). For FhaB, the
ESPR appears to slow Sec-mediated post-translational translocation across the cytoplasmic
membrane (24), although how it contributes to the overall secretion mechanism remains
unknown.

Once in the periplasm, FhaB must find FhaC. Early studies showed that polypeptides
corresponding to the N-terminal ~300 aa of FhaB are efficiently secreted into culture
supernatants of B. pertussis in an FhaC-dependent manner and can be secreted by £. coli
when co-produced with FhaC (7, 25, 26). These results indicated that the TPS domain
contains all of the information necessary for recognition and translocation (of at least the
TPS domain) by FhaC, and led to further use of such models to investigate initial steps in the
TPS pathway. Using £. coli liposomes containing FhaC, Fan et al. showed that FhaC is,
reciprocally, the only outer membrane protein required for translocation of the N-terminal
370 aa of FhaB and provided evidence that folding of the FhaB N-terminus occurs after
translocation (27). Using a variety of protein-protein interaction approaches, Jacob-
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Dubuisson and colleagues showed that the POTRA domains of FhaC bind unfolded, but not
folded, p-strands within the FhaB TPS domain, possibly via p augmentation (28, 29).
Moreover, mutational analyses revealed that aa at the tip of loop six of FhaC, which is
located within the channel in the crystal structure (Fig. 1A), are critical for secretion,
perhaps by recognizing the presence of a secretion substrate (30). These studies identified
regions within FhaC and the FhaB TPS domain that are important for recognition and
secretion, but could not address the dynamics of TpsA translocation. To investigate the
movement of FhaB across the outer membrane, the Jacob-Dubuisson group designed an
approach to trap and characterize secretion intermediates (31). This study was the first to
show translocation of a (truncated) substrate through the channel of an Omp85-family (-
barrel (31). It revealed interactions between specific aa within FhaB and the POTRA
domains, the interior of the channel, and the four-stranded B5-B8 extracellular B-sheet of
FhaC. The data allowed Baud et a/. to propose a model (Fig. 2) in which FhaC alternates
between ‘open’ (helix 1 (H1) at the N-terminus of FhaC in the periplasm) and ‘closed” (H1
in the channel) conformations in the absence of its substrate. Binding of extended
amphipathic segments within the TPS domain of FhaB to the POTRA domains stabilizes the
open conformation and allows the N-terminus of FhaB to thread through the channel.
Specific anti-parallel p-strands near the N-terminus of the TPS domain then bind to the B5-
B8 extracellular B-sheets of FhaC, while adjacent p-strands are translocated through the pore
and begin folding into a B-helix on the cell surface, the stability of which prevents
backsliding through the channel. Continued translocation of FhaB p-strands then extends the
B-helix into the extracellular milieu.

MECHANISTIC INSIGHT DERIVED FROM TOPOLOGICAL ANALYSIS OF
FhaB/FHA

Experiments using the TPS domain provided substantial insight into the TPS translocation
mechanism. Indeed, the ratcheted diffusion model proposed by Baud et a/. helps explain
how proteins can be moved across the hydrophobic outer membrane in the absence of an
obvious chemical energy source (there is no ATP in the periplasm) - a major outstanding
question for all T5SS. However, translocation of full-length TpsA proteins, the C-terminal
halves of which are not predicted to fold into p-helices, is likely to be more complicated.
Moreover, for FhaB (and possibly other TpsA proteins), the C- terminal ~1,200 aa (called
the ‘prodomain”) are removed at some point during the secretion process to form the ~250
kDa FHA protein, which is both cell-associated and released into the extracellular milieu
(32, 33). The prodomain does not appear to function as an independent protein as it is
degraded rapidly and not detectable as a separate polypeptide in whole cell lysates or culture
supernatants (26, 34). It was therefore proposed to function as some sort of chaperone,
perhaps keeping the N- terminus of FhaB in an unfolded state within the periplasm (26),
with FHA being the ‘mature’ molecule that is functional during infection. X-ray
crystallography, electron microscopy, and molecular modeling analyses indicate that the N-
terminal ~2,000 aa of FHA form a rigid B-helical rod, while the C-terminal ~500 aa (the
mature C-terminal domain, or MCD) form a globular domain that appears to be bi-lobed in
the released form of the protein (35-37).
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In search of a protease responsible for cleavage of FhaB to create FHA, Coutte et al.
identified SphB1, a subtilisin-like serine protease and classical autotransporter (Type Va
Secretion System) protein (38). Deletion of sphB/in B. pertussisresults in the production of
a slightly longer FHA molecule (called FHA*) that is released much less efficiently into
culture supernatants than FHA is (38). Coutte et a/. proposed a model in which FhaB
emerges from FhaC on the cell surface in an N-to-C terminal direction until the C-terminus
of the MCD is exposed and cleaved by SphB1, resulting in formation and release of FHA
into the extracellular milieu (Fig. 3A). Although attractive, this model did not account for
the fact that a large amount of FHA is retained on the cell surface, and could not explain the
biophysics of moving the globular ~500 aa MCD through FhaC. While seeking to
understand the role of released FHA during infection, our lab found that, as in B. pertussis,
AsphBI mutants of B. bronchiseptica produce a slightly larger FHA protein (FHA ) that is
poorly released from the cell surface (34). Moreover and unexpectedly, fractionation, limited
proteolysis, immunoblotting, and fluorescence microscopy approaches showed that FHA is
anchored to the cell by its N-terminus, with the MCD located distally from the cell surface
(34). Consistent with this orientation, antibodies against the MCD, but not antibodies
recognizing the N-terminus, block FHA-dependent adherence to epithelial cells and
macrophages (34). Additional studies showed that the prodomain remains in the periplasm
due to a region called the prodomain N-terminus (PNT), and cysteine accessibility
experiments showed that the prodomain is required for the MCD to achieve its normal
conformation (39). These data, together with those of Baud ef a/., support a model in which
FhaB is translocated through FhaC as a ‘hairpin’, with its N-terminus anchored to the B5-B8
extracellular B-sheets of FhaC and its B-helical shaft elongating by the addition of B-strands
to the distal end (Fig. 3B). The stability of the B-helix, which ultimately extends about 40
nm, allows the globular MCD to be “pulled’ to the surface without backsliding until
movement is stopped by the PNT reaching the periplasmic side of FhaC, through which it
cannot pass. The MCD then samples limited conformations before folding into its final
form, followed at some point by cleavage by SphB1, degradation of the prodomain, and
release of FHA into the extracellular milieu (39).

ROLE OF THE FhaB PRODOMAIN

Although the prodomain remains in the periplasm, it appears not to be required for keeping
the N-terminus of FhaB in a secretion-competent state because secretion and release of FHA
occurs in strains producing truncated FhaB proteins that lack the prodomain (34). However,
given its large size, it seems unlikely that prodomain function is limited to tethering the C-
terminus of the MCD to the membrane, which might require only the ~145 aa PNT region.
FhaB contains two distinct domains at its C-terminus: the extreme C-terminus (ECT),
composed of the C-terminal ~100 aa that are invariant among all predicted FhaB proteins,
and the highly conserved proline rich region (PRR), which is immediately N-terminal to the
ECT. Deletion of the sequence encoding the ECT results in increased conversion of FhaB to
FHA, while deletion of the sequence encoding the PRR results in no discernible phenotype
in bacteria grown in culture in the laboratory (13). However, both AECT and APRR mutants
are cleared much faster than wild-type bacteria from the lungs of intranasally-inoculated
mice, despite being indistinguishable from wild-type bacteria in their ability to adhere to
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respiratory epithelium (13). Because the prodomain does not appear to be an independently
functional polypeptide, these data suggest that full-length FhaB is not simply an
intermediate molecule in the maturation pathway of FHA, but plays an import role in the
ability of the bacteria to resist inflammation-mediated clearance in the lower respiratory tract
(13).

The fact that deletion of spAhB/results in altered (rather than lack of) cleavage of FhaB (34,
38), together with the observation that the increased degradation of the prodomain that
occurs in AECT mutants also occurs in AECTASphB/ double mutants (13), suggests the
existence of a periplasmic protease that degrades the prodomain in a manner that is
somehow negatively regulated by the ECT. B. bronchiseptica gene BB0300, annotated as
ClpA, is predicted to encode a member of the Prc/Tsp/CtpA family of periplasmic proteases
that target C-termini. Deletion of cfpA abrogates increased conversion of FhaB to FHA in
the AECT strain, as well as formation of FHA’ in a AsphB/ mutant (Nash & Cotter, in
revision). Moreover, although a version of FHA that is even longer than FHA” is produced in
a ActvAAsphB/ double mutant (indicating the existence of yet another protease that can
cleave the prodomain in the periplasm), no form of FHA is detected in culture supernatants,
indicating that cleavage by either CtpA or SphBI must occur for FHA (or FHA’) to be
released. By inducing synthesis of FhaB synchronously, we found that cleavage of FhaB
occurs in a step-wise manner, with CtpA-dependent degradation of the prodomain occurring
first, followed by SphB1-mediated cleavage to form FHA (Nash & Cotter, in revision). We
also found that the central portion of the prodomain (the region between the PNT and the
PRR) is required for ECT-dependent control of CtpA-mediated degradation of the
prodomain. Together, these data support a model (Fig. 4) in which full-length FhaB resides
in the outer membrane with the MCD located distally from the cell surface and the
prodomain in the periplasm with the ECT preventing CtpA-mediated degradation. In
response to a signal that is propagated from the MCD to the prodomain, an unknown
protease (P3 in Fig. 4) removes the ECT, exposing a C-terminus that is susceptible to
degradation by CtpA, which occurs in a processive manner, ultimately creating FHA’ (or
FHA* in B. pertussis), the C-terminus of which is located in the middle of the PNT.
Removal of the C-terminal half of the PNT weakens its translocation-blocking activity,
allowing the C-terminus of the MCD to move through FhaC to the surface, where it is
cleaved by SphB1. The small peptide that is created (extending from the SphB1 cleavage
site to the end of FHA’ or FHA*) is then free to slide back into the periplasm, the N-
terminus of FHA disassociates from the B5-B8 B-sheets of FhaC, and FHA is released from
the cell surface.

A HYPOTHESIS: TPS AS A MECHANISM FOR REGULATED, SELECTIVE
TOXIN DELIVERY

Questions raised by the model described above include the nature of the signal that is sensed
by the MCD and the role of controlled degradation of the prodomain in FhaB/FHA function.
The fact that AECT and APRR mutants of B. bronchiseptica are indistinguishable from wild-
type bacteria in their ability to adhere to epithelial cells in vitroand in vivo, but are unable to
persist in the lower respiratory tract, suggests that full-length FhaB is required specifically
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for resisting clearance by phagocytic cells (13). Adenylate cyclase toxin (ACT) is a
calmodulin-activated adenylyl cyclase that is produced by all classical bordetellae (B.
pertussis, B. bronchiseptica, and B.parapertussis) that also contributes to defense against
inflammation-mediated clearance (40, 41). ACT inhibits phagocytosis and oxidative burst in
neutrophils (42), blocks complement-dependent phagocytosis in macrophages (43), and
suppresses activation and chemotaxis in T lymphocytes (44). Although exported by a
dedicated Type 1 Secretion System, ACT binds tightly to the MCD of FhaB/FHA on the cell
surface (45), and there is evidence that it is newly secreted ACT, not that which has been
released into culture supernatants, that is most efficient at intoxicating host cells (46).
Moreover, both FHA and ACT have been shown to bind receptors, such as CD11b/CD18
and Very Late Antigen (VLA)-5 or Leukocyte Response Integrin-Integrin Associated Protein
(LRI-IAP), that are present on neutrophils, dendritic cells, and macrophages (47-50). We
hypothesize that ACT forms a complex with FhaB on the cell surface and that binding of
this complex to receptors on phagocytes causes a conformational change in FhaB that is
propagated across the membrane resulting in cleavage and degradation of the prodomain by
the unknown protease and CtpA, followed by delivery of ACT to, and intoxication of, the
host cell, hence promoting persistence of the bacteria in the face of a robust inflammatory
response. In this way, FhaB may serve as an efficient ACT delivery system that prevents
indiscriminant intoxication of unintended host cells, such as epithelial cells, and wasteful
dispersal of ACT into the extracellular milieu. Once FHA is released from the cell surface,
FhaC can be loaded with a new FhaB protein for another round of toxin delivery. The
possibility that many, if not all, TPS systems function in this manner is supported by a recent
report by Ruhe at e/. (51) who proposed a somewhat similar mechanism for a TPS system
that mediates interbacterial competition. In that system, the toxin that is delivered is the C-
terminus of the TpsA protein and the target cells are non-sibling bacteria, but the concept
that receptor binding by a region in the middle of the TpsA protein triggers a conformational
change and toxin delivery is the same. Future experiments will be required to determine the
generality of this strategy, as well as the mechanistic variations among TPS systems.

AN OUTSTANDING QUESTION: DOES FHA, EITHER SURFACE-
ASSOCIATED OR RELEASED, PLAY A ROLE IN VIRULENCE?

Because of its first-identified role, and demonstrated importance, as an adhesin, the efficient
release of FHA into culture supernatants (and assumed release of FHA /n vivo) has been
enigmatic. Indeed, a desire to determine if FHA release is important during infection is what
initially motivated our laboratory to investigate the FhaB/FHA secretion mechanism.
Although AsphB/ mutants are severely defective in mouse models ((52) and our unpublished
data), their /in vivo phenotype(s) cannot be wholly attributed to lack of FHA release because
SphB1 cleaves multiple surface proteins in addition to FhaB (our unpublished data).
Discovery that FhaB/FHA secretion, processing, and release is much more complicated than
initially imagined, also reveals the challenge of creating a mutant in which FhaB and
surface-associated FHA remain functional while FHA release is prevented, which would be
required to query the function of FHA release /in vivo. Moreover, although the fact that
AECT and APRR mutants are defective specifically for resisting inflammation-mediated
clearance supports a role for FhaB during infection, the fact that these mutants do not differ
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from wild-type bacteria in their ability to adhere to respiratory epithelium /n vitroand in
vivo or to suppress the initial inflammatory response does not rule out the possibility that it

is

FhaB, and not FHA, that is important for these functions. Hence, whether ‘mature’ FHA

plays any role during the Bordetellamammalian host interaction is now an open question.
Continued investigation of the mechanism of FhaB/FHA secretion and processing, with

ac

companying infection experiments, will hopefully answer the outstanding questions

regarding this important virulence factor, as well as provide a roadmap for investigating
other members of the large TPS family.
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Figure 1. Structures of FhaC and the TPS domain of FhaB
(A) Helix 1 (H1, orange) and loop 6 (L6, fuchsia) are located within the pore of the 16-

stranded B barrel (blue) of FhaC when the transporter is in the “closed” state. The POTRA
domains (POTRA1 and POTRAZ2, red) remain periplasmic for selective recognition of the
FhaB TPS domain. (B) The TPS domain of FhaB adopts a triangular -helical structure,
shown from the side of the helix (left) and top-down in a C-terminus to N-terminus direction
(right). Termini are indicated by outlined letter.
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Figure 2. Initial stepsin secretion of FhaB
FhaC alternates between a closed state, in which H1 (orange) and L6 (fuchsia) plug the

channel, and an open state, in which H1 and L6 localize to the periplasm and the
extracellular space, respectively. The POTRA domains of FhaC (red) bind the unfolded
FhaB TPS domain (green line), stabilizing FhaC in the open state. The N-terminus of FhaB
then binds the interior of the FhaC barrel at B-strands B5-B8 (blue asterisk) and forms into a
B-helix as the protein is translocated, preventing backsliding through the channel.
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Figure 3. Two models for FhaB secretion: distal N-terminus versus hairpin
In the model proposed by Coutte et al. (A), the N-terminus of FhaB is pushed away from the

membrane as more of the polypeptide translocates through FhaC. The protease SphB1
cleaves between the mature C-terminal domain (MCD) and the periplasmic prodomain,
causing release of FHA. In the alternative “hairpin” model proposed by Mazar and Cotter
(B), the N-terminus of FhaB remains bound to FhaC during secretion, and the MCD is
located at the distal end of the B-helix. A portion of the MCD spans the helix length, as it is
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tethered to the periplasmic prodomain. The prodomain N-terminus (PNT) prevents
translocation of the prodomain through FhaC.
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Figure 4. Model for stepwise processing and release of FhaB
Upon receipt of an unknown maturation signal (yellow bolt), an as yet unidentified protease

(P3) removes the extreme C-terminus (ECT) and exposes a substrate for the protease CtpA.
CtpA processively degrades the prodomain through a portion of the PNT, forming FHA” and
shifting the polypeptide to expose the cleavage site of SphBI. FHA is formed from SphB1-
dependent cleavage of FHA’, and it is retained at the membrane until the remaining portion
of the prodomain exits FhaC (gray barrel).
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