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Abstract

Gram-negative bacteria have evolved a number of
pathways for extracellular protein secretion.
Proteins targeted for secretion in Gram-negative
bacteria must cross the outer membrane in addi-
tion to the cytoplasmic membrane. This must be
accomplished without compromising the barrier
properties of the outer membrane and is further
complicated by the fact that proteins may fold prior
to secretion outside the cell. This review will
discuss the usher and secretin families of integral
outer membrane proteins, which function to allow
the secretion of folded proteins in Gram-negative
bacteria.

Introduction

Bacteria secrete proteins ranging from exoenzymes
and toxins to components of surface organelles such
as flagella and pili. Proteins targeted for secretion in
Gram-negative bacteria must cross the periplasm
and outer membrane (OM) in addition to the
cytoplasmic or inner membrane (IM). Mechanisms
of protein secretion across the OM are not well
understood, although much progress has been made
over the past several years. At least 6 different
pathways allow protein secretion in Gram-negative
bacteria (Thanassi and Hultgren, 2000). These path-
ways can roughly be divided into two groups:
Sec-dependent and Sec-independent pathways.
Sec-dependent pathways form the terminal branches
of the general secretory pathway (GSP) (Pugsley,
1993; Stathopoulos et al., 2000). Secretion by these
pathways occurs in two steps. The first step is transport
of proteins across the IM to the periplasm via the Sec
system (see Driessen et al., 1998 and Economou, 1999
for recent reviews on the Sec system). In the second
step, periplasmic proteins are routed to a terminal
branch for secretion across the OM. Terminal branches
of the GSP include the autotransporter, chaperone/
usher, and type II pathways (Henderson et al., 1998;
Russel, 1998; Thanassi et al., 1998a). Protein secretion

by the type IV adapted-conjugation pathway also may
occur via the GSP (Burns, 1999). Sec-independent
pathways for protein secretion do not appear to involve a
periplasmic intermediate and thus bypass the need for
the IM Sec system. Instead, these pathways allow direct
export of proteins from the cytoplasm to the outside
medium in a single step. Sec-independent secretion
systems include the type I or ABC (ATP-binding
cassette) family of exporters (Binet et al., 1997), and
the type III pathway for flagellar biogenesis and the
translocation of virulence factors into the cytosol of
target eukaryotic cells (Hueck, 1998).

The folding state of proteins secreted via
sec-independent pathways is not clear. However, most
proteins secreted via the GSP acquire structure in the
periplasm, including the formation of disulfide bonds,
and may completely fold prior to crossing the
OM. Thus, secretion from the periplasm across the
OM represents a different problem than transport of
linear polypeptides from the cytoplasm across the
IM. Furthermore, ATP or other sources of energy
are not known to be available at the OM. OM secretion
pathways must therefore be self-energized or
have mechanisms for harnessing energy from
cytoplasmic ATP or the IM proton-motive force.

A large size pore must be created in the OM to
accommodate passage of folded proteins. At the same
time, the non-specific release of periplasmic proteins
and the entry of harmful agents must be prevented.
How do bacteria secrete folded proteins without
compromising the barrier properties of the OM? A
number of secretion pathways employ the use of
integral OM proteins that assemble into ring-shaped
complexes with large central channels. Access to
these channels is restricted to specific secretion
substrates through gating or other mechanisms, thus
maintaining the integrity of the OM. This review will
focus on the structure and function of the usher and
secretin families of OM channels and their roles in the
secretion of folded proteins via terminal branches of
the GSP.

Ushers

Molecular ushers are a family of integral OM proteins
that participate in the chaperone/usher secretion path-
way, a terminal branch of the GSP dedicated to the
biogenesis of adhesive surface structures associated
with pathogenesis (Thanassi et al., 1998a; Sauer
et al., 2000). The ushers are large proteins, typically
80–90 kDa in size, with family members exhibiting
approximately 28% identity and 49% similarity (Kuehn
et al., 1994). The OM usher works in conjunction with a
specialized periplasmic chaperone to assemble and
secrete over 30 different surface structures in a broad
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range of Gram-negative bacteria. The prototypical
structures assembled by this pathway are P and type
1 pili (fimbriae), expressed by uropathogenic E. coli
(Roberts et al., 1994; Langermann et al., 1997) and
encoded by the pap and fim gene clusters, respectively
(Figure 1). These hair-like organelles are composite
fibers consisting of a thin, flexible tip fibril lum
connected to a rigid, helical rod (Figure 2) (Kuehn
et al., 1992). The distal end of the tip fibrillum contains
an adhesive protein termed an adhesin that confers
binding to the urinary tract and is a critical virulence
factor.

The Chaperone/Usher Secretion Pathway
The molecular mechanisms governing secretion by the
chaperone/usher pathway are best understood for P
and type 1 pilus biogenesis. Individual pilus subunits
first cross the IM via the Sec system and then engage
the terminal secretory pathway by interacting with the
periplasmic chaperone (Figure 2). The chaperone
facilitates release of subunits from the IM into the
periplasm, guides folding of the subunits, and caps
subunit interactive surfaces to prevent premature pilus
assembly (Jones et al., 1997). In the absence of the
chaperone, subunits misfold and aggregate, and
eventually are degraded by the DegP periplasmic
protease. General periplasmic folding agents, such
as the DsbA disulfide isomerase, are also required for
subunit folding (Jacob-Dubuisson et al., 1994a).

The chaperone recognizes and binds to a
conserved C-terminal motif present on each of the pilus
subunits (Figure 2). Crystal structures of chaperone-
subunit complexes from both P (PapD-PapK) and type 1
(FimC-FimH) pili were recently solved, revealing a novel
mechanism of interaction (Choudhury et al., 1999;
Sauer et al., 1999). The pilus subunits posses an
incomplete immunoglobulin-like (Ig) fold, lacking the
seventh (C-terminal) b-strand present in canonical Ig
folds. This results in a deep groove along the surface of
the subunit, exposing the subunit’s hydrophobic core.
One side of this groove is formed by the conserved
C-terminal motif. The chaperone consists of two

Figure 1. Organization of the pap gene cluster coding for P pili and the fim gene cluster coding for type 1 pili.

Figure 2. Model for pilus biogenesis by the chaperone/usher pathway.
The pilus components are labeled according to the pap system.
(a) Pilus subunits contain an N-terminal signal sequence for secretion
across the IM via the Sec system that is removed following secretion.
Subunits contain a conserved N-terminal motif (black box) for subunit-
subunit interactions, and a conserved C-terminal motif (white box) for
subunit-subunit interactions and binding to the periplasmic chaperone.
(b) Chaperone-subunit interaction in the periplasm allows proper
folding of the subunit by donor strand complementation, and
simultaneously prevents premature subunit-subunit interactions.
(c) Chaperone-subunit complexes target to the OM usher for assembly
into pili and secretion across the OM. Pilus assembly is thought to take
place at the periplasmic face of the usher by interaction of the
conserved N- and C-terminal motifs and donor strand exchange. The
diameter of the usher channel would only allow passage of a linear
fiber of folded pilus subunits, constraining the pilus rod to a linear
conformation while in the usher channel. The rod would then adopt its
final helical conformation upon reaching the cell surface.
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complete Ig domains oriented in an L-shape. The
subunits are anchored via their C termini in the cleft
formed by the chaperone domains and make critical
interactions with the G1 b-strand of the chaperone
domain 1. This interaction allows the chaperone to
donate steric information from its G1 b-strand and a
portion of its F1-G1 loop to the subunit, in effect
completing the Ig fold of the subunit through a mechan-
ism termed donor strand complementation. The donor
strand complementation interaction shields the subu-
nit’s hydrophobic core, as well as the conserved
C-terminal motif. The C-terminal motif has also been
shown to be critical for subunit-subunit interactions
necessary for pilus assembly. Thus, the donor strand
complementation interaction simultaneously functions
to prevent premature pilus formation in the periplasm.

Periplasmic chaperone-subunit complexes must
next target to the OM usher (Figure 2). In the absence
of the usher, chaperone-subunit complexes accumulate
in the periplasm but no pili are assembled or secreted
(Norgren et al., 1987; Klemm and Christiansen, 1990;
Valent et al., 1995). Pilus assembly is thought to
occur at the periplasmic face of the usher, concomitant
with secretion (Thanassi et al., 1998a). Binding of
chaperone-subunit complexes to the usher causes an
exchange of chaperone-subunit interactions for sub-
unit-subunit interactions by an unknown mechanism,
allowing incorporation of subunits into the pilus fiber.
A possible mechanism for subunit-subunit interaction
at the usher is suggested by the PapD-PapK crystal
structure. Pilus subunits have a second conserved
motif, located at their N terminus, which has also been
shown to participate in subunit-subunit interactions
(Soto et al., 1998). In the PapD-PapK crystal structure,
the N terminus of PapK projects away from the rest of the
complex, where it would be free to interact with another
subunit (Sauer et al., 1999). During pilus biogenesis at
the usher, the N-terminal motif of an incoming chaper-
one-subunit complex may act to displace the chaperone
bound to the last subunit incorporated into the pilus;
i.e. the N-terminal motif of the incoming subunit replaces
the chaperone G1 b-strand to complete the Ig fold of its
neighboring subunit (Figure 3). This mechanism has
been termed donor strand exchange. The mature pilus

would thus consist of an array of Ig domains, each of
which contributes a strand to the fold of the preceding
subunit to produce a highly stable organelle.

Pili are built from the top down. The adhesin is
incorporated first, followed by assembly of the tip
fibrillum and then the rod. The usher facilitates this
organization by differentially recognizing chaperone-
subunit complexes according to their final position in the
pilus (Dodson et al., 1993; Saulino et al., 1998). Thus,
chaperone-adhesin complexes from both the P and type
1 pilus systems were found to bind tightest and fastest
to their respective ushers, suggesting that kinetic
partitioning of chaperone-adhesin complexes to the
usher is a defining factor in the tip localization of
the adhesin. In addition, dissociation rates for all of the
chaperone-subunit complexes from the usher were
found to be slow (Saulino et al., 1998), arguing that
binding of a complex to the usher leads to a stable
association. In fact, stable chaperone-adhesin
complexes as well as higher order intermediates of
pilus assembly could be co-purified from bacteria with
the usher (Saulino et al., 1998; Saulino et al., 2000).
The fate of pili following their assembly and secretion
and whether the usher functions as an anchor is
unclear. In the P pilus system, the PapH subunit
terminates rod assembly and has been proposed to
function as an anchor (Baga et al., 1987). The usher,
which is present at low copy number in the cell, appears
to be the limiting factor for pilus biogenesis (Norgren
et al., 1987; Klemm and Christiansen, 1990; Valent
et al., 1995). It would therefore seem unlikely that pili
remain anchored in the usher channel, suggesting that
the usher must have a mechanism for releasing pili to
the OM.

Structure and Function of the Usher
The structures of only a handful of integral OM proteins
have been solved to atomic resolution (Koebnik et al.,
2000). These and likely all integral OM proteins span
the membrane via transmembrane (TM) b-strands as
opposed to the TM a-helices of typical membrane
proteins. The TM b-strands of OM proteins are
arranged into b-pleated sheets that wrap around to
form a cylinder or b-barrel. This b-barrel structure is

Figure 3. Model for subunit-subunit interactions and secretion through the usher. The pilus components are labeled according to the pap system.
(a) The chaperone-adhesin complex targets first to the usher, forming a stable ternary complex. (b) The chaperone-adhesin-usher complex provides
a template for targeting of the next component of the pilus tip. (c) The N-terminal motif (black box) of the incoming chaperone-subunit complex may
interact with the C-terminal motif (white box) of the usher-bound adhesin, resulting in donor strand exchange between the subunits. (d) This donor-
strand exchange interaction would displace the chaperone bound to the adhesin, forming the first link of the pilus fiber. (e) Subsequent targeting and
donor strand exchange events would then lead to growth of the pilus tip and rod, concomitant with secretion through the usher channel.
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highly stable and resistant to denaturation by SDS
unless incubated at high temperatures. Thus, b-barrel
OM proteins exhibit a characteristic heat-modifiable
mobility on SDS/PAGE (Nikaido, 1996). Topological
analyses of various ushers predict they adopt a largely
b-sheet secondary structure, as expected (Karlyshev
et al., 1992; Schifferli and Alrutz, 1994; Harms et al.,
1999). Both the P pilus usher PapC and the type 1 pilus
usher FimD exhibit heat-modifiable mobility on SDS/
PAGE, suggesting they fold as b-barrels (Thanassi
et al., 1998b). Computer modeling predicted PapC has
20–24 TM b-strands (Thanassi and Stathopoulos,
unpublished), and modeling of the FasD usher
required for biogenesis of 987P pili in enterotoxigenic
E. coli (ETEC) predicted 28 TM b-strands (Schifferli
and Alrutz, 1994). Modeling of the FaeD usher
required for biogenesis of K88 pili in ETEC predicted
up to 32 TM b-strands, although experimental
evidence supports a model with 22 strands (Harms
et al., 1999). An interesting feature revealed from both
topology modeling and protease accessibility studies
is that the ushers appear to contain only short
extracellular loops, with larger regions exposed to the
periplasm (Schifferli and Alrutz, 1994; Harms et al.,
1999; Thanassi, unpublished). This is in contrast to
typical OM proteins, which have large surface-exposed
loops and only short periplasmic regions (Koebnik
et al., 2000). However, this is consistent with the
biology of the usher, as periplasmic regions are
presumably required for interaction with chaperone-
subunit complexes and pathogenic bacteria would
want to minimize surface-exposed regions to avoid
detection by the host immune system.

PapC and FimD have been imaged by electron
microscopy (EM), revealing ring-shaped structures
15 nm across, containing central pores 2–3 nm in
diameter (Thanassi et al., 1998a; Saulino et al., 2000).
Pore formation was confirmed by reconstituting the
ushers into liposomes and conducting liposome swel-
ling assays (Thanassi et al., 1998b). These assays
estimated a 2–3 nm diameter pore size for PapC, in
good agreement with the EM. Side views of FimD
obtained by EM suggest that the usher contains a
scaffold-like projection at one end of the cylinder,
possibly the periplasmic face (Saulino et al., 2000). If
this scaffold exists, it may act as a substrate binding
region or as part of a gating mechanism. However,
there is presently no evidence for gating of the ushers.
Gating may not be required due to the fact that ushers
are expressed only as part of an operon together with
the chaperone and structural components (Figure 1),
and thus may always be occupied by pili.

Both the PapC and FimD ushers have been shown
to assemble into oligomeric complexes in the OM
(Thanassi et al., 1998b). PapC may form complexes of
6 and possibly up to 12 subunits. In contrast, examina-
tion of the FaeD usher found no evidence for oligomer-
ization (Harms et al., 1999). It is unlikely that the usher
functions as a monomer in some systems and an
oligomer in others. The ushers could theoretically
function as monomers. The topologies predicted for
the ushers place them closest in number of TM b-strands

to the FepA and FhuA proteins. Crystal structures for
these OM siderophore-mediated iron importers were
recently solved (Ferguson et al., 1998; Locher et al.,
1998; Buchanan et al., 1999). FepA and FhuA are
monomeric proteins that fold as 22-stranded b-barrels
with cross sections roughly 3 nm x 4 nm in diameter. The
barrel channel is closed by a novel plug domain formed
by the N terminus. The 20–30 TM b-strands predicted for
the ushers would therefore allow an usher monomer to
assemble with a ~3 nm central pore, analogous to FhuA
or FepA lacking the central plug. However, the outer
dimensions of the FhuA and FepA barrels are not large
enough to account for the 15 nm outer diameters of the
PapC and FimD usher complexes seen by EM. Addi-
tional experiments are needed to determine the exact
oligomerization state of the usher.

To date, only limited analysis had been done to
define functional domains of the usher. Insertional
mutagenesis of FaeD suggests that the core b-barrel
and likely channel-forming region of the usher resides
in a central portion of the protein (Harms et al., 1999).
The N and C termini of FaeD are proposed to exist as
large periplasmic regions that would likely function in
substrate binding and specificity. Experiments with
C-terminal deletion mutants of PapC suggest that
roughly the C-terminal third of the protein is dispen-
sable for b-barrel formation and oligomerization
(Thanassi et al., unpublished). All usher family mem-
bers have two conserved pairs of cysteines located at
the N and C termini, except FasD, which has only the
C-terminal pair. Modeling and experimental studies of
FaeD and PapC (Harms et al., 1999; Thanassi et al.,
unpublished) localize these cysteine pairs to periplas-
mic regions. It is tempting to speculate that these
conserved cysteine pairs form disulfide bridges that
may be important to properly structure these periplas-
mic regions for interaction with chaperone-subunit
complexes and pilus biogenesis.

Model for Assembly and Secretion
of Pili across the OM
The above information leads to the following model
for pilus biogenesis at the OM usher. Periplasmic
chaperone-adhesin complexes target with highest
affinity to the usher, forming stable chaperone-
adhesin-usher complexes. Formation of these ternary
complexes is likely to be critical for the initiation of
pilus biogenesis. The ternary complex may provide a
template for targeting of the next incoming chaper-
one-subunit complex to the usher. Interactions
between the N terminus of the incoming subunit
and the C terminus of the usher-bound chaperone-
adhesin complex would then lead to dissociation of
the chaperone from the adhesin, followed by donor
strand exchange between the subunits and formation
of the first link of the pilus tip (Figure 3). Subsequent
rounds of subunit-subunit interactions would then
lead to elongation of the pilus fiber, concomitant with
secretion through the usher channel. The ~3 nm
diameter usher channel is large enough to allow
secretion of folded pilus subunits assembled into a
linear fiber such as the tip fibrillum, which measures
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2 nm in diameter (Gong and Makowski, 1992; Kuehn
et al., 1992). However, this channel size is too small
to allow passage of the 6.8 nm diameter helical pilus
rod. A solution to this problem was revealed by
experiments demonstrating that P and type 1 pilus
rods can be unwound into linear fibers (Thanassi
et al., 1998b). These unwound rods, consisting of a
linear array of folded subunits, measure 2 nm in
diameter and would be able to pass through the
usher channel. Therefore, a nascently assembled
pilus rod would be constrained to a linear conforma-
tion by the usher channel, only adopting its final
helical conformation upon reaching the cell surface
(Figure 2). A recent EM study of purified type 1 pilus
assembly intermediates supports this model for
secretion of pilus rods through the usher (Saulino
et al., 2000). The chaperone/usher pathway does not
appear to require input of external energy for pilus
biogenesis (Jacob-Dubuisson et al., 1994b), and
coiling of the rod outside the cell may facilitate the
outward translocation of pili. This, combined with the
targeting affinities of chaperone-subunit complexes
for the usher and the binding specificities of subunits
for each other, may provide sufficient energy and
information for the ordered assembly and secretion of
pili across the OM.

Secretins

The secretin family of OM proteins is required for the
secretion of a wide variety of substrates including
exoenzymes and toxins by the type II terminal branch
of the GSP (Pugsley, 1993). Secretins are also
essential components of closely related pathways that
assemble and secrete type 4 pili and filamentous
phage (Russel, 1998; Nunn, 1999). In addition,
secretins are required for secretion by the unrelated,
non-GSP type III secretory pathway, which allows the
translocation of effector proteins from bacteria into
target eukaryotic cells (Hueck, 1998). Most information
about secretins has come from studies of the type II
and type II-related pathways. Secretion across the OM
by the type II pathway requires, in addition to the Sec
system, at least 12 accessory proteins that are
collectively referred to as the secreton (Russel,
1998). Pullulanase secretion by Klebsiella oxytoca,
encoded by the pul genes (Figure 4), represents the
prototypical type II pathway (Pugsley, 1993). A unified
type II nomenclature has been established for the

secreton components, using the designation Gsp and
giving each homologous component a letter based on
the pul system. Substrates of the type II pathway cross
the IM via the Sec system and then fold and may even
oligomerize in the periplasm (Russel, 1998). Substrate
folding may be aided by both specific chaperones and
general periplasmic folding agents (Pugsley, 1993).
The folded and assembled periplasmic substrates
must then engage the type II secreton for passage
across the OM (Figure 5).

Components of the Type II Secreton
The only integral OM component of the type II pathway
is the secretin, GspD, which is essential for substrate
secretion across the OM. Many type II systems also
encode a small OM lipoprotein, GspS, that ensures the

Figure 4. Organization of the pul gene cluster for pullulanase secretion. The general Gsp nomenclature for type II secretion systems is based on the
pul genes.

Figure 5. Model for protein secretion by the type II pathway.
Components of the type II secreton are labeled according to the Gsp
nomenclature. (a) Type II substrates cross the IM via the Sec system,
followed by cleavage of their N-terminal signal sequence and folding in
the periplasm. (b) The substrates must then engage the type II
machinery. The OM secretin, indicated here as a complex with the
GspS lipoprotein, serves as a gated channel for substrate secretion to
the cell surface. The secretin and/or GspC may determine substrate
specificity, and GspC may transmit energy from the IM for gating of the
secretin. The IM components interact to form a large complex. The
GspG–K pseudopilins are processed by GspO prepilin peptidase and
may assemble into a pilus-like structure in the periplasm. GspE may
hydrolyze ATP to drive assembly of the secreton components and/or
substrate secretion across the OM.
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proper targeting and insertion of the secretin into the
OM (Hardie et al., 1996). Surprisingly, most of the
secreton components localize to the IM (Figure 5).
Five of these IM proteins, GspG, H, I, J and K exhibit
limited homology to the type 4 pilus structural subunit,
pilin (Nunn, 1999). These ‘pseudopilins’ undergo
processing by the GspO protein, a prepilin peptidase
interchangeable with the type 4 pilus prepilin peptidase
(Strom et al., 1991). The pseudopilins have been
proposed to assemble into a pilus-like structure that
spans the periplasm, somehow facilitating secretion
(Hobbs and Mattick, 1993; Pugsley, 1996). In accord
with this, Sauvonnet et al. (2000) recently demon-
strated that overexpression of the pul system in E. coli
resulted in assembly of the PulG pseudopilin into pilus-
like bundles on the bacterial surface. Furthermore, the
pul system was able to assemble the E. coli type 4 pilin
PpdD into pili.

Secreton components GspC, F, L, M and N are all
IM proteins with extensive periplasmic domains
(Russel, 1998). The function of one or more of these
proteins may be to bridge the inner and outer
membranes to transmit energy or information to the
GspD secretin. Protein secretion across the OM by the
type II and type II-related pathways has been shown to
utilize both ATP and the proton motive force (Russel,
1998). Energy from ATP is likely to be generated by
the GspE secreton component. GspE is a cytoplasmic
protein that localizes to the IM via interaction with
GspL (Sandkvist et al., 1995; Py et al., 1999; Possot
et al., 2000). GspE contains a conserved ATP-binding
motif and has been shown to have autokinase activity
(Sandkvist et al., 1995; Possot and Pugsely, 1997).
GspE may function to drive assembly of the secreton
machinery, regulate secretion, and/or energize the
secretion process.

Secretin Structure and Function
Secretins range from 50–70 kDa in size. Homology
among members of the secretin family resides in the
C-terminal half of the protein, with the N-terminus
exhibiting conservation within subgroups from related
transport pathways (Genin and Boucher, 1994). The
C-terminal domain, also termed the b-domain, is
predicted to consist largely of TM b-strands and to
form a b-barrel structure in the OM. The C-terminal
domain of the Pseudomonas XcpQ secretin was
modeled to have 13 TM b-strands (Bitter et al.,
1998), whereas the PulD secretin was predicted to
have 10 TM b-strands (Guilvout et al., 1999).
Consistent with a b-barrel structure, secretins
assemble into highly stable complexes of 12–14
subunits that resist dissociation by SDS even when
boiled (Koster et al., 1997; Linderoth et al., 1997;
Bitter et al., 1998; Crago and Koronakis, 1998;
Nouwen et al., 1999). The secretin N terminus is
thought to be largely free of transmembrane regions
and to reside in the periplasm (Brok et al., 1999;
Nouwen et al., 2000). The extreme C terminus of the
secretin, which contains the GspS lipoprotein binding
site, is also thought to reside in the periplasm (Daefler
et al., 1997a).

A number of secretins have been imaged by EM,
revealing ring-shaped structures with large central
channels (Koster et al., 1997; Linderoth et al., 1997;
Bitter et al., 1998; Crago and Koronakis, 1998;
Nouwen et al., 1999). The secretin images are remi-
niscent of the usher images, although there is no
sequence homology between these two families. The
secretin complexes are larger than the ushers, ranging
from 14–20 nm in diameter, with central channels
ranging from 5–10 nm in diameter. The PulD secretin
was imaged as a 1:1 complex with the PulS lipoprotein
(Nouwen et al., 1999; Nouwen et al., 2000). The
PulDS complex contained a set of radial spokes,
presumably formed by PulS, emanating from the ring-
shaped complex (Figure 6). The complex including
spokes measures ~25 nm in diameter. Side views of
the PulDS complex revealed the presence of two ring-
shaped structures stacked one on top of the other. One
of the rings is thicker and forms a cup-like structure
(Figure 6) (Nouwen et al., 1999; Nouwen et al., 2000).
The total complex measures greater than 10 nm in
height. Side views of the pIV secretin from f1 phage
revealed a single ring that also adopts a cup-like
structure, approximately 7 nm in height (Figure 6)
(Linderoth et al., 1997). The OM is roughly 2.5 nm
thick, suggesting that the secretin projects substan-
tially out of the membrane bilayer. The cup-like
structure may project into the periplasm, possibly
forming the substrate entry site or channel gate.

The 5–10 nm diameter secretin channels would be
large enough to accommodate folded and even
oligomeric substrates. For example, P. aeruginosa
type 4 pili have an outer diameter of 5.2 nm (Folkhard
et al., 1981) and the pentameric cholera toxin B
complex, secreted by the eps type II system of Vibrio
cholerae, has dimensions of 6.4 nm x 4.0 nm
(Spangler, 1992). Channels 5–10 nm in diameter
would presumably require a gating mechanism to
maintain the barrier properties of the OM. Indeed, the
secretins examined so far seem to be in closed or only
partially open conformations. Density could be de-
tected by EM in the central channel of the PulDS
complex (Figure 6) (Nouwen et al., 1999; Nouwen
et al., 2000) and also in the XcpQ secretin, which does
not include a GspS component (Brok et al., 1999).
Reconstitution of the PulDS complex into planar lipid
bilayers resulted in the formation of only small voltage-
activated channels (Nouwen et al., 1999), possibly
corresponding to minor openings of the channel gate.

Figure 6. Secretin ultrastructure. Representations of end and side
views of the pIV secretin and the PulDS secretin-lipoprotein complex
are depicted based EM images from Linderoth et al. (1997) and
Nouwen et al. (2000).
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Reconstitution of XcpQ into lipid bilayers produced
complex channel activity, consistent with fluctuations
of regions of the secretin that might reflect gating (Brok
et al., 1999). Strong evidence for channel gating
comes from studies with the pIV secretin. Marciano
et al. (1999) isolated a functional pIV mutant that
caused increased permeability of the bacterial OM.
Reconstitution of the mutant pIV into lipid bilayers
produced high-conductivity channels similar to the
wild-type secretin, but with a much greater probability
of being open.

The channel-forming and oligomerization activities
of the secretin appear to reside in its C-terminal
b-domain (Brok et al., 1999; Guilvout et al., 1999).
However, the N-terminal domain appears to influence
or be required for oligomerization of the b-domain
(Bitter et al., 1998; Guilvout et al., 1999). The secretin
N terminus has been proposed to function as the
channel gate. Limited proteolysis of the PulD secretin
yielded a protease-resistant C-terminal fragment
carrying the b-domain but lacking the PulS-binding
site at the extreme C terminus (Nouwen et al., 2000).
The fragment remained embedded in the membrane as
a SDS-resistant oligomer. EM of the protease fragment
showed that it retained the ring-shaped structure of the
intact complex, but lacked the radial spokes present in
the PulDS complex. The PulD C-terminal fragment
also showed a loss of density in the central channel
and at the rim of the cup-like structure, supporting a
role for the N terminus as the channel gate. Limited
proteolysis of the Pseudomonas XcpQ secretin also
produced a C-terminal protected fragment containing
the membrane-embedded b-domain (Brok et al.,
1999). This fragment retained oligomer formation and
appeared very similar to the intact XcpQ complex by
EM. Reconstitution of the protease fragment into
planar lipid bilayers produced channel conductances
similar to the intact complex, confirming that the
C-terminal region forms the pore. However, loss of
the XcpQ N terminus did not produce a large open
pore, as might be expected if the N terminus provided
the channel gate.

Type II secretion systems exhibit substrate
specificity. Experiments with the out system of Erwinia
spp. identified two components, the secretin OutD and
the IM OutC (GspC) protein, as the specificity
determining or gatekeeper proteins (Lindeberg et al.,
1996). Furthermore, the N terminus of OutD was
shown to bind substrate, suggesting a role for this
secretin domain in determining specificity (Shevchik
et al., 1997). Domain swapping experiments with the
pIV secretin also support a role for the secretin
N terminus in determining specificity (Daefler et al.,
1997b). However, experiments with PulD found no
evidence for direct interaction of the secretin with its
substrate or for specificity determination by the
secretin N-terminus (Guilvout et al., 1999). The GspC
secreton component is an IM protein that fractionates
with both the inner and outer membranes and is
thought to extend across the periplasm and interact
with the OM secretin (Figure 5). GspC has been
proposed to transduce energy for gating of the secretin

in a mechanism analogous to the role proposed for
TonB in siderophore-mediated iron import (Bleves
et al., 1999; Possot et al., 1999). Thus, GspC or a
functionally similar component could act to control
gating and specificity of the secreton.

Model for Protein Secretion by the Type II Pathway
A model for protein secretion by the type II pathway is
beginning to emerge. Accumulated data points to-
wards extensive protein-protein interactions among
the IM secreton components, many of which have
extensive periplasmic regions (Pugsley, 1996; Py
et al., 1999; Sandkvist et al., 1999; Possot et al.,
2000). This suggests the presence of an ordered IM
complex that extends into the periplasm and may
include a pilus-like structure formed by the pseudo-
pilin components (Figure 5). Possot et al. (2000)
detected a subcomplex among the GspE, L and M
proteins in the IM, and they suggest this subcomplex
may use hydrolysis of ATP by GspE to drive export
and/or assembly of the pseudopilin proteins in the
periplasm. This structure may then serve as a
scaffold for assembly of additional secreton compo-
nents or perhaps play a direct role in secretion.
Alternatively, GspE may hydrolyze ATP to affect
conformational changes in the IM protein complex
that are that are then transmitted to periplasmic
regions and finally to the OM secretin. GspC may
span the periplasm and serve to transduce energy
derived from GspE, or from the proton-motive force,
to the secretin for gating and substrate export. The
secretin itself appears to have extensive periplasmic
regions that may interact with the substrate and/or
components of the IM complex. Evidence for forma-
tion of such a transmembrane complex involving the
secretin has been found for the f1 phage secretion
system (Feng et al., 1999). Interaction of periplasmic
substrates with the specificity-determining compo-
nent(s) of the transmembrane complex would then
trigger opening of the secretin channel and substrate
secretion across the OM.

Concluding Remarks

The usher and secretin protein families assemble into
large, ring-shaped complexes with central channels
that function to allow the secretion of folded proteins
across the bacterial OM. The mechanisms of action of
these proteins are beginning to be understood,
although much remains unknown. A thorough under-
standing of the function of these proteins requires
greater structural information, and crystal structures
are eagerly awaited. The prototypical bacterial OM
proteins are the porins, which function as non-specific
diffusion channels. Porins assemble as trimeric
complexes (Figure 7A), with each monomer folding
as a 16 stranded b-barrel containing ~1 nm diameter
central pores (Nikaido, 1996; Koebnik et al., 2000). In
contrast, the usher and secretin complexes appear to
assemble into higher order complexes with single
central channels. A possible arrangement to account
for the ring-shaped usher and secretin complexes
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would be an array of b-barrel monomers that interact
to form a ring (Figure 7C). The central secretion
channel would be formed by contributions from the
outer surfaces of each b-barrel monomer. The
monomers themselves could posses channels or they
could be closed. An alternate possibility is suggested
by the recent structure solved for TolC, the OM
component of type I secretion systems that export
bacterial enzymes and toxins (Koronakis et al., 2000).
The TolC crystal structure revealed a trimeric protein
complex (Figure 7B), with each monomer contributing
4 TM b-strands to form a single 12-stranded b-barrel
with a central pore 3 nm in diameter. The TolC
structure also possessed a novel, long a-helical barrel
extending from the OM b-barrel into the periplasm. By
analogy with the TolC structure, each usher or
secretin monomer could contribute TM b-strands to
form a single large b-barrel, with the barrel center
forming the secretion channel (Figure 7D).

The ushers and secretins exhibit gross structural
similarity, but do not share sequence homology.
Whether they share secretion mechanisms remains
to be determined. Clear differences between the two
families exist. The usher channels are smaller than the
secretin channels and may not utilize a gating
mechanism. Protein secretion through the usher via
the chaperone/usher pathway only requires one addi-
tional secretion component and appears to be self-
energized. Protein secretion through secretins via the
type II pathway requires at least 11 additional
components, some of which are involved in energy
transduction. Both pathways are able to assemble and
secrete filamentous surface structures, but the
chaperone/usher pathway appears to be restricted to
these structures. The protein-protein interactions
thought to be required to drive secretion by the
chaperone/usher pathway might in fact dictate secre-
tion of only polymeric structures. In contrast, the ability
of the type II pathway to secrete monomeric substrates
may necessitate the larger number of secretion
components as well as the requirement for external
energy. Future studies of the usher and secretin

families will reveal detailed mechanisms for protein
secretion across the OM barrier. Protein secretion is
intimately linked with bacterial virulence, and a
detailed knowledge of bacterial secretion systems will
provide important targets for the development of novel
antimicrobial agents.
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