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Structure of the Membrane Protein
FhaC: A Member of the Omp85-TpsB
Transporter Superfamily

Bernard Clantin,**> Anne-Sophie Delattre,%>* Prakash Rucktooa,’*> Nathalie Saint,*¢
Albano C. Méli,>® Camille Locht,>>* Francoise Jacob-Dubuisson,?>** Vincent Villeret?3+

In Gram-negative bacteria and eukaryotic organelles, B-barrel proteins of the outer membrane
protein 85—two-partner secretion B (Omp85-TpsB) superfamily are essential components of protein
transport machineries. The TpsB transporter FhaC mediates the secretion of Bordetella pertussis
filamentous hemagglutinin (FHA). We report the 3.15 A crystal structure of FhaC. The transporter
comprises a 16-stranded B barrel that is occluded by an N-terminal o helix and an extracellular
loop and a periplasmic module composed of two aligned polypeptide-transport—associated (POTRA)
domains. Functional data reveal that FHA binds to the POTRA 1 domain via its N-terminal domain
and likely translocates the adhesin-repeated motifs in an extended hairpin conformation, with
folding occurring at the cell surface. General features of the mechanism obtained here are likely to

apply throughout the superfamily.

argeting of proteins to their dedicated

I subcellular compartments is essential for
cell function and organelle biogenesis.
Translocation of proteins across or insertion into
membranes is mediated by protein machineries,
some of which have been conserved throughout
evolution, such as the transporters of the Omp85-
TpsB superfamily. TpsB transporters are compo-
nents of two-partner secretion (TPS) systems in
Gram-negative bacteria. They secrete large, most-
ly B-helical proteins called TpsA proteins that
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generally serve as virulence factors (Z, 2). TpsB
transporters function without accessory factors.
The superfamily also includes the Toc75, Sam50-
Tob55, and Omp85-YaeT homologs, which are
the cores of large hetero-oligomeric complexes
involved in protein transport across, and insertion
of B-barrel proteins into, the outer membranes of
chloroplasts, mitochondria, and Gram-negative
bacteria, respectively (3-9).

Omp85-TpsB transporters have been predicted
to comprise a conserved C-terminal transmembrane
B barrel and a soluble N-terminal region harboring
one to five putative polypeptide-transport-associated
(POTRA) domains, which are hypothesized to me-
diate protein-protein interactions (/0—12). The
transporters also harbor conserved C-proximal sig-
nature motifs of unknown function in their pore-
forming regions (/3). In spite of their implication
in critical physiological processes such as mem-
brane biogenesis and secretion of virulence pro-
teins, the molecular mechanisms of protein

translocation or insertion into membranes by
those transporters remain poorly understood. To
address these issues, we determined the crystal
structure of the TpsB prototype FhaC that me-
diates the translocation to the bacterial surface
of filamentous hemagglutinin (FHA), the major
adhesin of the whooping cough agent Bordetella
pertussis.

FhaC was crystallized in space group C222,,
and the crystals contained one molecule in the
asymmetric unit. The structure was solved by the
single-wavelength anomalous diffusion (SAD)
method (/4) and is reported to a resolution of
3.15 A (table S1 and fig. S1). The protein is a
monomer and comprises a 35 A high B barrel
composed of 16 antiparallel  strands (Bl to
B16) (Fig. 1A and fig. S2) with a shear number
0f 20. The B barrel corresponds to the C-terminal
moiety of the protein and encompasses residues
209 to 554. The periplasmic and extracellular
sides of the barrel are characterized by short turns
and longer loops (L1 to LS8), respectively, in
general agreement with a prior topology model
(15). The N terminus of the protein is located in
the extracellular milieu and folds into a 20-
residue-long o helix (H1) that goes right through
the transmembrane f§ barrel (Fig. 1, A and B). The
C terminus of helix H1 emerges into the
periplasm and is connected to a periplasmic
module via a 30—amino acids linker that has no
well-defined electron density in the crystal
structure. This periplasmic module of 150 resi-
dues precedes the B barrel, a feature that had not
been predicted earlier (15).

The interior of the B barrel is partly hydro-
philic, with 17 charged residues pointing inward.
Helix H1 is also charged with six Lys and/or Arg
and six Asp and/or Glu residues. The charged res-
idues are not uniformly distributed inside the bar-
rel but form three clusters (fig. S3). Cluster 1 runs
from the periplasm to the bacterial surface and
comprises residues Arg”° and Asp®®* (B5), Lys"*
(B6), Lys** and Arg® (B7), Asp™> (BS), and
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Arg*? (B10) (fig. S3A). They are complemented
by residues from H1 (Arg", Asp'®, Asp'®, and
Arg'). Cluster 2 comprises residues Asp'® (B1),
Lys®' (B2), Arg™’ (B3), and Glu*®® (B4) and is
located close to the extracellular side. Lastly, cluster
3 comprises residues—Lys*®! (loop B12-B13),
Arg’'® and Asp’'® (B14), and Arg®> (B15)—
close to the periplasmic side of the B barrel (fig.
S3B). The large extracellular loop L6 (residues
431 to 469) is folded as a hairpin in the barrel in-
terior, with its tip reaching the periplasm (Fig. 1B).
This loop, which is not rigidly bound to the 8 bar-
rel, covers the inner face of the barrel comprising
strands B11 to B16 (fig. S3C). Loop L6 is not well
defined in the electron density map and was there-
fore built as a polyalanine chain. The average
temperature factor for Ca in loop L6 is 65 A%
compared to an overall Ca temperature factor of
38 A% in FhaC.

Analyses of the pore dimension (fig. S4A)
indicate that the channel in FhaC is too narrow to
accommodate the transiting FHA polypeptide
because the constricted channel running from the
periplasm to the surface between H1 and L6 is
only ~3 A. FhaC forms ion-permeable channels
in artificial membranes with conductance values
around 1.2 nS in 1 M KCl (/6). Assuming that the
protein forms a perfect cylinder, the pore diameter
calculated (/7) from the measured conductance
would be 8.2 A. However, conductance is not
simply related to the size of the channel opening
but also to the distribution and environment of the
charges inside the channel. Thus, the observed
conductance most likely reflects large conforma-

A

Fig. 1. Crystal structure of FhaC. (A) Ribbon representation of FhaC viewed
from the membrane plane. Putative position of the membrane (M) boundary is
indicated with horizontal lines, with the extracellular side (E) at the top and the
periplasm (P) at the bottom. The o helix H1 is colored red, POTRA 1 light blue,

G398

POTRA2

tional changes in FhaC in the electrophysiological
experiments, possibly with H1 and/or L6 moving
out of the pore.

The periplasmic module consists of two glob-
ular domains. Both are composed of 75 residues
(from 59 to 134 and 135 to 208, respectively) and
are organized around a three-stranded B sheet and
one o helix (designated hereafter as a POTRA
helix). They share the same strand-helix-strand-
strand topology. Domain 1 (POTRA 1) corresponds
in sequence to the in silico—predicted POTRA do-
main of the Omp85-TpsB superfamily (/7). Do-
main 2 was not previously predicted to also adopt
this architecture. Between the first strand and the
POTRA helix, the POTRA domains also com-
prise either an additional turn of o helix and a
loop (POTRA 1) or a 10-residue-long additional
o helix (POTRA 2) (Fig. 1A and fig. S2). The
relative orientation of the POTRA domains was
assessed by comparing the angles formed be-
tween the axes of helices H2 and H4 with the
central axis of the FhaC f barrel. The POTRA
1 and POTRA 2 angles are 148° and 111°, re-
spectively. The two POTRA domains interact
with each other via a few hydrogen bonds be-
tween loops H2-B2 and H3-H4. POTRA helices
H2 and H4, together with strands B5 and B6
(POTRA 2), constitute the surface of the peri-
plasmic module, which is oriented toward the
barrel (fig. SS5) and close to the translocation pore.

Although well conserved in structure (/8), the
POTRA domains are only 14% identical in se-
quence. Residues forming the POTRA signature
(11) either are involved in the hydrophobic core

defined by the POTRA helix and the three-
stranded P sheet or correspond to glycine residues
in loops, such as Gly® and Gly'® in loops $1-H2
and H2-B2 for POTRA 1 and Gly'** and Gly'**
in loops p4-H3 and H4-B5 for POTRA 2, respec-
tively (Fig. 2A). Another residue of the POTRA
signature, Gly'**, is located at the POTRA domains
junction. The contribution of these signature res-
idues is essentially structural, and therefore the
solvent-accessible surfaces of the POTRA domains
are mostly made up of nonconserved, specific
residues.

Besides representing the TpsB family, the FhaC
structure is also representative of more distantly
related transporters of the superfamily, which all
share a common architecture consisting of a vari-
able number of POTRA domains in tandem fol-
lowed by a C-terminal, ~30-kD B-barrel domain
(10). In silico analyses of this superfamily have
also pinpointed conserved motifs within the  bar-
rel, called motifs 3 and 4 (/3). In FhaC, motif 3
(amino acids 432 to 474) (Fig. 1) comprises loop
L6 and the first half of strand B12. The conserved
tetrad VRGY (79) (residues 449 to 452) is located
at the extremity of the B hairpin in loop L6 and
reaches the periplasm. Motif 4 (residues 508 to
536) corresponds to strands B14 and B15, thus
comprising residues from the inner and outer faces
of the barrel. Residues Met™®, Arg'®, and Asp”'®
(B14) and Arg™>, Ser’®, Thr*?’, and Ser™® (B15)
are located in the vicinity of loop L6, on the inner
face of the B barrel. Motif 4 also comprises resi-
dues from the uncharged inner face of the § barrel,
along which loop L6 is positioned (fig. S3C).

created with PyMOL (30).

POTRA 2 purple, motif 3 green, and motif 4 blue. (B) Cutaway view of FhaC
from the membrane plane, rotated about 90° relative to A. The o helix H1,
POTRA helices H2 and H4, and the loop L6 are indicated. The images were
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In light of the crystal structure, functional as-
pects of FHA translocation by FhaC have been
probed by mutation and deletion studies. FHA
secretion has previously been shown to not be
affected by removing helix H1 (75, 16), ruling
out an essential contribution of H1 in facilitating
secretion. FhaC lacking H1 forms channels of
similar conductance to that of the wild-type pro-
tein in planar lipid bilayer experiments (/6). Re-
moving H1 would create a ~8 A large pore (fig.
S4B) in FhaC, a size compatible with the con-
ductances observed for both the native and the
truncated proteins. These data are in agreement
with a model in which H1, found inside the pore
in the crystal structure, would be located outside
the pore in the electrophysiological experiments.

This is similar to previous observations on the
crystal structure and electrophysiological data of
the translocator domain of the NalP autotrans-
porter (20, 21). Also similar to NalP, the removal
of H1 from FhaC enlarges the channel in vivo, as
assessed by increased sensitivity to antibiotics
(table S2).

In contrast to H1, the deletion of L6 per-
formed in this work abolished secretion, demon-
strating its key role in the secretion mechanism
(Fig. 3A). This deletion also strongly affected the
channel properties of FhaC and decreased the ob-
served conductance to 0.4 to 0.6 nS (Fig. 3). Al-
though removing L6 is predicted to create a 8 A
large channel in FhaC (fig. S4C), the reduction of
ion conductance suggests that it affects the con-

Fig. 2. (A) Co stereoview of the two POTRA domains. POTRA signature residues (11) involved in the
hydrophobic core are shown in stick representation, whereas the conserved glycines are colored red. V61
and 1114 do not belong to the hydrophobic core of POTRA 1. (B) Ribbon representation of FhaC viewed
from the periplasm. Insertion positions of the two-residue motifs are indicated by black triangles. Side
chains of residues analyzed by site-directed mutagenesis are shown with a stick representation. H2, H4,
and B5 are colored green, red, and blue, respectively.

www.sciencemag.org SCIENCE VOL 317
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formational stability of the protein and causes im-
portant charge rearrangements inside the channel.
Crystal structures of OmpF in which the constric-
tion loop L3 has been altered or partially deleted
have revealed an increase of the channel size by
about 50%, although the ion conductances of
these mutants were drastically reduced (22-24).
Evidence for the formation of larger channels by
FhaC lacking L6 was obtained from antibiotic
sensitivity experiments (table S2), consistent with
arole for L6 in plugging the channel. A protease-
specific cleavage site inserted after Ser*®® of FhaC
was previously shown to be accessible from the
bacterial surface only when FHA is coproduced
with FhaC (/5), indicating conformational changes
of L6 during secretion.

The deletion of either POTRA domain, per-
formed here, also abolishes secretion, although
FhaC still forms channels in lipid bilayers (Fig. 3,
E and F). Therefore, the POTRA domains are
strictly required for the secretion process but not
for pore formation. The precise orientation of the
two POTRA domains is also required, because the
insertion of a glycine-serine motif immediately
after the conserved Gly'** residue of the POTRA
sequence signature at the junction of the POTRA
domains strongly affects secretion, as shown pre-
viously (75).

The POTRA domains are involved in FHA
recognition, which is likely related to their func-
tion in secretion (25). Previous work has shown
that they recognize a nonnative state of FHA, pre-
sumably corresponding to its extended periplas-
mic conformation in the course of secretion (25).
In order to identify regions of the POTRA do-
mains involved in these interactions, we inter-
preted a previously reported insertional analysis
in the context of the structure, looking at the ef-
fect of insertions in the solvent-exposed regions
of the POTRA domains, and we complemented
this data with site-directed mutagenesis (Fig. 2B).
Insertions of two-residue motifs after positions
72,73, 79, 88, 93, and 125 (in POTRA 1) and
150, 193, and 206 (in POTRA 2) were shown
previously to not affect FHA secretion (15), ruling
out a major role for these regions in the specific
recognition of FHA and in the secretion process.
The targeted regions, loop B1-H2 (72-93), loop
32-B3 (125), and helix H3 (150), are located on
the faces of the POTRA domains pointing away
from the B barrel pore. Thus, the structure ratio-
nalizes why they do not affect secretion (Fig. 2B).
Insertions in loop B5-B6 (193) and in strand 6
(206) (15) are oriented toward the {3 barrel interior,
but because they do not affect secretion they pre-
sumably are not major FHA recognition deter-
minants. Therefore, specific interactions of the
POTRA domains with FHA likely involve their
remaining solvent-exposed surfaces, including
helix H2, helix H4, and/or strand 5. Residues
located on the exposed faces of these secondary
structures that might form hydrogen bonds with
FHA, in H2 [K99, Y106, D107, or R108 (/9)],
H4 (D173 or Y177), and strand B5 (T185 or
N187), were thus replaced by alanines. Both sin-
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Fig. 3. (A to D) Behavior of FhaC-ALé. (A) Secretion of A B FhaC-AL6
Fha44, an FHA derivative used as a model FhaC substrate ”
in Escherichia coli, by UT5600 (pF]D12, pFc33) (right v i

lanes) and UT5600 (pFID12, pAS-FcAL6) (left lanes).

Fha44 (top) and FhaC (bottom) were detected with a-FHA ‘ 5 /
appropriate antibodies by immunoblot analyses of . Fha44 /

nonconcentrated supernatants and membrane fractions, N ,
respectively. wt, wild-type FhaC; AL6, FhaC lacking loop o-FhaC 150 <100 -5 50 100 150

L6. (B) Electrophysiological behavior of the FhaC —_ < FhaC

derivative lacking L6. The current-voltage curve is shown, = / -5 D

with the arrows indicating the direction of the applied / G=0.6nS
voltage ramp. This -V curve should be compared to that 10 9 ¢ o

of wild-type FhaC reported in Méli et al. (16). (C) Single- c

channel recordings at +30 and +50 mV. The dashed o
lines represent the zero current level. C and O represent VMWWWWWW c
the closed and opened states of one channel, respec- _______________ __________ ___ ________. o

tively. (D) Amplitude histogram of the single-channel V= +30 mV o= " oo
recordings at +30mV, illustrating the distribution of the

current values between the closed (C) and opened (0) ,WWWMW’\MM E wt AP1AP2
states of one channel. The main conductance of this o-FHA

channel is equal to 0.6 nS. (E and F) Behavior of v o
FhaC-APOT1 and FhaC-APOT?2. (E) Secretion of Fha44

by UT5600 (pF]D12, pFc33) (left lanes), UT5600 o-FhaC W o
(pFID12, pAS-FcAPot1) (middle lanes), and UT5600 EEE
(pFID12, pAS-FcAPot2) (right lanes). Fhad4 (top) and E o
FhaC (bottom) were detected with appropriate anti- FhaC-APOT1 FhaC- APOT2

bodies by immunoblot analyses of nonconcentrated 10| 10 |m
supernatants and membrane fractions, respectively. wt,
AP1, and AP2 represent wild-type FhaC and FhaC
lacking POTRA 1 or POTRA 2, respectively. The positions 2 2

of the relevant proteins are indicated by arrowheads. The

anti-FhaC immunoblot had to be developed for a long

period of time, most likely because the deletion variants
were poorly recognized by the antibodies and their levels
of production were lower than that of the wild-type pro-
tein. (F) Electrophysiological behavior of FhaC-APOT1 and
FhaC-APQT2. Current-voltage (/-V) curves are shown for -10 -10
the two proteins. These /-V/ curves should be compared

to that of wild-type FhaC reported in Méli et al. (16). The arrows indicate the direction of the applied voltage ramp. Note that the I-V curve of FhaC-APOT1 is
similar to that of the wild-type protein, unlike that of FhaC-APOT2, in keeping with the respective positions of the two domains relative to the barrel.

500

counts

100 pA

V=+50 mV

my

A B Cc D ——t

MIRRGHMRIHmoN QL nge

LI l"l i-mln?li:l

Fig. 4. Proposed model of FHA transport across the outer membrane. (A) The  structure. (C) FHA progressively folds and elongates into its B-helical fold. (D)
TPS domain of FHA in an extended conformation interacts with POTRA 1 of  After the C terminus of FHA has reached the surface, the TPS domain
FhaC. (B) The channel opens after conformational changes of loop L6, and  dissociates from POTRA 1 and is translocated. The folding of the TPS domain
translocation initiates, with FHA adopting transiently an extended B hairpin  caps the N terminus of the FHA § helix.
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gle and double substitutions were created in each
of these secondary structures, and the ability of
FhaC variants to interact with FHA was assessed
(fig. S6) by using an overlay assay developed pre-
viously (25). Modifications in H2 affected FHA
recognition by FhaC in this overlay assay, indicating
that helix H2 forms part of the specific recogni-
tion surface of FHA.

Collectively, previous data (/5) and our new
mutagenesis data indicate that the L6 loop—motif
3 and the POTRA domains, which are the hall-
mark features of the superfamily, constitute the ac-
tive secretion elements of FhaC. FHA is a 50-nm
elongated right-handed parallel B helix (26-28),
with the adherence determinants presented on loops
or extrahelical motifs along the B helix. The helix
interior is essentially filled with stacks of aliphatic
residues (Val, Leu, Ile, Ala, and Gly), a charac-
teristic often observed in such B helices. In the
light of our structural and functional analysis of
FhaC, we propose the following model for trans-
port of FHA across the outer membrane (Fig. 4).
The N-terminal TPS domain of FHA, which is
characteristic of TpsA proteins and harbors spe-
cific secretion signals, initially interacts in an ex-
tended conformation with the POTRA 1 domain in
the periplasm. Given the orientation of the POTRA
domains relative to the channel, the FHA-FhaC
interactions bring the region corresponding to the
first repeats of the central B-helical domain of FHA
in proximity to the tip of loop L6. Conformational
changes in FhaC would then expel loop L6 out of
the B barrel, opening a 8 A to 16 A large (depending
on whether H1 is inside or outside the channel dur-
ing secretion) channel for FHA translocation (fig.
S4, C and D). In either case, the channel would not
be wide enough to support internal folding of the
repeated B-helical motifs of FHA; thus, this event
likely takes place at the cell surface. FHA may form
a hairpin made up of two extended polypeptide
chains in the channel, with its TPS domain anchored
in the periplasm. The first repeats of the adhesin
could then reach the cell surface, where they could
progressively fold into B-helical coils. The forma-
tion of the FHA rigid B helix may provide the
energy to drive its translocation through FhaC.
Transport of FHA in this direction is in agreement
with the observation that the C terminus of FHA is
exposed to the cell surface before its N terminus
(29). After the C terminus of FHA has reached the
surface, the TPS domain could dissociate from
the POTRA domains and be translocated, capping
the N terminus of the FHA B helix. Lastly, loop
L6 could move back into the barrel.

Because most TpsA proteins are predicted to
fold into B helical structures (26, 27), the trans-
port mechanism proposed here may apply more
generally to the secretion of TpsA proteins by
their dedicated TpsB transporters. All members
of the Omp85-TpsB superfamily harbor one to
several POTRA domains followed by a P barrel,
as well as conserved motifs corresponding to the
L6 loop within the barrel, and they mostly handle
substrate proteins rich in B structure. Therefore,
the major features described here are likely to re-
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main valid throughout the family, although more
complex molecular events are expected for some
of those transporters, given that they are part of
macromolecular assemblies.
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Structure and Function of an Essential
Component of the Outer Membrane
Protein Assembly Machine
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Integral B-barrel proteins are found in the outer membranes of mitochondria, chloroplasts, and Gram-
negative bacteria. The machine that assembles these proteins contains an integral membrane protein,
called YaeT in Escherichia coli, which has one or more polypeptide transport—associated (POTRA)
domains. The crystal structure of a periplasmic fragment of YaeT reveals the POTRA domain fold and
suggests a model for how POTRA domains can bind different peptide sequences, as required for a
machine that handles numerous -barrel protein precursors. Analysis of POTRA domain deletions shows
which are essential and provides a view of the spatial organization of this assembly machine.

Ithough most biological membranes
contain exclusively a-helical proteins,
the outer membrane of Gram-negative
bacteria and the organellar membranes of
mitochondria and chloroplasts contain B-barrel

proteins (/). These integral B-barrel proteins,
called outer membrane proteins (OMPs), are
folded and inserted into membranes by a process,
conserved between prokaryotes and eukaryotes
(2—4), that involves the action of a multiprotein
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