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Autotransporters are bacterial virulence factors that share a
common mechanism by which they are transported to the cell
surface. They consist of an N-terminal passenger domain and a
C-terminal B-barrel, which has been implicated in transloca-
tion of the passenger across the outer membrane (OM). The
mechanism of passenger translocation and folding is still un-
clear but involves a conserved region at the C terminus of the
passenger domain, the so-called autochaperone domain. This
domain functions in the stepwise translocation process and in
the folding of the passenger domain after translocation. In the
autotransporter hemoglobin protease (Hbp), the autochaper-
one domain consists of the last rung of the 3-helix and a cap-
ping domain. To examine the role of this region, we have mu-
tated several conserved aromatic residues that are oriented
toward the core of the 3-helix. We found that non-conserva-
tive mutations affected secretion with Trp'®'® in the cap re-
gion as the most critical residue. Substitution at this position
yielded a DegP-sensitive intermediate that is located at the
periplasmic side of the OM. Further analysis revealed that
Trp'°'® is most likely required for initiation of processive fold-
ing of the B-helix at the cell surface, which drives sequential
translocation of the Hbp passenger across the OM.

Many large virulence factors that are secreted to the extra-
cellular milieu of pathogenic Gram-negative bacteria are au-
totransporters (ATs)? (1). The mechanism of autotransport
appears to be more complicated and less autonomous than
the name suggests (2, 3). Each AT has an N-terminal signal
peptide to direct translocation across the inner membrane
(IM) via the Sec translocon, a central passenger domain that
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contains the virulence function and a conserved C-terminal
domain (the B-domain) that forms a B-barrel pore in the
outer membrane (OM), as implied by the original model for
secretion (4, 5). Although it is clear that the 8-domain is re-
quired for translocation of the passenger across the OM, it is
debated whether it functions unassisted as the actual translo-
cation pore. For example, recent structural analysis of the
B-domain of several ATs reveals a barrel pore with a very nar-
row inner diameter of ~10 A (6, 7). This is incompatible
with the observed translocation of AT passengers that in-
clude partly folded domains and AT passengers that con-
tain intramolecular disulfide bonds formed prior to secre-
tion (6, 8 —=10).

Structural analysis of the secreted AT passengers pertactin
(11), VacA (12), hemoglobin protease (Hbp) (13), and IgA
protease (14) reveals a common overall topology: a long stem
or stalk consisting of a right-handed B-helix to which other
functional domains are appended. A 3-helix is an extremely
stable fold of B-strands, in this case of triangular rungs com-
prising three strands, that are interrupted by loops with vari-
able length and are stacked to form a cross B-structure (15,
16). Other examples of this repetitive fold include P22 tail-
spike protein, pectate lyase, and a domain of the HET-s prion
protein (17-19). Importantly, most of the hundreds of ATs
analyzed are predicted to include extensive 3-helical struc-
ture, suggesting a generic role in biogenesis and transport (20,
21). The Hbp structure includes 24 rungs forming a 125 A
long scaffold that is slightly kinked in the middle at the posi-
tion where a domain of unknown function protrudes from the
main stem (see Fig. 14) (13). At the N terminus, the B-helix is
connected with a juxtaposed globular domain that contains a
serine protease triad. As seen in other -helix proteins, the
core of the helix is hydrophobic and largely filled with partly
stacked aliphatic and aromatic side chains (13, 22).

At the C terminus of the passenger, approximately from
residues 950 to 1048, a domain is located that has been named
the autochaperone (AC) domain (13). It contains the last
three rungs of the B-helical stem and a cap region that is
partly disordered and connects the passenger to the 3-do-
main. This AC domain is conserved among many ATs, in-
cluding members of the SPATE (for serine protease auto-
transporters of Enterobacteriaceae) subfamily to which Hbp
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belongs (22). Deletion and mutagenesis experiments have
shown that this region is crucial for efficient folding of several
passenger domains (23-26). Recent evidence indicates that
translocation of the passenger across the OM occurs in an
C-to-N direction, possibly following the formation of a hair-
pin structure by the C terminus of the passenger in the B-do-
main channel (27, 28). In this scenario, the AC domain might
function as a template for stacking of the B-helix to initiate
folding (22). Folding may provide a pulling force to transfer
the passenger across the OM, where other energy sources
such as ATP or a proton motive force are absent. On the
other hand, deletions in this region in the ATs Serratia marc-
escens serine protease (SSP) and BrkA appear to have little
effect on secretion. Instead, the translocated passenger miss-
ing the AC region remains unfolded at the cell surface, where
it is susceptible to OM proteases and externally added trypsin
(23, 29).

Recent cross-linking experiments, using AT passengers that
were stalled in the process of OM translocation, revealed con-
tacts with subunits of the Bam complex (30, 31). The Bam
complex functions in the general assembly of OM proteins
(32), and one of its subunits, BamA, is an integral OM protein
that has been shown to possess pore activity (33). It has been
suggested that BamA may act directly as the protein-conduct-
ing channel for the AT passenger or indirectly by coordinat-
ing the assembly of the B-domain and translocation of the
passenger in a concerted fashion (30, 31). In the latter model,
the B-domain may still function as the actual channel for pas-
senger translocation, assuming that it is accommodated in or
near the Bam complex in an extended translocation-compe-
tent conformation that transiently forms during transport of
the passenger. Following transport, the passenger domain of
several ATs is proteolytically cleaved from the 3-domain and
released from the membrane.

In this study, we have analyzed the role of the Hbp AC do-
main in folding and secretion by mutating conserved residues
in the AC domain. We find that Trp'°'® and to a lesser extent
Phe”®® and Phe®?® play a crucial role in translocation across
the OM. Non-conserved substitutions of this residue stall
translocation at an early stage and provoke degradation by the
periplasmic protease DegP. The data are consistent with a
role for the C-terminal region of the B-helix in the initiation
of processive folding of the B-helix at the cell surface to drive
sequential translocation of the Hbp passenger across the OM.

EXPERIMENTAL PROCEDURES

Strains and Medium—The Escherichia coli strains used in
this study are MC1061 (34) and MC1061 degP::S210A (35).
Cells were generally grown in M9 medium (36) containing
0.1% casamino acids (Difco), 0.2% glucose, and chlorampheni-
col (30 ug ml~ %) at 30 °C.

Plasmid Construction—Hbp and its derivatives were ex-
pressed from vector pEH3 (37). Plasmids that contain wild-
type Hbp and the Hbp derivatives AB-cleavage and L110C/
G348C have been described previously (8). To create the
substitutions by Ala, the 4bp gene in plasmid pACYC-Hbp
(38) was mutated by site-directed mutagenesis. The amplified
product was subcloned into pEH3 containing wild-type hbp
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TABLE 1
Primers used in this study

Primer Sequence (5" —3')”
N-W988A-f ctgataatctggcaagggcatcaac
N-W988A-b gttgatgcccttgccagattatcag
N-W1015A-f gacgggaaaaaagaggcggtcctcgatggttac
N-W1015A-b gtaaccatcgaggaccgcctcttttttecegte
N-W891A-f catgacagacacccaggcgtcgatgaacggaaactcc
N-W891A-b gagtttccgttcatcgacgecctgggtgtectgtecatge
N-W933A-f cggttcagtcagcagctgtcatgecgtacagacc
N-W933A-b gtctgtacgcatgacagctgctgactgaaccge
N-W1015K-f gacgggaaaaaagagaaagtcctcgatggttacc
N-W1015K-b gtaaccatcgaggactttctectttttteccgtee
N-W1015F-f gacgggaaaaaagagtttgtcctcgatggttacc
N-W1015F-b gtaaccatcgaggacaaactcttttttecccgtec
N-W1015Y-f gacgggaaaaaagagtatgtcctcgatggttacc
N-W1015Y-b gtaaccatcgaggacatactcttttttcccgtec

“ The mutated residues are underlined.

(pEH3-Hbp) by replacing a fragment using the KpnI and
EcoRI restriction sites. This resulted in plasmids pEH3-
HbpF988A and pEH3-HbpW1015A. A similar strategy was
used to create the mutants W891A, F933A, W1015K,
W1015F, and W1015Y. Plasmid pEH3-Hbp was mutated us-
ing nested PCR, essentially as described previously (39). The
primers used for mutagenesis are listed in Table 1. Nucleotide
sequences were confirmed by semi-automated DNA
sequencing.

Reagents, Enzymes, and Sera—Dithiobis(succinimidyl) pro-
pionate (DSP) was purchased from Pierce. Restriction en-
zymes, T4-DNA ligase, proteinase K, Complete mini EDTA-
free protease inhibitor, and Lumi-Light immunoblotting
substrate were purchased from Roche Applied Science. The
Phusion site-directed mutagenesis kit was from Finnzymes.
The Cy3-conjugated donkey anti-rabbit antiserum was from
Jackson ImmunoResearch. All other reagents and enzymes
were from Sigma-Aldrich. The phenylmethylsulfonyl fluoride
(PMSF) was from Roche Applied Science. Polyclonal anti-
serum against the Hbp passenger domain was from our own
collection. Polyclonal antisera against BamA, BamB, SurA,
and TolC were gifts from J. Tommassen (Utrecht University),
T. Silhavy (Princeton University), R. Kolter (Harvard Univer-
sity), and V. Koronakis (University of Cambridge). The anti-
sera against Leader peptidase (Lep) and OmpA were gifts
from J.-W. de Gier (Stockholm University).

Preparation and Analyses of Membrane Fractions—All pro-
cedures were essentially carried out as described (40). Briefly,
cells were collected and resuspended in 7 ml of buffer K (50
mM triethanolamine, 1 mm EDTA, 10% sucrose, Complete
Mini EDTA-free protease inhibitor, 0.5 mm DNase, and 0.5
mM RNase). Cells were disrupted by two passages through a
One Shot cell disrupter (Constant Systems). After ultracen-
trifugation (345,700 X g, 4 °C, 60 min), the membranes were
resuspended in 450 pl of buffer K containing 55% (w/w) su-
crose and placed at the bottom of a centrifuge tube. A sucrose
gradient was created by layering on top of the crude mem-
brane fraction consecutive volumes (500 ul) of buffer K con-
taining 51, 48, 45, 42, 39, 36, 33, and 30% (w/w) sucrose, re-
spectively. After centrifugation (230,000 X g, 40 h, 4 °C), 20
fractions (220 ul) were collected from the top of the gradients
and analyzed by SDS-PAGE and immunoblotting.

Protease Treatment of Whole Cells—Cells were grown to an
ODy, of ~0.3 and induced with 1 mm of IPTG. One hour
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after induction, cells were harvested by centrifugation

(9,300 X g, 1 min, room temperature). Cells were harvested
and resuspended in 50 mm Tris-HCI, pH 7.4, and 20 mm
CaCl,. Half of the sample was kept on ice, whereas the other
half was subjected to sonication on ice using a tip sonicator
(Branson Sonifier 250, output control 5, duty cycle 40%, 1
min). To remove intact cells and debris, sonicated samples
were centrifuged (9,300 X g, 2 min, 4 °C). Whole cells and
sonicated samples were incubated with proteinase K (100 ug
ml ™) at 37 °C for 20 min. The reaction was stopped by the
addition of 0.1 mm PMSEF. All samples were TCA-precipitated
and analyzed by SDS-PAGE and immunoblotting.

Indirect Immunofluorescence Microscopy—All procedures
were carried out as described previously (41) except that for
non-permeabilized cells, treatment with Triton X-100, EDTA,
and lysozyme were omitted. Furthermore, cells were incu-
bated with either a polyclonal primary antibody against the
Hbp passenger or a polyclonal antibody against OmpA and
subsequently a Cy3-conjugated donkey anti-rabbit secondary
antibody.

Cross-linking in Whole Cells and Immunopurification—All
procedures were carried out as described previously (30) ex-
cept that expression of Hbp in the cells was induced using 1
mM IPTG. Furthermore, cells were disrupted using a One
Shot cell disrupter (Constant Systems), and DTT was used to
dissociate cross-linked products instead of
B-mercaptoethanol.

RESULTS

Mutations in the Core of the Hbp AC Domain—To study
the relationship between the folding of ATs and their translo-
cation across the OM, we have made several mutations within
the conserved AC domain of Hbp that extends from Ser®*° to
Asn'%*® (13) and adjacent three rungs upstream from the AC
domain. The AC domain consists of the last rung in the 8-he-
lix followed by a break in the B-helix structure at the con-
served Ala®”®/Pro”®® and a cap-like domain of three antiparal-
lel B-strands at the C terminus. Notably, several loops that
connect the B-strands in this region were not resolved in the
crystal structure, indicating that they are flexible (13).

Closer examination of the structure of the AC domain and
the three adjacent rungs revealed that 40% of the residues are
hydrophobic. Of these hydrophobic residues, only a few are
aromatic residues, and these are buried in the core of the
B-helix. They all point inward at equivalent positions in
the successive rungs to build a stack of side chains (Fig. 1B).
The end of the stack is formed by the highly conserved
Trp'°'® residue. This residue is located in the cap and forms a
hydrogen bond through its indole side chain with Asn®®> and
Phe”®®, which stabilizes a turn in the protein backbone. The
positioning of stacked aromatic residues inside the core is
quite common in B-helical structures and is thought to con-
tribute to folding and stability (15, 42). To investigate the role
of these residues in the biogenesis of Hbp, we selected four

conserved aromatic residues for substitution by Ala: Trp®?,

Phe”®?, and Phe®®® in the regular rungs and Trp'°'® in the cap
(Fig. 1B). We compared the biogenesis and secretion of these

mutants with wild-type Hbp and the HbpAB-cleavage mutant,
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FIGURE 1. Structure of the E. coli Hbp passenger and its AC domain.

A, ribbon diagram representing the crystal structure of the Hbp passenger
(PDB ID: TWXR); the region constituting the AC domain (residues 950-1048)
is colored dark blue. B, close-up of the AC domain and adjacent 3-helix

rungs with several aromatic residues oriented inward into core of the B-he-

lix. Residues targeted for substitution are indicated: Trp®", Phe*3, Phe®®?,

and Trp'°">. The B-domain is not included in the figure.

which carries a mutation in the autocatalytic cleavage site
between the passenger and the 3-domain. The passenger of
this mutant is fully folded but remains covalently attached to
the B-domain at the extracellular side of the OM (8).

The wild-type and mutant genes were cloned under control
of the lac promoter in the expression vector pEH3. To moni-
tor expression and secretion, E. coli strain MC1061 harboring
the Hbp plasmids was grown in minimal medium to early log
phase and induced for Hbp expression with 1 mm IPTG. Pro-
duction of Hbp and the mutants affected growth of the cul-
tures somewhat, in particular the mutant W1015A (supple-
mental Fig. S14). Culture samples were collected 2 h after
induction and centrifuged to separate cells (C) and spent me-
dium (M). Both fractions were analyzed by SDS-PAGE and
Coomassie Brilliant Blue staining (Fig. 24). Under these con-
ditions, wild-type Hbp is expressed, processed, and secreted,
as evident from the appearance of a 110-kDa product in the
cell and medium fractions that represents the Hbp passenger
(Fig. 24, lanes 3 and 4). The identity was confirmed by immu-
noblotting using passenger-specific antibodies (not shown). It
is known that upon translocation across the OM, the Hbp
passenger is in part released into the medium and in part re-
tained at the cell surface via an unknown mechanism (43, 44).

The mutations in the three rungs of the AC domain
showed mild but variable effects on the detected levels of cell-
associated and released Hbp. Levels for mutants W891A and
F933A appeared lower than for wild type, whereas the total
levels for F988A appeared comparable with wild type but with
more of the mutant passenger released from the cells (Fig. 24,
lanes 5-10). Intriguingly, strongly reduced levels were ob-
served for the Hbp W1015A mutant, suggesting that the bio-
genesis of this mutant was severely affected (Fig. 24, lanes 11
and 12).

Previous studies have indicated a crucial role for the
periplasmic chaperone and protease DegP in the quality con-
trol of Hbp biogenesis (8). Hbp derivatives impaired in trans-
location across the OM were degraded by DegP, resulting in
lower detected levels. We further showed that expression of
secretion-incompetent Hbp derivatives in the absence of
DegP resulted in the accumulation of unprocessed pro-Hbp in
the periplasm. Conceivably, the mutations introduced in the
AC render the Hbp partly secretion-incompetent and prone
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FIGURE 2. Expression and secretion of Hbp AC domain mutants. A, ex-
pression and secretion of wild-type Hbp and mutants in E. coli MC1061. Ex-
pression of Hbp was induced by the addition of 1 mm IPTG when cultures
reached early log phase. Samples were collected 2 h after induction, sepa-
rated into cells (C) and spent medium (M) by centrifugation, and analyzed
by SDS-PAGE and Coomassie Brilliant Blue staining. The relevant areas of
the same gel are shown. Molecular mass (kDa) markers are indicated at the
left side of the panels. Wild-type Hbp passenger and pro-form are indicated
with an asterisk and arrowhead, respectively. The positions of the pro-form
(p) and the mature passenger (m) are indicated on the right side of the
panel. AB-cleav., AB-cleavage. B, expression and secretion of wild-type Hbp
and the AC mutants in E. coli MC1061degP::5S210A analyzed as described
under A.

to periplasmic degradation by DegP. To investigate this possi-
bility, we analyzed the biogenesis of the Hbp mutants in

E. coli strain MC1061degP::S210A. This mutant has an active
site mutation rendering DegP defective in its protease func-
tion, whereas the chaperone activity is still intact (35). The
induced expression of W1015A and to a lesser degree F988A
and F933A had a negative effect on the culture growth in
MC1061degP::S210A (supplemental Fig. S1B). It should be
noted that production of wild-type and HbpAB-cleavage ap-
peared less detrimental to culture growth under these condi-
tions. This suggests that the presence of HbpW1015A induces
a stress response that is deleterious to cells that lack the pro-
tease function of DegP. We have previously observed a similar
growth arrest for secretion-incompetent Hbp mutants (8, 30),
and it, therefore, appeared to indicate that Hbp secretion was
severely affected for the W1015A mutant.

When analyzed by Coomassie Brilliant Blue staining upon
SDS-PAGE, mutant W1015A accumulated almost exclusively
as an ~140-kDa product in the cell fraction (Fig. 2B, lane 11).
This form co-migrates with the HbpAB-cleavage mutant that
remains uncleaved (Fig. 2, A and B, lane 19). Inmunodetec-
tion confirmed that this form represents the unprocessed
Hbp (pro-Hbp) as it reacts with antibodies specific for the
passenger and B-domain, respectively (not shown). Mutants
F933A and F988A also showed an increase in accumulated
pro-form, although less pronounced (Fig. 2B, lanes 7 and 9,
respectively). These findings suggest that the reduced
amounts of accumulated pro-form detected in wild-type
strain MC1061 were not due to reduced initial expression
levels but rather resulted from a defect in secretion and subse-
quent degradation. It indicates also that the mutant pro-forms
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accumulate in MC1061degP::S210A in a secretion-incompe-
tent form and that this accumulation is responsible for the
reduced cell growth.

Together, the data suggest that residue Trp " is crucial
for efficient secretion of Hbp, whereas the role of Phe®** and
Phe®®® in secretion is less prominent. To investigate the role
of Trp'°*® in more detail, we made another non-conservative
change to Lys at this position. This residue has a long ali-
phatic and charged side chain and could, like Trp, establish
the hydrogen bond that stabilizes the turn in the peptide
backbone. In addition, we introduced two conservative
changes by introducing the aromatic residues Tyr and Phe.
When expressed in MC1061, only small amounts of fully pro-
cessed Hbp W1015K were detected in the cell fraction,
whereas released W1015K in the culture medium was virtu-
ally undetectable (Fig. 24, lanes 13 and 14). Expression of
W1015K in the DegP mutant cells led to the accumulation of
the Hbp pro-form, although less pronounced than W1015A,
indicating a partial degradation by a protease other than DegP
or lower initial expression levels of the protein (Fig. 2B, lanes
13 and 11, respectively). By contrast, when Trp was substi-
tuted for Tyr or Phe, i.e. conservative mutations, the expres-
sion and release of the passenger was comparable with wild-
type Hbp (Fig. 24, lanes 15-18). The lower amounts of the
two mutants observed might be explained by the fact that nei-
ther Tyr nor Phe are able to establish the additional hydrogen
bond, which apparently influences protein stability. In con-
trast, the wild-type Hbp and W1015Y and W1015F mutants
accumulated similar amounts of pro-form in the DegP mu-
tant cells (Fig. 2B, lanes 15-18) and had no additional effect
on the growth of the cell culture (supplemental Fig. S1B). The
combined data suggest that only conservative changes are
allowed for Trp'®'®,

Localization and Topology of HhpW1015A—The data pre-
sented in Fig. 2B demonstrate that W1015A is poorly secreted
and that the pro-form of W1015A is subject to degradation by
DegP, suggesting that it accumulates in a protease-sensitive
conformation that is, at least in part, exposed to the
periplasm. To establish where the pro-form of the Hbp
W1015A mutant accumulates, we expressed it in
MC1061degP::S210A and examined its subcellular localiza-
tion. The cells were lysed and subjected to high speed centri-
fugation to separate the membranes from the soluble material
and analyzed by SDS-PAGE and immunoblotting (Fig. 34).
Clearly, the W1015A pro-Hbp co-fractionated with the mem-
branes in the high speed pellet, together with the control OM
protein TolC and control IM protein Lep but in contrast to
the control cytosolic protein thioredoxin A (TrxA) (Fig. 34,
lane 5). To further distinguish between an association with
the IM or OM, the crude membrane fraction was extracted
with sodium lauroyl sarcosinate (sarkosyl) to solubilize the
IMs. Using this procedure, W1015A was primarily detected in
the insoluble OM fraction similar to the control OM protein
TolC but in contrast to the IM protein Lep that was com-
pletely extracted by the sarkosyl treatment (Fig. 34, lanes 6
and 7, respectively). To exclude the presence of W1015A ag-
gregates, which would co-fractionate with the OMs without
actually being membrane-associated, we subjected the crude

1015
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FIGURE 3. Secretion-incompetent HopW1015A is localized at the OM.
A, MC1061degP::5210A cells expressing HopW1015A were grown and in-
duced as described in the legend for Fig. 2. One hour after induction, sam-
ples were collected and separated into cells (C) and spent medium (M)
(lanes 1 and 2). After disruption of whole cells and removal of unlysed cells,
the total cell lysate (T) was centrifuged at high speed to separate the mem-
branes (high speed pellet, HSP) from the soluble fraction (high speed super-
natant, HSS) (lanes 3-5). The membranes (HSP) were treated with 0.5% sar-
kosyl to solubilize the IMs and centrifuged again to collect the OMs as
described previously (8). Samples of the fractions, derived from equal
amounts of cell material, were analyzed by SDS-PAGE and immunoblotting
using antiserum against Hbp (top panel). To verify the membrane separa-
tion, both the OM protein TolC and the IM protein Lep were detected in the
fractions by immunoblotting. To verify the separation of high speed super-
natant and HSP, the cytosolic protein thioredoxin A (TrxA) was detected.

B, membranes (HSP) of cells expressing HopW1015A were separated by
flotation sucrose gradient centrifugation. Fractions were collected from the
top of the gradient and analyzed by SDS-PAGE and Coomassie Brilliant Blue
staining (lanes 1-20). The HbpW1015A pro-form is indicated by an asterisk;
the identity of pro-Hbp was confirmed by immunoblotting (data not
shown). Porins are indicated with an arrowhead on the right side of the
panel.

membrane fractions to flotation centrifugation through su-
crose gradients. Fractions were withdrawn from the gradients
and analyzed by SDS-PAGE and Coomassie Brilliant Blue
staining (Fig. 3B). The gradients showed that most of the
W1015A pro-form had floated up with the membranes as it
was found in fractions 10—13 and co-migrating with the
porins (Fig. 3B, lanes 10—13), whereas (aggregated) mem-
brane-free proteins are expected to remain in the bottom
fraction with the highest sucrose concentration. Together,
these data suggest that the majority of the W1015A pro-form
is associated with the OM.

HbpW1015A Is Peripherally Associated with the OM—To
investigate the nature of OM association of the unprocessed
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FIGURE 4. The B-domain of HbpW1015A mutant is not fully inserted
and folded in the OM. A, Coomassie Brilliant Blue-stained SDS-PAGE of
urea-treated outer OM preparations from cells expressing the indicated
Hbp derivatives. Fractions containing the outer membranes, as described in
the legend for Fig. 3 (HSP), were treated with 4 m urea for 30 min on ice.
Solubilized material (S) was separated from the integral membrane fraction
(M) by centrifugation at 183,800 X g for 30 min and analyzed by SDS-PAGE
and Coomassie Brilliant Blue staining. Input material was included for refer-
ence (7). AB-cleav., AB-cleavage; p, pro-form. B, Coomassie Brilliant Blue-
stained PAGE of semi-native and heat-treated OM preparations from cells
expressing the indicated Hbp derivatives. Fractions containing the outer
membranes were either solubilized in sample buffer containing 0.2% SDS
and incubated at room temperature (R) or solubilized in sample buffer con-
taining 2% SDS at 95 °C for 10 min (H). Unfolded (u-p) and folded (f-p) forms
of pro-Hbp are indicated on the right side of the panels; the identity of pro-
Hbp was confirmed by immunoblotting (data not shown).

W1015A, the membrane fractions from the flotation experi-
ment that contained the accumulated pro-form were pooled
and subjected to urea extraction. This method enables separa-
tion of proteins that are fully inserted into the OM from pro-
teins that are peripherally associated through protein-protein
contacts. The pooled fractions containing the Hbp pro-form
were incubated in a buffer containing 4 M urea and subjected
to ultracentrifugation. Pellet and supernatant fractions were
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining
(Fig. 4A). As a control, we analyzed the HbpAB-cleavage mu-
tant of which the 8-domain is fully assembled in the OM an-
choring the uncleaved passenger to the cell surface (8, 30). As
shown previously, the HbpAB-cleavage mutant was fully re-
sistant to extraction similar to the porins in the ~30-kDa re-
gion (Fig. 44, lanes 1-3). As a further control, we analyzed the
Hbp-L110C/G348C mutant that is known to be a pro-form
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intermediate that is stalled during translocation across the
OM (8). It is to a large degree extractable with urea (Fig. 44,
lanes 4—6), confirming the earlier observations and consist-
ent with the fact that its B-domain is not properly folded (30).
Likewise, the Hbp W1015A mutant was efficiently extracted
by urea, even more so than Hbp-L110C/G348C, suggesting
that its B-domain is not integrated in the protein-protein
interactions.

Next, we analyzed whether the B-domain of the W1015A
mutant had attained its fully folded B-barrel conformation,
which is a prerequisite for integral membrane insertion (45).
The B-domain of Hbp attains a 3-barrel conformation, which
is so stable that it can only be completely denatured upon
heating in SDS-containing sample buffer. This can be moni-
tored using semi-native SDS-PAGE, in which the heat-dena-
tured 3-barrel protein runs at a different position than its
non-heated native form (7). We assessed the heat modifiabil-
ity of the Hbp pro-form as a measure of proper folding of its
B-domain. The pooled membrane fractions containing the
pro-form were solubilized in sample buffer and incubated at
room temperature (R) or heated at 95 °C (H) for complete
denaturation. The samples were subsequently analyzed by
semi-native PAGE and Coomassie Brilliant Blue staining (Fig.
4B). Clearly, the incubation temperature did not alter the
electrophoretic mobility of the W1015A pro-form, indicating
that its B-domain is not properly folded in a barrel structure
(Fig. 4B, lanes 5 and 6). Furthermore, and consistent with ear-
lier findings (30), the HbpAB-cleavage mutant, which has its
B-domain inserted into the OM, displayed heat modifiability,
whereas the Hbp-L110C/G348C (like W1015A) did not show
any shift (Fig. 4B, lanes 1-4).

Taken together, the data indicate that although the
W1015A mutant associates with the OM, its B-domain is not
properly folded into a B-barrel conformation and unable to
form an integral anchor for the passenger in the OM. Conse-
quently, the W1015A pro-form is only peripherally associated
with the OM, rendering it sensitive to degradation by DegP.

HbpW1015A Is Not Detected at the Cell Surface—
HbpW1015A is associated with the OM and at least partially
exposed to the periplasm. Previously, we had established that
the secretion-stalled Hbp L110C/G348C mutant is not fully
inserted in the OM. Nevertheless, parts of that mutant were
exposed at the cell surface (8). To explore whether parts of
the W1015A mutant were also surface-exposed, we examined
its accessibility to proteinase K that was added externally to
whole MC1061degP::S210A cells. The accessibility of wild-
type Hbp expressed in the same strain served as positive con-
trol. Upon translocation and proteolytic release of wild-type
Hbp passenger from the B-domain, large portions remain as-
sociated to the cell surface. Cell-associated passenger Hbp is
sensitive to proteinase K and yields a specific cleavage pattern
of products of ~85 and ~60 kDa that correspond to the sta-
ble B-helical core structure of Hbp (Fig. 5, lanes 1 and 2) (8).
The integrity of the bacterial cells during the procedure was
verified by the lack of degradation of the periplasmic chaper-
one SurA (Fig. 5, lower panel). In contrast to wild-type Hbp,
the pro-form W1015A remained intact upon proteinase K
treatment of whole cells, suggesting either that it is not ex-
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FIGURE 5. HbpW1015A is accessible to protease digestion in the
periplasm. Expression of Hbp and Hbp derivatives in MC1061degP::5210A
cells was induced as described in the legend for Fig. 3. One hour after in-
duction, cells were subjected to treatment with proteinase K. Proteins sepa-
rated by SDS-PAGE were probed by immunoblotting with an antiserum
against mature Hbp passenger (top panels) and with an antibody against
the periplasmic chaperone SurA (bottom panels). The HopW1015A mature
form (m) and pro-form (p) are indicated at the right side of the panels;
the digestion fragments of wild-type Hbp passenger are indicated with
an asterisk.

posed at the cell surface or that only a small portion is ex-
posed that is shielded from the protease (Fig. 5, lanes 3 and 4).
To exclude the possibility that the W1015A pro-form is in-
trinsically protease-resistant, sonicated cells were incubated
with proteinase K, which resulted in the complete degrada-
tion of the W1015A pro-form (Fig. 5, lanes 7 and 8). Upon
sonication, the periplasmic SurA protein was also degraded,
as expected (Fig. 5, lower panel). Furthermore, wild-type Hbp
is degraded more efficiently under these conditions (Fig. 5,
lanes 5 and 6), possibly due to additional protease activity in
the lysed sample. Overall, the experiments indicate that the
W1015A mutant associates with the OM but is mainly located
in the periplasm.

To corroborate these results, potential surface exposure
was also monitored using whole cell immunofluorescence.
MC1061degP::S210A cells expressing Hbp were fixed and sub-
jected to indirect immunofluorescence using a polyclonal an-
tiserum directed against the Hbp passenger (Fig. 6). As shown
before, clear circumferential labeling was observed for cells
expressing wild-type Hbp, the HbpA B-cleavage mutant (Fig.
6, A and B), and the Hbp-L110C/G348C intermediate, which
are all known to expose at least part of their Hbp passenger at
the cell surface (8). Cells that carried an empty vector did not
show any labeling (data not shown). Similarly, and in line with
the proteinase K experiments, cells that express the W1015A
pro-form hardly showed any labeling (Fig. 6C), suggesting
that the passenger is not surface-exposed. When cells were
permeabilized with EDTA and lysozyme, efficient labeling by
the serum was obtained, which showed that the mutant Hbp
is expressed and recognized by the antiserum (Fig. 6F). Fur-
thermore, antibodies against the periplasmic domain of
OmpA were only able to label permeabilized and not un-
treated cells, confirming that labeling antibodies cannot cross
the OM spontaneously (Fig. 6, G-L). Apparently, and differ-
ent from what was found for the stalled Hbp-L110C/G348C
mutant (8), the W1015A mutant fails to cross the OM and
remains trapped within the periplasm. Together, the localiza-
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FIGURE 6. HopW1015A cannot be detected at the cell surface by immu-
nofluorescence. MC1061degP::5210A cells expressing Hbp or the indicated
mutant Hbp derivatives or carrying an empty vector (pEH3) were collected

1 h after induction with 200 um IPTG and subjected to indirect immunofluo-
rescence using a polyclonal antiserum against either the Hbp passenger or
OmpA and subsequently a Cy3-labeled conjugate (right panels). In addition,
the corresponding fields are shown by phase-contrast microscopy (left panels).
The OM of half of the cells was permeabilized prior to labeling, as indicated and
described under “Experimental Procedures.” AB-cleav., AB-cleavage.

tion experiments indicate that the HbpW1015A pro-form
remains in the periplasm in a conformation that is DegP-sen-
sitive and loosely associated with the OM.

HbpW1015A Is Only Partly Associated with BamA and
SurA—By using a cross-linking and immunopurification ap-
proach, we have previously shown that Hbp-L110C/G348C is
a translocation intermediate that is associated with the
periplasmic chaperone SurA and the BamA and BamB sub-
units of the Bam complex (30). Although the role of SurA and
Bam in AT biogenesis is not clear, these factors are known to
catalyze the insertion and assembly of OM proteins in general
(32). To further characterize the stage at which HbpW1015A
secretion is blocked, we investigated its molecular contacts by
chemical cross-linking followed by a pulldown approach as
described for the Hbp-L110C/G348C mutant (30), Briefly,
MC1061degP::S210A cells expressing W1015A were cross-
linked using the Lys-specific thiol-cleavable reagent DSP. Af-
ter the cross-linking reaction, membrane fractions were iso-
lated, solubilized, and subjected to immunopurification using
immobilized Hbp passenger antibodies. Hbp and associated
proteins were eluted in sample buffer containing DTT to dis-
sociate the cross-linked partner proteins. As controls, the
same host cells expressing wild-type Hbp, Hbp-L110C/
G348C, or no Hbp at all were used. As observed before (30),
four proteins were specifically cross-linked to and co-eluted
with the Hbp-L110C/G348C intermediate and not with wild-
type Hbp. These proteins have been identified by peptide
mass fingerprinting as BamA, SurA, and BamB and confirmed
by immunoblotting (Fig. 7B and data not shown). A portion of
the accumulated pro-form is cleaved during or after the pull-
down procedure (compare Fig. 74, lane 5, with Fig. 2B, lane
11), as has been observed before (30). In contrast to wild-type
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FIGURE 7. Contacts of the HbpW1015A. A, silver-stained polyacrylamide
gel of samples of cross-linked cells obtained by immunopurification using
anti-Hbp antibody. Cells expressing the indicated Hbp derivatives were in-
cubated with DSP. Crude membrane fractions were isolated, solubilized,
and immunopurified with anti-Hbp. Eluates were treated with DTT to cleave
DSP prior to SDS-PAGE and silver staining. The asterisks indicate from top to
bottom the specific cross-linked products BamA, SurA, and BamB pulled
down with Hbp-L110C/G348C. p, pro-Hbp; m, mature Hbp. B, immunoblot
analysis of samples obtained as described under A using antibodies against
the Hbp passenger, BamA, BamB, and SurA. The antibodies against Hbp
recognize both pro-Hbp and mature Hbp, which are indicated on the left
side of the panels as p and m, respectively.

Hbp, pulldown treatment of the cross-linked W1015A mutant
shows that although similar amounts of Hbp were precipi-
tated, significantly reduced amounts of BamA, SurA, and
BamB co-eluted with the pro-form (Fig. 7A, lane 5). Taken
together with the localization data, the results might suggest
that the W1015A mutant is not yet fully engaged with the
Bam machinery. Hence, W1015A might represent an earlier
intermediate in the biogenesis of Hbp as compared with the
translocation intermediate Hbp-L110C/G348C that is partly
exposed at the cell surface and in closer contact with the Bam
and SurA factors (8).
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DISCUSSION

The C-terminal region of the AT passenger domain just
upstream of the B-domain has been implicated in the folding
and secretion across the OM, but the precise function of this
so-called AC domain has remained unclear (22). Here, we
have identified in the SPATE Hbp a conserved Trp at position
1015 that is critical for translocation of the passenger across
the OM. Non-conservative mutations at this position blocked
secretion and provoked degradation of Hbp in the periplasm
by DegP. Furthermore, chemical cross-linking studies indi-
cated that mutating Trp'°"® did not yet fully engage the Bam
machinery required for OM translocation. We showed that
non-conservative substitutions of this residue stall secretion
at an early stage, before initiation of OM translocation.

Around 1600 ATs have been identified in bacterial genome
sequences to date. Although there is a large variation in se-
quence and function, available structural data and structure
prediction analyses suggest that the majority of secreted pas-
senger domains have an elongated $-helix core (15, 20 -22).
This core consists of stacked triangular rungs, each of which
contains three 3-strands connected by loops. These form a
very stable scaffold to which functional domains are con-
nected. For Hbp, this is the globular serine protease domain at
the N terminus and a small domain of unknown function that
protrudes from the -stem (13). How and where the passen-
ger folds during biogenesis and OM translocation remains
unknown. However, most of the available evidence suggests
that translocation of the passenger is a vectorial process in
which the B-domain functions as a protein-conducting chan-
nel (2, 3). Recent in vitro unfolding/refolding studies revealed
that the pertactin 3-helix refolds to native protein via an in-
termediate state with a folded C terminus and unfolded N
terminus (20, 27). In Hbp, the Trp'°*® residue is located in the
cap region that folds to cover the C-terminal end of the B-hel-
ical stem of the passenger (Fig. 1B). The side chain points in-
ward in the B-helical lumen and stacks with other aromatic
residues farther up in the stem. Sequence alignments of
SPATEs and related serine protease ATs showed that a Trp
residue is most often found at this position, although, for ex-
ample, the Haemophilus influenzae ATs IgA protease (14)
and Hap (46) have a Tyr and Phe at this position, respectively.
B-Helix structures are usually capped both at the C terminus
and the N terminus to prevent inappropriate interactions
with the hydrophobic core and the unpaired strands (16). The
capping structures are varied but usually contain long ali-
phatic residues such as Tyr or Trp to fill the helix interior. In
the Hbp structure, Trp'®'® appears to fulfill this function,
pointing inward from an antiparallel B-hairpin that follows a
disruption of the B-helix structure at Ala®"®/Pro®*°. It should
be noted that the structures of the cap regions of crystallized
ATs are relatively different, which might explain the different
functions in AT biogenesis described (11).

The central position of this aromatic residue in the cap do-
main suggests that it may be involved in the nucleation of the
processive folding at the extracellular side of the OM to drive
translocation of the passenger across (16, 23, 25, 47). Also,
other aromatic residues located closely downstream from
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Trp'°'® in the center of the B-helix appear important for effi-
cient secretion, although to a lesser extent. This would be ex-
pected for a sequential role of the aromatic residues in the
core during the C- to N-terminal folding of the B-helix region
at the cell surface after a hairpin in the 8-domain is formed.
In accordance with this supposition, for an intermediate of
pertactin that was stalled during translocation halfway across
the passenger domain, it was shown that the C terminus had
crossed the OM (27).

Studies on diverse autotransporters, such as BrkA (23), SSP
(25), the adhesin involved in diffuse adherence (AIDA) (48),
and EspP (24), have indicated that the relatively conserved
C-terminal ~100 amino acids of the AC domain are impor-
tant for folding and/or secretion. Work in the group of Fer-
nandez (29) has shown that deletion of the BrkA AC domain,
consisting of residues 601—692 at the extreme C terminus,
does not inhibit translocation in itself but decreases the stabil-
ity of the secreted passenger because it becomes sensitive to
proteases in the OM. Strikingly, surface expression of the
BrkA C terminus in trans restored the stability of the surface-
exposed truncated BrkA mutant, suggesting that the AC do-
main could act after translocation as a scaffold from which
folding is initiated. Similar results were obtained for the serine
protease SSP (25) and the adhesin AIDA (48). In Hbp and
other related ATs that appear conserved in this region, the
conserved Trp at position 1015 might be crucial to make the
first turn in the protein backbone to enable the processive
stacking of the B-strands to create the native B-helix. At least
it would prevent backsliding of the passenger across the pre-
sumably narrow conduit in the OM in a Brownian ratchet
mechanism. In this respect, it is of interest that in vitro, the C
terminus of the B-helix of both pertactin and the plasmid en-
coded toxin (Pet) folds faster and into a more rigid conforma-
tion than the N-terminal region (20, 47). The importance of
residues that are buried in the hydrophobic core in processive
folding seems to be a general feature of B-helical segments. In
the P22 tailspike protein, bulky hydrophobic side chains ap-
pear to be essential for folding (17).

In the SPATE EspP, mutations in the C terminus had a
drastic effect on translocation across the OM per se (24).
More specifically, a region was identified corresponding to
the cap and the last rungs of the EspP passenger, which is rich
in conserved hydrophobic residues (24). Most residues ap-
peared critical for efficient secretion and hence were called
the hydrophobic secretion facilitator (HSF) domain. Our re-
sults are in agreement with a role for the extreme C terminus
of the passenger domain in secretion itself rather than in fold-
ing after secretion because we found that the W1015A mu-
tant is not detectably exposed at the cell surface and is de-
graded in the periplasm. It points toward a failure to fold the
passenger into a translocation-competent state, possibly be-
cause the B-hairpin that nucleates passenger folding is
strongly destabilized.

Cross-linking experiments have shown that translocation of
AT passengers occurs in the direct vicinity of the Bam com-
plex during OM translocation (30, 31). The Bam complex may
keep the B-domain in an expanded conformation to facilitate
transfer of small folded elements in the passenger domain.
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However, a concerted action of the Bam complex in the inser-
tion of the B-domain and transfer of the passenger and even a
direct pore function for the Bam complex cannot yet be ex-
cluded. Although the precise mechanism of passenger trans-
location is still controversial, several studies have indicated
that its flexibility is limited and not compatible with the trans-
fer of a folded B-stem or sizeable folded domains fused to it
(6, 8—10). Hence, considerable folding is thought to occur
upon translocation across the OM. Consistently, transloca-
tion intermediates that are partly present in the periplasm are
readily degraded by DegP, indicating that they have not yet
acquired their stable native conformation (6, 8 —10). Under
normal circumstances, degradation in the periplasm may be
prevented by the rapid transit and the binding of chaperones
such as SurA and Skp (30, 31, 49). However, when these chap-
erones are titrated by (partly) trapped intermediates in the
periplasm, it may trigger the extracellular stress response and
lead to up-regulation of the protease DegP.

At which stage does W1015A block secretion? Previously,
we have shown that an Hbp passenger domain with a large
disulfide bonded loop (Hbp-L110C/G348C) and an Hbp chi-
mera with a folded calmodulin moiety form translocation in-
termediates that appear to be stalled halfway through the OM
as they are sensitive to DegP but that they are also in part ex-
posed at the cell surface (8). In contrast, W1015A appears to
represent an intermediate that is stalled at an earlier step. It is
also membrane-associated and sensitive to DegP but not yet
exposed to the cell surface. Also, although the Hbp-L110C/
G348C is extensively cross-linked to BamA, BamB, and SurA
(30), this is not the case for W1015A. Although interpretation
of the lack of cross-linking requires caution, it could mean
that W1015A has a less intimate or less ordered contact with
the Bam complex. This could reflect an enhanced flexibility of
the W1015A passenger, which is not fixed in a translocation-
competent state by a folded AC domain or even a contact be-
tween Bam and Trp'®'® itself, although there is no evidence to
support such a model. Alternatively, in a concerted transloca-
tion model, Trp'®'® might be important for acquiring a pas-
senger-3-domain conformation that is competent for a cou-
pled Bam-mediated insertion and translocation event.
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