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Autotransporters are bacterial virulence factors that contain an
N-terminal extracellular (“passenger”) domain and a C-terminal
β barrel (“β”) domain that anchors the protein to the outer mem-
brane. The β domain is required for passenger domain secretion,
but its exact role in autotransporter biogenesis is unclear. Here we
describe insights into the function of the β domain that emerged
from an analysis of mutations in the Escherichia coli O157:H7 auto-
transporter EspP. We found that the G1066A and G1081D muta-
tions slightly distort the structure of the β domain and delay the
initiation of passenger domain translocation. Site-specific photo-
crosslinking experiments revealed that the mutations slow the in-
sertion of the β domain into the outer membrane, but do not delay
the binding of the β domain to the factor that mediates the in-
sertion reaction (the Bam complex). Our results demonstrate that
the β domain does not simply target the passenger domain to the
outer membrane, but promotes translocation when it reaches
a specific stage of assembly. Furthermore, our results provide ev-
idence that the Bam complex catalyzes the membrane integration
of β barrel proteins in a multistep process that can be perturbed by
minor structural defects in client proteins.
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Autotransporters are a very large superfamily of virulence
factors produced by Proteobacteria and Chlamydia that

consist of an N-terminal extracellular domain (passenger do-
main) and a C-terminal β barrel domain (β domain) that anchors
the protein to the outer membrane (OM) (1). Passenger domains
range in size from ∼20 kDa to over 400 kDa and have been
shown to mediate a variety of different virulence functions (2).
Following their translocation across the OM, many passenger
domains are released from the cell surface by a proteolytic
cleavage. Experimental and in silico studies have suggested that
virtually all passenger domains form a β-helical structure, despite
the fact that their primary amino acid sequence is poorly con-
served (3–6). β domains are generally ∼30 kDa in size, and al-
though they also display considerable sequence diversity, they
can all be identified as members of the pfam03797 (smart00869)
family of protein domains. Several divergent β domains have
been crystallized and have been shown to form nearly superim-
posable 12-stranded β barrels that are traversed by an α-helical
segment (7–10). The α-helical segment generally extends into the
extracellular space and links the passenger domain to the β do-
main. In a few cases, however, the passenger domain is released
in an intrabarrel cleavage reaction that leaves a small α-helical
segment inside the barrel (11). Available evidence suggests that
the incorporation of the α-helical segment into the β domain
pore occurs in the periplasm (where the β domain appears to
undergo considerable folding) and is required for the integration
of the β domain into the OM (12).
Although there is general agreement that the passenger do-

main is translocated across the OM in a C- to N-terminal di-
rection (13, 14), the mechanism of translocation has been hotly
debated. Early experiments in which the β domain was deleted
showed that it plays an essential role in translocation and led to
the proposal that it forms a channel through which the covalently
linked passenger domain is secreted (15). Recently, however,
several findings have challenged the “autotransporter” hypoth-

esis. Crystallographic analysis has shown that the pore formed
by the β domain is ∼10 Å in diameter and therefore only wide
enough to accommodate a completely unfolded polypeptide in
a hairpin conformation or a single polypeptide in an α-helical
conformation. Molecular dynamics simulations have confirmed
that the β domain is extremely stable and unlikely to expand
spontaneously (16, 17). Nevertheless, both native and modified
passenger domains that have acquired tertiary structure in the
periplasm are secreted efficiently by the autotransporter pathway
(18, 19). Furthermore, the observation that the peptide inside
the β domain is in an α-helical conformation at an early stage of
translocation is incompatible with passenger domain trans-
location through the β domain pore (20). Finally, crosslinking
experiments (13) have shown that during its transit across the
OM, the passenger domain interacts with BamA, a component
of a complex that binds to β barrel proteins and facilitates their
integration into the OM by an unknown mechanism (21–24).
Interestingly, members of the BamA superfamily produced by
bacteria and chloroplasts have been shown to mediate protein
translocation reactions (25). In addition to BamA, which consists
of a β barrel domain and five periplasmic POTRA (polypeptide
transport associated) domains, the Bam complex contains four
lipoproteins called BamB, BamC, BamD, and BamE.
An analysis of the interactions between cellular factors and the

β domain of a model autotransporter produced by Escherichia coli
O157:H7 called EspP has recently led to a newmodel in which the
translocation of the passenger domain and the assembly of the β
domain are interconnected (26). EspP is a member of the SPATE
(serine protease autotransporters of Enterobacteraceae) family of
autotransporters whose passenger domains are released in an
intrabarrel cleavage reaction (11). Site-specific photocrosslinking
experiments showed that the EspP β domain interacts with the
periplasmic chaperone Skp and components of the Bam complex
in a temporally and spatially regulated fashion in vivo. Skp is
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a homotrimer that resembles a jellyfish with long, flexible α-helical
tentacles that form a large central cavity (27, 28). The results
revealed that although the entire β domain initially interacts with
Skp, discrete regions of the polypeptide subsequently interact with
BamA, BamB, and BamD. The data suggest the existence of an
assembly intermediate in which the EspP β domain is effectively
surrounded by components of the Bam complex. Interestingly, the
results also suggested that the passenger domain is not only nor-
mally secreted and cleaved before the completion of β domain
assembly, but that the completion of β domain assembly is strictly
dependent on the completion of passenger domain translocation.
To account for these results and other recent observations on
autotransporter biogenesis, it was proposed that the passenger
domain is secreted through a channel comprised of an incom-
pletely closed β domain, BamA, and possibly other factors that
have not yet been identified (26).
Although these results provide insight into the later stages of

autotransporter assembly, they do not address the mechanism by
which the translocation of the passenger domain across the OM
is initiated. One possibility is that once the β domain captures the
appropriate α-helical peptide in the periplasm, it simply serves as
a targeting signal that guides the passenger domain to the OM.
In that case, it is likely that the initiation of passenger domain
translocation would be closely coupled to the binding of the β
domain to the Bam complex. Alternatively, the initiation of
translocation might depend on the completion of an additional
step in β domain assembly that occurs after the β domain docks
onto the Bam complex. Here we describe an analysis of several
EspP β domain mutants that strongly supports the latter hy-
pothesis. We found that the mutation of two highly conserved
residues, G1066 and G1081, perturbs the stability of the β do-
main and delays the initiation of passenger domain translocation.
In vivo site-specific photocrosslinking and other experiments
showed that the mutations delay both the exposure of the pas-
senger domain on the cell surface after the β domain binds to the
Bam complex and the integration of the β domain into the lipid
bilayer. By uncoupling the initiation of translocation from the
interaction of the β domain with the Bam complex, our results

imply that the β domain must undergo a transition after it rea-
ches the OM before translocation can begin. Moreover, our
results suggest that the Bam complex facilitates the integration
of β barrel proteins into the OM in a reaction that can be divided
into discrete stages.

Results
Mutation of Two Conserved Residues in the EspP β Domain Delays the
Initiation of Passenger Domain Translocation. Although autotrans-
porter β domains do not contain any invariant residues, a multi-
ple sequence alignment of 100 divergent β domains revealed
the presence of 10 highly conserved residues, three of which are
glycines (Fig. S1). Two of the conserved glycine residues (G1066
and G1081) reside in the second and third β strands of the EspP
β domain (residues 1024–1300) (Fig. 1 A and B). Based on the
crystal structure of the EspP β domain (8), the side chain of any
amino acid larger than glycine at position 1066 (including the
methyl group of an alanine residue) is predicted to project into
the lumen of the β barrel and clash sterically with the side chain
of a second highly conserved residue, W1042 (Fig. 1 B and C,
and Fig. S1). Similarly, amino acid side chains at position 1081
are predicted to clash sterically with the side chains of another
highly conserved residue (Y1108) and a moderately conserved
residue (D1068) inside the β barrel (Fig. 1 B and C, and Fig. S1).
We performed a heat modifiability assay to determine the

effect of mutations at positions 1066 and 1081 on the stability of
the EspP β domain. This assay is based on the observation that
native β barrel proteins are often resistant to SDS denaturation
and migrate relatively rapidly on SDS gels unless they are heated
to a high temperature (29). E. coli strain AD202 (MC4100
ompT::kan) transformed with a plasmid encoding wild-type EspP
under the control of the trc promoter (pRLS5) or a derivative of
pRLS5 encoding a mutant EspP protein was grown in minimal
medium. After isopropyl-β-D-thiogalactopyranoside (IPTG) was
added to induce expression of the plasmid-borne gene, cells were
lysed by sonication. Cell extracts were then heated in SDS/PAGE
sample buffer and the cleaved EspP β domain was detected by
Western blot using an antibody generated against a C-terminal

Fig. 1. Mutation of residues 1066 and 1081 creates
potential steric clashes inside the EspP β barrel. (A)
Illustration of EspP showing the signal peptide (SP)
(residues 1–55), the passenger domain (residues 56–
1023), and the β domain (residues 1024–1300). Pro-
EspP is the precursor form of the protein that is
observed before the proteolytic release of the pas-
senger domain from the β domain. (B) Modeling of
the G1066A and G1081D mutations based on the
crystal structure of the EspP β domain (8). The pas-
senger domain cleavage site is shown. (C) Steric
clashes created by the introduction of the G1066A
(Upper) and G1081D (Lower) mutations were pre-
dicted in Coot using Molprobity tools (41).
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peptide. Consistent with previous results (8), the wild-type
β domain was resistant to SDS-denaturation when heated up to
70 °C (Fig. 2, first blot). A fraction of the β domain molecules were
denatured at 75 °C, and complete denaturation was observed at
90 °C. Even the very mild G1066A mutation, however, reduced
the stability of the β domain. Some of the mutant molecules were
denatured at 65 °C, and complete denaturation was observed at
75 °C (Fig. 2, second blot). The slightly stronger G1066S mutation
and a glycine-to-aspartate mutation at position 1081 (G1081D)
had amore deleterious effect and led to the complete denaturation
of the β domain even at 25 °C (Fig. 2, blots 3 and 4). These results
show that mutations at positions 1066 and 1081 distort the struc-
ture of the EspP β domain and reduce its overall stability.
We next wished to determine whether the mutation of G1066

and G1081 affects EspP biogenesis. To this end AD202 cells
transformed with pRLS5 or a mutated version of pRLS5 were
grown in minimal medium at 37 °C and espP expression was
induced by the addition of IPTG. Cells were then subjected to
pulse-chase labeling and divided into two equal portions, one of
which was treated with proteinase K (PK). Finally, samples were
subjected to immunoprecipitation with the anti-EspP C-terminal
antiserum and resolved by SDS/PAGE. We assessed the expo-
sure of the passenger domain on the cell surface by quantitating
the fraction of proEspP (the precursor form of the protein that
contains covalently linked passenger and β domains) that was
sensitive to PK digestion. We also assessed the cleavage of the
protein into discrete passenger and β domain fragments by de-
termining the ratio of free β domain to proEspP. This proteolytic
maturation step has been shown to require the completion of
passenger domain translocation (13, 20). As previously reported
(20), nearly 90% of the wild-type passenger domain was exposed
within the first minute (Fig. 3A, Top gel; Fig. 3B, squares). Be-
cause cleavage of the passenger domain lagged behind cell sur-
face exposure by about 1 min (Fig. 3A, Top gel, and Fig. 3C), an
∼47 kDa C-terminal PK fragment could be observed at early time
points (Fig. 3A, Top gel, lanes 7–8). This fragment contains the β
domain plus a PK-resistant ∼17-kDa passenger domain segment
and is derived from an intermediate in which the passenger do-
main is partially or completely secreted but not yet cleaved (20).
Interestingly, the mutations all delayed the initiation of pas-

senger domain translocation. The G1066A and G1066S muta-
tions slowed the cell-surface exposure of the passenger domain
by ∼1 min and ∼2 min, respectively (Fig. 3A, gels 2 and 3, and
Fig. 3B, triangles and diamonds). The observation that the
mutations did not clearly increase the lag in the cleavage of the
passenger domain (Fig. 3C) strongly suggests that they do not
directly affect either the processivity of translocation or the
cleavage reaction. Consistent with this conclusion, G1066 is lo-
cated far from the cleavage site and the mutations do not appear
to impinge on any residues that play a role in the cleavage re-
action (8, 30) (Fig. 1 B and C). In contrast, the G1081D mutation
strongly delayed passenger domain translocation, and even after

15 min less than two-thirds of the passenger domain molecules
were exposed on the cell surface (Fig. 3A, Bottom gel, and Fig.
3B, circles). The G1081D mutation clearly impaired passenger
domain cleavage more drastically than cell surface exposure (Fig.
3C) and therefore must exert an independent effect on pro-
teolytic processing. Indeed, an aspartate at position 1081 might
be expected to produce this effect because it clashes with D1068,
a residue that is required for efficient cleavage (11). When the
G1081D mutation was introduced into EspPΔ5, a derivative that
lacks the entire passenger domain except 26 C-terminal residues
that remain embedded inside the β domain, proteolytic matu-
ration was more rapid (Fig. S2). This finding confirmed that the
delay in the translocation of the full-length passenger domain in
turn reduced the rate of cleavage. Furthermore, the observation
that the G1066A and G1081D mutations also delayed the se-
cretion of the 116 residue passenger domain fragment associated
with an EspP deletion mutant designated EspP*Δ1 (12) (Fig. S3)
corroborated the conclusion that they affect an early stage of the
translocation reaction.
Although the mutations described above affect both the struc-

ture of the EspP β barrel and the initiation of passenger domain
translocation, it is important to note that mutations that produce
stability defects in heat modifiability assays do not always exert
the same effect on protein biogenesis. The D1120N mutation,
for example, causes EspP*Δ1 to migrate as an unfolded poly-
peptide on SDS/PAGE at all temperatures. Although the mu-
tation abolishes passenger domain cleavage, it has no discernible
effect on passenger domain translocation (11).

G1066A and G1081D Mutations Uncouple Passenger Domain Translo-
cation from the Targeting of the EspP β Domain to the Bam Complex.
We next wished to determine the mechanism by which mutations
at positions 1066 and 1081 delay the initiation of passenger do-
main translocation. The results of the heat modifiability assay
suggested that the mutations might impede the folding of the β
domain, thereby slowing its release from periplasmic chaperones
and its subsequent targeting to the OM. Alternatively, the
mutations might affect an assembly step that is both downstream
of the binding of the β domain to the Bam complex and neces-
sary for the onset of passenger domain translocation. We com-
bined pulse-chase labeling with site-specific photocrosslinking to
distinguish between these two possibilities. As shown previously,
this approach provides temporal and spatial information about
EspP biogenesis in vivo by tracking interactions between specific
segments of the protein and cellular factors (26). The method
involves the coexpression of an amber suppressor tRNA and an
amino acyl-tRNA synthetase derived from Methanococcus janna-
schii to incorporate the photoactivable amino acid analog
p-benzoyl-L-phenylalanine (Bpa) at amber codons engineered
into a protein of interest (31). Because of its small size, Bpa can
be crosslinked only to proteins that are within 4 Å of the poly-
peptide backbone. AD202 transformed with two plasmids that
encode an EspP amber mutant and the amber suppression
system (pDULEBpa) (32) were grown at 37 °C. IPTG was added
to induce espP expression, and cells were subjected to pulse-
chase labeling. Two identical samples were removed from radi-
olabeled cultures at various time points, and one sample was UV
irradiated. Immunoprecipitations were conducted using antisera
that recognize the C-terminal EspP peptide and specific cellular
proteins to identify crosslinking products.
Consistent with previous results (26), we found that residues

in the wild-type EspP β domain interact initially with the peri-
plasmic chaperone Skp and subsequently with the Bam complex.
When Bpa was incorporated at residue 1113, which is located on
the periplasmic side of the fully folded β domain, an ∼155-kDa
polypeptide that was immunoprecipitated by both anti-EspP and
anti-Skp antisera was observed only in UV-irradiated samples
at 0- and 1-min time points (Fig. 4A, lanes 1–3, and Fig. S4). An
∼155-kDa crosslinking product was not observed in a Δskp strain
(Fig. S5). Based on its size, this polypeptide must correspond to
the pro form of EspP (∼135 kDa) crosslinked to Skp (∼17 kDa).

Fig. 2. Mutation of residues 1066 and 1081 reduces the stability of the EspP
β domain. AD202 transformed with pRLS5 (Ptrc-espP) or a pRLS5 derivative
encoding the indicated EspP mutant were harvested after the addition of
IPTG. Cell membranes were isolated and heated at the indicated tempera-
ture before proteins were resolved by SDS/PAGE. The cleaved EspP β domain
was detected by Western blot using an antiserum generated against a
C-terminal peptide.

E940 | www.pnas.org/cgi/doi/10.1073/pnas.1219076110 Pavlova et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219076110/-/DCSupplemental/pnas.201219076SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219076110/-/DCSupplemental/pnas.201219076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219076110/-/DCSupplemental/pnas.201219076SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219076110/-/DCSupplemental/pnas.201219076SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1219076110


A larger proEspP-BamB crosslinking product was also observed
but peaked later, presumably because the EspP β domain
interacted with the Bam complex after it was released from Skp
(Fig. 4A, lanes 2–5). A similar pattern was generated when the
crosslinker was incorporated at residue 1214, which is located
∼120° away from residue 1113 on the periplasmic side of the β
barrel, except that proEspP was crosslinked to BamD instead of
BamB (Fig. 4B, lanes 1–5, and Fig. S4). As also previously
reported (26), residues 1149 and 1183, which are located in the
middle of the β barrel and in an extracellular loop, respectively,
were crosslinked to Skp at early time points. Residue 1149 was
also crosslinked weakly to BamB, but residue 1183 was not
crosslinked to any other cellular factors (Fig. 5, Left). The spa-
tially restricted crosslinking of discrete regions of the EspP β
domain to specific Bam complex subunits strongly suggests that
the β domain is uniquely oriented during its interaction with the
Bam complex.

To determine the disposition of the EspP passenger domain
when the wild-type β domain was bound to the Bam complex, we
treated half of the UV-irradiated cells with PK. If the passenger
domain was exposed on the cell surface, then the proEspP-BamB
and proEspP-BamD crosslinking products should be sensitive to
the protease. Indeed the EspP(1113AMB)-BamB crosslinking
product was nearly completely cleaved (Fig. 4A, lanes 6–9). A
major PK fragment that migrated at ∼110 kDa was immuno-
precipitated by both anti-EspP and anti-BamB antisera and
presumably contained the C-terminal ∼47 kDa of EspP plus
BamB (∼41 kDa). The EspP(1214AMB)-BamD crosslinking
product was similarly almost completely sensitive to PK di-
gestion (Fig. 4B, lanes 6–9). In contrast, EspP(1113AMB)-Skp
and EspP(1214AMB)-Skp crosslinking products were resistant
to PK digestion. This observation is consistent with the view
that Skp interacts stably with the β domain only before EspP is
targeted to the OM. In addition, the protease resistance of the

Fig. 3. Mutation of EspP residues 1066 and 1081 delays the
initiation of passenger domain translocation. (A) AD202 trans-
formed with pRLS5 (Ptrc-espP) or a pRLS5 derivative encoding the
indicated EspP mutant were subjected to pulse-chase labeling
after the addition of IPTG. Half of the cells were treated with PK,
and immunoprecipitations were peformed use the C-terminal
anti-EspP antiserum. The percent of the passenger domain that
was surface exposed or released by proteolytic cleavage in A is
shown in B and C.
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proEspP-Skp crosslinking products demonstrates that the OM
remained intact during the protease treatment. Taken together,
the results show that there is normally a very close temporal link
between the interaction of the β domain with the Bam complex
and the initiation of passenger domain secretion.
Additional crosslinking experiments strongly suggested that

the G1066A and G1081D mutations do not affect either the
interaction of the β domain with Skp or the targeting of EspP to
the Bam complex. Crosslinks between the mutant β domains and
Skp were observed when Bpa was introduced at positions 1113,
1149, 1183, and 1214 (Fig. 4, lanes 10–14 and 19–23, and Fig. 5,

Center and Right). Like wild-type EspP, the mutant proteins
dissociated from Skp rapidly. We did not see a significant dif-
ference in either the time course of the interaction between Skp
and wild-type EspP, EspP(G1066A), or EspP(G1081D) or in the
level of the crosslinking product. In fact, we did not see any in-
dication that the mutations prolonged or enhanced Skp binding
even in experiments in which the EspP-Skp crosslinking product
was especially prominent (Fig. S6). Crosslinks between the mutant
β domains and Bam complex subunits appeared at the same time
as crosslinks between the wild-type β domain and Bam complex
subunits and followed the same pattern of spatial restriction

Fig. 4. Mutation of EspP residues 1066 and 1081 uncouples passenger domain translocation from the binding of the β domain to the Bam complex. AD202
transformed with pDULEBpa and pRI22 (Plac-espP) or a pRI22 derivative encoding EspP(G1066A) or EspP(G1081D) with an amber mutation at residue 1113 (A)
or 1214 (B) were subjected to pulse-chase labeling after the addition of IPTG. One aliquot of cells was UV-irradiated and an equal aliquot was untreated, and
PK was added to half of each sample. Immunoprecipitations were subsequently conducted using the indicated antisera. Only the UV-irradiated samples are
shown; untreated samples are shown in Fig. S4.
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(Fig. 4, lanes 10–14 and 19–23, and Fig. 5). The results suggest
that the mutations do not grossly impair β domain folding. Con-
sistent with this conclusion, neither mutation appeared to signifi-
cantly affect the incorporation of an α-helical segment into the
lumen of the EspP*Δ1 β barrel (12) (Fig. S3). Crosslinks between
the mutant β domains and the Bam complex persisted longer than
the equivalent crosslinks involving the wild-type β domain. For
example, almost none of the EspP(1113AMB)-BamB crosslinking
product remained at 5 min, but the EspP(G1066A/1113AMB)-
BamB product was still very prominent at the same time point (Fig.
4A, compare lanes 2–5 and 11–14). The greater persistence of the
crosslinking products paralleled the longer half-life of proEspP
and corroborates the conclusion that the Bam complex dissociates
from the β domain only after the passenger domain is cleaved (26).
Interestingly, treatment of the UV-irradiated samples with PK

yielded strong evidence that the mutations delay the initiation of
passenger domain translocation by impairing a step in EspP bio-
genesis that occurs after the β domain is targeted to the Bam com-
plex. Unlike the EspP(1113AMB)-BamB and EspP(1214AMB)-
BamD crosslinking products, a significant fraction of the EspP
(G1066A/1113AMB)-BamB and EspP(G1066A/1214AMB)-BamD
crosslinking products was resistant to PK digestion (Fig. 4A, lanes
15–18 and Fig. 4B, lanes 14–17). Consistent with the observation
that the G1081D mutation delays the initiation of translocation
more profoundly, the EspP(G1081D/1113AMB)-BamB and EspP
(G1081D/1214AMB)-BamD crosslinking products appeared to
be even more resistant to cleavage (Fig. 4A, lanes 24–27 and Fig.
4B, lanes 22–25). Indeed it was difficult to detect the ∼110-kDa
PK fragment that normally results from the cleavage of the
crosslinking product formed between residue 1113 and BamB.
The results imply that the mutations at least transiently trap
a hitherto unidentified assembly intermediate in which the β do-
main is bound to the Bam complex but the passenger domain is
located entirely in the periplasmic space, and is therefore resistant
to PK cleavage. Presumably this intermediate accumulates
because a posttargeting assembly step that is required for the
onset of passenger domain translocation occurs more slowly.
We next wished to rule out the possibility that the delay be-

tween the targeting of the β domain to the OM and the initiation
of passenger domain translocation was an off-pathway phenome-
non caused by the mutations. Because the incubation of cells at

low temperature has proven to be useful to slow down auto-
transporter biogenesis and to capture assembly intermediates (12),
we incorporated Bpa into wild-type EspP at 25 °C and subjected
cells to pulse-chase labeling and UV irradiation, as described
above. Crosslinks were formed between both residues 1113 and
1214 and Skp, between residue 1113 and BamB, and between
residue 1214 and BamD (Fig. S7, lanes 1–4). As expected, the
disappearance of the EspP-Skp crosslinking products and the
concomitant appearance of the EspP-BamB and EspP-BamD
crosslinking products was slower than at 37 °C. Interestingly,
when cells were treated with PK, the EspP(1113AMB)-BamB
and EspP(1214AMB)-BamD crosslinking products were partially
resistant to cleavage (Fig. S7, lanes 5–8). These results demon-
strate that the initiation of passenger domain secretion can be
uncoupled from the targeting of the β domain to the OM not only
by introducing specific mutations into the EspP β domain, but
also by slowing the overall rate of assembly.

G1066A Mutation Reveals the Pretranslocation State of the Passenger
Domain. Crosslinking experiments in which Bpa was incorporated
into the passenger domain of EspP(G1066A) provided further
evidence that the mutation delays the initiation of passenger do-
main translocation and yielded insight into the status of the pas-
senger domain before translocation begins. Amber mutations were
introduced into wild-type EspP or the G1066A mutant at one of
seven positions between residues 846 and 991. These residues are
located in the first segment that is transported across the OM;
passenger domain residues ∼996–1023 appear to be embedded
inside the EspP β domain before the initiation of translocation and
remain in place until the passenger domain is cleaved (12, 20, 30).
Based on the finding that intermolecular interactions can be
detected when passenger domain secretion stalls (13, 20), we hy-
pothesized that residues in this segment of EspP(G1066A) could
be crosslinked to cellular factors during the delay in the initiation
of translocation. AD202 transformed with pDULE and a plasmid
encoding one of the amber mutants were pulse-labeled, subjected
to a 1-min chase, and UV-irradiated. Consistent with previous
results, no crosslinks between the wild-type passenger domain
and other proteins were seen (Fig. 6, Left). In contrast, all of the
EspP(G1066A) residues were clearly crosslinked to cellular factors
(Fig. 6, Right). Although weak crosslinking to BamA was detected

Fig. 5. Crosslinking of wild-type and mutant EspP midbarrel and extracellular loop residues to Skp and BamB. AD202 transformed with pDULEBpa and pRI22
or a pRI22 derivative encoding EspP(G1066A) or EspP(G1081D) with an amber mutation at residue 1149 (A) or 1183 (B) were subjected to pulse-chase labeling
after the addition of IPTG. One aliquot of cells was UV-irradiated and an equal aliquot was untreated. Immunoprecipitations were subsequently conducted
using the indicated antisera. Only the UV-irradiated samples are shown.
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(except when Bpa was introduced at residue 972), much stronger
crosslinking to the periplasmic chaperone SurA was observed. As
in previous site-specific photocrosslinking experiments, some of the
crosslinking products migrated as doublets that presumably reflect
the formation of bonds between the photoprobe and distinct sites
in the target protein (26, 33).
These results are striking for two reasons. First, they imply that

the G1066A mutation delays EspP biogenesis at a stage when
residue 972 (which is only ∼25 amino acids away from the first
residue that emerges from the top of the β barrel) is located in
the periplasm. This localization would only be possible if the
passenger domain is in a hairpin conformation and no more than
a very small loop is exposed on the cell surface. Second, the
crosslinking pattern implies that the G1066A mutation traps an
assembly intermediate that is very different from those observed
after translocation has already been initiated. In the latter case,
crosslinks to SurA are only observed when Bpa is introduced at
least ∼80 residues away from the stall point; more proximal res-
idues are crosslinked exclusively to BamA (13, 20) (Fig. S8). The
data strongly suggest that whereas a long stretch of the passenger
domain interacts with BamA after translocation is initiated, the
passenger domain is in a state in which it is not yet engaged by
BamA when EspP assembly is delayed by the G1066A mutation.

EspP Point Mutations Delay the Integration of the β Domain into the
OM. The location of G1066 and G1081 in the β domain strongly
suggested that the mutation of these residues delays the initiation
of passenger domain translocation by interfering with β domain
assembly. In one scenario, the mutations might exert their effect
at least in part by slowing the integration of the β domain into the
OM. Alternatively, the mutations might simply interfere with
a postintegration conformational change in the β domain that is
required for the passage of the passenger domain into the ex-
tracellular space. To distinguish between these two possibilities, we
deleted the EspP passenger domain and examined the effect of the
mutations on the membrane integration of the free β domain.
Initially we found that the β domain is translocated inefficiently
through the Sec machinery, presumably because its N terminus is
slightly basic (34). To overcome this problem, we used a construct
(β′) in which an aspartate residue was inserted between the signal
peptide and the β domain.
The results provided clear evidence that the point mutations

delay the insertion of the β domain into the OM and supported
the first hypothesis. In one type of experiment, AD202 trans-
formed with a plasmid that produces wild-type β′ or β′ containing
the G1066A or G1081D mutation were subjected to pulse-chase
labeling and cells were fractionated into membrane and soluble
components. The membrane fractions were then treated with
urea to remove any proteins that were not fully integrated into
the lipid bilayer. Most of the wild-type β′ protein was associated
with the membrane fraction and was resistant to urea extraction
by 1 min (Fig. 7A). In contrast, EspP β′ (G1066A) did not reach
the same level of resistance to urea extraction until ∼5 min.

Despite a partial (and highly reproducible) loss of EspP β′
(G1081D) during the fractionation procedure, the finding that
a significant amount of protein was urea extractable even after 10
min indicated that the mutation impairs membrane integration
even more severely (Fig. S9). A second set of experiments was
based on the observation that residue 1149, which is located in
the middle of the EspP β barrel, can be crosslinked to LPS when
that residue reaches the outer leaflet of the OM (26). As illus-
trated in Fig. 7B, when cells producing EspP β′(1149AMB) were
irradiated and analyzed by Western blot, a ∼33-kDa band was
detected by both anti-EspP and anti-LPS antisera. To determine
the rate at which residue 1149 is localized to the outer leaflet of
the OM, cells were subjected to pulse-chase labeling before UV
irradiation and immunoprecipitations were performed using the
anti-EspP C-terminal antiserum. Crosslinking of the wild-type β′
protein to LPS peaked by ∼1 min (Fig. 7C). The G1066A mutation
appeared to delay the interaction between residue 1149 and LPS,
however, because a strong crosslinking signal was not detected until
2 min. Presumably because of a slight shift in the position of residue
1149 relative to the lipid bilayer, significant crosslinking between the
mutant protein and LPS was not observed.

Discussion
In this article we describe evidence for an additional step in the
biogenesis of autotransporter proteins. Previously it was unclear
whether the β domain is essential for passenger domain secretion
simply because it acts as a targeting signal that directs the pas-
senger domain to the transport machinery in the OM or because
it plays a more direct role in the secretion reaction. Our char-
acterization of EspP β domain mutants fortuitously helped to
distinguish between these two possibilities. We found that the
mutation of two highly conserved glycine residues, G1066 and
G1081, delayed the initiation of passenger domain translocation.
By following the time course of assembly of the mutant proteins
in living cells using a site-specific photocrosslinking approach, we
showed that the mutations transiently trap the protein at a stage
during which the β domain is bound to the Bam complex but the
passenger domain has not yet emerged on the cell surface. We
also observed the same assembly intermediate when the bio-
genesis of wild-type EspP was deliberately slowed down. Inter-
estingly, although previous studies showed that EspP passenger
domains located close to the OM interact with BamA when pas-
senger domain translocation stalls (13), our results indicate that
the equivalent residues interact primarily with SurA at this stage of
assembly. By uncoupling the binding of the EspP β domain to the
Bam complex from the initiation of passenger domain trans-
location, our results demonstrate that the targeting of the pas-
senger domain to the OM is not sufficient to trigger the transport
reaction and imply that translocation is dependent on a sub-
sequent event. The data indicate that the mutations distort the
structure of the β domain only modestly, but nevertheless delay its
integration into the lipid bilayer of the OM. Taken together, our

Fig. 6. Esp(G1066A) C-terminal passenger domain
residues interact with SurA. AD202 transformed with
pDULEBpa and pRI22 or a pRI22 derivative encoding
EspP(G1066A) with an amber mutation at the in-
dicated residue were pulse-labeled and subjected to
a 1-min chase after the addition of IPTG. One aliquot
of cells was UV-irradiated and an equal aliquot was
untreated. Immunoprecipitations were subsequently
conducted using anti-EspP C-terminal, anti-BamA,
and anti-SurA antisera. Only the UV-irradiated sam-
ples are shown.
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results suggest a scenario in which the β domain must undergo
further assembly after binding to the Bam complex (perhaps by
moving into the lipid bilayer or a specific position relative to the
lipid bilayer) before translocation can begin.
Based on the results described here, we can now add more

details to the model for autotransporter biogenesis that we re-
cently proposed (26). Previous work suggests that the EspP β
domain begins to fold in the periplasm and incorporates a pep-
tide that spans the passenger domain–β domain junction into
a protected environment (12). We propose that the incorpo-
ration of a second peptide derived from the C terminus of the
passenger domain creates a small hairpin that protrudes from the
top of the β barrel (Fig. 8, step i). Subsequently the incompletely
folded β domain binds to several Bam complex subunits in
a unique orientation but remains associated with the inner leaflet
of the OM or is only partially integrated into the lipid bilayer
(Fig. 8, step ii). Although the exact status of the β domain is
unclear, the finding that the G1066A and G1081D mutants
(whose assembly stalls at this stage) appeared to be crosslinked
to BamB more efficiently than wild-type EspP when Bpa was
introduced at residue 1149 (Fig. 5A) suggests that the middle of
the β domain is exposed to the periplasm. At this stage the
hairpin that protrudes from the top of the β barrel is not yet
exposed on the cell surface and the segment of the passenger
domain that emerges from the bottom of the β barrel is close
to—but not fully engaged by—the BamA POTRA domains.
Progression through the assembly pathway requires a change in
the conformation or positioning of the β domain, which in turn
exposes the hairpin and “licenses” the initiation of translocation
(Fig. 8, step iii). Based on our analysis of the EspP G1066A and
G1081D mutants, the β domain may insert more completely into
the lipid bilayer at this stage, but other changes that open the
translocation pore might also occur. Our crosslinking results (13,
20) (Fig. S8) suggest that an ∼80-residue segment of the pas-
senger domain then binds to the BamA POTRA domains, which

facilitate a stepwise or progressive transfer of the passenger do-
main through a channel composed of the open EspP β domain,
BamA, and possibly other factors. The β domain subsequently
undergoes an additional transition after the initiation of trans-
location (26) (Fig. 8, step iv). Following the completion of
translocation the passenger domain is cleaved, the assembly of
the β domain is completed, and the β domain dissociates from the
Bam complex (Fig. 8, steps v and vi).
Although this proposal is consistent with all available data,

one possible drawback of the model is that it postulates the ex-
istence of an open β domain that persists through several stages of
autotransporter biogenesis. This conformation would be unstable
and would presumably have to be maintained by chaperones or
the Bam complex. In an alternative scenario, the β domain would
fold into a closed structure in the periplasm and incorporate only
the passenger domain–β domain junction peptide. Assuming that
the passenger domain does not pass directly through the hydro-
phobic environment of the OM, additional OM proteins would
subsequently have to be recruited to create a hydrophilic trans-
location channel. Although no such factors are known, it is in-
teresting to note that when the translocation of the EspP
passenger domain stalls, at least one residue near the stall site can
be crosslinked to an unidentified cellular protein (13). An OM
protein called TamA was also recently suggested to play a role in
passenger domain secretion (35).
Our data raise two intriguing questions about the status of

autotransporters between the binding of the β domain to the Bam
complex and the initiation of passenger domain translocation.
The especially strong crosslinking of EspP residues 908 and 972 to
SurA and BamA, respectively (Fig. 6), is consistent with a sce-
nario in which the former residue is in close proximity to POTRA
domain 1, the segment of BamA to which SurA binds (36), and
the latter residue is near the periplasmic side of the β domain (Fig.
8, step ii). The distance between these two residues is also con-
sistent with the observation that ∼80 residues are in proximity to

Fig. 7. The G1066A mutation delays the membrane
integration of the EspP β domain. (A) AD202 trans-
formed with pJH61 (Ptrc-espP β′) or a pJH61 de-
rivative encoding EspP β′(G1066A) were subjected to
pulse-chase labeling after the addition of IPTG. Cells
were fractionated and equivalent amounts of each
fraction were used for immunoprecipitations with
an anti-EspP C-terminal antiserum. The percent of
the protein recovered during the fractionation pro-
cedure that was isolated in the membrane fraction
and that was resistant to urea extraction at each
time point is shown. We assume that the percent of
wild-type EspP β′ that was urea insoluble did not
increase after 3 min (dotted line). (B) AD202 trans-
formed with pDULEBpa and pJH61 were incubated
with IPTG. Cell membrane fractions were then ana-
lyzed by Western blot using anti-LPS and anti-EspP
C-terminal antisera. (C ) AD202 transformed with
pDULEBpa and pJH61 or a pJH61derivative encoding
EspP β′(G1066A) were subjected to pulse-chase
labeling after the addition of IPTG. One aliquot of
cells was UV-irradiated and an equal aliquot was
untreated, and immunoprecipitations were con-
ducted using an anti-EspP C-terminal antiserum.
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BamA when passenger domain translocation stalls, but more
distal residues are close to SurA (13, 20) (Fig. S6). It is not clear,
however, why significant crosslinking between residues 937 and
954 and SurA was observed. Although multiple SurA molecules
might bind to the passenger domain at this stage, it is also possible
that the dynamics of the Bam complex or SurA brings segments of
the passenger domain that are close to the OM into proximity to
the chaperone. Second, it is unclear why strong crosslinking of
residues 1113 and 1214 to BamB and BamD is observed both
before and after the initiation of passenger domain translocation
if the β domain moves physically through the OM between these
two stages. One interesting possibility is that flexible N-terminal
tethers enable lipoproteins to remain bound to their client pro-
teins and move significant distances during the assembly process.
Finally, our data provide evidence that the Bam complex

facilitates the membrane integration of β barrel proteins in a re-
action that can be divided into at least two stages. In the first
stage, the Bam complex may simply bind to β barrel proteins.
Available evidence indicates that this interaction involves the
recognition of a highly conserved C-terminal sequence motif (23).
In a subsequent step (or steps), the Bam complex catalyzes the
actual movement of client proteins into the lipid bilayer. Sur-
prisingly, our analysis of EspP mutants suggests that even modest
defects in the folding or structure of OM proteins can impede
their membrane integration. One explanation of the results is that
the Bam complex effectively performs a quality-control function
and is activated by very specific structural cues from substrates.
Perhaps more likely, the Bam complex might lower the free en-
ergy of membrane insertion, but the efficiency of insertion is ul-
timately dictated by the biophysical properties of each substrate.
Indeed a recent study showed that although the Sec machinery
greatly enhances the partitioning of α-helical transmembrane
segments into a lipid bilayer, insertion efficiency is influenced by

the nonpolar surface area of individual amino acid side chains
(37). Moreover, although the generality of our results remains to
be determined, it is noteworthy that the mutation of a conserved
glycine residue in the β domain of a trimeric autotransporter also
appears to affect its membrane insertion (38). Thus, the efficient
assembly of at least closely related classes of OM proteins may
depend on the ability of the polypeptide to pack tightly or to re-
main flexible at specific locations.

Materials and Methods
Bacterial Strains, Growth Conditions, and Reagents. All experiments were
conducted in the E. coli strain AD202 (MC4100 ompT::kan) (39). Unless oth-
erwise noted, cultures were grown at 37 °C in M9 medium containing 0.2%
glycerol and all of the L-amino acids, except methionine and cysteine (40
μg/mL). Ampicillin (100 μg/mL) and tetracycline (5 μg/mL) were added as
needed. Polyclonal antisera generated against EspP N- and C-terminal pep-
tides have been described previously (40). Polyclonal rabbit antisera were
generated against C-terminal peptides of BamA and BamD (CQPFKKYDGD-
KAEQFQFNIGKT and CQMNAQAEKVAKIIAANSSNT), His-tagged Skp that was
purchased from MyBioSource.com (catalog no. MBS203478) and His-tagged
SurA that was produced and purified as described previously (24). An antise-
rum against BamB was obtained from Dan Kahne (Harvard University, Cam-
bridge, MA), and a monoclonal antibody against LPS (HyCult Biotech) was
obtained from Tom Silhavy (Princeton University, Princeton, NJ).

Plasmid Construction. Plasmids pRLS5 and pJH61, which encode full-length
espP and espP β′ under the control of the trc promoter, pRI22, which encodes
His-tagged espP under the control of the lac promoter, and pDULEBpa have
been described previously (13, 18, 32, 40). Missense and amber mutations
were introduced into espP by site-directed mutagenesis using the Quik-
Change II Site-Directed Mutagenesis Kit (Agilent).

Cell Membrane Isolation and Heat Modifiability Assays. Overnight cultures
were washed and diluted into fresh M9 at OD550 = 0.02. When the cultures

Fig. 8. Model of EspP biogenesis. The EspP β domain undergoes considerable folding in the periplasm and incorporates the C terminus of the passenger
domain in a hairpin configuration (i). The protein is then targeted to the OM, where specific regions of the β domain interact with BamA, BamB, and BamD.
Previously unpublished results presented here indicate that the hairpin is not exposed on the cell surface at this stage and suggest that although the pas-
senger domain is not bound stably to the BamA periplasmic (POTRA) domains, residues 908 and 972 are in close proximity to SurA and BamA, respectively
(ii, shaded). A conformational change in the β domain is subsequently required to “license” the initiation of passenger domain translocation (iii). The pas-
senger domain then interacts with the BamA POTRA domains and moves in a stepwise or processive fashion to a transport channel composed of the β domain,
BamA and possibly other proteins. After the initiation of translocation (iv), the β domain undergoes an additional conformational change. Following the
completion of translocation, the passenger domain is released in an intrabarrel cleavage reaction (v). Finally, the β domain is released into the lipid bilayer
following the completion of its assembly (vi). Many aspects of this model are based on previous studies. For simplicity, BamC and BamE have been omitted.
BamD is also largely hidden in step ii.
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reached OD550 = 0.2, EspP synthesis was induced by the addition of 10 μM
IPTG. After 30 min, cells were collected by centrifugation (2,500 × g, 15 min,
4 °C), resuspended at 10 OD units/mL in PBS, and sonicated. Unbroken cells
were pelleted (2,500 × g, 5 min, 4 °C), and 1 mL of each cell extract was
centrifuged in a Beckman TLA100.2 rotor (100,000 × g, 30 min, 4 °C). In heat
modifiability experiments, the resulting membrane pellet was resuspended
in PBS at 40 OD units/mL. Aliquots were then mixed with 2× Laemmli loading
buffer and heated to a temperature between 25 °C and 90 °C for 15 min.
Proteins were resolved by SDS/PAGE on 8–16% minigels (Life Technologies)
and the EspP β domain was detected by Western blot.

Pulse-Chase Labeling and Photocrosslinking. Cultures were grown as described
above and EspP synthesis was induced by the addition of 10 μM IPTG (for
experiments in which cells contained pRLS5 or pJH61 derivatives) or 200 μM
IPTG (for crosslinking experiments in which cells contained pRl22 deriva-
tives). Pulse-chase labeling and photocrosslinking were performed essen-
tially as previously described (13). In experiments performed at low
temperature, cultures were shifted to 25 °C 7 min before pulse labeling. Cells
were pipetted over ice, concentrated by centrifugation and resuspended in
1 mL M9 medium. Proteins in all samples were collected by TCA precipitation.
In some experiments, resuspended cells were divided in half, and one half
was treated with PK as previously described (13) before TCA precipitation.
Immunoprecipitations were performed as previously described (12), and
proteins were resolved by SDS/PAGE on 8–16% minigels. Percent surface
exposure and percent passenger domain cleavage were calculated as pre-
viously described (20). To detect crosslinking between EspP β′ and LPS, the

radio labeling step was omitted. Cell membranes were isolated as described
above and then resuspended in PBS containing 5% Elugent at 20 OD units/mL
Insoluble material was then removed by centrifugation (TLA100.2 rotor,
100,000 × g, 30 min, 4 °C) before proteins were TCA precipitated and ana-
lyzed by Western blot.

Urea Extractions. Cultures were subjected to pulse-chase labeling essentially
as previously described (13). Cells were then pipetted over ice and collected
by centrifugation. Cell pellets were resuspended in TBS (20 mM Tris pH
7.4/150 mM NaCl) at 3 OD units/mL and sonicated. Unbroken cells were
removed by centrifugation and a portion of the supernatant (representing the
total cell lysate) was removed. The remainder of each sample was centrifuged
in a Beckman TLA100.2 rotor (100,000 × g, 30 min, 4 °C). The resulting su-
pernatant was defined as the soluble fraction and the pellet as the membrane
fraction. The membranes were resuspended in 150 μL 20 mM Tris pH 7.4/100
mM glycine/6M urea and incubated at 25 °C for 1 h (21). The urea insoluble
fraction was then pelleted in a Beckman TLA-100 rotor (150,000 × g, 30 min,
4 °C) and resuspended in TBS. After urea-containing fractions were diluted
1:25 in water, proteins in all samples were collected by TCA precipitation and
resolved by SDS/PAGE on 8–16% minigels.
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