
Sequential Translocation of Polypeptides across the Bacterial
Outer Membrane through the Trimeric Autotransporter
Pathway

Rakesh Sikdar,a* Harris D. Bernsteina

aGenetics and Biochemistry Branch, National Institute of Diabetes and Digestive Diseases, National Institutes of Health, Bethesda, Maryland, USA

ABSTRACT Trimeric autotransporter adhesins (TAAs) are a family of bacterial outer
membrane (OM) proteins that are comprised of three identical subunits. Each sub-
unit contains an N-terminal extracellular (“passenger”) domain and a short
C-terminal segment that contributes four � strands to a single 12-stranded � barrel.
The mechanism by which the passenger domains are translocated across the OM
and the energetics of the translocation reaction are poorly understood. To address
these issues, we examined the secretion of modified versions of the passenger do-
main of UpaG, a TAA produced by Escherichia coli CFT073. Using the SpyTag-
SpyCatcher system to probe passenger domain localization, we found that both in-
trinsically disordered polypeptides fused to the UpaG passenger domain and
artificially disulfide-bonded polypeptides were secreted effectively but relatively
slowly. Surprisingly, we also found that in some cases, the three nonnative passen-
ger domain segments associated with a single trimer were secreted sequentially.
Photo-cross-linking experiments indicated that incompletely assembled UpaG deriva-
tives remained bound to the barrel assembly machinery (Bam) complex until all
three passenger domains were fully secreted. Taken together, our results strongly
suggest that the secretion of polypeptides through the TAA pathway is coordinated
with the assembly of the � barrel domain and that the folding of passenger do-
mains in the extracellular space maximizes the rate of secretion. Furthermore, our
work provides evidence for an unprecedented sequential mode of protein transloca-
tion, at least under specific experimental conditions.

IMPORTANCE Trimeric autotransporter adhesins (TAAs) are specialized bacterial
outer membrane proteins consisting of three identical subunits. TAAs contain large
extracellular domains that trimerize and promote virulence, but the mechanism by
which they are secreted is poorly understood. We found that the extracellular do-
mains of a native TAA were secreted rapidly but that disordered and artificially
folded polypeptides fused to native passenger domains were secreted in a slow, se-
quential fashion. Our results strongly suggest that the efficient secretion of native
extracellular domains is driven by their trimerization following export but that alter-
native energy sources can be harnessed to secrete nonnative polypeptides. Further-
more, we obtained evidence that TAA extracellular domains are secreted before the
assembly of the linked membrane spanning domain is completed.
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protein secretion, trimeric autotransporters

Autotransporters are a distinctive group of outer membrane proteins (OMPs) that
are produced by a wide range of Gram-negative bacteria (1, 2). Like the vast

majority of integral OMPs, autotransporters are anchored to the membrane by a �

sheet that folds into a closed cylindrical structure known as a “� barrel.” Because OMP
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� barrels expose a hydrophobic exterior, they partition readily into the lipid environ-
ment of the outer membrane (OM). In addition to the � barrel domain, which is located
at the C terminus, “classical” autotransporters contain an N-terminal extracellular
(“passenger”) domain. Although passenger domains differ considerably in sequence
and function, they often exceed 100 kDa in size and almost always fold into a repetitive
structure known as a � helix (3–7). The passenger domain is connected to the C
terminus by an �-helical “linker” that traverses the � barrel. Trimeric autotransporter
adhesins (TAAs) are thematically related to classical autotransporters but differ in that
they are composed of three identical subunits (8). Each subunit contains an N-terminal
passenger domain and an �70-residue C-terminal segment that contributes 4 � strands
to a single 12-stranded � barrel domain that, remarkably, is nearly identical in structure
to the � barrel domains of classical autotransporters (9–13). TAA passenger domains are
highly diverse in sequence and often very large but, unlike the passenger domains of
classical autotransporters, fold into a coiled-coil “stalk.” This extended trimeric structure
is capped and often interspersed with � prism or � roll “head” domains that mediate
adhesive functions and play important roles in virulence (14–19). The passenger
domains are each connected to the C terminus by an � helix that emerges from the �

barrel domain and initiates the coiled-coil structure.
Despite their unique trimeric structure, the � barrel domains of TAAs—like those of

essentially all other OMPs—are inserted into the OM by a heterooligomer called the
barrel assembly machinery (Bam) complex (20–22). The Bam complex in Escherichia coli
consists of BamA, an integral OMP that contains a � barrel domain, and five periplasmic
POTRA (polypeptide transport-associated) domains that mediate interactions with four
lipoprotein subunits (BamB to BamE). The composition of the Bam complex varies in
different Gram-negative bacteria, and only BamA and BamD are highly conserved and
essential for viability (21, 23, 24). Although the structure of the Bam holocomplex was
recently solved (25–28), the mechanism by which it catalyzes the membrane insertion
of � barrels is unknown. On the basis of the BamA crystal structure and molecular
dynamics simulations, it has been proposed that substrates enter the pore of the �

barrel in an unfolded conformation and then form hairpins that insert into the lipid
bilayer sequentially through a lateral gate produced by the transient separation of the
first and last � strands (29). Consistent with this “budding” model, artificial disulfide
bonds that lock the BamA � barrel into a closed conformation create lethal phenotypes
and inhibit Bam complex function in vitro (28, 30). A variety of other observations,
however, are consistent with an alternative proposal (the “assisted” model) in which the
Bam complex facilitates the membrane integration of folded or partially folded �

barrels by perturbing the lipid bilayer (31–33). Interestingly, strong support for this
model has emerged from studies on autotransporters. Evidence that the linker segment
of a classical autotransporter rapidly becomes protected from proteolysis and chemical
modification in vivo and accelerates folding in vitro suggests that it is incorporated into
a barrel-like structure in the periplasm (34, 35). Furthermore, cross-linking experiments
have clearly shown that TAA � barrels begin to assemble prior to membrane integra-
tion (36).

The need to localize a large polypeptide on the cell surface is a feature that
distinguishes autotransporters from most other OMPs. While significant insights into
the mechanism by which the passenger domains of classical autotransporters are
secreted have emerged, the secretion of TAA passenger domains is still poorly under-
stood. The name “autotransporter” arose from the proposal that bacterial proteins that
have a large extracellular segment are self-contained protein translocation systems in
which the passenger domain is secreted through a channel formed solely by the
covalently linked � barrel domain (37). Since this idea was elaborated in 1987, the
discovery of the Bam complex and new experimental evidence have strongly chal-
lenged the self-transport hypothesis. The finding that small folded polypeptides fused
to the passenger domain of a classical autotransporter are secreted effectively even
though the � barrel pore is too narrow to accommodate polypeptides that have tertiary
structure suggested that additional cellular factors play a role in the transport reaction
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(38–40). Subsequent cross-linking experiments and evidence that the passenger do-
main is secreted before the folding of the � barrel domain is completed have strongly
suggested that the Bam complex catalyzes the membrane integration of the � barrel
domain and the secretion of the passenger domain in a concerted reaction (41–44). On
the basis of the available information, it has been proposed that the passenger domain
is secreted through a hybrid channel in which the covalently linked � barrel domain
and the BamA � barrel are both in an open conformation (45). Although the periplasm
is devoid of ATP, there is now considerable evidence that the vectorial folding of the
� helix in the extracellular space helps to drive passenger domain translocation (5,
46–50). Because both disordered and small folded polypeptides can be secreted
efficiently, however, it appears that other energy sources can be harnessed to drive
translocation (51). The finding that large N-terminal deletions do not affect TAA
assembly (52, 53) shows that the passenger domains—like those of classical autotrans-
porters—are secreted in a C- to N-terminal direction (presumably through the forma-
tion of a hairpin), but the mechanistic relationship between the secretion of the
passenger domains of classical autotransporters and TAAs is otherwise unknown.

To gain insight into the mechanism by which the passenger domains of TAAs are
transported across the OM, we examined the secretion of both native and modified
passenger domain fragments of a TAA produced by E. coli CFT073 (UpaG) in vivo. In
these experiments, we used the SpyCatcher-SpyTag method (54) to assess the kinetics
of secretion of individual passenger domains. We found that the secretion of the native
polypeptide was extremely rapid and was independent of the length of the passenger
domain fragment. In contrast, we found that the secretion of a chimeric passenger
domain that contains an intrinsically disordered segment was initiated rapidly but
completed very slowly. Even more strikingly, we found that other chimeric passenger
domains and passenger domains that contain an artificial disulfide bond were secreted
in a sequential fashion. Crosslinking experiments revealed that the UpaG � barrel
domain remained bound to the Bam complex until all of the passenger domains were
fully secreted. Our results not only suggest that the mechanism of TAA passenger
domain secretion is similar to that of classical autotransporters but also provide
evidence for an unprecedented mode of protein secretion that has potential implica-
tions for our understanding of the function of the Bam complex.

RESULTS
Native TAA passenger domain fragments are secreted rapidly. We chose UpaG,

a TAA produced by a uropathogenic strain of E. coli (CFT073), as a model protein to
study TAA biogenesis. UpaG consists of three identical 1,778-amino-acid subunits that
contain conserved sequence motifs often associated with bacterial adhesins (55). In a
detailed model of the structure of UpaG, these motifs were proposed to contribute to
the formation of multiple internal head domains and other �-stranded elements (19).
As previously noted, full-length UpaG promotes autoaggregation in laboratory strains
of E. coli and is toxic (36, 55). To circumvent this problem, we used N-terminally
truncated derivatives of UpaG that were missing significant portions of the passenger
domains that are dispensable for assembly in our experiments. These derivatives are
relatively nontoxic and, like similar derivatives of other TAAs, form stable trimers that
insert into the OM with the correct topology (36, 52, 53, 56).

To gain insight into the mechanism of translocation, we first examined the kinetics
of the translocation reaction. We previously found that a hemagglutinin (HA)-tagged
version of UpaGΔ2, a 170-residue derivative of UpaG that contains �90 residues of the
native passenger domain (Fig. 1A), assembles into SDS- and heat-resistant trimers very
rapidly (t1/2 of �1 min) in E. coli K-12 strain AD202 (MC4100 ompT::kan) (36). On the
basis of the common assumption that SDS- and heat-resistant trimers represent the
fully assembled form of a TAA (57), it would follow that all three of the passenger
domains of UpaGΔ2 are completely secreted in the stable trimeric form of the protein.
To probe the status of the passenger domain directly, we utilized the recently devel-
oped SpyTag-SpyCatcher method (54). This technique is based on the observation that
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a spontaneous intramolecular isopeptide bond that forms between two residues in the
CnaB2 domain of the Streptococcus pyogenes FbaB protein can be reconstituted after
the domain is split into a 138-amino-acid protein (SpyCatcher) and a 13-amino-acid
peptide (SpyTag [ST]). An irreversible reaction occurs under diverse experimental
conditions when the SpyCatcher protein is added to a protein of interest that is tagged
with the SpyTag peptide and results in an �15-kDa shift on SDS-PAGE.

To monitor the rate at which the secretion reaction is completed, we fused the
SpyTag peptide to the N terminus of the UpaGΔ2 passenger domain. AD202 cells were

FIG 1 The passenger domains of UpaGΔ2 are secreted rapidly. (A) Homology-based model of the
structure of UpaGΔ2 generated using PHYRE2 and GalaxyHOMOMER software. The approximate loca-
tions of proteinase K (PK) cleavage sites and a previously identified Him motif (55) are shown. The larger
C-terminal fragment was produced by the treatment of native UpaGΔ2 trimer with PK (PK fragment), and
the slightly smaller fragment (PK fragment=) was produced by PK treatment of incompletely folded
derivatives. The numbers shown here and throughout refer to positions in the full-length UpaG
sequence. (B) Illustration of the ST-UpaGΔ2 protein. HA, HA tag; ST, SpyTag. (C) AD202 cells transformed
with a plasmid encoding ST-UpaGΔ2 (pRS31) were subjected to pulse-chase labeling. After cells were
either incubated with SpyCatcher or mock treated, immunoprecipitations were conducted using an
anti-UpaG antiserum and proteins were resolved by SDS-PAGE.
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transformed with a plasmid encoding the resulting UpaG derivative (ST-UpaGΔ2;
Fig. 1B) and grown to mid-log phase at 37°C in minimal medium. Cells were then
subjected to pulse-chase labeling, collected by centrifugation, and divided into two
equal aliquots. The SpyCatcher protein was added to one aliquot, and all samples were
incubated at 4°C. Proteins were collected by trichloroacetic acid (TCA) precipitation,
and immunoprecipitations were performed using a polyclonal antiserum against
UpaGΔ2. Consistent with previous results (36), most of the ST-UpaGΔ2 monomer was
assembled into a heat- and SDS-resistant trimer that migrated at �55 kDa within 1 min
(Fig. 1C, lanes 1 to 3). Upon incubation with the SpyCatcher protein, all of the trimer
was converted into an �100-kDa adduct (Fig. 1C, lanes 4 to 6). The �45-kDa shift (15
kDa � 3) implies that the new species resulted from the formation of a covalent bond
between the SpyCatcher protein and all three of the SpyTag peptides associated with
the trimer. The observation that none of the residual ST-UpaGΔ2 monomer that was
present at early time points was modified by the SpyCatcher protein indicates that the
cells remained intact during the incubation and that the reactive SpyTag peptides were
surface exposed.

We next wished to determine if secretion kinetics correlate with the size of the
passenger domain. To this end, we created ST-UpaGΔ1, an UpaG derivative that
contains nearly 450 residues of the native passenger domain as well as N-terminal HA
and SpyTag peptides (Fig. 2A). To monitor the biogenesis of ST-UpaGΔ1, we trans-
formed AD202 with a plasmid that encodes this derivative under the control of a

FIG 2 The length of the passenger domain does not affect the kinetics of UpaG assembly. (A) Illustration of the ST-UpaGΔ1 protein. HA, HA tag;
ST, SpyTag. (B) AD202 cells transformed with a plasmid encoding ST-UpaGΔ1 (pRS37) were subjected to pulse-chase labeling. After cells were
either incubated with PK or mock treated, immunoprecipitations were conducted using an anti-UpaG antiserum and proteins were resolved by
SDS-PAGE. (C) The experiment represented in panel part B was repeated, except that cells were incubated with SpyCatcher instead of PK. In panels
B and C, unidentified bands that appear to have been derived from ST-UpaGΔ1 are labeled with an asterisk.
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rhamnose-inducible promoter and grew cells to mid-log phase in minimal medium.
Cells were pulse-chase radiolabeled after the addition of inducer and collected by
centrifugation. One half of each sample was then treated with proteinase K (PK) to
cleave surface-exposed ST-UpaGΔ1, proteins were TCA precipitated, and immunopre-
cipitations were conducted using the anti-UpaG antiserum. Our analysis showed that
ST-UpaGΔ1 assembled into a stable trimer essentially as rapidly as ST-UpaGΔ2 (Fig. 2B,
lanes 1 to 5). The finding that the addition of PK converted all of the �180-kDa trimer
to an �100-kDa C-terminal fragment (Fig. 2B, lanes 6 to 10) indicated that at least a
significant portion of each passenger domain was exposed on the cell surface. To
determine if the passenger domains in the stable trimer were completely secreted, we
used the SpyTag-SpyCatcher method as described above. Despite the fact that the
passenger domain of ST-UpaGΔ1 is much longer than that of ST-UpaGΔ2, the Spy-
Catcher protein completely modified all three subunits of the trimer (Fig. 2C). Length-
ening the passenger domain therefore did not significantly increase the time required
to complete the translocation reaction or lead to the creation of detectable stalled
translocation intermediates.

The finding that UpaGΔ1 and UpaGΔ2 assemble into fully folded structures at similar
rates strongly suggests that passenger domain secretion is a fast step and that the
rate-limiting step in TAA biogenesis precedes the initiation of translocation. In this
regard, it is noteworthy that very short UpaG derivatives that have only a few amino
acids exposed on the cell surface (HA-UpaGΔ3) or that consist of the � barrel plus a
portion of the embedded linker segment (UpaGΔ4) appear to assemble more rapidly
than UpaGΔ2. Almost all of the HA-UpaGΔ3 was assembled into a stable trimer in
�15 s, and no UpaGΔ4 monomer could be observed unless assembly was slowed by
incubating cells at 25°C (see Fig. S1 in the supplemental material). In contrast, the
monomeric form of an UpaG derivative that completely lacks the linker (UpaGΔ5) was
rapidly degraded (Fig. S1B, bottom gel). These results suggest that the rate-limiting
step is either the incorporation of a hairpin into a trimeric structure in the periplasm or
the insertion of a trimeric assembly intermediate into the OM in a translocation-active
state.

Chimeric and disulfide-bonded TAA passenger domains are secreted slowly or
in a stepwise fashion. The finding that native TAA passenger domain fragments are
translocated across the OM rapidly is consistent with the possibility that the secretion
reaction is driven by the formation of a coiled-coil structure in the extracellular space.
Indeed, the presence of a surprisingly large number of polar residues in the core of TAA
coiled-coils has been proposed to promote a rapid transition from an unstructured
state in the periplasm to a folded state following translocation (58). Furthermore, the
folding of at least some coiled-coil structures appears to approach the diffusion-limited
value (59). On the basis of the vectorial folding model, we hypothesized that disordered
polypeptides fused to a TAA would either remain trapped in the periplasm or be
secreted relatively inefficiently. To test this idea, we first fused a 224-amino-acid
fragment of the receptor binding domain of the Bordetella pertussis CyaA toxin (the
“ΔRD” fragment described in reference 51) to the passenger domain of UpaGΔ2. This
highly acidic fragment contains multiple repeat-in-toxin (RTX) motifs that fold into a
stable �-roll structure in the presence of calcium but that remain intrinsically disor-
dered in its absence (60). AD202 cells transformed with a plasmid that encodes an
HA-tagged version of the chimera (HA–RTX-UpaGΔ2; Fig. 3A) were subjected to pulse-
chase labeling, and the exposure of the passenger domain was monitored by PK
treatment as described above. Most but not all of the monomer was converted to one
of two different trimeric forms of the protein (Fig. 3B, lanes 1 to 5). On the basis of the
finding that the faster-migrating species were not observed in the presence of calcium
(Fig. S2), this polypeptide likely corresponds to a form of the trimer in which the RTX
repeats remain disordered. The form that migrates much more slowly is produced in
the presence of calcium (but not effectively exposed on the cell surface) and appears
to correspond to a trimer in which the RTX repeats adopt an alternative conformation.
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FIG 3 The presence of an intrinsically disordered segment delays the completion of passenger domain secretion. (A) Illustration of the
HA–RTX-UpaGΔ2 protein. HA, HA tag. (B) AD202 cells transformed with a plasmid encoding HA–RTX-UpaGΔ2 (pRS42) were subjected to
pulse-chase labeling. After cells were either incubated with PK or mock treated, immunoprecipitations were conducted using an anti-UpaG
antiserum and proteins were resolved by SDS-PAGE. (C) AD202 cells were transformed with a plasmid encoding ST–RTX-UpaGΔ2 (pRS43).
The experiment represented in panel B was repeated, except that cells were incubated with SpyCatcher instead of PK. The OM of half
of the cells was permeabilized prior to the addition of SpyCatcher. (D) Model for the secretion of the ST–RTX-UpaGΔ2 passenger domain.
The secretion of the segment of the chimeric passenger domain derived from UpaG is fast and is potentially driven by the formation of
a coiled-coil structure. Because the RTX segment cannot fold, its rate of secretion and the level of concomitant surface exposure of the
N-terminal SpyTag are considerably lower.
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An analysis of the chimeric protein provided intriguing evidence that unfolded
polypeptide segments can be secreted by the TAA pathway but more slowly than
native passenger domain segments. At least at first glance, the assembly of HA–RTX-
UpaGΔ2 seemed to resemble that of UpaGΔ2 in that the formation of a heat- and
SDS-resistant trimer was rapid (a considerable amount of stable trimer was seen at the
earliest time point) and all of the passenger domains associated with the trimer were
exposed on the cell surface (Fig. 3B). Curiously, however, the accumulation of a
characteristic �42-kDa C-terminal fragment that is observed when cells that produce
UpaGΔ2 are treated with PK (36) (Fig. 1) was very slow and correlated with the
disappearance of a unique �36-kDa band (Fig. 3B, lanes 6 to 10). Because the �42-kDa
band contains the UpaG � barrel domain plus a passenger domain segment that is
resistant to PK digestion (Fig. 1A), the pattern of PK fragments provided a clue that the
presence of the RTX repeats perturbs assembly. Consistent with this possibility, most of
the faster-migrating form of the stable trimer formed by a RTX-UpaGΔ2 derivative that
contained an N-terminal SpyTag (ST–RTX-UpaGΔ2) did not react with SpyCatcher after
a 0.25-min chase (Fig. 3C, top gel, lane 4). By 5 min, however, all of the SpyTags were
modified by the protein (Fig. 3C, top gel, lane 6). To confirm that the SpyTags that
were unreactive at early time points were trapped in the periplasm, we permeabilized
the OM before adding SpyCatcher. As expected, this manipulation exposed all of the
SpyTags to the SpyCatcher protein and led to nearly 100% bond formation at all time
points (Fig. 3C, bottom gel; see also Fig. S3A). Taken together, the results indicate that
the translocation of the chimeric passenger domain was initiated rapidly but completed
only very slowly. Indeed, the data suggest a two-step process in which the portion of
the chimeric passenger domain derived from UpaGΔ2 is secreted rapidly through the
formation of a coiled-coil but the disordered RTX repeats are secreted slowly via a less
efficient mechanism (Fig. 3D). Importantly, the results also show that the appearance of
a heat- and SDS-resistant trimer does not necessarily imply that its assembly has been
completed.

Further examination of RTX-UpaGΔ2 as well as other chimeras that harbor unfolded
passenger domain segments demonstrated that another mode of discontinuous secre-
tion can be observed during TAA assembly. After a 0.25-min chase, almost none of the
very slowly migrating form of trimeric ST–RTX-UpaGΔ2 formed a covalent bond with
SpyCatcher, but a small amount of a singly modified species could be detected
(Fig. S3B, top gel, lane 4). Remarkably, increasing amounts of doubly and triply modified
species accumulated at later time points, and by 5 min, nearly half of the protein was
completely modified (Fig. S3B, lanes 5 and 6). Although some of the ST–RTX-UpaGΔ2
trimers contained one or more passenger domains that were not fully secreted by the
last time point, the results nevertheless suggest that at least the RTX moieties could be
secreted in an asynchronous or stepwise fashion. In subsequent experiments, we
analyzed a chimera in which a mutant form of the cholera toxin B subunit [CtxB
(C9S/C86S) or CtxB*] was fused to the N terminus of UpaGΔ2. The mutations prevented
the CtxB moiety from folding into its native conformation by preventing disulfide bond
formation. Like HA–RTX-UpaGΔ2, much of the HA-CtxB*-UpaGΔ2 fusion rapidly formed
a stable trimer that was cleaved by PK (Fig. S4A and B). A slight delay in the
accumulation of the �42-kDa PK fragment that correlated with the disappearance of an
�36-kDa band was also observed (Fig. S4B, lanes 6 to 10). Consistent with the evidence
of a slight assembly defect, most of a SpyTagged version of the protein (ST-CtxB*-
UpaGΔ2) was triply modified by SpyCatcher after a 0.25-min chase, but small amounts
of unmodified, singly modified, and doubly modified forms were also detected
(Fig. S4C, lane 4). The conversion of the unmodified protein to modified forms after
longer chase times provided evidence of stepwise secretion (Fig. S4C, lanes 5 and 6).

We noted a similar phenomenon in the analysis of a chimera that contains a
disordered �100-residue passenger domain fragment comprised of 33 glycine-glycine-
serine repeats [(GGS)33]. A construct in which (GGS)33 was fused to the N terminus of
UpaGΔ2 [(GGS)33-UpaGΔ2] was assembled as efficiently as UpaGΔ2 (Fig. S5). Another
chimera that contains the same fragment fused to the smaller UpaGΔ4 derivative also

Sikdar and Bernstein ®

September/October 2019 Volume 10 Issue 5 e01973-19 mbio.asm.org 8

https://mbio.asm.org


formed heat- and SDS-resistant trimers very rapidly (Fig. 4A and B, lanes 1 to 5).
Presumably because the passenger domain of this construct consists entirely of a
disordered polypeptide, PK treatment converted the stable trimer to an �25-kDa
fragment that corresponds to the � barrel domain alone (Fig. 4B, lanes 6 to 10).
Curiously, the (GGS)33-UpaGΔ4 trimer was degraded at the first time point and no

FIG 4 The secretion of disordered passenger domains is completed in a stepwise fashion. (A) Illustration of the
HA-(GGS)33-UpaGΔ4 protein. HA, HA tag. (B) AD202 cells transformed with a plasmid encoding HA-(GGS)33-UpaGΔ4
(pRS22) were subjected to pulse-chase labeling. After cells were either incubated with PK or mock treated,
immunoprecipitations were conducted using an anti-UpaG antiserum and proteins were resolved by SDS-PAGE. (C)
AD202 cells were transformed with a plasmid encoding ST–(GGS)33-UpaGΔ4 (pRS36). The experiment represented
in panel B was repeated, except that cells were incubated with SpyCatcher instead of PK. The OM of an equal
number of cells was permeabilized prior to the addition of SpyCatcher.
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�25-kDa fragment was observed. The results suggested that the (GGS)33 segment
caused an assembly defect that initially exposed the � barrel domain to proteolysis.
Consistent with this possibility, pulse-chase analysis of the SpyTagged version of the
protein [(ST-GGS33-UpaGΔ4)] revealed a slight delay in the completion of secretion.
After a 0.25-min chase, most of the ST–(GGS)33-UpaGΔ4 trimer was only doubly
modified by SpyCatcher, but at later time points almost all of the chimera was triply
modified (Fig. 4C). These results are noteworthy not only because they provide another
example of stepwise secretion but also because they demonstrate that the presence of
a folding-competent segment of a native TAA passenger domain is not required to
drive the secretion of a disordered polypeptide.

The clearest evidence for the stepwise secretion of TAA passenger domains
emerged from experiments analyzing derivatives of UpaGΔ2 that contain an engi-
neered disulfide bond. Because disulfide bonds form in the periplasm, they were
originally introduced into UpaGΔ2 to determine if passenger domains that have tertiary
structure can be secreted by the TAA pathway. Pairs of serine residues in the UpaGΔ2
passenger domain were mutated to cysteine to create UpaGΔ2 (S1624C/S1652C) and
UpaGΔ2 (S1620C/S1678C). To confirm that the two cysteine residues formed a disulfide
bond, AD202 and RI2, an isogenic dsbA deletion strain deficient in disulfide bond
formation, were transformed with a plasmid that encodes one of the double mutants,
subjected to pulse-chase labeling, and collected by centrifugation. Half of each sample
was then incubated with a cysteine-specific biotinylation reagent, and biotinylated
protein was isolated on NeutrAvidin-agarose. As expected, the cysteine residues re-
mained largely inaccessible to the biotinylation reagent unless the mutants were
produced in the dsbA deletion strain (Fig. S6). Despite the presence of the disulfide
bonds, both double mutants assembled into stable trimers as rapidly as UpaGΔ2
(Fig. 5A, lanes 1 to 5). Like UpaGΔ2, the stable trimers were converted into typical
�42-kDa fragments by PK, but there was a noticeable lag in their accumulation
(especially in the case of the UpaGΔ2 [S1624C/S1652C] mutant) that suggested an
assembly defect (Fig. 5A, lanes 6 to 10; for comparison, see reference 36, Fig. 1).
Interestingly, although most of a SpyTagged version of UpaGΔ2 (S1624C/S1652C) was
left unmodified or modified only partially by SpyCatcher after a 0.25-min chase, a clear
progression from partially to triply modified forms of the protein was seen over 5 min
(Fig. 5B, top gel). The progressive modification appeared to be independent of the
buffer or pH (Fig. S7, top gel). Furthermore, the finding that the protein was completely
modified at all time points when the OM was permeabilized (Fig. 5B, middle gel; Fig. S7,
bottom gel) confirmed that unreactive SpyTags were trapped in the periplasm. A
SpyTagged version of UpaGΔ2 (S1620C/S1678C) exhibited a milder secretion defect,
but partially modified forms could also be observed at early time points (Fig. 5B,
bottom gel). Taken together, the results suggest a model in which small folded
polypeptides jam the TAA pathway but can be secreted sequentially during transient
conformational changes in the � barrel domain (Fig. 5C).

A secretion defect prolongs the interaction of a TAA with the Bam complex.
Because the stepwise translocation of the UpaGΔ2 (S1624C/S1652C) passenger do-
mains suggested that the � barrel domain might need to remain highly dynamic, we
hypothesized that it stays bound to the Bam complex (presumably in an incompletely
assembled state) until all three passenger domains are secreted. To test this possibility,
we used a site-specific photo-cross-linking approach in which the photoactivatable
amino acid analog p-benzoyl L-phenylalanine (Bpa) was incorporated at the C-terminal
residue (W1778; see Fig. 1A) of both HA-UpaGΔ2 and HA-UpaGΔ2 (S1624C/S1652C) by
amber suppression (61). This position was chosen because the C-terminal residue of a
classical autotransporter was shown to interact with BamA in a previous cross-linking
study (43). AD202 cells were collected following pulse-chase labeling, and half of the
cells were subjected to UV irradiation. Immunoprecipitations were then performed
using a monoclonal anti-HA antibody. As in previous experiments, stable trimers
accumulated very rapidly (Fig. 6, top gels). A small amount of a high-molecular-weight
cross-linking product was seen in cells that produced HA-UpaGΔ2 (W1778am) after
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FIG 5 The secretion of passenger domains that contain a nonnative disulfide bond is completed in a
stepwise fashion. (A) AD202 cells transformed with a plasmid encoding HA-UpaGΔ2 (S1624C/S1652C) or

(Continued on next page)
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0.25 min, but it rapidly disappeared at later time points (Fig. 6, top left gel). In contrast,
a much larger amount of the product was seen in cells that produced HA-UpaGΔ2
(S1624C/S1652C/W1778am) after both the 0.25-min and 1-min time points (Fig. 6, top
right gel). A small amount of the cross-linking product could be detected even after
5 min. On the basis of its size, we surmised that this polypeptide corresponds to the
UpaGΔ2 trimer cross-linked to BamA. Consistent with our prediction, the cross-linking
product was immunoprecipitated with an anti-BamA antiserum (Fig. 6, bottom gels).
The same polypeptide was also pulled down in sequential anti-HA and anti-BamA
immunoprecipitations (Fig. S8). Given that the accumulation of triply modified ST-
UpaGΔ2 and ST-UpaGΔ2 (S1624C/S1652C) parallels the disappearance of the cross-
linking product, these results strongly suggest that the � barrel domain of UpaGΔ2 is
released from the Bam complex only after the passenger domain translocation reaction
has been completed. Consistent with the notion that ST-UpaGΔ2 (S1624C/S1652C)
forms a prolonged interaction with the Bam complex (and thereby reduces its avail-
ability), overproduction of the TAA mutant in a strain that contains only a low level of
BamA created a synthetic growth defect (Fig. S9).

FIG 5 Legend (Continued)
HA-UpaGΔ2 (S1620C/S1678C) (pRS29 or pRS30) were subjected to pulse-chase labeling. After cells were
either incubated with PK or mock treated, immunoprecipitations were conducted using an anti-UpaG
antiserum and proteins were resolved by SDS-PAGE. (B) AD202 cells were transformed with a plasmid
encoding ST-UpaGΔ2 (S1624C/S1652C) or ST-UpaGΔ2 (S1620C/S1678C) (pRS33 or pRS34). The experi-
ment represented in panel A was repeated, except that cells were incubated with SpyCatcher instead of
PK. The OM of an equal number of cells that produced ST-UpaGΔ2 (S1624C/S1652C) was permeabilized
prior to the addition of SpyCatcher. Unidentified bands that might have been breakdown products are
labeled with an asterisk. (C) Model for the stepwise secretion of UpaGΔ2 passenger domain derivatives
that contain a disulfide bond. Passenger domain translocation stalls because the disulfide-bonded
segments cannot pass readily through the linked � barrel domain. We propose that as a result of a series
of conformational changes, the � barrel expands transiently and enables each passenger domain to be
fully secreted.

FIG 6 UpaGΔ2 remains associated with the Bam complex until passenger domain secretion is complete. AD202 cells transformed with
plasmids encoding pDULE-Bpa and HA-UpaGΔ2 (W1778am) or HA-UpaGΔ2 (S1624C/S1652C/1778am) (pRS45 or pRS46) were
subjected to pulse-chase labeling. Half of the cells were irradiated with UV light, and the other half were left untreated. Immuno-
precipitations were then conducted with a monoclonal anti-HA antibody or a polyclonal antiserum raised against a BamA C-terminal
peptide, and proteins were resolved by SDS-PAGE. An unidentified cross-linking product that served as an internal gel loading control
is labeled with an asterisk.
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DISCUSSION

In this study, we monitored the translocation of both native and nonnative poly-
peptides across the OM via the TAA pathway to gain insights into the mechanism of
protein secretion and to define the limits of the secretion reaction. An examination of
N-terminally truncated derivatives of UpaG showed that all three passenger domain
fragments were secreted more rapidly than we could measure given the limited time
resolution of our pulse-chase methodology even in cases in which the fragments were
relatively long (�450 residues). The results are compatible with the notion that the
formation of a coiled-coil structure in the extracellular space drives rapid secretion (58).
Although it is unclear if the folding of the globular segments that are interspersed
between the coiled-coil regions also promotes rapid secretion, the results imply that
the presence of these segments does not significantly slow or stall translocation. In
contrast, nonnative passenger domains that contained disordered regions or that
formed disulfide bonds in the periplasm were generally secreted considerably less
efficiently. While the secretion of the three chimeric passenger domains of RTX-UpaGΔ2
was slow but appeared to be completed simultaneously, the secretion of the three
polypeptides of other chimeras that contain disordered passenger domain segments
was completed sequentially. The presence of a disulfide bond in UpaGΔ2 also caused
the passenger domains to be secreted in a slow, stepwise fashion. Given that the
translocation of all of the passenger domains was initiated normally, it seems likely that
translocation was rapid until the nonnative segments approached the OM. In any case,
the results show that both unfolded polypeptides and polypeptides that contain small
regions of tertiary structure can be secreted by the TAA pathway, possibly by drawing
energy from the Donnan potential across the OM (62) or as a result of the effects of
molecular crowding in the periplasm. Interestingly, our analysis of UpaGΔ2 (S1624C/
S1652C) also provided evidence that the � barrel domain of UpaGΔ2 remains bound to
the Bam complex (presumably in an incompletely folded state) until all three passenger
domains are fully secreted.

Taken together with the results of an earlier study (36), the results presented here
suggest a general model for TAA biogenesis. Using a cross-linking approach, we
previously obtained strong evidence that the three polypeptide segments that form
the � barrel domain of UpaG fold into an asymmetrical trimer in the periplasm (Fig. 7,
step i). The finding that the deletion of the linker region prevents trimerization and
destabilizes the protein suggests that the linker is embedded into the middle of the
trimer at this stage and may even nucleate trimer assembly. Presumably, the linker folds
into a hairpin that facilitates passenger domain translocation and thereby prevents the
trimer from forming a closed structure. Subsequently, the partially assembled � barrel
domain is targeted to the Bam complex, which catalyzes its insertion into the OM
(Fig. 7, step ii). The observation that a population of incompletely assembled trimers
whose passenger domains are inaccessible to PK can be detected in the OM (36)
suggests that a conformational change that exposes the passenger domains on the cell
surface precedes the initiation of translocation. Translocation then proceeds through a
hybrid channel composed of open forms of the � barrel domain and the BamA � barrel.
This proposal is consistent with the observation that polypeptide segments that
contain tertiary structure are secreted through the TAA pathway even though they are
too large to fit inside the narrow pore formed by the � barrel domain (38–40).
Translocation is then driven by the folding of the passenger domain in the extracellular
space (Fig. 7, step iii). Following the completion of translocation and the resolution of
the hairpin structures, the � barrel domain closes and dissociates from the Bam
complex (Fig. 7, step iv). This aspect of the model is consistent with the finding that the
release of the UpaG � barrel domain from BamA is linked to the full translocation of all
three passenger domains. Note that although the translocation of the native UpaG
passenger domain is very rapid (and is clearly faster than the initial formation of a
trimeric structure in the periplasm), our results reveal that passenger domain modifi-
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cations that convert translocation into a slow, rate-limiting step can be accommodated
by the Bam complex.

Our model has two significant implications. First, it challenges other models (63) by
suggesting that, like classical autotransporters, TAAs are not self-contained secretion
systems in which the fully folded � barrel domain catalyzes the secretion of the
covalently linked passenger domain after dissociation from the Bam complex. Instead,
our model holds that the passenger domains are secreted before the � barrel domain
is fully assembled and that the Bam complex plays at least an indirect role in the
secretion reaction. Indeed, in many respects our model for TAA assembly is similar to
a model that we proposed previously for the assembly of classical autotransporters (45).
Second, our model, together with the proposal that the stepwise secretion of artificially
disulfide-bonded UpaGΔ2 passenger domains requires multiple conformational
changes in the � barrel domain, raises the intriguing possibility that the Bam complex
induces dynamic changes in client proteins. While this potentially novel attribute of the
Bam complex was revealed through the analysis of a mutant form of a distinct class of
OMPs, it is conceivable that it plays a critical role in the assembly of a broad range of
substrates. Interestingly, transient stalling of the translocation of classical autotrans-
porter passenger domains has been observed previously (41), but the possibility that a
change in the conformation of the � barrel domain might be required to restart the
movement of the passenger domain was not apparent.

The finding that three identical polypeptides can be secreted by the TAA pathway
in an asynchronous fashion also provides insight into the mechanism of translocation.
To be clear, we cannot determine from our results if the translocation of the unnatural
passenger domains that we examined involves stalling followed by sequential move-
ment of individual polypeptide chains or by continuous movement of all three poly-
peptide chains at different rates. Nevertheless, the results invoke a scenario in which
the polypeptide chains exhibit a remarkable ability to slide through the channel and
past each other without becoming trapped. Presumably, enough energy can be applied
to the system to offset any nonproductive interactions that might strongly inhibit the
movement of the passenger domains across the OM. One might certainly imagine an

FIG 7 Model for the assembly of TAAs. The three subunits of a TAA form an asymmetric trimer in the periplasm (step i). The partially folded trimer
is then targeted to the OM, where the Bam complex catalyzes the membrane integration of the � barrel domain (step ii). A conformational change
in the � barrel domain may be required to expose the passenger domains on the cell surface and to initiate translocation. Translocation proceeds
through a hybrid channel comprised of open forms of the linked � barrel domain and the BamA � barrel (step iii). Translocation is driven at least
in part by the folding of the passenger domains into a coiled-coil structure. Following the completion of the translocation reaction, the � barrel
domain folds completely and dissociates from the Bam complex.
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alternative scenario in which the progression of the translocation reaction would
require continuous assembly of the three polypeptides into a structure that moves as
a single entity. From a practical perspective, the finding that a wide range of unfolded
polypeptides (and perhaps of slowly folding polypeptides that remain unfolded in the
periplasm) can be secreted by the TAA pathway suggests that modified TAAs might
represent a valuable tool for the development of a novel cell surface display technol-
ogy. Indeed, the production and surface localization of polypeptides that are naturally
occurring trimers such as the influenza hemagglutinin and TRAIL proteins might have
considerable utility.

Finally, our results led to the curious discovery that TAA trimers that are resistant to
heat denaturation and SDS denaturation are not necessarily completely assembled. On
the basis of first principles, it would certainly be expected that the exceptionally strong
network of interactions that define the native state would be required to prevent the
three subunits from dissociating under such harsh conditions. Indeed, the presence of
stable TAA trimers has been taken as evidence that TAAs can assemble correctly in
unnatural environments (e.g., mitochondria) and that two different TAAs can form
completely assembled heterotrimers (64–66). We cannot determine if partially assem-
bled derivatives of UpaG migrated as heat- and SDS-resistant trimers because � barrel
domains that contain one or more unresolved hairpins are unexpectedly stable or
because structural changes occurred during sample preparation. In either case, our
results suggest that the presence of stable trimers should be interpreted with caution
and that further experimental analysis is required to assess their status.

MATERIALS AND METHODS
Reagents, bacterial strains, and growth conditions. E. coli strain AD202 (MC4100 ompT::kan; see

reference 67), was used in almost all experiments, but RI2 (AD202 dsbA::cm; see reference 34) and RS959,
a strain that contains the bamA101 allele (DPR959 ompT::spc; see reference 68), were also used. Unless
otherwise noted, all cultures were grown at 37°C in M9 minimal medium containing 0.2% glycerol and
all the L-amino acids (40 �g/ml) except methionine and cysteine. In some experiments, MOPS (morpho-
linepropanesulfonic acid) minimal medium (diluted from Teknova 10� stock; catalog number M2101)
containing 1.32 mM KH2PO4 in addition to 0.2% glycerol and the same concentration of L-amino acids
was used. Ampicillin (100 �g/ml), tetracycline (5 �g/ml), or trimethoprim (50 �g/ml) was added as
necessary. A rabbit polyclonal antiserum (sc-805; Y-11) and a mouse monoclonal antibody (sc-7392; F-7)
against the HA epitope tag were obtained from Santa Cruz Biotechnology. Rabbit antisera raised against
purified UpaGΔ2 and a BamA C-terminal peptide have been described previously (36, 69).

Plasmid construction. All plasmids used in this study were derivatives of pTrc99a (70) or pSCRhaB2
(71) and have been listed in Table S1A in the supplemental material. The oligonucleotides used for PCRs
and for site-directed mutagenesis are listed in Table S1B. The PCR products used for plasmid construction
and the construction methods are described in Table S1C and D. A DNA fragment encoding GGS33 was
synthesized by Genewiz and provided in pUC57. All site-directed mutagenesis experiments were
performed using a previously described protocol (72).

Pulse-chase labeling, photo-cross-linking, and immunoprecipitation of labeled proteins. For
experiments in which cells transformed with pTrc99a derivatives were grown in M9 medium, overnight
cultures were washed and diluted in fresh medium to an optical density at 550 nm (OD550) of 0.02 to 0.03.
Cultures were grown to an OD550 of 0.2 to 0.3, and cells were subjected to pulse-chase labeling 30 min
later as previously described (41). Because radiolabeled protein produced as a result of leaky transcrip-
tion from the trc promoter was readily detected, to avoid any possible effects of overexpression, no IPTG
(isopropyl-�-D-thiogalactopyranoside) was added. For experiments in which cells transformed with
pSCRhaB2 derivatives were grown in M9 medium, overnight cultures were washed and diluted in fresh
medium to an OD550 of 0.03. Cultures were grown to an OD550 of 0.3, and 0.2% (wt/vol) L (�)-rhamnose
was added to induce expression. Cells were radiolabeled 15 min later. All radiolabeled samples were
collected by centrifugation (3,000 � g, 10 min, 4°C) and resuspended in fresh M9 medium. In some
experiments, the populations of resuspended cells were divided in half, and one half was treated with
200 �g/ml proteinase K (PK) on ice for 20 min. The protease reaction was stopped by the addition of
2 mM phenylmethylsulfonyl fluoride (PMSF). Photo-cross-linking was performed essentially as described
previously (41, 61) except that 10-ml samples were obtained at each time point. In all experiments, 10%
(wt/vol) trichloroacetic acid (TCA) was added to both treated and untreated samples to precipitate
proteins. Immunoprecipitations were performed as previously described (73), and, unless otherwise, the
noted proteins were resolved by SDS-PAGE on 8% to 16% Tris-glycine minigels (Thermo Fisher Scientific).
Radiolabeled proteins were visualized using a Fujifilm FLA-9000 phosphorimager.

SpyTag-SpyCatcher reactions. Cells harboring plasmids that encode UpaG derivatives with an
N-terminal SpyTag were grown and subjected to pulse-chase radiolabeling as described above, except
that 4-ml volumes of cells were collected at each time point. Cells were pelleted by centrifugation
(3,000 � g, 10 min, 4°C) and resuspended in 500 �l phosphate-buffered saline (PBS; pH 7.2). The cell

Sequential Translocation through the TAA Pathway ®

September/October 2019 Volume 10 Issue 5 e01973-19 mbio.asm.org 15

https://mbio.asm.org


populations were divided in half, and 10 �M purified SpyCatcher protein (Kerafast) was added to one
aliquot. Both untreated and SpyCatcher-treated samples were incubated in a 4°C water bath for 40 min.
Samples were then transferred to ice, and proteins were precipitated with 10% TCA. In some experi-
ments, equal volumes of radiolabeled cells were collected by centrifugation (3,000 � g, 10 min, 4°C) and
resuspended in 500 �l spheroplast buffer (33 mM Tris [pH 7.0], 40% sucrose). The cells were then
incubated for 20 min on ice with lysozyme (200 �g/ml) and EDTA (pH 8.0) (2 mM) to permeabilize the
OM. SpyCatcher protein (10 �M) was added to one half of each sample, and both treated and untreated
samples were processed as described above.

Biotinylation and sequential purification of biotinylated proteins. Biotinylation reactions were
performed to monitor the accessibility of cysteine residues introduced into the passenger domain of
UpaGΔ2. Radiolabeled cells were collected by centrifugation (3,000 � g, 10 min, 4°C) and resuspended in
1 ml PBS (pH 7.2). One half of each sample was immediately mixed with TCA to precipitate proteins, and
the other half was incubated with 1 mM EZ-Link maleimide-PEG2-biotin (Thermo Fisher Scientific) for 18
h on ice prior to TCA precipitation. UpaGΔ2 derivatives were then immunoprecipitated using a mono-
clonal anti-HA antibody as described above. Following immunoprecipitations, the protein A-Sepharose
beads were washed once with radioimmunoprecipitation assay (RIPA) buffer (74) containing 500 mM
NaCl and once with RIPA buffer containing 150 mM NaCl. The beads added to biotinylated samples were
heated in a buffer containing 100 mM Tris base, 2% SDS, and 7.5% glycerol at 99°C for 5 min to release
bound proteins and then pelleted. The supernatants were removed, diluted 1:10 into cold RIPA buffer
containing 150 mM NaCl, and incubated with NeutrAvidin-agarose beads (Pierce) on a rotary shaker at
4°C for 1 h. The NeutrAvidin-agarose beads were then washed with RIPA buffer containing 150 mM NaCl.
Finally, the protein A-Sepharose and NeutrAvidin-agarose beads used to isolate proteins from the
nonbiotinylated and biotinylated samples, respectively, and resuspended in sample buffer, and proteins
were resolved on SDS-PAGE as described above.

Homology-based modeling of the UpaG�2 structure. In the absence of a crystal structure of
UpaG, we used the PHYRE2 (Protein Homology/analogY Recognition Engine version 2.0) server (http://
www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id�index; see reference 4) to generate a structure of the
UpaGΔ2 monomer from its primary amino acid sequence. A structure of the UpaGΔ2 trimer was
generated by submitting the structure of the monomer to the GalaxyHOMOMER server (http://galaxy
.seoklab.org/cgi-bin/submit.cgi?type�HOMOMER; see reference 75).
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