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The current model for autodisplay suggests a mechanism that allows a passenger protein to be translocated
across the outer membrane by coordinate action of a C-terminal b-barrel and its preceding linking region. The
passenger protein, linker, and b-barrel are together termed the autotransporter, while the linker and b-barrel
are here referred to as the translocation unit (TU). We characterized the minimal TU necessary for autodisplay
with the adhesin-involved-in-diffuse-adherence (AIDA-I) autotransporter. The assumed b-barrel structure at
the C terminus of the AIDA-I autotransporter was studied by constructing a set of seven AIDA-I–cholera toxin
B subunit fusion proteins containing various portions of AIDA-I. Surface exposure of the cholera toxin B
moiety was assessed by dot blot experiments and trypsin accessibility of the chimeric proteins expressed in
Escherichia coli JK321 or UT5600. Export of cholera toxin B strictly depended on a complete predicted b-barrel
region. The absolute necessity for export of a linking region and its influence on expression as an integral part
of the TU was also demonstrated. The different electrophoretic mobilities of native and denatured chimeras
indicated that the proposed b-barrel resides within the C-terminal 312 amino acids of AIDA-I. Together these
data provide evidence for the predicted b-barrel structure and support our formerly proposed model of
membrane topology of the AIDA-I autotransporter.

The cell envelope of gram-negative bacteria consists of two
membranes, the cytoplasmic or inner membrane and the outer
membrane. Transport of proteins across the inner membrane
in most cases follows the general secretory pathway (GSP) (36,
40). Therefore, in gram-negative bacteria, proteins end up in
the periplasm. To translocate proteins to the outer surface or
into the supernatant, gram-negative bacteria have developed
several distinct mechanisms. Type I secretion systems usually
consist of three components: an ATPase located in the inner
membrane, a membrane fusion protein which connects the
inner and outer membranes and thereby possibly excludes the
periplasm, and an outer membrane component, all three of
which are necessary to export a passenger protein into the
supernatant. For efficient transport of the export proteins, a
specific C-terminal recognition sequence is required (10, 43,
53). The best known type II system, mediating pullulanase
export from Klebsiella oxytoca, requires 16 different gene prod-
ucts, including some which have been localized to the periplas-
mic space and inner and outer membranes (41). The exported
pullulanase itself and most of the accessory components em-
ploy the GSP for translocation to the periplasm or insertion
into the membranes. Similarly, the type III or contact-depen-
dent systems consist of at least 20 gene products (17, 50). Some
of these proteins are thought to build platforms in the inner
and outer membranes, while others form a channel which
excludes the periplasmic space between these platforms and
which protrudes above the cell surface (29). The channel

seems to be regulated by a molecular stop valve protein that
opens upon contact with a specific receptor (12, 42). A variety
of passengers which contain an mRNA-dependent export sig-
nal are then released from the cells (1).

In contrast to the secretory systems that require a variety of
specialized accessory proteins that, often in combination with
the GSP, are responsible for the export of one or several
passenger proteins into the supernatant (reviewed in reference
16), the autotransporter protein family members carry the ex-
port signal and machinery within a single polypeptide chain. A
mechanism for autotransporters has been previously suggested
(39) and supported by other reports (25, 28, 33, 37, 49). The
N-terminally located signal peptide directs export of the pre-
cursor molecule by action of the GSP into the periplasm,
where it is cleaved by the signal peptidase; this action sets free
the passenger domain and the C-terminal translocation unit
(TU), consisting of the linking region and the b-barrel (at the
extreme C terminus), which are together required for autodis-
play. The b-barrel portion of the autotransporter presumably
folds from a periplasmic intermediate conformation to build
an aqueous pore channel across the membrane. The linker
attached to the periplasmic side of the b-barrel presumably
folds through the aqueous pore, pulling the as-yet-unfolded
translocation-competent passenger domain through the pore,
beginning with its C-terminal part (26). Autodisplayed passen-
ger proteins are often cleaved from the autotransporter and set
free into the supernatant (6, 20, 22, 27, 34, 45, 54); however,
others instead remain covalently connected or attached to the
cell surface (8, 9, 19) and their outer membrane localization
has been shown (11, 46, 48). Several approaches to identify the
minimal TU of autotransporters have been employed (25, 35,
49), but so far no attempt to distinguish between the linker and
assumed b-barrel has been made. b-Barrel topologies have
thus been postulated to exist in the TU of autotransporters but
have not been demonstrated (46, 48), and the contribution of
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the linking region to the translocation still remains to be
shown.

The adhesin-involved-in-diffuse-adherence (AIDA-I) auto-
transporter has been identified as a virulence factor of the
enteropathogenic Escherichia coli (EPEC) strain 2787 (7) and
predicted to be a member of the autotransporter protein family
(23). Previously, we fused the cholera toxin B subunit (CTB) to
the C-terminal part of AIDA-I (33) that remains associated
with the outer membrane after natural processing (48). This
fusion protein is located in the outer membrane, and surface
exposure of the CTB moiety and protease resistance of the
membrane-embedded part have been demonstrated. On the
basis of this, a model for the structure of the membrane-
embedded part of AIDA-I was proposed (33). In this paper, we
define the TU of the AIDA-I autotransporter. We generated a
series of CTB–AIDA-I fusion proteins which contain different
portions of AIDA-I. Expression of the various fusion proteins
was monitored, and surface exposure of the CTB moiety was
examined. We here present data demonstrating (i) the influ-
ence of the length of the linker on expression, (ii) the linker
region’s influence on and essential role for export, (iii) evi-
dence for the predicted b-barrel structure of the C-terminal
domain of AIDA-I autotransporter and its necessity for export,
and (iv) the conformity of the new data with our former struc-
tural prediction (33).

MATERIALS AND METHODS

Bacterial strains. E. coli UT5600 (F2 ara-14 leuB6 azi-6 lacY1 proC14 tsx-67
entA403 trpE38 rfbD1 rpsL109 xyl-5 mtl-1 thi1 DompT-fepC266) (15), E. coli
JK321 (UT5600 zih-12::Tn10 dsbA::kan) (24), and E. coli EPEC 2787 harboring
the plasmid containing AIDA-I (7) were described previously. For all purposes,
bacteria were grown routinely at 37°C on Luria-Bertani agar plates containing 50
mg of ampicillin liter21.

Recombinant DNA techniques. The aida 39 regions used to generate constructs
employed in this study were amplified from a plasmid preparation of pJM7 by
PCR with the primers JM1 (59-GGAAGATCTG CCTCAGAAAT GAGGGC
C-39), JM2 (59-ATTCCGCGGG CACTGGCTAA CTCACTGT-39), JM3 (59-A
CTCCGCGGC TTCCCACATC TGATACCC-39), JM4 (59-GGTCCGCGGG
TTGCCGGAGC TTATGATTAC-39), JM7 (59-CGGGGTACCC TTAATCC
TAC AAAAGAAAGT-39), JM11 (59-AACGGTACCC TTAATGACGG GCA
AAATAA-39), and JM12 (59-AGAGGTACCA GAAACACACT GGATGGT-
39). JM2, JM3, and JM4 contain SacII sites, while JM11 and JM12 contain
Asp718I sites. The PCR products from JM1 and JM11 or JM12 were cleaved with
Asp718I and BamHI, while PCR products from JM1 and JM2, JM3, or JM4 were
cloned blunt-ended into pBluescript KS1. Cloning from pBluescript into
Asp718I-BamHI-digested pJM7 allowed the generation of all plasmids used in
this study.

Standard molecular techniques were performed in accordance with common
procedures (44). Ligation products were used to transform competent E. coli
JK321 or UT5600. The enzymes used in this study were obtained from Applied
Gene Technology Systems, New England Biolabs, Boehringer Mannheim, and
Pharmacia.

In vivo techniques. For whole-cell protease treatment, E. coli cells were col-
lected from agar plates, suspended in phosphate-buffered saline (PBS), and
adjusted to an optical density at 578 nm OD578 of 10.0. To 0.2 ml of cell
suspension was added 2 ml of protease stock solution to yield a final concentra-
tion of 50 mg of trypsin liter21. Suspensions were incubated for 10 min at 37°C,
and digestion was stopped by washing the cells three times with 750 ml of PBS
containing 10% fetal calf serum. Cells were sedimented by a brief centrifugation,
suspended in sample buffer (30), and then immediately heat treated by incuba-
tion at the indicated temperatures for 10 min for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and Western blotting.

Outer membrane preparation of E. coli. E. coli cells grown overnight at 37°C
were collected from agar plates and suspended in PBS to yield an OD578 of 5.0.
The suspension was passed through a French pressure cell once at 20,000 lb/in2

to lyse the bacteria. The lysate was centrifuged at 5,000 3 g for 10 min to remove
intact bacteria and large debris. The clarified bacterial lysate was centrifuged for
30 min at 100,000 3 g, and the resulting supernatant was completely aspirated.
The pellet was suspended with PBS plus 1% Sarkosyl (N-lauroyl sarcosinate,
sodium salt) and centrifuged for 30 min at 100,000 3 g. The pelleted proteins
were derived from the outer membranes and used for heat modification exper-
iments.

Cell envelope preparation of E. coli. Cells were harvested and suspended in
PBS. Cell lysis resulted from passing the bacterial suspensions through a French
pressure cell once at 20,000 lb/in2. Raw envelopes were pelleted by centrifugation

at 14,000 3 g for 20 min. Envelopes were washed with PBS and suspended in
SDS-PAGE sample buffer.

Protein preparation and Western blotting. Fragments derived from whole-cell
digestion of fusion proteins with trypsin were copurified with outer membranes
and subjected to SDS-PAGE. The proteins were electrotransferred to a polyvi-
nylidene difluoride membrane (Trans-Blot; Bio-Rad). Protein bands were stained
with Coomassie brilliant blue R250 or incubated after blocking with one of the
different antisera at the following dilutions: 1:1,000 for anti-CTB AK55, 1:500 for
anti-OmpA AK57, and 1:300 for the anti-PEYFK hybridoma supernatant
Dü142. After incubation with goat anti-mouse–peroxidase or goat anti-rabbit–
peroxidase conjugates, the blots were developed by enhanced chemilumines-
cence.

RESULTS AND DISCUSSION

Construction of aida-ctxB gene fusions. Different portions of
the 39 region of aida were amplified from the pJM7 template
by PCR with oligonucleotide primers JM1 and either JM2,
JM3, JM4, JM11, or JM12 (Fig. 1A). pJM7 contains a se-
quence, coding for a CTB–AIDA-I fusion protein, in which the
ctxB sequences are located in-frame before the linker region of
the EPEC strain 2787 aida-I gene. pJM7 contains an Asp718I
cleavage site between ctxB and aida and a BamHI cleavage site
in the domain coding for the predicted b-barrel of AIDA-I
(33). The PCR products from JM1 and JM11 or JM12 were
cleaved with Asp718I and BamHI and cloned in pJM7.

The PCR products from JM1 (upstream) and JM2, JM3, or
JM4 did not contain Asp718I cleavage sites and were therefore
cloned into pBluescript KS1 hydrolyzed with EcoRV. The
resulting plasmids were cleaved with Asp718I and BamHI, and
the fragments were cloned into pJM7 also digested with
Asp718I and BamHI. Due to this procedure, a fragment coding
for 16 amino acids derived from the pBluescript KS1 multiple-
cloning site was included in these gene fusions between the
ctxB portion and aida (Fig. 1).

The ctxB used for this experiment was a mutated form that
lacks cysteines and therefore was not expected to pentamerize
(32). All fusion proteins were expressed under control of the
strong constitutive promoter PTK (26). The resulting proteins
were named according to their deduced molecular weights
after processing by signal peptidase, as indicated in Fig. 1. The
fusion points were designed to give rise to four different
lengths of the proposed linking region that is thought to be
necessary for export by the AIDA-I autotransporter. Two ad-
ditional N-terminal deletions were set within the predicted
b-barrel of the AIDA-I autotransporter. These six CTB–
AIDA-I fusion proteins were stepwise N-terminally deleted
variants of the AIDA-I autotransporter. The largest one
started at AIDA-I’s natural processing site 447 amino acids (in
FP59) before the C terminus with L840 (with respect to AIDA’s
complete sequence of 1,286 amino acids) and thereby defined
the beginning of the proposed linking region. The next fusions
were positioned 359 (FP51; V927), 332 (FP49; L955), 312 (FP46;
A975), 269 (FP40; L1018), and 213 (FP34; R1074) amino acids in
front of the C terminus, respectively. The predicted b-barrel
started at 284 amino acids upstream of the C terminus with
A1002, while FP34 ended within the second predicted extracel-
lular loop of the predicted b-barrel. One more ctxB-aida fusion
was produced by cleaving pJM7 with BamHI, and subsequent
fill-in and self-ligation resulted in a frameshift mutation. The
respective plasmid was named pJM1141, and the correspond-
ing fusion protein FP52 comprised the complete AIDA-I link-
ing region from FP59 while missing the C-terminal four trans-
membrane regions contained in the deleted C-terminal 66
amino acids of the proposed b-barrel of AIDA-I (Fig. 1B),
thereby ending with I1220.

Expression of aida-ctxB gene fusions. This set of seven dif-
ferent CTB–AIDA-I fusion proteins was expressed by using
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FIG. 1. (A) Scheme of the composition of the various CTB–AIDA-I fusion proteins. The orientation and location of primers are indicated, as are the sites used
for cloning and amino acid positions according to the native AIDA-I sequence. Total lengths of the various fusion proteins and the respective plasmids are shown. The
arrangement of b-sheets in the proposed b-barrel and their numbering are given. LR, linking region; SP, signal peptide. (B) Topological model of the organization of
the AIDA-I TU and the CTB fusion proteins. b-Barrel sequences (in italics) and linker sequences are shown relative to the lipid/LPS bilayer of the outer membrane
(depicted by the horizontal lines). The fusion points of CTB (and any cloning-derived residues) in the respective CTB–AIDA-I fusion proteins are indicated by
connecting lines. Arrows represent the predicted amphipathic b-sheets and their assumed directions relative to the (horizontal) plane of the outer membrane.
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E. coli JK321 (dsbA ompT) (24) or its parent strain UT5600
(ompT) (15) as the host. Fusion protein expression levels var-
ied significantly despite the identical backgrounds used (Fig.
2A and C). In a Western blot experiment, whole-cell lysates of
E. coli JK321 or UT5600 containing one of the different plas-
mids were separated by SDS-PAGE. The presence of the CTB
moiety of the respective fusion proteins was detected with the
anti-CTB serum AK55. The expression level in UT5600 was
generally higher than that in JK321, a strain that grows slightly
slower. FP59 was expressed at the highest level, followed by
FP51 and FP49, comprising smaller portions of AIDA-I linking
region. Very poor expression was observed for FP46 and FP52,
while the two shortest fusion proteins, FP34 and FP40, were
expressed at moderate levels.

Mapping the minimal translocation unit of the AIDA-I auto-
transporter. The surface exposure of the passenger protein
domain CTB was judged by two means, the accessibility of the

CTB moiety in whole cells to anti-CTB serum AK55 in a dot
blot experiment, and the sensitivity of CTB to trypsin treat-
ment of whole cells. The dot blot experiment (data not shown)
clearly showed surface exposure of CTB in cells expressing the
CTB–AIDA-I fusions FP59, FP51, and FP49, each of which,
based on our previous model, is expected to contain a com-
plete b-barrel. However, FP46, which is predicted to have a
complete b-barrel but lacks most of the adjacent linking re-
gion, was not labeled by AK55. This suggests that the linker
domain is essential for membrane translocation of the passen-
ger domain. The three clones expressing fusion proteins pre-
dicted to have incomplete b-barrels, FP52 (C-terminal dele-
tion), FP40, and FP34 (both N-terminal deletions), were tested
negative in the dot blot experiment, showing that the CTB
moiety was not surface exposed.

In the second approach, the seven different CTB–AIDA-I-
expressing clones were assayed for the accessibility of the CTB

FIG. 2. Expression and trypsin sensitivity of CTB–AIDA-I fusion proteins. (A) Equal amounts of whole-cell protein from E. coli JK321 harboring the indicated
plasmids were separated by SDS-PAGE and Western blotted with anti-CTB serum AK55. Specific CTB-derived bands are indicated with arrowheads, and the migration
of molecular size markers is indicated in kilodaltons. (B) Cells of E. coli JK321 were subjected to trypsin treatment, and subsequently treated as described for panel
A. (C) E. coli UT5600 harboring pJM1141 (or pJM7 as a control) was treated as described for panels A and B. Panels A to C employed equivalent cell numbers.

FIG. 3. Heat modification of AIDA-I. An outer membrane preparation of E. coli UT5600(pJM1013) was prepared by using the Sarkosyl method as described in
Materials and Methods. Aliquots were incubated for 10 min at the indicated temperature. (A and C) Western blots probed with anti-OmpA serum AK57 (A) or
anti-CTB-serum AK55 (C). (B) SDS-PAGE gel stained with Coomassie brilliant blue R250. Arrowheads pointing to the right indicate heat-modified (h) forms of the
respective proteins, while arrowheads pointing to the left indicate not-heat-modified (nh) forms of the proteins.
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moiety to treatment of whole cells with trypsin. After digestion,
whole-cell protein was separated by SDS-PAGE, and CTB was
detected in a Western blot with undigested cells used as con-
trols (Fig. 2). CTB was detected in all seven clones. After
digestion of whole cells with trypsin, the signals of FP59, FP51,
and FP49 disappeared completely. Thus, the CTB moieties of
these fusion proteins were accessible to trypsin externally
added to whole cells, thereby indicating translocation of CTB
through the outer membrane. The four remaining fusion pro-
teins, FP52, FP46, FP40, and FP34, were resistant to trypsin
digestion, indicating the absence of CTB on the bacterial sur-
face. According to our model, three of the four trypsin-resis-
tant AIDA-I–CTB fusion proteins, FP52, FP40, and FP34, are
not expected to possess a complete b-barrel. The finding that
these proteins were resistant to trypsin indicates a blockade in
either membrane insertion or translocation of the passenger
across the outer membrane. Interestingly, despite the fact that
FP46 covered both the complete predicted b-barrel and a short
portion of the preceding linking region, the CTB moiety was
not exported. This indicates that the linker region preceding
the assumed b-barrel may be essential for autotransporter
function. Together these data indicate that the minimal TU of
AIDA-I extends to within the 20 amino acids of the linking
region between the fusion points of FP46 (A975) and FP49
(L955).

Several points regarding the extreme differences in steady-
state levels of the various fusion proteins have to be consid-
ered. The variable amounts of detected proteins probably were
caused by their different levels of accessibility and sensitivity to
cellular proteases. The well-expressed fusion proteins are
likely able to completely export the CTB passenger domain to
the bacterial surface. Here, the CTB and linking region would
no longer be prone to degradation by proteases of the inner
membrane and the periplasmic space (2, 4), while the assumed
b-barrel portion of the autotransporter is embedded in the
membrane. The poorly expressed fusion proteins probably do
not form the predicted C-terminal b-barrel. Consequently,
they might be unable to insert into, or to translocate the pas-
senger across, the outer membrane, possibly floating freely in
the periplasm or being attached to the outer membrane. In
both cases, and due to the lack of stable secondary structures,
these fusion proteins are likely exposed to rapid degradation by

envelope proteases (3, 5). Although FP49 and FP51 were both
shown to possess functional TUs as did FP59, the former two
proteins exhibited lower steady-state levels than FP59. This
difference might be due to the truncated linkers in FP49 and
FP51 and reflect the elongated times necessary for the b-barrel
folding and for the passenger translocation.

Evidence for a b-barrel structure at the C terminus of the
AIDA-I TU. Recently, we proposed a topological model of the
membrane-embedded b-barrel portion of the AIDA-I auto-
transporter (33). To strengthen that prediction, we used the
criterion of heat modification. b-Barrels are known to form
very stable secondary or tertiary structures which are stable in
SDS-containing sample buffer at room temperature and only
unfold upon heating to high temperatures (14, 47). This fea-
ture can be easily detected because outer membrane proteins
with intact b-barrels, in comparison to the completely dena-
tured, random-coiled polypeptide chain that exists after boiling
in sample buffer, show an altered electrophoretic mobility in
SDS-PAGE. This property can be explained with the differing
dodecyl sulfate binding capacity of the two protein forms: due
to their compact secondary structure, intact b-barrels bind
relatively few dodecyl sulfate molecules while denatured pro-
teins bind more, thereby having an increased charge/molecular
weight ratio. Proteins with high charge/weight ratios migrate
faster in SDS-PAGE; those with low ratios migrate more
slowly. Proteins such as OmpA and AIDA-I autotransporter
possess, in addition to their b-barrels, additional domains.
These domains likely unfold in SDS sample buffer at room
temperature, binding normal amounts of dodecyl sulfate. This
leads to different outcomes: intact b-barrels alone (not linked
to other domains) tend to migrate more slowly in SDS-PAGE
than do their completely denatured variants, while intact
b-barrels linked to another domain that is completely dena-
tured at room temperature in SDS sample buffer tend to mi-
grate faster in SDS-PAGE because the compact, low-charged
b-barrels are “dragged” through the gel matrix by the highly-
charged second domain (47).

To show the existence of heat modification for the predicted
b-barrel of the AIDA-I autotransporter, a pJM7-derived plas-
mid (pJM1013) in which ctxB was almost entirely deleted was
constructed. The portion coding for the signal peptide was left,
while the region coding for the mature CTB was replaced by an
oligonucleotide linker coding for a reporter epitope. Hence,
the resulting fusion protein was expressed and targeted in the
same manner as FP59 but the CTB was replaced by the reporter
epitope PEYFK. Outer membranes of E. coli UT5600(pJM1013)
were prepared and resuspended in SDS sample buffer. Ali-
quots heated to different temperatures were separated by SDS-

FIG. 4. Heat modification of CTB–AIDA-I fusion proteins. Cell envelopes
from recombinant E. coli UT5600 were prepared. After incubation at the indi-
cated temperatures, aliquots corresponding to 3.0 ml of culture with an OD578 of
1.0 for E. coli UT5600 containing either plasmid pJM1141, pJM918, or pJM920,
3.5 ml for pJM967, 0.7 ml for pJM942 and pJM964, and, finally, 0.2 ml for pJM7
were Western blotted with anti-CTB serum AK55.

FIG. 5. Schematic model and features of CTB–AIDA-I fusion proteins. The
assumed positions, export, and folding behavior of the b-barrel of the various
CTB–AIDA-I fusion proteins are visualized. OM, outer membrane; PP, periplasm.
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PAGE, and proteins were transferred to an Immobilon P
membrane. The membranes were probed either with anti-
OmpA serum AK57 (as a control) or anti-PEYFK monoclonal
antibody Dü142. The different electrophoretic mobilities of
OmpA and PEYFK–AIDA-I were also visualized by staining
with Coomassie briliant blue R250 (Fig. 3). OmpA and
PEYFK–AIDA-I both showed shifts in electrophoretic mobil-
ity depending on the sample temperature preceding electro-
phoresis. Also, the temperatures at which the conformational
changes took place were similar for both proteins. Below 70°C,
no slowly migrating form of PEYFK–AIDA-I and very little
slowly migrating OmpA was observed, while above 80°C, no
fast-migrating forms could be detected. These observations
match observations of other groups for OmpA (18, 47), clearly
supporting the existence of a b-barrel in the AIDA-I TU.

To assess the extent of protein sequence which is contained
within the assumed b-barrel, we subjected the seven CTB–
AIDA-I fusions to a similar experiment. After preincubation at
57 or 100°C, cell envelope proteins from a crude preparation
were separated by SDS-PAGE, and a Western blot analysis
employing anti-CTB serum AK55 was performed (Fig. 4). All
seven CTB–AIDA-I fusion proteins were found exclusively in
the crude envelope preparations (data not shown), thus indi-
cating their membrane insertion or, at least, membrane asso-
ciation. Three fusion proteins, FP52 (pJM1141) with a C-ter-
minal deletion and FP40 (pJM918) and FP34 (pJM920), the
latter two proteins N-terminally deleted, did not undergo heat
modification, while the remaining four fusion proteins, FP59
(pJM7), FP51 (pJM964), FP49 (pJM942), and FP46 (pJM967),
did. Interestingly, FP46, which was found not to support export
of the CTB moiety, clearly showed an altered electrophoretic
mobility, thus emphasizing the essential role of the linker for
translocation but not for the assumed b-barrel conformation.
The N terminus of the hypothetical b-barrel can therefore be
located to the region between the fusion points of FP46 (A975)
and FP40 (L1018).

Conclusions. This report supports the notion that the
AIDA-I autotransporter protein is a member of the family of
b-barrel-forming outer membrane proteins as predicted previ-
ously (23). Heat modifiability of AIDA-I was shown to begin
between amino acids A975 and L1018 and to extend beyond
amino acid I1220, supporting the structural prediction accord-
ing to which the b-barrel spans the amino acids A1002 to F1286.
Considering our data and the recent reports on sequence ho-
mologies in predicted b-sheets of autotransporters (21, 31), it
is likely that all autotransporters possess membrane-embedded
b-barrels like monomeric OmpA (38) and the trimeric porins
(13, 51, 52).

Export by the autotransporter requires a TU comprising a
hypothetical C-terminal b-barrel and a preceding linking re-
gion (39). The assumed C-terminal b-barrel, according to the

commonly accepted model, makes up an aqueous pore in the
outer membrane through which the unfolded N-terminal pas-
senger domain is thought to be exported via a hairpin-like
structure guided by the linking region. After export, the C-
terminal portion of the linking region is assumed to remain
within the b-barrel pore, possibly thereby inhibiting leakage
through the pore, while the N-terminal portion of the linker
anchors the passenger domain to the cell surface.

Here we could confirm the existence and requirement of
such a linking region for the function of autotransporters. For
AIDA-I, the minimal N-terminal extension of the linker nec-
essary for export could be restricted to an area between amino
acids A975 in FP46 and L955 in FP49. Since the predicted
b-barrel of AIDA-I starts at A1002, the minimal essential link-
ing region spans 28 to 48 amino acids, although the contribu-
tion of the 16 amino acids introduced by cloning to the TU
cannot be excluded from our data. Further studies may eluci-
date the role of the composition of the linking region necessary
for export.

Strength of expression as well as surface exposure of the
passenger domain were found to depend both on the length of
the linking region and the integrity of the assumed b-barrel.
One explanation is that incomplete fusion proteins with im-
paired targeting are likely to become rapidly degraded by en-
velope proteases. Alternatively, it is possible that only stable
protein forms can be targeted to the outer membrane. Our
findings are illustrated in Fig. 5 and summarized in Table 1 and
provide strong evidence supporting the accuracy of our model
for the b-barrel of AIDA-I autotransporter.
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