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Autotransporters of gram-negative bacteria are single-peptide secretion systems that consist of a functional
N-terminal �-domain (“passenger”) fused to a C-terminal �-domain (“translocator”). How passenger proteins
are translocated through the outer membrane has not been resolved, and at present essentially three different
models are discussed. In the widely accepted “hairpin model” the passenger proteins are translocated through
a channel formed by the �-barrel of the translocator that is integrated in the outer membrane. This model has
been challenged by a recent proposal for a general autotransporter model suggesting that there is a hexameric
translocation pore that is generated by the oligomerization of six �-domains. A third model suggests that
conserved Omp85 participates in autotransporter integration and passenger protein translocation. To examine
these models, in this study we investigated the presence of putative oligomeric structures of the translocator
of the autotransporter adhesin involved in diffuse adherence (AIDA) in vivo by cross-linking techniques.
Furthermore, the capacity of isolated AIDA fusion proteins to form oligomers was studied in vitro by several
complementary analytical techniques, such as analytical gel filtration, electron microscopy, immunogold
labeling, and cross-linking of recombinant autotransporter proteins in which different passenger proteins were
fused to the AIDA translocator. Our results show that the AIDA translocator is mostly present as a monomer.
Only a fraction of the AIDA autotransporter was found to form dimers on the bacterial surface and in solution.
Higher-order structures, such as hexamers, were not detected either in vivo or in vitro and can therefore be
excluded as functional moieties for the AIDA autotransporter.

The plasmid-encoded autotransporter adhesin involved in
diffuse adherence (AIDA) (1–6, 24, 25) mediates the diffuse
adherence phenotype of the clinical Escherichia coli isolate
2787 (O126:H27). The fast-growing family of modular auto-
transporter proteins represents the most important group of
secreted proteins in gram-negative bacteria (11–14). These
single-chain polypeptides are characterized by an N-terminal
functional �-domain or “passenger” protein fused to a C-ter-
minal �-domain or “translocator,” which mediates the trans-
location of the passenger through the outer membrane. The
AIDA adhesin is synthesized as a 132-kDa preproprotein fea-
turing a 49-amino-acid (aa) signal peptide which is cleaved
during transport through the inner membrane. The C terminus
of the proprotein integrates into the outer membrane and
subsequently translocates the N-terminal passenger through
the outer membrane. Putative autocatalytic C-terminal pro-
cessing during or after translocation generates the AIDA-I
adhesin (797 aa) and the C-terminal 47.5-kDa translocator
(440 aa; “translocator”; previously designated “AIDAC” or
“�-domain”) (22–24, 38, 39). Interestingly, the AIDA-I adhe-
sin has been identified as a glycoprotein with (on average) 19
heptose residue substitutions. Heptosylation is mediated by the
specific autotransporter adhesin heptosyltransferase, which is
encoded by the aah gene directly upstream of the AIDA-
encoding aidA gene and which has been shown to be necessary

for adhesin function (3–5, 33). Glycosylation increases the ap-
parent molecular mass of the AIDA-I adhesin from 79.5 kDa
to about 100 kDa. Based on biochemical evidence, the AIDA
translocator integrates into the outer membrane as a �-barrel
(24). After cleavage the AIDA-I adhesin remains nonco-
valently associated with the bacterial surface. In AIDA and
other autotransporter proteins the authentic passenger can be
replaced by heterologous antigens which are functionally ex-
pressed on the bacterial surface (7, 15, 16, 23, 24, 38).

In the current model the AIDA translocator is folded into 16
�-sheets which are organized in 14 �-sheets integrated into the
outer membrane as a �-barrel and 2 surface-exposed N-termi-
nal �-sheets (24). The membrane-embedded C-terminal part is
resistant to protease cleavage, whereas the two N-terminal
�-sheets are completely digested. Therefore, the �-domain
(“translocator”) can be structurally divided into the �1-domain
(aa 847 to 950) and the �2-domain (aa 951 to 1286) (24). The
�1-domain harbors cleavage sites that are accessible for pro-
teases such as chymotrypsin, OmpT, proteinase K, and trypsin.
For clarity, the �-domain of AIDA is referred to as “AIDA
translocator” in this paper.

Whereas the export of autotransporter proteins into the
periplasm has been unraveled in some detail (11, 14, 38), the
process of translocation through the outer membrane is still
debated. Currently, three distinct main models for autotrans-
porter-mediated outer membrane translocation have been pro-
posed. The first model, the “hairpin model” introduced by
Pohlner et al. (31), has been adopted for most autotransporter
proteins. The “hairpin model” has been challenged in a recent
study of the surface topology of the prototype autotransporter
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immunoglobulin A1 (IgA1)-protease translocator of Neisseria
gonorrhoeae (31) expressed in E. coli. The second model, the
“hexamer model” proposed by Veiga et al. (43), suggested that
six IgA1-protease monomers form a common pore through
which the transport of the passenger or �-domain takes place.
If this model is also applicable to other autotransporter pro-
teins, it would have major implications for our understanding of
autotransporter translocation. However, the “hairpin model”
appears to be strongly supported by the recent elucidation of
the Neisseria meningitidis autotransporter NalP structure,
which for the translocator unit clearly demonstrated that there
is a �-barrel structure that is filled by a helical N-terminal
segment (29). As a third model for autotransporter-mediated
translocation, Oomen et al. hypothesized that the conserved
and essential outer membrane protein Omp85 might partici-
pate in the translocation of folded proteins and might even
facilitate the folding of complete autotransporter proteins.
Omp85 has been suggested to assist and protect the insertion
of the autotransporter �-barrel into the outer membrane and
to provide a pore for the translocation of the passenger pro-
teins prior to lateral release into the outer membrane (29, 30).
However, at present, experimental evidence supporting this
proposal has not been reported. Therefore, in this study we
investigated the topology of the AIDA translocator on the
surface of live bacteria and also the aggregation behavior as
isolated proteins to assess whether an authentic E. coli auto-
transporter such as AIDA could potentially form ordered oli-
gomeric structures.

(This study represents parts of the Ph.D. theses of D. Mül-
ler, D. Tapadar, and C. Buddenborg.)

MATERIALS AND METHODS

Bacterial strains, growth conditions, plasmids, and antibodies. E. coli strain
BL21(DE3)/pLysS [F� ompT hsdSB (rB

� mB
�) gal dcm �cIts857 ind1 sam7 nin5

UV5-T7 gene1) and the OmpT- and OmpP protease-deficient E. coli strain
UT5600 (F� leuB-6 secA6 lacY1 proC14 tsx-67 �(ompT-febC)266 entA403 trpE38
rfbD1 rpsL109 xyl-5 mtl-1 thi-1) (U. Henning, MPI, Tübingen, Germany) were
used in this work. The bacteria were grown at 37°C in liquid TB medium (1.2%
tryptone, 2.4% yeast extract, 0.4% glycerin, 17 mM KH2PO4, 55 mM K2HPO4)
with the appropriate antibiotics (100 �g/ml ampicillin, 30 �g/ml kanamycin, 50
�g/ml chloramphenicol). Plasmids encoding the different AIDA fusion proteins
are listed in Table 1. pDM1 was generated by a nucleotide change that led to an
amino acid change (Ala to Ile) in pIB59 as the parent plasmid using a Quick-
Change kit (Stratagene, Heidelberg, Germany). The unprocessed AIDA protein
(DM1) encoded by pDM1 consists of the 79.5-kDa AIDA-I and the 47.5-kDa
translocator. The origins and working dilutions of primary and secondary anti-
bodies used in this study are shown in Table 2.

Isolation and purification of native DT1 protein. Purification of the DT1
protein was performed by using a His6 tag and an enriched suspension of outer

membrane proteins. Selective TB medium (31) was inoculated with a 6-h starter
culture of E. coli strain UT5600/pDT1 and incubated at 37°C and 180 rpm
overnight. Bacteria were harvested by centrifugation (4,000 � g, 10 min, 4°C) and
resuspended in 80 ml buffer TN-L (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1
mM phenylmethylsulfonyl fluoride, 12.5 U/ml Benzonase [Novagen, Schwalbach,
Germany], two tablets of Complete EDTA-free [Roche Diagnostics, Mannheim,
Germany]). Subsequently, the cell suspension was passed twice through a French
press (SLM Aminco, Rochester. N.Y.) at 16,000 lb/in2. After separation of
nonlysed cells by centrifugation (4,000 � g, 10 min, 4°C), the cytoplasmic mem-
brane fraction was selectively solubilized by addition of 1.2 ml Triton X-100 and
incubation for 30 min at 37°C and 60 rpm. After ultracentrifugation (100,000 �

g, 1 h, 4°C, swing-out rotor) the pellet, which corresponded to the outer mem-
brane fraction, was resuspended in 20 ml TNO-5 (50 mM Tris-HCl, pH 8.0, 100
mM NaCl, 5% N-octylpolyoxyethylene [Octyl-POE]) (Bachem, Bubendorf, Ger-
many) and incubated at 37°C and 60 rpm for 30 min. The solution was centri-
fuged again (100,000 � g, 1 h, 4°C, swing-out rotor), and 7 ml BD Talon metal
affinity resin (Co2�-loaded resin; BD Biosciences Clontech, Heidelberg, Ger-
many) preequilibrated in TNO-5 was added to the supernatant. After 2 h of
incubation at 4°C with tumbling (end over end at 15 rpm), the DT1 protein fixed
to the cobalt-loaded resin was harvested by centrifugation (700 � g, 2 min, 4°C).
The Sepharose pellet was washed twice with TNO-0.5 (50 mM Tris-HCl, pH 8.0,
100 mM NaCl, 0.5% Octyl-POE). Subsequently, the suspension was transferred
onto a disposable column and washed twice with 10 ml TNO-0.5 containing 5
mM imidazole, and then matrix-bound DT1 protein was eluted in 500-�l frac-
tions with TNO-0.5 containing 250 mM imidazole.

Purification of DT2 protein from inclusion bodies. For isolation and purifica-
tion of the DT2 protein, 1 liter selective TB medium was inoculated with an
overnight culture of E. coli BL21(DE3)/pLysS/pDT2, and the preparation was
grown to an optical density at 600 nm of 0.8. Synthesis of DT2 was induced by
addition of 2 mM isopropyl-�-thiogalactopyranoside (IPTG). After 4 h of incu-
bation at 37°C and 130 rpm, the bacteria were harvested by centrifugation (1,500
� g, 15 min, 4°C). The pellet was resuspended in 3 ml TNE (50 mM Tris-HCl,
pH 8.0, 100 mM NaCl, 1 mM EDTA) per g (wet weight) of cells and stored at
�70°C overnight. The cells were lysed by repeated freezing and thawing, addition
of 12.5 U Benzonase, and sonication (six times for 30 s, 50% cycle; model 250
Sonifier; Branson Ultrasonics Corporation, Danbury, Conn.). After centrifuga-
tion (1,700 � g, 1 h, 4°C) the pellet, containing the inclusion bodies, was resus-
pended in 30 ml TNX (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM EDTA,
2% Triton X-100) and incubated at 37°C and 60 rpm overnight. Insoluble ma-
terial was pelleted (1,700 � g, 20 min, room temperature), resuspended in 30 ml
TNE, and incubated at 37°C and 60 rpm for 2 h. Subsequently, the inclusion
bodies were washed twice with TN buffer (50 mM Tris-HCl, pH 8.0, 100 mM
NaCl) and stored in 400-�g aliquots at �20°C. After thawing, each pellet was
resuspended in 20 ml freshly prepared buffer TNU (50 mM Tris-HCl, pH 8.0, 100
mM NaCl, 8 M urea) and incubated at 37°C and 60 rpm for 2 h. To separate
nonsolubilized proteins and cellular remains, the suspension was centrifuged
(45,000 � g, 30 min, 4°C, swing-out rotor). The supernatant was supplemented
with 20 ml TNO-10 (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10% Octyl-POE)
and sonicated for 30 min (Sonorex RK510S; Bandelin Electronic, Berlin, Ger-
many). For immobilized metal affinity chromatography (IMAC) 10 ml protein
solution was mixed with 1 ml Ni2�-agarose beads (QIAGEN, Hilden, Germany)
and incubated for 2 h at 4°C and 15 rpm. The suspension was transferred onto
a disposable column and washed with TNO-0.5 containing 5 mM imidazole. The
proteins were eluted with a 0 to 500 mM imidazole gradient in TNO-0.5 and
collected as 500-�l fractions.

TABLE 1. Plasmids encoding different AIDA (fusion) proteins

Plasmid Size
(kb)

Antibiotic
resistance Descriptiona Reference(s)

pCB3 5.6 Ampr Derivative of pGEM-4Z (Promega), encodes OspG fused to the AIDA translocator Buddenborg, unpublished data
pDM1 9.7 Kanr Derivative of pGP1–2, encodes AAH and unprocessed AIDA This study
pDT1 5.5 Ampr Derivative of pBR322, encodes signal peptide, N-terminal His6, and the AIDA

translocator
39

pDT2 3.9 Ampr Derivative of pBR322, encodes N-terminal His6 and the AIDA translocator 39
pIB264 10.0 Ampr Derivative of pBR322, encodes AAH and native AIDA 1
pIB59 9.7 Kanr Derivative of pGP1–2, encodes AAH and native AIDA Benz, unpublished data
pMK25 5.4 Ampr Derivative of pBR322, encodes 9-aa HA epitope fused to the AIDA translocator 22, 24

a AAH, autotransporter adhesin heptosyltransferase.
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Analytical gel filtration. The Mrs of purified proteins DT1 and DT2 were
determined using a Sephacryl S-300 high-resolution gel filtration column (90 cm
by 2 cm2; Amersham Biosciences, Freiburg, Germany). The column was equili-
brated with TNO-0.5 and calibrated with a gel filtration standard lyophilized
mixture (bovine thyroglobulin [670 kDa], bovine IgG [158 kDa], chicken ovalbu-
min [44 kDa], horse myoglobin [17 kDa], vitamin B12 [1.35 kDa]; Bio-Rad,
Richmond, Calif.). A 200-�l protein solution (approximately 150 to 600 �g
protein) was used per run and fractionated in 2-ml aliquots. The proteins were
detected by Western blotting using a horseradish peroxidase-conjugated anti-
rabbit antibody and Super-Signal chemiluminescent substrate (Pierce, Perbio,
Bonn, Germany). The amount of protein detected was quantified by measuring
chemiluminescence and was further evaluated using the LUMI-Analyst software
(Roche Diagnostics, Mannheim, Germany). In addition, the elution profile of the
DT2 protein was monitored by measuring the A280.

Immunofluorescence analysis. E. coli UT5600/pDM1/pCB3 transformants
were grown in selective TB medium to an optical density at 600 nm of 0.4. Then
1.5 ml bacteria was harvested by centrifugation (1,700 � g, 4 min, 4°C) and
resuspended in 1 ml phosphate-buffered saline (PBS). Bacteria were collected by
centrifugation and fixed with 500 �l 4% paraformaldehyde in PBS (20 min, room
temperature). Subsequently, the cells were washed with PBS and blocked with
1% bovine serum albumin-PBS (BSA/PBS) at room temperature for 1 h. After
centrifugation (1,700 � g, 4 min, 4°C) the pellet was resuspended in 0.1%
BSA/PBS with the primary anti-AIDA (rabbit) or anti-OspG (mouse) antibody
(1 h, room temperature). After three washing steps with 1 ml PBS, the bacteria
were incubated with the appropriate secondary antibody in 0.1% BSA/PBS (1 h,
room temperature), washed three times with PBS, and resuspended in 100 �l
PBS. Then 20 �l was applied to a coverslip and mounted with 20 �l Moviol/
Dabco. For detection of bound anti-AIDA antibodies, goat anti-rabbit Cy2
(green) secondary antibodies were employed. For visualization of surface-ex-
pressed OspG protein goat anti-mouse Cy3 (red) was used. The samples were
analyzed using a Zeiss Axiophot fluorescence microscope.

Visualization of putative AIDA autotransporter oligomers by electron micros-

copy. Purified DT1 and DT2 proteins were dialyzed three times against 100 mM
ammonium bicarbonate. To keep the proteins in solution, the solvent was sup-
plemented with 0.5% Octyl-POE. Twenty microliters of dialysate was comple-
mented with 20 �l 98% glycerin and applied onto freshly split mica with a spray
gun (2.5 � 105 Pa) at a distance of 50 cm. The samples were coated with a
platinum-coal mixture in a high-vacuum vaporization chamber (Balzer, Witten,
Germany) at 0.2 Pa and the maximum centrifugation speed. The platinum-coal

FIG. 1. Schematic representation of the modular organization of
the AIDA autotransporter. The domains incorporated into fusion pro-
teins CB3, DT1, and DT2 are indicated. In MK25 the HA epitope
(YPYDVPDYA) was inserted at position 859 (22, 24).

TABLE 2. Antibodies used in this study

Antibody Dilution Description Reference or source

Anti-AIDA 1:20,000/1:500a Polyclonal rabbit serum directed
against AIDA-I

4

Anti-fp12 1:20,000b Polyclonal rabbit serum directed
against the AIDA translocator
(amino acids 847–1286)

36

Anti-MRGS-His6 1:5,000b Monoclonal antibody (mouse) directed
against the MRGS-His6 epitope

QIAGEN, Hilden, Germany

Anti-OmpA 1:5,000b Polyclonal rabbit serum directed
against OmpA

U. Henning (MPI, Tübingen, Germany)

Anti-OmpF/C 1:2,000b Polyclonal rabbit serum directed
against OmpF and OmpC

U. Henning (MPI, Tübingen, Germany)

Anti-Omp85 1:5,000b Polyclonal rabbit serum directed
against E. coli Omp85

J. P. M. Tommassen (University of
Utrecht)

Anti-HA 1:2c Monoclonal antibody directed against
the 9-aa HA epitope of influenza
virus hemagglutinin

Roche Diagnostics, Mannheim, Germany

Anti-OspG 1:20,000/1:100a Polyclonal rabbit serum directed
against B. burgdorferi protein OspG

R. Wallich (DKFZ, Heidelberg, Germany)

Goat anti-mouse AP 1:5,000b Secondary antibody QIAGEN, Hilden, Germany
Goat anti-mouse Au 12 nm 1:25c Anti-mouse antibody coupled to 12-

nm Au particles
British Biocell International, Cardiff,

Wales
Goat anti-rabbit Au 12 nm 1:25c Anti-rabbit antibody coupled to 12-nm

Au particles
British Biocell International, Cardiff,

Wales
Goat anti-mouse Cy3 1:100d Secondary antibody Jackson ImmunoResearche

Goat anti-rabbit APf 1:5,000b Secondary antibody Jackson ImmunoResearche

Goat anti-rabbit Cy2 1:100d Secondary antibody Jackson ImmunoResearche

Goat anti-rabbit POg 1:7,500b Secondary antibody Jackson ImmunoResearche

a The first dilution is the dilution used for western blotting, and the second dilution is the dilution used for immunofluorescence analysis.
b Dilution used for western blotting.
c Dilution used for immunogold labeling.
d Dilution used for immunofluorescence analysis.
e Jackson ImmunoResearch Laboratories, USA (via Dianova, Hamburg, Germany).
f AP, alkaline phosphatase.
g PO, peroxidase.
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replicas were removed in doubly distilled water and fixed on copper grids (200
mesh).

For visualization of the AIDA translocator on the bacterial surface, we em-
ployed an AIDA translocator into which a hemagglutinin (HA: YPYDVPDYA)
tag had been inserted at the N terminus at position 859 (Fig. 1). In addition, we
also used the recombinant authentic AIDA autotransporter (C600/pIB264). Bac-
teria were applied to Formvar-coated copper grids, incubated with the anti-HA
monoclonal antibody (1:2 dilution, 0.1% bovine serum albumin in Dulbecco’s
PBS [BSA/D-PBS]) or anti-AIDA-I polyclonal rabbit antiserum (1:500 in 0.1%
BSA/D-PBS) for 1 h, and subsequently washed four or five times with D-PBS.
Immunogold labeling was performed for 1 h with goat anti-mouse antibodies
absorbed with 12-nm gold particles. After repeated washing (three washes for 5
min) with D-PBS and with distilled water, the bacteria were contrasted with 1%
uranyl acetate in distilled water for 3 min. Analysis and evaluation of the samples
were performed using a Philips EM 400 electron microscope at a magnification
of �38,000.

Cross-linking of putative AIDA autotransporter oligomers. For cross-linking
of surface-exposed AIDA autotransporter proteins, 500-�l portions of overnight
cultures of E. coli strain UT5600/pDT1, UT5600/pDM1, UT5600/pIB264, and
(as a control) UT5600 were harvested by centrifugation (1,700 � g, 4 min, 4°C)
and resuspended in 1 ml PBS. After centrifugation (1,700 � g, 4 min, 4°C) the
bacteria were again resuspended in 1 ml PBS and incubated at 4°C for 1 h.
Cross-linking of proteins was achieved with 50 �l 100 mM dithiobis(succinimi-
dyl)-propionate (DSP) (Lomant’s reagent; Pierce, Bonn, Germany) at room
temperature for 30 min. Quenching of unreacted cross-linker was performed
with 20 �l 1 M Tris-HCl (pH 7.5) at room temperature for 15 min. Subsequently,
the bacteria were centrifuged (4,000 � g, 4 min, room temperature) and resus-
pended in 1 ml 10 mM Tris-HCl, pH 7.5. After an additional washing step the
bacteria were centrifuged (4,000 � g, 4 min, room temperature) and resuspended
in sodium dodecyl sulfate (SDS) sample buffer with or without 2-mercaptoetha-
nol and incubated at 100°C for 10 min. The samples were analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) and Western blotting using specific
antisera (Table 2). For detection of putative cross-linked AIDA-Omp85 com-
plexes, specific anti-Omp85 antiserum (obtained from J. Tommassen, Utrecht,
The Netherlands) was used at a 1:5,000 dilution.

RESULTS

Purification and refolding of AIDA translocator fusion pro-
teins DT1 and DT2. To investigate the distribution of the
AIDA translocator and especially the putative formation of
autotransporter oligomers in the outer membrane of E. coli or
as isolated proteins, two AIDA translocator fusion proteins
were expressed and analyzed either directly on the bacterial
surface or as isolated and purified proteins. In addition to the
AIDA translocator the first fusion protein, DT1 (57 kDa),
included the authentic AIDA signal peptide, a six-histidine tag,
and a few amino acids of the �-domain (AIDA-I) (Fig. 1). DT1
was expressed via the native AIDA promoter in E. coli UT5600
strain that lacked the OmpT and OmpP proteases. Since the
DT1 fusion protein integrates autonomously into the outer
membrane (41), this fraction was used for isolation and puri-
fication of the fusion protein on a Co2�-loaded resin by IMAC
(Fig. 2 A). His6-tagged translocator fusion proteins have been
demonstrated to be correctly folded by several approaches,
including circular dichroism and UV spectroscopy, protease
resistance assays, and their temperature-sensitive mobility pat-
terns (24). To obtain larger amounts of the AIDA translocator,
fusion protein DT2 (44 kDa) was generated (Fig. 1) and syn-
thesized in E. coli strain BL21(DE3)/pLysS due to induction of
T7 polymerase with IPTG. DT2 is expressed via a T7 promoter
and harbors six histidine residues in addition to a few amino
acids of the �-domain which are N terminally fused to the
AIDA translocator. Since DT2 does not contain a signal pep-
tide and is expressed via a strong promoter, it accumulates in
the cytosol in inclusion bodies. For isolation and purification

the inclusion bodies were solubilized with urea and subse-
quently purified by IMAC using Ni2�-nitrilotriacetic acid resin
(Fig. 2A).

As demonstrated previously (24, 38, 39), proteolytic diges-
tion with trypsin of the correctly folded AIDA autotransporter
generates a resistant 36-kDa core protein and a faster-migrat-
ing second band. This faster-migrating band was previously
attributed to a slightly different conformation due to trypsin
digestion (24). Therefore, to assess whether during affinity
purification the translocator domains in DT1 and DT2 re-
folded to their native conformation, the fusion proteins were
analyzed by trypsin digestion. As expected, the 36-kDa trypsin-
resistant core structure was observed (Fig. 2B), which indi-
cated that after purification, the translocators in both proteins
were correctly folded and supposedly present as �-barrels, as
demonstrated previously (24). These conclusions were further
supported by the heat-modifiable electrophoretic migration of
both proteins in SDS-PAGE, a typical feature of outer mem-
brane proteins with a �-barrel structure.

The elution fractions obtained from IMAC of DT1 and DT2
were analyzed by SDS-PAGE. Staining with Coomassie blue
and detection after immunoblotting with the antibodies anti-
fp12 (directed against the AIDA translocator) and anti-
MRGS-His6 (directed against the His6 tag) revealed the ex-
pected reactive protein bands corresponding to the purified
fusion proteins and a few smaller bands that could be attrib-
uted to degradation. These protein preparations were used for
subsequent experiments.

Analytical gel filtration of fusion proteins. The molecular
masses of the isolated and purified DT1 and DT2 proteins
were determined by analytical gel filtration under nondenatur-
ing conditions. For higher sensitivity the relative amounts of
the proteins in the different elution fractions were estimated by
measuring the band intensities using the LUMI-Analyst soft-

FIG. 2. Purification of AIDA translocator fusion proteins DT1 and
DT2. The proteins were purified by IMAC as described in Materials
and Methods. The final elution was performed with 250 mM imidazole
in TNO-0.5. (A) The fractions were treated with sample buffer, ana-
lyzed by gradient SDS-PAGE (5 to 11% polyacrylamide), and stained
with Coomassie brilliant blue or, after Western blotting, detected with
antibodies directed against the AIDA translocator (anti-fp12).
(B) Treatment with trypsin of the refolded DT1 and DT2 proteins
generates the protease-resistant core region of the AIDA translocator
(22, 24).
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ware after immunoblotting followed by detection with anti-
fp12. In addition, the elution profile of DT2 was monitored at
A280 (Fig. 3). The molecular masses of the fractionated fusion
proteins were determined on the basis of the molecular masses
of the standard proteins The analysis revealed similar elution
profiles for the two proteins. DT1 eluted as a single peak with
a Ve corresponding to an apparent mass of approximately 120
kDa, and DT2 produced a major peak with a Ve corresponding
to an apparent mass of 	99 kDa and a second peak corre-
sponding to an apparent mass of 
2,000 kDa. Since 120 kDa
and 99 kDa correspond very well to twice the molecular masses
of the monomers (57 kDa and 44 kDa), this finding suggested
that under nondenaturing conditions the purified proteins mi-
grated at the positions of dimers. However, as the amount of
detergent that was still bound to the proteins was not known,
the elution profiles might also have represented monomers
with bound detergent analogous to the monomeric OmpG

porin, in which one-half of the molecular mass could be ac-
counted for by bound detergent (8). The monomer fraction
appeared as a shoulder in the elution profile and was not
resolved further (Fig. 3). The additional peak of DT2 with an
apparent molecular masses of 
2,000 kDa corresponded to a
molecular masses that was 50 times the molecular masses of
the monomer. Since specific 50-fold oligomerization is rather
unlikely, this peak presumably corresponded to unspecific ag-
gregates.

Electron microscopic analysis does not reveal ordered struc-
tures. To search for specific high-molecular-mass oligomers
having an ordered structure, purified fusion proteins DT1 and
DT2 were analyzed by electron microscopy. To do this, they
were dialyzed against ammonium bicarbonate with 0.5% Octyl-
POE and applied onto mica plates. The coal-platinum replicas
generated by rotary vaporization were evaluated on a copper grid
by electron microscopy (magnification, �38,000). Although DT1
and DT2 occasionally formed aggregates, as shown for DT2 in
Fig. 4A, ordered structures, such as the ring-shaped complexes
described by Veiga et al. (43), were never detected.

To further confirm these findings in the natural background
of the bacterial surface, the distribution of AIDA-I and of an
AIDA translocator fusion protein was also probed by immu-
nogold labeling of the AIDA translocator. For this we em-
ployed the recombinant authentic AIDA autotransporter (Fig.
4B) and the MK25 fusion protein (Fig. 4C) that exhibited an
N-terminal nine-amino-acid HA tag fused to the AIDA trans-
locator (Fig. 1). The HA tag was used to avoid potential cross-
reactivity with surface-exposed E. coli proteins. Binding of
monoclonal anti-HA antibodies in turn was detected with 5-nm
gold-labeled secondary antibodies. AIDA-I was detected with
specific polyclonal antibodies, again followed by gold-labeled
secondary antibodies. However, the gold particles were not
arranged in any order reminiscent of oligomeric or ring-shaped
regular complexes. Instead, the gold particles were evenly dis-
tributed on the bacterial surface. Oligomeric structures formed
by the AIDA translocator were not detected either in solution
or on the bacterial surface.

Coexpression of passengers of different sizes does not hinder
translocation. It was reported previously for the N. gonor-

FIG. 3. Elution profile of the AIDA translocator fusion proteins.
Purified AIDA translocator fusion proteins DT1 (57 kDa) and DT2
(49 kDa) were loaded onto a 180-ml Sephacryl S-300 high-resolution
gel filtration column. The fractions were analyzed by Western blotting
and were quantified by measuring the band intensities using the
LUMI-Analyst software. The positions of standard proteins are indi-
cated at the top. The elution of proteins was monitored by A280 (OD
280 nm), which is shown for the DT2 protein.

FIG. 4. Use of electron microscopy to visualize putative oligomeric structures. (A) Isolated DT2 protein on mica plates was coal-platinum
coated and evaluated on copper grids (magnification, �38,000). (B and C) Immunogold electron microscopy (12-nm gold particles) was used to
visualize the distribution of the authentic AIDA-I adhesin (B) and of the HA-tagged AIDA translocator (MK25 fusion protein) (C) on the bacterial
surface as described in the text. Bars � 300 nm. No ordered structures are discernible.

VOL. 73, 2005 TRANSLOCATOR OF AIDA 3855



rhoeae IgA1-protease expressed in E. coli that a larger passen-
ger (FvH�, 	30 kDa) (42) presented on the bacterial surface
to 15 to 20% supposedly inhibits access of a coexpressed
smaller passenger to the bacterial surface by blocking the pro-
posed common channel (43). To investigate the possibility that
a common channel is formed by putative AIDA translocator
oligomers, the OspG-AIDA translocator fusion protein and
the authentic AIDA-I adhesin (Fig. 1) were coexpressed in E.
coli UT5600. OspG represents a rather small passenger protein
(22 kDa), whereas the authentic AIDA-I adhesin is glycosy-
lated and has an apparent molecular mass of about 100 kDa.
Upon coexpression both passenger proteins were detected on
the bacterial surface by immunofluorescence (Fig. 5). All bac-
teria that expressed the heterologous OspG also expressed
AIDA-I (Fig. 5C). This strongly indicates that each protein is
independently translocated across the outer membrane and
that the large AIDA-I adhesin does not interfere with the
translocation of the smaller OspG.

AIDA translocator dimers can be identified by cross-linking
experiments. To preserve possible oligomeric complexes in
their native environment, the different AIDA fusion proteins
(Fig. 1) encoded by pDM1, pDT1, and pIB264 (Table 1) were
expressed in E. coli UT5600 and cross-linked on the surface of
intact bacteria by treatment with the homobifunctional amine-
reactive cross-linker dithiobis(succinimidyl-propionate) (DSP).
After cross-linking of the DM1 fusion protein on the bacterial
surface, a 130-kDa monomer and a 260-kDa dimer of DM1 could
be detected after separation by SDS-PAGE on gradient gels (5 to
11% polyacrylamide) by immunoblotting using anti-fp12 (di-
rected against the AIDA translocator) and anti-AIDA (directed
against AIDA-I) (Fig. 6). Since DSP is a thiol-cleavable reagent,

the cross-linking is reversed by 2-mercaptoethanol. To confirm
these findings, we additionally analyzed the native AIDA encoded
by pIB264 (1). The processed AIDA-I (passenger) and the AIDA
translocator were each present as monomers and in the unproc-
essed monomeric and unprocessed dimeric forms (Fig. 6). To
identify a dimeric form of the translocator, the remaining surface-
associated AIDA-I was removed by heat treatment of the intact
bacteria in PBS (60°C for 20 min) as described previously (2).
After removal of the supernatant the bacteria were again treated
with the cross-linker DSP as described above. However, the
AIDA-I protein could not be completely removed by this proce-
dure as it was still detectable with the appropriate antibody (Fig.
6). To confirm that the experimental conditions employed did not
disturb the authentic surface arrangement of the proteins and to
exclude the possibility of formation of unnatural complexes, we
performed immunoblotting analyses of the same cross-linking
samples used for the analyses of AIDA with antibodies directed
against either the monomeric OmpA (21) or the trimeric OmpF/
OmpC (9, 10, 32, 36). As expected, only the monomeric form
could be detected for OmpA, in contrast to the identification of
OmpF/OmpC monomers, dimers, and trimers (Fig. 6). This indi-
cates that the experimental conditions employed during the cross-
linking reactions were well suited for also detecting larger com-
plexes. Furthermore, these results also show that dimer formation
of the AIDA translocator detected in these experiments was not
induced by the experimental conditions or by application of the
cross-linkers. To focus on the dimerization of the AIDA translo-
cator, we cross-linked and analyzed the fusion DT1 protein that
contained the translocator and a few residual amino acids of
AIDA-I, which were not detectable by anti-AIDA antibodies.
Under in vivo conditions DT1 can be detected on the bacterial
surface as a 57-kDa monomer and also as a 114-kDa dimer. In
addition, we were interested in seeing whether by using the mem-
brane-permeable cross-linker DSP the AIDA translocator might
be cross-linked to the Omp85 protein. The detection of cross-
linked AIDA-Omp85 protein complexes would support involve-
ment of Omp85 in autotransporter-mediated outer membrane
translocation. However, Western blotting employing the specific
anti-Omp85 antiserum directed against E. coli Omp85 (obtained
from J. Tommassen, Utrecht, The Netherlands) with the same
cross-linked samples that were used in the preceding experiments
did not reveal cross-linked AIDA-Omp85 protein complexes. The
two bands indicative of E. coli Omp85 migrating at approximately
90 kDa and as partly folded protein under “seminative condi-
tions” at about 60 kDa were detected in all samples. This suggests
that AIDA and Omp85 are not closely associated in the outer
membrane. In summary, the results presented in this study dem-
onstrated that the AIDA translocator is mainly present as a
monomer, although dimeric aggregates could also be identified.
However, higher-order oligo- or multimeric complexes, such as
hexamers, could not be detected. In addition, cross-linking exper-
iments with the membrane-permeable DSP cross-linker provided
no evidence for close proximity of Omp85 to the AIDA translo-
cator.

DISCUSSION

Autotransporter proteins represent a unique and straight-
forward secretion system in gram-negative bacteria as they
appear to require no assistance by accessory proteins for pre-

FIG. 5. Coexpression of AIDA-I and OspG on the bacterial sur-
face. pIB264 encoding the authentic AIDA-I passenger (	100 kDa)
and pCB3 encoding the OspG-AIDA translocator fusion protein har-
boring the 22-kDa OspG passenger protein were transformed into E.
coli UT5600. (A) Surface expression of AIDA was detected by using
anti-AIDA antiserum and a goat anti-rabbit secondary antibody la-
beled with Cy2 (green). (B) OspG was visualized with a specific anti-
OspG antiserum raised in mice and was detected with a secondary goat
anti-mouse antibody labeled with Cy3 (red). (C and D) Merged im-
munofluorescence (C) and phase-contrast (D) micrographs. All bac-
teria expressing OspG also express AIDA-I. Bars � 10 �m.
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sentation of their respective passenger proteins on the bacte-
rial surface (12, 13, 26, 27, 31). This is in contrast to all other
known secretion systems that are made up of multiple compo-
nents. Although in recent years many new additions to the
fast-growing family of autotransporter proteins have increased
our knowledge considerably, the mechanism of translocation
across the outer membrane has not been completely eluci-
dated. It has been generally accepted that after Sec-dependent
translocation to the periplasm (11, 34, 37), the autotransporter
translocator integrates into the outer membrane. This is fol-
lowed by translocation of the passenger proteins through a
channel or pore formed by the �-barrel of the translocator
(also called the “hairpin model”) (18–20, 28, 29, 34, 35). How-
ever, a recent study reported that the prototype autotrans-
porter IgA1-protease of N. gonorrhoeae is arranged in E. coli as
a multimeric complex having a central pore that is used for the
transport of the passenger domain (43). If this oligomeric com-
plex represents a translocation pathway shared by all other
autotransporter proteins, structural similarities with other se-
cretion systems and also porins would be obvious. In addition,
a third model has been proposed by Oomen et al. (29), in
which the conserved Omp85 outer membrane protein is sug-
gested to facilitate not only integration of the autotransporter
protein into the outer membrane but also translocation of the
respective passenger domain. Therefore, in the present study
we investigated whether an authentic autotransporter of E.
coli, such as the AIDA autotransporter, might form an oligo-
meric complex in vivo or in vitro and addressed the question
whether Omp85 might be associated with AIDA. To analyze
the putative functional oligomerization of the autotransporter

translocator, we employed fusion proteins, such as DT1 and
DT2 (Fig. 1), which were designed to translocate to the outer
membrane (DT1) or to accumulate in inclusion bodies (DT2)
in addition to the native AIDA autotransporter. Both recom-
binant proteins were additionally tagged with His6 to facilitate
isolation and purification via IMAC as previous work demon-
strated that His6-tagged AIDA translocator fusion proteins are
readily refolded to the native conformation (Fig. 2) (24).

To assess putative oligomerization of the translocator, ana-
lytical gel filtration was performed with the isolated and puri-
fied fusion proteins. In repeated experiments the fusion pro-
teins eluted at a maximum Ve that corresponded to 	120 kDa
for DT1 and 	99 kDa for DT2, indicating that the purified
proteins migrated at the positions of dimers under nondena-
turing conditions (Fig. 3). However, as the outer membrane
proteins DT1 and DT2 were treated with detergent during the
isolation and purification steps, the increase in molecular mass
might also be attributed to bound residual detergent. In the
case of the monomeric porin OmpG bound detergent mole-
cules were also found to be responsible for the remarkable
increase in molecular mass detected by gel filtration (8). Con-
sidering this possibility, the results of the gel filtration experi-
ments can also be explained by the presence of an AIDA
monomer with bound detergent molecules. This would also be
in accordance with the heterogeneous aggregates of DT2 oc-
casionally detected by electron microscopy (Fig. 4A).

To further investigate the possibility that the AIDA trans-
locator might form organized multimeric structures larger than
dimers, we investigated the refolded DT1 and DT2 proteins by
electron microscopy employing the replica technique. How-

FIG. 6. Cross-linking experiments for detection of dimerization of N-terminal AIDA fusion proteins. E. coli UT5600 cells carrying pDM1,
coding for unprocessed autotransporter adhesin heptosyltransferase-modified whole AIDA (�-domain and translocator), pIB264, coding for
processed and modified whole AIDA, and pDT1, coding for the AIDA translocator fusion protein DT1, were incubated with the cross-linker DSP.
To release AIDA-I (�-domain) the bacteria were incubated at 60°C for 20 min and washed thoroughly prior to addition of the cross-linker. 2-ME,
2-mercaptoethanol.
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ever, no regular structures (ring shaped or otherwise) were
detected. Also, by employing immunogold labeling techniques
both for authentic AIDA-I and for the HA-tagged AIDA in
vivo, translocator oligomeric AIDA translocator complexes
could not be identified (Fig. 4B and C).

It was reported previously for the IgA1-protease autotrans-
porter expressed in E. coli that a small passenger protein could
not be detected on the bacterial surface when the protein was
coexpressed with a comparably large passenger protein (43),
such as the FvH� protein. The results of this coexpression
study were interpreted as being due to inhibition of the trans-
location process due to steric hindrance in a putative shared
channel. However, whether the surface expression of the larger
FvH� protein was also affected or whether indeed heterooli-
gomers formed was not addressed. To investigate the putative
inhibition of the proposed cotranslocation for the authentic E.
coli AIDA-I autotransporter, the 22-kDa OspG protein of Borre-
lia burgdorferi was fused to the AIDA translocator and co-
expressed with the authentic 	100-kDa AIDA-I adhesin protein
as a passenger protein. The assumption was that if both proteins
were using the same translocation channel, the larger protein
might be able to block the translocation of the smaller protein. As
shown by immunofluorescence, both passenger proteins were ex-
pressed on the bacterial surface. However, we observed that in
any given culture of recombinant E. coli harboring the expression
plasmid for the heterologous OspG protein derived from B. burg-
dorferi, not all individual bacteria expressed OspG. Nevertheless,
all bacteria that showed surface expression of the heterologous
OspG protein also expressed AIDA-I (Fig. 5C). This indicates
that translocation of a small passenger protein is not affected by
coexpression of a rather large passenger protein. Therefore, this
finding strongly argues for independent translocation. Indeed,
coordinated translocation of six passengers through a common
pore as required by the “hexamer model” is difficult to envisage.
Furthermore, hydrophilic passenger proteins would have to face a
rather hydrophobic environment in the common channel as the
“outside” or membrane surfaces of the individual �-barrels would
constitute the inner surface of the common hexameric pore.

In order to preserve potential AIDA translocator oligomers
in their native environment, fusion proteins encoded by pDM1,
pDT1, and pIB264 were each expressed in E. coli UT5600 and
subjected to cross-linking with the homobifunctional cross-
linker DSP. The cross-linked proteins were evaluated by gra-
dient SDS-PAGE and analyzed by immunoblotting with anti-
bodies specific for the AIDA-I passenger and for the AIDA
translocator. As shown in Fig. 6, in all AIDA fusion proteins
investigated by cross-linking in addition to the monomers the
corresponding dimers were identified, but no larger oligomers
were identified. This was also true for the isolated refolded
proteins. As oligomer formation might be influenced by the
experimental conditions employed, we assessed the integrity of
the bacterial surface by using the same cross-linking experi-
ments to analyze potential oligomer or multimer formation by
the monomeric OmpA proein (21) or the trimeric OmpF/
OmpC protein (8, 10, 32, 36). As expected, only OmpA mono-
mers were detected with anti-OmpA antibodies, whereas
monomers, dimers, and trimers were found by immunoblotting
with anti-OmpF/OmpC (Fig. 6). This shows that under native
conditions the AIDA autotransporter is preferentially expressed
on the bacterial surface as a monomer, is also able to form dimers,

and does not form larger oligomers. The ability of the AIDA
translocator to form dimers in vivo is also supported by the sur-
face presentation of functional bovine adrenodoxin and of sorbi-
tol dehydrogenase, enzymes that are active only as dimers
(15–17).

Previously, we showed by black-lipid bilayer experiments
with purified and refolded AIDA translocator fusion proteins
that the AIDA translocator has no ion channel activity (24).
This suggested that usually the channel might be occupied by
an N-terminal �-barrel-spanning segment of the translocator.
Furthermore, we found that deletions in a hydrophilic segment
directly N terminal of the putative �-barrel-spanning segment
of the AIDA translocator are not viable (22), which indicated
that the �-barrel-spanning segment is essential. The “hairpin
model” has received convincing support from the recent elu-
cidation of the crystal structure of the N. meningitidis NalP
translocator, which clearly demonstrated that there is a barrel-
spanning helical segment in the �-barrel formed by the trans-
locator (29). A recently published study of the atypical Hae-
mophilus influenzae Hia autotransporter revealed a trimeric
complex of the short translocator resulting in the formation of
one �-barrel (40). However, as no structures with higher oli-
gomerization could be identified by SDS-PAGE, native gel
electrophoresis, or cross-linking experiments, these findings
also argue that the proposed “hexamer model” is not transfer-
able to other autotransporters.

In summary, this study clearly shows that the E. coli AIDA
autotransporter proteins are present as monomers or dimers
on the bacterial surface. Whereas dimers are formed by all
AIDA fusion proteins investigated here, multimeric ordered
structures, such as the hexameric ring-shaped oligomers that
have been proposed for the IgA1-protease �-domain in E. coli,
were not detected. Therefore, translocation of passenger pro-
teins does not occur via a pore consisting of a putative ring-
shaped hexameric AIDA translocator oligomer. Dimerization
in the case of the AIDA translocator could potentially facili-
tate the translocation of the passenger domain into the extra-
cellular environment but might also contribute to the stability
of the �-domain and/or the translocator of AIDA. Although
the cross-linking experiments in this study did not demonstrate
a close association of Omp85 with the AIDA translocator, the
question whether Omp85 might be involved in autotransporter
folding has to await further investigations.
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