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Bacteria mostly live as multicellular communities, although
they are unicellular organisms, yet the mechanisms that tie
individual bacteria together are often poorly understood. The
adhesin involved in diffuse adherence (AIDA-I) is an adhesin of
diarrheagenic Escherichia coli strains. AIDA-I also mediates
bacterial auto-aggregation and biofilm formation and thus
could be important for the organization of communities of
pathogens. Using purified protein and whole bacteria, we pro-
vide direct evidence that AIDA-I promotes auto-aggregation by
interacting with itself. Using various biophysical and biochemi-
cal techniques, we observed a conformational change in the pro-
tein during AIDA-AIDA interactions, strengthening the notion
that this is a highly specific interaction. The self-association of
AIDA-Iis of high affinity but can be modulated by sodium chlo-
ride. We observe that a bile salt, sodium deoxycholate, also pre-
vents AIDA-I oligomerization and bacterial auto-aggregation.
Thus, we propose that AIDA-I, and most likely other similar
autotransporters such as antigen 43 (Ag43) and TibA, organize
bacterial communities of pathogens through a self-recognition
mechanism that is sensitive to the environment. This could per-
mit bacteria to switch between multicellular and unicellular life-
styles to complete their infection.

Many Gram-positive and Gram-negative bacterial species,
including Escherichia coli (1), Bordetella pertussis (2), Staphy-
lococcus aureus (3), or Streptococcus pyogenes (4), possess the
ability to auto-aggregate. Auto-aggregation can be visualized
microscopically by the clumping of bacterial cells and, in some
cases, macroscopically by the settling of static cultures. It is
thought that bacterial aggregates can enhance colonization,
participate in biofilm formation, and confer resistance to host
defenses (4—7). In addition, cell-cell aggregation is a character-
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istic of many multicellular behaviors such as swarming (8).
Auto-aggregation is usually conferred by surface-exposed
adhesins like curli (9), pili/fimbriae (1, 10, 11), or autotransport-
ers (12—14). How bacteria achieve and control their multicellu-
lar lifestyle has recently become a major research area. With a
few notable exceptions (15), however, little is known on the
mechanisms of action of the molecules that promote tight asso-
ciation between identical bacterial cells. A recently described
family of E. coli outer membrane proteins called self-associat-
ing autotransporters (SAAT)* provides a desirable model sys-
tem to study these interactions (6).

SAAT are involved in adhesion to epithelial cells, biofilm
formation, and bacterial auto-aggregation (6). To date, this
family comprises three proteins: the adhesin involved in diffuse
adherence (AIDA-I) (16, 17), the auto-aggregation factor Ag43
(18, 19), and the TibA adhesin/invasin (20, 21). AIDA-I was
originally discovered in an E. coli strain isolated from a case of
infantile diarrhea (16). Since then it has been associated with a
high percentage of pathogenic strains of E. coli involved in neo-
natal and post-weaning diarrhea in piglets (22—26). Experimen-
tal infections have confirmed the importance of AIDA-I in the
pathogenesis of AIDA-expressing strains (27). Like all auto-
transporters (28), AIDA-I comprises an N-terminal signal
sequence, a large extracellular domain, and a C-terminal mem-
brane-embedded domain (see Fig. 1A4). The extracellular
domain of AIDA-I is mainly composed of imperfect repeats of a
19-amino acid sequence that is characteristic of SAAT (6).
AIDA-I is cleaved after insertion into the outer membrane (29).
The extracellular fragment mature AIDA-I and the membrane-
embedded fragment AIDAc remain strongly associated despite
cleavage (30). Mature AIDA-I can be released from the bacterial
surface by a brief heat treatment (16), which denatures mature
AIDA-I (31).

Based on observation of the aggregation of fluorescently
labeled bacteria and other evidence, it was hypothesized that
SAAT-mediated auto-aggregation is caused by direct SAAT-
SAAT interaction (17, 18, 21). But direct biochemical evidence
of this interaction is lacking. This is problematic because inter-
action of a surface adhesin from one cell with a different surface
molecule of an adjacent cell can still permit specific auto-aggre-

“The abbreviations used are: SAAT, self-associating autotransporters; AIDA-I,
adhesin involved in diffuse adherence; AUC, analytical ultracentrifugation;
BS?, bis[sulfosuccinimidyl; SPR, surface plasmon resonance; TBS, Tris-buff-
ered saline; ANOVA, analysis of variance; RU, response units.
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gation. For instance, yeast cells expressing the FLO1 adhesin
selectively auto-aggregate, yet FLO1 does not bind to itself but
rather to the cell wall of neighboring cells (32). It is therefore
important to clearly ascertain whether SAAT are truly “self-
associating” and to characterize the interaction these proteins
can engage. For instance, whether environmental cues affect
these interactions is unknown.

Here we provide a detailed characterization of the auto-ag-
gregation mediated by AIDA-I. We first confirmed that the
extracellular domain of AIDA-I mediates auto-aggregation.
Using purified protein or whole bacteria, we then directly
showed that AIDA-I interacts with itself, giving the first
unequivocal proof that AIDA-I is self-associating. Finally, and
unexpectedly, we demonstrated that AIDA-AIDA interactions
and bacterial auto-aggregation can be modulated through
induction of reversible conformational change in AIDA-I. This
suggests that SAAT allow self-recognition of a pathogenic
strain, but in a specific and highly controllable fashion, which
could be a way to quickly adapt to a new environment once in
the host.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The E. coli K-12
strain C600 (F- thr-1 leuB6 thi-1 lacY1 supE44 rfbD1 thuA21)
obtained from New England Biolabs was used in this study and
does not contain the locus coding for AIDA-I. The plasmid
pAgH has been described previously (31). The plasmid
expresses AIDA-I with a six-histidine and glycine tag (HisG) in
the N-terminal part of mature AIDA-I and Aah, the specific
glycosyltransferase of AIDA-I Bacterial cultures were grown at
30 °C on LB agar plates or in LB medium containing 100 pg/ml
of ampicillin. The expression of AIDA-I was induced overnight
when bacteria reached an ODy ,,,,, of 0.8 with 10 um of isopro-
pyl-B-p-thiogalactopyranoside, unless indicated otherwise.
This low level of induction results in the production of an
amount of AIDA-I that is slightly less than the maximal amount
produced in the wild-type strain 2787, as checked by quantita-
tive PCR and Western blotting (data not shown).

Purification of Proteins and Preparation of Cellular Lysates
and Membrane Fractions—The purification of His-tagged
AIDA-I was performed essentially as previously described (33).
Briefly, 1 liter of culture of C600 expressing glycosylated
AIDA-I, either wild-type or mutated, was grown toan OD ¢ i
of 0.8 and induced overnight with 10 um isopropyl-S-thioga-
lactopyranoside. The cells were harvested and resuspended in
40 ml of Tris-buffered saline (TBS; 50 mm Tris-HCI, pH 8, 150
mM NaCl) containing lysozyme (50 ug/ml final concentration)
and EDTA (10 mm final concentration). The cells were lysed
using a French press and an ultrasonic processor. After a low
speed centrifugation to clear cellular debris, the total lysates
were recovered. The lysates were centrifuged for 50 min in an
ultracentrifuge at 250,000 X g. The pellets containing bacterial
membranes were resuspended in TBS. For AIDA-I purification
purposes, Triton X-100 (1% final concentration) was added to
the membrane fractions, which were incubated for 1 h on ice
and centrifuged again for 50 min in an ultracentrifuge. The
supernatant, containing the HisG-tagged AIDA-I, was purified
by immobilized metal affinity chromatography using a His Trap
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HP column (Amersham Biosciences). The purity of the purified
protein was evaluated by SDS-PAGE followed by Coomassie
Blue staining and was consistently over 95%. The concentration
of the protein was measured with the BCA protein assay kit
(Pierce). The purified protein was dialyzed in TBS overnight
prior to use in all assays to eliminate all detergent. To purify
heat-extracted protein, 1 liter from overnight culture of C600
expressing pAgH was grown as above. The cells were harvested
and resuspended in 15 ml of 10 mm sodium phosphate buffer,
pH 7, and heated at 60 °C for 20 min. The cells were centrifuged
for 15 min at 16,000 X g, and the supernatant, containing the
HisG-tagged heat-extracted AIDA-I, was purified as described
before (31).

Auto-aggregation Assays—The assays were performed as
previously described (31). Overnight cultures of C600 harbor-
ing an empty vector or the plasmid pAgH were normalized in
1.5 ml of LB to an OD¢ .., 0f 1 to 1.5 and left standing at 4 °C
in deep well 96-well plates. Samples were taken at the surface
every 30 min, and the OD .., was measured. Alternatively, 20
wl of each suspension was spotted on a microscope slide and
incubated at 4 °C, and aggregates of bacteria were examined
after 3 h of incubation with a phase contrast microscope. For
the inhibition experiments, purified protein in TBS, cell lysates,
or membrane preparations were added to the wells at the start
of the assay. To study the effect of salt on autoaggregation, the
cultures were harvested and resuspended in TBS at different
NaCl or sodium deoxycholate concentrations. In dose-re-
sponse curves, the concentration required to achieve 50% inhi-
bition was obtained by nonlinear regression fitting to a sigmoi-
dal dose-response curve, using Prism 4.0 (GraphPad Software).
All other statistical comparisons (one-way and two-way
ANOVA, Student’s ¢ test) were performed using Prism 4.0.

Bead Aggregation Assays—Purified AIDA-I (0.15 mg/ml) was
incubated for 4 h at room temperature with 0.8 ug of sulfate-
modified polystyrene green fluorescent beads (average size, 1
wm; Sigma) in 500 ul of TBS. Control beads were prepared by
incubation in TBS. After incubation, the beads were centri-
fuged, washed with TBS containing 1% (w/v) bovine serum
albumin, and resuspended in 500 wl of TBS, 1% bovine serum
albumin. For sedimentation assays, the beads were diluted four
times in TBS in a final volume of 500 ul and left standing at
room temperature overnight. In some experiments 1 m NaCl or
0.1% sodium deoxycholate (final concentrations) was added.
The samples were taken at the surface at the beginning and end
of the assay, and fluorescence at 515 nm (excitation at 485 nm)
was measured with a fluorometer (Jasco Spectroscopic Co. Ltd.;
model FMO-427). The samples were taken at the bottom of
the same overnight solutions and visualized by fluorescence
microscopy with a Leica DMI4000B microscope (Meyer Instru-
ments) equipped with epifluorescence and UV excitation mod-
ules (Chroma Technology Corporation). Alternatively, the
beads were diluted five times in TBS in a final volume of 500 ul
and left standing for 6 h at room temperature before flow
cytometry acquisition and analysis using Cellquest Pro soft-
ware on a FACScalibur instrument (BD Biosciences).

Surface Plasmon Resonance—Using a Biacore 3000 instru-
ment (GE Healthcare), SPR experiments were performed
on research grade CM5 sensor chips at 25 °C using filtered
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FIGURE 1. Auto-aggregation of bacterial cells expressing AIDA-I. A, schematic representation of AIDA-l and the location of an auto-aggregation
defective mutant, 124. The white box represents the signal sequence, the light gray boxes represent the imperfect 19-amino acids repeats, and the dark
box represents the membrane-embedded fragment, AIDAc. B and C, auto-aggregation in mixes of bacteria expressing AIDA-| or 124. Overnight cultures
of bacteria expressing wild-type AIDA-I (WT) or the 124 mutant were left standing in culture tubes for 180 min. The cultures have resistance against
ampicillin (Ampi®) or against ampicillin and chloramphenicol (Ampif/CmIF), respectively. In B, the ODgy nm Values at the top of the cultures were
compared with the values at the beginning of the assay. The columns were compared with the WT control by performing a one-way ANOVA and
Dunnett’s post tests. *, statistical significance (p < 0.05); NS, not significant. In C, the colony forming units (cfu) of bacteria bearing the different
combinations of markers were evaluated, and a ratio was calculated. The ratios were compared by a Student’s t test and were found to be statistically

different. *, p < 0.05. The assays were performed three times in duplicate.

(0.2 pm) and degassed HBS-EP (10 mm Hepes, pH 7.4, 150 mMm
NaCl, 3 mm EDTA, 0.005% (v/v) Tween 20) for the immobili-
zation procedure. Immobilized AIDA-I surfaces (1000 — 6000
RU) were prepared using the Biacore amine coupling kit as
recommended; corresponding bovine serum albumin reference
surfaces were prepared in the similar manner. To assess binding
specificity, the kinetic analyses were performed in which
AIDA-I (0-1000 nm), diluted in TBS containing 2% (w/v)
bovine serum albumin, was injected over immobilized surface
at 30 pl/min using KINJECT mode (5 min of association and 8
min of dissociation). In additional trials, AIDA-I (200 nm) was
heated at 60 °C for 20 min prior to injection, or AIDA-I (150 nm)
was injected in the presence of increasing NaCl concentrations
(150, 300, and 500 mm). To assess binding affinity, equilibrium
analyses were performed in which AIDA-I was injected in a
similar manner at 10 wl/min (15 min of association and 8 min of
dissociation). Steady-state binding responses were plotted as a
function of AIDA-I concentration and then subjected to non-
linear regression analysis (GraphPad Prism software). For all
SPR assays, the surfaces were regenerated between sample
injections using 60-s pulses of 1 M NaCl at 50 ul/min. All of the
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binding data are representative of duplicate injections acquired
from at least three independent trials.

Far-UV CD and Intrinsic Fluorescence Spectroscopy—
Far-UV CD spectra of the protein were recorded on a spec-
tropolarimeter (Jasco Spectroscopic Co. Ltd.; model J-810)
using a 0.1-cm-path length cuvette. The far-UV CD spectra of
AIDA-I (125-200 pg/ml in TBS) were recorded between 200
and 260 nm. For each spectrum, five to ten accumulations were
averaged, and the contribution of buffer to the measured ellip-
ticity was subtracted. To study the effect of salts, the protein
samples was diluted in TBS with different concentrations of
NaCl or sodium deoxycholate prior to measurement. Elliptici-
ties were converted to mean residual ellipticities. Intrinsic
fluorescence was recorded in the same spectropolarimeter
equipped with a fluorescence emission monochromator (Jasco
Spectroscopic Co. Ltd.; model FMO-427). The spectra were
recorded between 300 and 400 nm after excitation at 290 nm.
Five accumulations were averaged, and the contribution of the
buffer was subtracted.

Chemical Cross-linking—Overnight cultures of C600 harbor-
ing the different plasmids were diluted 1:100 in fresh medium
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and grown to an ODg .., of 0.4, at which point the expression
of AIDA-I was induced for 3 h with 10 um isopropyl-B-thioga-
lactopyranoside. The cultures were normalized to the same
OD¢y0 nm ©f 1 and washed in phosphate-buffered saline. The
samples (25 ul) were incubated for 30 min at room temperature
with different concentrations of bis[sulfosuccinimidyl] sub-
erate (BS®; Pierce), which is a membrane-impermeable NHS-
ester reagent reacting with amino groups to form stable amide
bonds. The best reactions were found to occur at 300 um BS>.
The reaction was stopped by incubating for an additional 15
min with 50 mm Tris-HCI, pH 7.5. A similar reaction was con-
ducted with purified proteins at a concentration of 0.2 mg/ml in
1 mm Tris-HCIL, pH 8, 150 mm NaCl. The samples were diluted
in 2X SDS-PAGE loading buffer containing B-mercaptoetha-
nol and denatured by heating at 100 °C for 10 min. The samples
were then separated by SDS-PAGE at 4 °C on 7% acrylamide
gels and analyzed by immunoblotting. Immunodetection was
performed with a serum raised against heat-extracted mature
AIDA-I diluted 1:50,000 in blocking buffer (5% skim milk, 50
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FIGURE 2. Inhibition of auto-aggregation by purified AIDA-I and not by cellular extracts. A, cultures bear-
ing an empty vector (-) or expressing AIDA-I (WT) were incubated in deep well 96-wells plates with or without
total lysates (L) or membrane extracts (M) prepared from cultures harboring the empty vector or expressing
AIDA-I and left standing for 90 min. The columns were compared with the wild-type control by performing a
one-way ANOVA and Dunnett’s post tests. ¥, statistical significance (p < 0.05); NS, not significant. B, auto-
aggregation assays of cultures of bacteria expressing AIDA-I were performed with various concentrations of
purified AIDA-I present. The points were fitted by nonlinear regression to a sigmoidal dose-response. C, nor-
malized cultures of bacteria harboring an empty vector or expressing AIDA-I were incubated with or without
200 nm wild-type protein, mutated protein 124, or heat-extracted purified protein (HE). The columns were
compared with the wild-type vector control by performing a one-way ANOVA and Dunnett’s post tests. *,

mM Tris-HCl, pH 7.5, 150 mm NaCl,
0.05% Triton X-100). A goat anti-
rabbit horseradish peroxidase-con-
jugated antibody (Sigma) was used
as a secondary antibody according
to the instructions of the manufac-
turer. Immune complexes were
revealed using a 3,3',5,5'-tetra-
methylbenzidine solution for mem-
branes (Sigma).

Analytical  Ultracentrifugation—
Purified AIDA-Tin TBS was diluted
in TBS alone, in TBS containing
NaCl so as to reach a final concen-
tration of 1 M, or in TBS containing
sodium deoxycholate so as to reach
a final concentration of 0.5%. All of
the samples contained ~0.69 mg/ml
of protein, which gave an absor-
bance of ~0.7 at 280 nm. Sedimen-
tation velocity experiments were
performed on the samples using a
Beckman XL-I analytical ultracen-
trifuge. The reference and sample
sectors of a 1.2-cm-path length dou-
ble-sector ultracentrifuge cell were
filled with 400 ul of the appropriate
buffer and 390 ul of protein, respec-
tively. Sedimentation velocity runs
were performed at either 20,000 or
30,000 rpm, with absorbance scans
monitored at 280 nm in 10-min
intervals over a total spin time of
4-6 h at 20°C. Molecular mass,
buffer viscosity, density, and hydra-
tion of the protein were calculated
using the software SEDNTERP.
Molecular mass and hydration of
the protein were calculated assum-
ing 20 heptose residues/molecule. Sedimentation velocity data
were analyzed by the computer program SEDFIT (41). Sedi-
mentation profiles were obtained by fitting the absorbance data
to the continuous ¢(S) model.

Strain
Extract

NS
NS

WT  WT
HE

Strain
Protein

RESULTS

Evidence That AIDA-I Mediates Auto-aggregation via Direct
Self-interaction—As shown in previous reports (6, 17, 31), we
observed that bacteria from standing cultures of E. coli express-
ing AIDA-I form large aggregates of cells that can be observed
by phase contrast microscopy (supplemental Fig. S1). This was
not the case with bacteria bearing a control empty plasmid.
These aggregates settle at the bottom of culture tubes, which
can be easily followed with a spectrophotometer by measuring
optical density at the top of the bacterial cultures (sup-
plemental Fig. S1 and Fig. 1B).

We isolated in a previous study (33) a mutant of AIDA-I,
124, bearing an insertion of a 5-amino acid sequence at
amino acid 574 in the C-terminal region of the imperfect
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FIGURE 3. Auto-aggregation of fluorescent beads mediated by purified AIDA-I. A, solutions containing
empty fluorescent polystyrene beads (Control), AIDA-coupled beads (AIDA), and 124-coupled beads (/24) were
left standing overnight, and the samples were taken at the bottom of the tube and examined by fluorescent
microscopy. The experiments were performed with AIDA-coupled beads in the presence of 1 m NaCl or 0.1%
sodium deoxycholate (DOC). B, samples were taken on top of the solutions containing the beads at the begin-
ning of the assay (white bars) and after overnight incubation (black bars), and fluorescence at 515 nm was
measured. C, the solutions containing empty beads (black) or AIDA-coupled beads (red) solutions were left
standing at room temperature for 6 h and then analyzed by flow cytometry. All of the experiments were

extracellular domain of AIDA-I is
denatured (31). In addition, the fact
that heat-denatured AIDA-I did not
prevent auto-aggregation suggests
that the inhibition is not due to a

repeated three times; typical results are shown.

repeats of AIDA-I (Fig. 1A). As observed before, this mutant
is unable to mediate auto-aggregation (Fig. 1B). When we
mixed equal amounts of bacteria expressing wild-type
AIDA-I and bacteria expressing 124, we observed an inter-
mediate amount of settling. Furthermore, at the top of the
cultures, there were fewer bacteria expressing WT compared
with bacteria expressing 124 (Fig. 1C). Thus, AIDA-I is able
to mediate auto-aggregation preferentially between bacteria
expressing the wild-type protein and exclude the bacteria
expressing 124. This argues that AIDA-I functions by inter-
acting with itself, directly or indirectly.

We decided to exclude the possibility that AIDA-I engage
another molecule to mediate auto-aggregation using another
approach. As indicated above, strain-specific auto-aggregation of
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putative heat-resistant contaminant
in our protein preparation.

To finally prove that AIDA-I mediates auto-aggregation by
direct self-interaction, we coated fluorescent polystyrene beads
with purified protein. As shown in Fig. 34, we observed that
beads coated with wild-type AIDA-I could auto-aggregate,
whereas control empty beads or beads coated with the purified
124 mutant did not. This phenomenon could be quantified
using a sedimentation assay similar to the one used with whole
bacteria (Fig. 3B) or by flow cytometry analysis of particle fluo-
rescence and scattering (Fig. 3C). These assays clearly show
the magnitude of the aggregation mediated solely by AIDA-I,
and the 124 control ascertains that this is a specific effect. In
conclusion, taken together our results represent, to our
knowledge, the first direct proof that SAAT-mediated auto-
aggregation is due to direct self-interaction.
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FIGURE 4. In vitro evidence of AIDA-AIDA interactions. A, representative SPR for kinetic titrations of soluble AIDA-I (0-1000 nm) binding to 6,700 RU
amine-coupled AIDA-I at 30 ul/min. The dashed line indicates 200 nwm injection of heat-treated AIDA-I (60 °C for 20 min). B, representative SPR for equilibrium
titrations of soluble AIDA-I (0-1000 nm) binding to immobilized AIDA-l at 10 wl/min. The symbols represent RU at equilibrium (Req), and the lines represent
nonlinear regression analysis. The average of three independent trials yielded apparent K, constants of 36 nm (top curve, 6700 RU AIDA-I), 59 nm (middle curve,

2500 RU AIDA-I), and 52 nm (bottom curve, 1000 RU AIDA-I).

Direct Interaction of the Extracellular Domain of AIDA-I in
Vitro—To directly demonstrate that AIDA-I can associate with
itself, we used SPR. Reference and purified AIDA-I surfaces
were immobilized on an SPR chip. A series of soluble AIDA-I
concentrations were then titrated over the prepared surfaces in
tandem. Typical kinetic analyses exhibited specific, dose-de-
pendent binding of soluble AIDA-I to immobilized AIDA-I
(Fig. 4A). No detectable binding responses were observed, how-
ever, when AIDA-I was heated at 60 °C for 20 min prior to
injection. This result of heat treatment, known to denature the
mature portion of AIDA-I but not AIDAc (31), strongly sug-
gests that the binding observed by SPR involves interactions
between the mature AIDA-I extracellular fragments. To assess
binding affinity, the extremely slow off rates observed pre-
cluded fitting of the kinetic titrations to a simple 1:1 binding
model (i.e. simultaneous on and off rate determinations). Alter-
natively, equilibrium analyses were performed in which the
steady-state binding responses were plotted as a function of
AIDA-I concentration to determine the overall equilibrium
dissociation constant, K, (Fig. 4B). The apparent K, predicts
an interaction of high affinity (48 = 10 nm) and was not depen-
dent on the level of protein immobilized on the chip. The latter
confirms that the SPR signal is specific. Additional SPR exper-
iments with different chips, buffers, and conditions yielded
highly similar results (supplemental Fig. S2), strengthening the
notion that AIDA-AIDA interaction is specific. Interestingly,
the K, of the interaction is in excellent agreement with the IC,
determined in our inhibition experiment with purified AIDA-I
(34 nm; Fig. 2B). Our results therefore show that AIDA-I can
interact with itself in vitro with a high affinity and, to our knowl-
edge, constitutes the first direct observation of a SAAT-SAAT
interaction.

Observation of AIDA-I Oligomers in Vitro and in Whole
Bacteria—To characterize the oligomers made by AIDA-I, we
used analytical ultra centrifugation (AUC). The sedimentation
profile of the purified protein showed two discrete peaks (Table
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TABLE 1

Analytical ultracentrifugation of purified AIDA-I

Sedimentation velocity experiments were performed with purified wild-type or
mutant AIDA-I diluted in 50 mm Tris-HCI, pH 8, containing 150 mm NaCl, 1 m
NaCl, or 150 mm NaCl and 0.5% sodium deoxycholate. Sedimentation (c) and fric-
tional (f/f,) coefficients and molecular mass were then determined by fitting the data
from the sedimentation profiles, and the root mean square deviation (RMSD) from
the best solution is indicated.

Protein Condition o) ~ Molecular g0 prish
mass
kDa
Wild-type Peak 1 with 150 myNaCl 565+ 0.23¢ 133 =10 1.95% 0.00434
Peak 2 with 150 mm NaCl  7.27 = 036 189 + 12 1.95¢ 0.00434

1M NaCl 4375+ 0.17 124*8 177 0.00561
0.5% sodium deoxycholate 5.85 = 0.2 135 £8 1.66 0.00542
124 150 mm NaCl 513 *£025 133 £10 1.89 0.00537

“ This is an average frictional coefficient for the two species assumed to have similar
shape; if the two species are constrained to be a monomer and a dimer of AIDA-I
during the fitting, then two separate frictional coefficient can be calculated and are
1.69 for peak 1 and 2.08 for peak 2.

1 and supplemental Figs. S3 and S4). When the same experi-
ment was performed with the purified 124 mutant, we observed
that the protein was monomeric, with a sedimentation coeffi-
cient similar to the one of the wild-type monomer. This is con-
sistent with the fact that 124 does not allow auto-aggregation
and thus most likely remains monomeric. The computed
molecular masses of the first peak observed with wild-type
AIDA-I and of the peak of 24 are consistent with the predicted
molecular mass of AIDA-I. However, the computed molecular
mass of the second peak observed with wild-type AIDA-I is too
small for a dimer. There is little doubt that this second peak
comes from a dimeric species, however. The aberrant com-
puted mass could be explained if the two species have different
shapes and therefore different frictional coefficients, whereas
the fitting program uses the same coefficient for both to make
its calculations. When constraining the molecular masses of the
two species as a monomer and a dimer of AIDA-I, a solution
could be found with two different frictional coefficients (Table
1). This shows that the peaks could be interpreted as a mono-
mer and a dimer if these two species have different conforma-

JOURNAL OF BIOLOGICAL CHEMISTRY 10621


http://www.jbc.org/cgi/content/full/M109.069070/DC1
http://www.jbc.org/cgi/content/full/M109.069070/DC1

Characterizing AIDA-I Autotransporter Self-interaction

A wr 124 B wWT
MW Mw

(kDa) (kDa) |

250 *[: 250 =

150 - Rt . e

100

i o

757

bridging primary amino groups of
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BS? to cultures of bacteria express-
ing AIDA-I. By immunoblotting
with an antibody raised against
mature AIDA-I, we observed the
100- and 150-kDa bands of mature
extracellular AIDA-I and pro-pro-
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FIGURE 5. Chemical cross-linking of AIDA-I. A, cultures of bacteria expressing wild-type AIDA-I (WT) or the 124
mutant were incubated with or without 300 um BS® cross-linker for 30 min. The samples were diluted in 2X
SDS-PAGE loading buffer and immunoblotted with an antibody directed against the extracellular part of
AIDA-I. B, purified proteins (0.2 mg/mlin 1 mm Tris, pH 8, 150 mm NaCl) were cross-linked in the same condi-
tions, and the samples were treated by SDS-PAGE and immunoblotting similarly. pro., pro-protein; mat.,
mature extracellular AIDA-I.
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FIGURE 6. Modulation of AIDA-AIDA interaction and bacterial auto-aggregation. A, kinetic SPR analysis in
which purified AIDA-1 (150 nm) was injected in the presence of increasing NaCl concentration. The experiments were
performed three times. The average responses observed were normalized to the response observed at 150 mm NaCl.
The columns were compared by performing a one-way ANOVA and Dunnett’s post tests. *, statistical significance
(p < 0.05). B, overnight cultures of bacteria expressing AIDA-I (WT) or harboring an empty vector were resuspended
in 50 mm Tris-HCl pH 8 buffers at differentionic strengths and were left standing at 4 °C. The ODg, .., at the top of the
culture was measured at the end of the assay after 180 min and compared with the value at the beginning of the
assay. The assays were performed three times in duplicate, and the columns were compared by a two-way ANOVA

of mature extracellular domains of
AIDA-I. None of these oligomers
can be observed when bacteria
expressed the 124 mutant, showing
that the cross-links observed with
the wild-type protein are indeed
specific and that AIDA-I interacts
with itself in whole bacteria through
its mature AIDA-I portion. Similar
patterns of cross-linking were
observed with purified proteins in
solution (Fig. 5B) and confirm that
AIDA-I is making similar higher
order oligomers in solution. As
stated above, this would explain the
unexpected monomer:dimer ratio
observed during sedimentation in
analytical ultracentrifugation. In
summary, these results characterize
AIDA-I interactions with itself,
both in vitro and in vivo, and show
that they involve heterogeneous
oligomers.

Modulation of AIDA-AIDA Inter-
action and Bacterial Auto-aggrega-

and Bonferroni post-tests. *, statistical significance (p < 0.05); NS, not significant.

tions. More evidence confirming this hypothesis is presented
below. All of the calculated frictional coefficients indicate that
the overall shape of the AIDA-I protein is elongated. This is in
agreement with structural prediction (34) and the known struc-
tures of other extracellular domains of autotransporters, which
mainly consists of elongated B-helices (35). Overall, this exper-
iment confirms that AIDA-I is able to oligomerize in solution. It
is intriguing to see more of the monomer form of AIDA-I than
the dimer form, despite the protein concentration being far
above the K, measured by SPR. This could be explained if
dimers themselves were associating into a range of higher order
oligomers, which would be too big and heterogeneous to be
observed in this AUC experiment. Evidence for this is provided
below.

To test for direct interactions between AIDA-I molecules in
whole bacteria, we performed cell surface cross-linking exper-
iments with BS?, a membrane-impermeable NHS-ester reagent
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tion—Because ionic interactions are
often important in protein-protein
interactions, we assessed AIDA-AIDA interactions at different
NaCl concentrations. Typical SPR binding profiles showed that
AIDA-AIDA interaction is salt-sensitive, and the association
decreased dramatically with increasing NaCl concentrations
(Fig. 6A). The AUC sedimentation profile of purified AIDA-Iin
the presence of 1 M NaCl also showed that AIDA-I is a single
species (Table 1). In addition, the presence of 1 m NaCl pre-
vented the aggregation of beads coated with AIDA-I (Fig. 3, A
and B). Together, these experiments show that high salt con-
centrations disrupt AIDA-AIDA interactions. We investigated
the effect of ionic strength on the settling of cultures of bacterial
cells expressing AIDA-I by resuspending bacteria in buffers at
different NaCl concentrations (Fig. 6B). We observed a signifi-
cant decrease in the settling of bacterial cells at 300 mm NaCl
and no aggregation at 500 mm NaCl. These results correlate
well with the in vitro measurements of AIDA-AIDA interac-
tions, thereby reinforcing the notion that direct AIDA-AIDA
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FIGURE 7. Conformation change in AIDA-I. A, far-UV CD spectra of purified wild-type AIDA-l when sodium chloride was added to the buffer to yield a final
concentration of 150, 330, 660, or 1000 mm. The signal was converted to mean residual ellipticity (MRE). B, intrinsic fluorescence of purified AIDA-I after
excitation at 290 nm was recorded in the same buffers and reported in arbitrary units (a.u.). Cand D, far-UV CD spectra (C) and intrinsic fluorescence (D) of the
purified 124 mutant were obtained as in A and B, in the presence of 150 mm or 1 m NaCl.

interactions mediate auto-aggregation. As previously noted
(31), the extracellular domain of AIDA-I is extremely tightly
associated to AIDAc and did not dissociate even in the presence
of up to 2 M NaCl (data not shown). In summary, these results
suggest that electrostatic interactions are involved in the self-
association of AIDA-I in vitro and in whole bacteria.
Modulation of AIDA-AIDA Interaction Involves a Reversible
Conformation Change—As indicated above, AUC suggested
that monomeric and oligomeric AIDA-I have different confor-
mations. We performed far-UV CD spectroscopy on purified
AIDA-I at different ionic strengths to directly assess the influ-
ence of oligomerization on the conformation of AIDA-I. The
CD spectrum of AIDA-I shows a clear single minimum of ellip-
ticity at 218 nm (Fig. 7A), a characteristic of B-strands, in agree-
ment with the predicted structure of AIDA-I and our previous
observations (31, 34). Upon increase of NaCl concentration, the
CD spectrum of AIDA-I changed dramatically, with an impor-
tant decrease in ellipticity and the minimum of ellipticity shift-
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ing toward a lower wavelength. This result signals important
conformational changes. Measuring the intrinsic fluorescence
of purified AIDA-I in the presence of various concentrations of
NaCl showed that high salt concentrations also caused a dra-
matic increase in intrinsic fluorescence (Fig. 7B), another indi-
cator of conformational changes. Interestingly, 124 had the
same CD and intrinsic fluorescence spectra at low and high
NaCl concentrations, and these spectra were similar to the ones
of AIDA-I in the presence of high salt concentration (Fig. 7, C
and D). This is consistent with the fact that 124 is unable to
mediate auto-aggregation, does not form complexes by chem-
ical cross-linking, and is monomeric as seen in AUC. Taken
together, these experiments suggest that the conformational
change observed with increasing NaCl concentration corre-
sponds to a transition toward the conformation of a monomeric
protein and that the monomer and oligomers have different
conformations. The difference in frictional coefficients be-
tween the two species observed in AUC is also in agreement
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FIGURE 8. Effect of bile salt on AIDA-AIDA interaction and auto-aggregation. A, overnight cultures of bacteria expressing AIDA-I (WT) or harboring an
empty vector were resuspended in TBS with or without 0.1% sodium deoxycholate and were left standing at 4 °C. The ODgq m, at the top of the culture was
measured at the end of the assay after 180 min and compared with the value at the beginning of the assay. The assays were performed three times in duplicate,
and columns were compared by a two-way ANOVA and Bonferroni post-tests. ¥, statistical significance (p < 0.05); NS, not significant. B, far-UV CD spectrum of

purified AIDA-I was recorded in TBS without (solid line) or with (dashed line) 0.1% sodium deoxycholate (DOC).

with these results. Strikingly, regardless of the method, we
observed that these conformational changes are completely
reversible and the protein can repeatedly switch back and forth
between conformations, strengthening the notion that these
changes are very specific.

Bile Salt Can Modulate AIDA-AIDA Interaction and
Auto-aggregation—We wondered whether another physiolog-
ically relevant condition could alter AIDA-AIDA interaction
and bacterial auto-aggregation. Because AIDA-I is expressed in
diarrheagenic strains of E. coli, it is bound to encounter the bile
secreted in the intestine (36, 37). We therefore tested the effects
of sodium deoxycholate, a typical bile salt, on AIDA-I confor-
mation and oligomerization. Strikingly, we observed that bac-
teria expressing AIDA-I could not auto-aggregate when incu-
bated in the presence of sodium deoxycholate (Fig. 84). The
sedimentation of AIDA-I observed by AUC in the presence of
deoxycholate showed that it is monomeric (Table 1). The CD
spectrum of AIDA-I in these conditions (Fig. 8B) was also sim-
ilar to the one observed in monomeric AIDA-I. Lastly, aggrega-
tion of beads coated with AIDA-I was also disrupted by sodium
deoxycholate (Fig. 3, A and B). Taken together, these results
show that a physiological cue is able to prevent AIDA-AIDA
interaction as well as auto-aggregation.

DISCUSSION

The autotransporter adhesins of E. coli AIDA-I, TibA and
Ag43, have been grouped into the family of self-associating
autotransporters (6). As the name implies, preliminary evi-
dence suggested that these proteins mediate bacterial auto-ag-
gregation through self-interaction (17, 21, 38). The assumption
that a SAAT interacts with itself was never actually directly
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tested, however. In this study we bring proof that AIDA-I does
indeed interact with itself, using in vitro and in vivo approaches.
Our experiments also show that this self-interaction is directly
responsible for auto-aggregation. In particular, we observed
that purified protein could trigger auto-aggregation of beads
and compete with auto-aggregation of bacteria. In addition we
observed that high salt concentrations were able to disrupt
AIDA-AIDA interaction as well as auto-aggregation. The latter
result suggests that charged or polar residues contribute to
AIDA-AIDA interactions. A similar effect of high salt concen-
trations was observed on bacterial aggregation mediated by
Ag43 (18), consistent with the idea that the self-interaction
mechanism might be common in all SAAT. Interestingly, we
observed that AIDA-I interactions result in the formation of a
range of oligomers beyond dimers. This suggests that AIDA-
AIDA interactions involve proteins on the same bacterium as
well as proteins on adjacent bacteria. Additional experiments
suggest that this is indeed the case.”

We observed that high salt concentrations also caused a sub-
stantial change in AIDA-I conformation, suggesting that the
AIDA-I protein has significantly different conformations
depending on its oligomeric state. Large conformational
changes are also observed in the mammalian cell adhesion sur-
face proteins cadherins (39), allowing them to play their role as
fine-tuned and modulable organizers of all tissues. Their con-
formations are calcium-dependent, and the conformational
changes act as a switch modulating the engagement of cell-cell
interactions. We observed that sodium deoxycholate, a bile salt,

5 J.-P. Cété, F. Berthiaume, and M. Mourez, unpublished results.
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was able to disrupt auto-aggregation and AIDA-AIDA interac-
tion, as well as change AIDA-I conformation. Because the
osmolality of the intestine is usually high (~300 mm) and in
the range of the NaCl concentration we tested and because the
concentration of bile salt we tested is also in the physiological
range, it is tempting to speculate that AIDA-I is ideally suited to
allow bacteria to sense the intestinal environment and modu-
late cell-cell interactions. Similarly, zinc released from immune
cells was recently hypothesized to induce conformational
changes and auto-association of Staphylococcal adhesins (15).
It should also be noted that the osmolality and bile salt content
of the intestine are not constant spatially and temporally. Thus,
environmental regulation of AIDA-I self-interaction could help
bacteria to adapt to a specific niche and/or a specific time. In
this respect it is interesting to note that diarrheagenic strains
of E. coli bearing AIDA-I are most often isolated in cases of
diarrhea occurring post-weaning, a situation where the ani-
mals are stressed and undergo significant changes in intesti-
nal homeostasis.

It has been previously observed that some enteropathogenic
and enteroaggregative strains of E. coli are able to make bacte-
rial aggregates through the expression of pili or fimbriae and
that these aggregates are important for pathogenesis (11, 40).
The roles these bacterial aggregates could play are not precisely
known, but they could enhance colonization, participate in bio-
film formation, and/or confer resistance to host defenses. Addi-
tionally, auto-aggregation could be construed as a way to dis-
criminate “self” from “nonself.” This distinction could be
advantageous by ensuring that pathogens only associate with
their own kin, maximizing their infectivity by increasing their
local density as well as by optimizing their pathogenic potential
in bringing together their virulence factors. In this view,
AIDA-Iwould representa peculiarly simple and versatile exam-
ple of such a tag defining self. In the previous examples of path-
ogenic E. coli forming aggregates described above, a dedicated
protein can disperse the aggregates, and this dispersion was also
shown to be required for efficient pathogenesis (11, 40).
Although the reason why dispersion is needed is unclear, it was
hypothesized that disaggregation is required to establish new
foci of infection (11) or penetrate the mucous layer of the intes-
tinal epithelium (40). Similarly, but in a considerably simpler
and faster manner, bile salts could disperse AIDA-mediated
aggregates and allow efficient infection. In addition, SAAT, like
other autotransporters promoting auto-aggregation (13, 14),
are multifunctional proteins and can mediate adhesion to host
cells (6). Regulation of self-interaction could also act as a switch
mechanism between these multiple activities.

In conclusion, we have shown here that AIDA-I can directly
mediate auto-aggregation through self-interaction and that the
environment could potentially modulate this interaction
through specific conformation change. We thus propose that
AIDA-I and similar other autotransporters such as Ag43 and
TibA representa versatile and simple family of tunable bacterial
adhesion molecules enabling specific social behavior at an
appropriate time. Further work on this type of adhesins is war-
ranted to thoroughly test and pursue the implications of this
hypothesis.
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