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Gram-negative bacteria use the sophisticated type Il secretion
system (T2SS) to secrete a large number of exoproteins into the
extracellular environment. Five proteins of the T2SS, the pseu-
dopilins GspG-H-I-J-K, are proposed to assemble into a pseudo-
pilus involved in the extrusion of the substrate through the outer
membrane channel. Recent structural data have suggested that
the three pseudopilins GsplI-J-K are organized in a trimeric com-
plex located at the tip of the GspG-containing pseudopilus. In
the present work we combined two biochemical techniques to
investigate the protein-protein interaction network between the
five Pseudomonas aeruginosa Xcp pseudopilins. The soluble
domains of XcpT-U-V-W-X (respectively homologous to GspG-
H-I-J-K) were purified, and the interactions were tested by sur-
face plasmon resonance and affinity co-purification in all possi-
ble combinations. We found an XcpV;-Wy-Xy complex, which
demonstrates that the crystallized trimeric complex also exists
in the P. aeruginosa T2SS. Interestingly, our systematic ap-
proach revealed an additional and yet uncharacterized interac-
tion between XcpUy and XcpW). This observation suggested
the existence of a quaternary, rather than ternary, complex
(XcpUy-Vi-Wi-Xy) at the tip of the pseudopilus. The assembly
of this quaternary complex was further demonstrated by co-pu-
rification using affinity chromatography. Moreover, by testing
various combinations of pseudopilins by surface plasmon reso-
nance and affinity chromatography, we were able to dissect the
different possible successive steps occurring during the forma-
tion of the quaternary complex. We propose a model in which
XcpV; is the nucleator that first binds XcpXy and XcpW at
different sites. Then the ternary complex recruits XcpUy
through a direct interaction with XcpW/.

The extracellular secretion of proteins by Gram-negative
bacteria requires specialized secretion machineries to allow
the selective passage through the normally impermeable
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envelope constituted by the cytoplasmic or inner membrane,
the periplasm and the outer membrane (OM).? In type I secre-
tion systems (T2SSs), exoproteins precursors are first translo-
cated across the inner membrane via either the general export
pathway (Sec) or the twin arginine translocation pathway (Tat)
and then taken in charge by the secreton for OM translocation
(1, 2). The secreton is a multiprotein complex involving at least
12 different proteins called XcpA, XcpP-—Z,,> in our model
organism, the Gram-negative bacterium, Pseudomonas aerugi-
nosa (for review see Ref. 3). In the current model for the assem-
bly of the Xcp secreton, three subcomplexes are defined: the
inner membrane platform (XcpRiS;Y;Z,,), required for pro-
viding energy to the secretion process; the OM secretin XcpQp,
forming a pore in the OM through which the substrate is secret-
ed; and a third subcomplex called the pseudopilus by homology
with the type IV pilus (T4P). Type 4 pili are long fimbrial struc-
tures present at the cell surface of various Gram-negative bac-
teria (4, 5). They are formed in the periplasm by the polymeri-
zation of the major pilin subunit. In P. aeruginosa, five Xcp
proteins (XcpT g to XcpXy) are, like type IV pilins, processed by
the specific prepilin peptidase XcpAo/PilD (6, 7) and have
therefore been named pseudopilins. XcpT is the most abun-
dant and was therefore called the major pseudopilin (8), in con-
trast to XcpUy, Vy, W), and X, which were named minor pseu-
dopilins. XcpAo/PilD cleaves a short leader peptide located at
the extreme N terminus of the pilin/pseudopilin and preceding
a highly conserved hydrophobic domain. This domain is fol-
lowed by a less conserved C-terminal soluble domain.

In contrast to T4P, very little is known about the structural
organization of the pseudopilus involved in type II secretion
because such a structure could not be detected under physio-
logical conditions. Recent works have shown that the major
pseudopilin XcpTg is able, upon overproduction, to form an
abnormally long pseudopilus also called hyperpseudopilus
(HPP) protruding at the cell surface (9-11). This observation
reveals that major pseudopilins such as XcpTg have the ability
to pack into an helical complex similar to the type IV pilus.

2The abbreviations used are: OM, outer membrane; T2SS, type Il secretion
system; HPP, hyperpseudopilus; RM, reaction mixture; T4P, type 4 pilus.

3 Because a different nomenclature is used for non-Pseudomonas T2SS, the
alternative gene or protein nomenclature will also be indicated, for exam-
ple in XcpTg the “G” will refer to GspG, which will reciprocally be called
GspGr.
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According to this observation, the crystallographic structure of
the major type II secretion pseudopilin PulG.. shows an overall
fold similar to the major type IV pilin monomer (12). It is a
four-stranded anti-parallel B-sheet that forms a buried hydro-
phobic core with the N-terminal hydrophobic a-helix to create
an af-roll (see Ref. 13 for review).

The structures of the four T2SS minor pseudopilins from
Escherichia coli and various Vibrio species have recently been
solved (14—17). Even though each pseudopilin displays specific
motifs, they all show the typical af-fold, suggesting that they
may physically be incorporated into the pseudopilus.

All of the pseudopilins are essential for secretion, but except
for XcpTg, none of them is able to form an HPP upon overpro-
duction (18). Alternatively, specific functions have been con-
sidered for minor pseudopilins, such as a role for XcpV, in HPP
initiation and for XcpXy in the control of HPP length (9, 18).
Altogether these data suggest important accessory functions
for the minor pseudopilins in the pseudopilus formation.

Several interactions between full-length pseudopilins have
been previously detected by various biochemical and genetic
approaches (8, 11, 18 -21). Interestingly, interactions between
the soluble domains were also detected, indicating that con-
tacts between the pseudopilins are not restricted to the N-ter-
minal hydrophobic domain which form the helical backbone as
shown with the type IV pilus. The recent co-crystallization of
E. coli Gspl,,-J\-K-soluble domains in a ternary complex con-
firms the capacity of these domains to directly interact (17).

In the present work we extended the study of the interaction
network between the five pseudopilin-soluble domains using
the P. aeruginosa Xcp T2SS as model system. By performing a
combination of protein-protein interaction experiments, we
brought more understanding into the sequential assembly of
the four minor pseudopilins XcpU,-V-W;-X.. We showed
that these proteins could form a yet uncharacterized quater-
nary complex possibly present at the tip of the XcpT g pseudo-
pilus. Moreover, our data converge toward the suggestion of a
central role of XcpV; in the formation of the quaternary com-
plex and subsequently for pseudopilus formation.

EXPERIMENTAL PROCEDURES

Nomenclature for Soluble Domains of Xcp Pseudopilins Pro-
duced and Used in This Study—All of the pseudopilin variants
used in this study are deleted for their N-terminal hydrophobic
domains; they are called pseudopilin-soluble domains. Then
either histidine-tagged ("*N) or nontagged (N) soluble domains
of pseudopilins were used in this study, where “N” designates
any pseudopilins and “"*” designates the N-terminal six-histi-
dine tag.

Cloning, Expression, and Purification of Untagged Soluble
Domains of the Five Xcp Pseudopilins—The classical heterolo-
gous over-expression of the non-tagged minor pseudopilins V;,
Uy, Wy and X soluble domains did not give sufficient material.
This technical problem was solved by fusing the four constructs
to thioredoxin which gives to the construction a soluble char-
acter (22). In our constructs, thioredoxin is cleaved off after
expression and the resulting proteins are soluble, stable and
produced in sufficient amount for biochemical and biophysical
characterization.
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The DNA sequence encoding non-tagged soluble domain
of XcpTg pseudopilin (Tg) (starting at the Methionine 25
relative to the prepiline peptidase cleavage site was cloned for
a periplasmic expression into the Gateway pETG-22b expres-
sion vector (23) leading to plasmid pETG-22b-T (supplemen-
tal Table S1); a His, tag encoding DNA and the sequence
encoding for a TEV protease cleavage site were inserted in
frame between the attB1 and the sequence encoding T . Prim-
ers (T5-Forward and T-Reverse) used for amplification are
shown in supplemental Table S2.

The DNA sequence encoding nontagged soluble domains of
XcpU, V, W, and X pseudopilins, respectively called V,, Uy, W,
and Xy and corresponding to the residues serine 22 for Vi,
serine 23 for Uy, arginine 22 for W), and arginine 23 for X
relative to the prepiline peptidase cleavage site were cloned
for cytoplasmic expression into the pETG-20A expression vec-
tor leading to plasmids pETG-20A-Uy, pETG-20A-V, pETG-
20A-W;, and pETG-20A-X; (supplemental Table S1). The
resulting constructions thus contain a N-terminal thioredoxin
sequence, followed by a Hisg tag, the attB1, a His, tag, and the
TEV protease cleavage site. The primers (Uy-V-W;-X-For-
ward and -Reverse) used for amplification of soluble domains of
following pseudopilins are presented in supplemental Table S2.

E. coli BL21 (DE3) pLys-S (Invitrogen) cells were trans-
formed with pET-22b-T. Precultures grown on Luria Broth at
37 °C were used to start the culture (A4,, = 0.4) at 37 °C in
auto-inductor ZYP-5052 medium (BNL; rich medium contain-
ing yeast extract, tryptone, phosphate-buffer, 0.05% glucose,
0.5% glycerol, and 0.2% lactose). At Ay, = 0.8, the temperature
was decreased to 30 °C, and the cells were cultivated for 18 h.
Ampicillin (100 ug/ml) and chloramphenicol (35 ug/ml) were
present continuously during expression. The periplasmic purifica-
tion of T, in line with the procedure described in Ref. 18, started
with an osmotic shock followed by dialysis against 50 mm phos-
phate buffer, 150 mm NaCl, pH 8, overnight at 4 °C. The resulting
fraction goes through the chromatographic steps as specified
below for the other pseudopilins.

E. coli BL21 (DE3) pLys-S cells were transformed with
pETG-20A-Uy;, pETG-20A-V|, pETG-20A-W,, and pETG-
20A-X. Precultures grown on Luria Broth at 37 °C were used
to inoculate large cultures in ZYP-5052 auto-inductor medium.
In the case of V, the culture was carried on at 30 °C for 24 h. In
the case of Uy, Wj, and Xy, the cultures were carried on at
37 °C. At A4y, = 0.8, the temperature was decreased at 17 °C,
and the cells were allowed to grow for 24 h. The precultures and
cultures were performed in presence of ampicillin (100 pg/ml)
and chloramphenicol (35 ug/ml). The cytoplasmic purification
of Uy, Vi, Wy, and Xy started by a cell lysis step was performed
at 4 °C. The cells were resuspended in lysis buffer (50 mm Tris,
pH 8.0, 300 mm NaCl, 1 mm EDTA, 0.5 pg/ml lysozyme, phen-
ylmethylsulfonyl fluoride), submitted to three freeze-thawing
cycles, and sonicated after the addition of DNase at 20 ug/ml
and MgCl, at 20 mm. The pellet and soluble fraction were sep-
arated by centrifugation for 30 min at 16,099 X g.

Soluble fractions containing T-Uy-V-W-X o were 1)
dialyzed against 50 mm Tris, 150 mm NaCl, pH 8.0; 2) loaded
on a nickel (HisTrap™ FF crude column 1.6 X 2.5 cm (5 ml))
on AKTA Express (Amersham Biosciences) pre-equilibrated in
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50 mm Tris, 300 mm NaCl, 10 mm Imidazole, pH 8.0; 3) eluted
by washing with 50 mm Tris, 300 mm NaCl, pH 8.0, in the pres-
ence of 250 mMm imidazole; 4) desalted on HiPrep 26/10 Desalt-
ing column (Sephadex™ G-25; Amersham Biosciences); 5)
cleaved by the TEV protease 1 mg/ml (4 °C, 18 h); and 6) loaded
on a nickel column pre-equilibrated in 50 mm Tris, 300 mm
NaCl, 10 mm imidazole, pH 8.0, which selectively retard both
the TEV and the fusion protein, which are still His.-tagged. The
untagged pseudopilin was recuperated in the flow-through and
concentrated on Centricon (cut-off 3 kDa). After concentra-
tion, the pseudopilins were passed through a Sephadex G75
equilibrated in 50 mm phosphate, 150 mm NaCl, pH 7.

The final concentrations of the proteins were calculated on
the value of A,gq .., by using the following extinction co-effi-
cients found by ProtParam (T4 12,000 (mg/ml)_l; V; 11,563
(mg/ml)~%; Uy 16,177 (mg/ml)~"; W, 24,169 (mg/ml) ~'; X
34,071 (mg/ml) ). The yields were 4, 8, 8, 18, and 11 mg/liter of
T, Vi, Uy, Wy and Xy, respectively, evaluated by NanoDrop
(Thermo Scientific).

Cloning and Expression of the His .-tagged Soluble Domains of
Xcp Pseudopilins—The DNA sequence encoding His,-tagged
soluble domains of XcpTg, Uy, W), and Xy pseudopilins,
respectively called "*Tg, ™Uy, "W, and "*X and corre-
sponding to residues methionine 25 for "*T, serine 23 for
"sUyy, arginine 22 for "*W}, and arginine 23 for "X relative to
the prepiline peptidase cleavage site were generated following
the strategy used for XcpT and XcpXy described in Ref. 18,
where XcpT iy and XcpXy npy are now called "*T and
MsX ., respectively. Briefly, plasmids pET-"*U}; and pET-"*W/,
were generated as follows. The genes encoding pseudopilin-
soluble domains were PCR-amplified using primers 5'UpC1l
(BamHL;Hisg) and 3"UpC2 (HindIII) for xcpl,; and 5" WpC1l
(BamHLHis,) and 3"WpC2 (HindIll) for xcpW, The PCR
introduced a region encoding an N-terminal His, tag together
with BamHI/HindIII cloning sites. PCR products were first sub-
cloned into the pCR2.1 vector (Invitrogen) and sequenced.
BamHI/HindIII DNA fragments were then generated and sub-
cloned into pET22b (Novagen). The cloning created an
in-frame fusion of the xcp genes with the pelB region encoding
the N-terminal signal sequence and under the control of the T7
promoter of the pET22b. In this way the recombinant protein
could be produced in the periplasm. Production of the recom-
binant proteins was performed in the E. coli BL21 (DE3) strain
(Invitrogen) grown in ZYP-5052 auto-inducing medium. After
4 days of growth, His,-tagged pseudopilins were purified from
the periplasmic fraction by affinity chromatography following
the procedure previously described in (18) with an additional
step of gel filtration on HiLoad 16/60 Superdex 75 (Pharmacia)
in buffer: 50 mm sodium phosphate, 150 mm NaCl, pH 7. The
purified proteins were concentrated using Centricon (Milli-
pore) with a cut-off size of 5 kDa. The final sample concentra-
tions were 13.1 mg/ml for "*T, 2.2 mg/ml for "*U;, 4.4 mg/ml
for MW}, and 1.4 mg/ml for "X as evaluated by the Bradford
colorimetric test.

Affinity Measurements—Steady state or kinetic analysis of
the interaction between different pseudopilins was performed
on BIAcore 1000 at 25 °C. All of the buffers were 0.2-um fil-
tered and degassed before use. We indicate with ARU the vari-
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ation of the resonance plasmon signal recorder upon addition
of aligand to the surface of the chip or addition of an analyte to
the previously immobilized protein. The CM5 (carboxymethyl-
ated dextran) sensor chip was coated with V; and Xy (pI > 8),
immobilized by amine coupling (ARU = 300-700). The immo-
bilization of the other Xcp was prevented by their low pl. A
control flow cell was activated for amine coupling and desacti-
vated, under conditions identical to the other flow cells. Solu-
tions of X, T, Uy, W), Vy, the binary mix W;-X, and the
ternary mix, W;-X,-Uy; (0.625-30 uMm in 50 mm phosphate, pH
7.0, 150 mm NaCl, 0,005% surfactant P20) were passed over the
flow cell with V; and Xy covalently bound and on the control
flow cell. Binding traces were recorded for three to six concen-
trations of analyte, in duplicate. In each cycle, 50 ul of buffer (50
mM phosphate, pH 7.2, 150 mm NacCl, 0,005% surfactant P20)
were injected first to stabilize the base line; the analyte (80-320
ul) was then injected. No binding regeneration cycle was nec-
essary because spontaneous dissociation was observed in each
binding experiment.

The chip nickel-nitrilotriacetic acid was saturated with Ni**
and regenerated with EDTA 350 mm. The buffer was 10 mm
HEPES, pH 7.4, 150 mm NaCl, 0.005% surfactant P-20, supple-
mented with 0.05 mm EDTA for the continuous flow pump and
3 mm EDTA for the sample pump. The chip was first saturated
with Ni** by washing it with 0.5 mm NiCl, (20 ul at 20 wl/min);
one of the His,-tagged pseudopilins ("*Uy,, "W/, or "X, ) was
then passed over the chip (10-50 nm, 40 ul at 20 ul/min,
ARU = 200-400), followed by the non-His,-tagged pseudopi-
lins (Uy, Tg, Wy, Xy, and V) (0.3125-5 um in 10 mm HEPES,
pH 7.4, 150 mm NaCl, 0,005% surfactant P20, 0.05 mm EDTA).
In control traces, NiCl, injection was followed by injection of
buffer (same volume as the His,-tagged protein) and by the
injection of the untagged proteins. The binding traces were
recorded for three to six concentrations of analyte, in dupli-
cate. Regeneration was achieved by washing the flow cell
with 350 mm EDTA (20 pl at 20 pl/min). We were able to
immobilize and get a stable signal for each of the His,-tagged
pseudopilin; nevertheless, in all cases but hiSUH, the veryintense
aspecific signal prevented a correct calculation of the interac-
tion sensorgrams.

The chip streptavidine was used in 50 mm phosphate buffer,
150 mm NaCl, pH 7. Washing with 1 m NaCl and 50 mm NaOH
was carried out as specified by the supplier before fixing biotin-
ylated T and W; (100 nm, 2-70 ul at 10 wl/min) at 500 — 600
ARU. Nonbiotinylated T, Uy, V}, W;, and X in 50 mm phos-
phate, 150 mm NaCl, pH 7, were passed over the flow cells
(0.625-10 um, 60 ul at 20 wl/min). The binding traces were
recorded for four to five concentrations of analyte, in duplicate.
No regeneration was necessary because spontaneous dissocia-
tion was observed. Reproducible interactions were detected
only on immobilized Wj.

The aspecific signal for the experiments reported in supple-
mental Fig. S1 was 2— 6% of the specific for V; on X, Xi on Vi,
and U, on W}, and 30—40% of the specific for W; on V}, W, on
Uy, and V; on W;. The aspecific signal for the experiments
reported in Fig. 2 was 20-30% for W-X,. on V|, and 7% for
W;-Xy-Uy; on V). Aspecific binding was subtracted from bind-
ing traces before calculation. Dissociation constants (Kj;,,) can
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be estimated with the BIA-Evaluation software either as the
ratio of the kinetic dissociation and association constants (k,/
k,,) or on the basis of the steady state levels of ARU, directly
related to the concentration of complex. Fitting of a secondary
plot of the concentration of complex at different concentra-
tions of analyte allows the estimation of Kj;,. In the present
case, k,,, and k_, were always very fast, and their estimation has
been possible only for the complex W;-Xy. Indeed, as specified
by the supplier in the case of BIAcore 1000, good estimations of
k,, and k_ can be calculated for the values in the range 10°~10°
M 'sland 107°-10"2s" 1, respectively. Out of these ranges,
the error of the estimation is very large.

T and W, have been biotinylated with Sulfo-NHS-SS-Biotin
(Pierce) following the protocol specified by the supplier, with
minor modifications. The proteins were diluted at 25 um in 50
mM phosphate buffer, 150 mm NaCl, pH 7.5, and the reactive
was added at 100 uM (molar ratio, 4:1). The reaction was let
going for 4 h onice. To eliminate the excess reactive, the protein
solutions were first filtered on NAP-5 column (GE Healthcare)
equilibrated in the same buffer as specified above and then dia-
lyzed by NOVAGEN Dialyzer Midi (cut-off, 3.5 kDa) against
two times 400 ml of the same buffer as specified above at 4 °C
overnight.

Batch Co-purification of Pseudopilin Soluble Domains—We
used as bait Hiss-tagged pseudopilin soluble domains. All of
the experiments were carried out at 4 °C. In reaction mixture
1 (RM1), M*N (where “N” designates any pseudopilins) was
incubated in 1 ml of equilibration buffer (50 mm Tris-HCI,
pH 8, 300 mm NaCl, 10 mMm imidazole) with 200 ul of 5%
nickel-nitrilotriacetic acid magnetic bead solution (Qiagen)
pre-equilibrated in equilibration buffer. In reaction mixture
2 (RM2), the untagged pseudopilin partners were incubated
in 1 ml of equilibration buffer. Both RM1 and RM2 were
placed on a rotary shaker and gently mixed for 1 h. RM1 was
placed on a magnet for 1 min to catch the magnetic beads.
The flow-through was discarded, and the magnetic beads
were rinsed twice with 500 ul of equilibration buffer includ-
ing for each wash 1 min of mixing on the rotary shaker and 1
min of catch on the magnet. Then RM2 was mixed with the
hiN-coated magnetic beads issued from RM1 and gently
mixed on the rotary shaker for 1 h. After 1 min catch on the
magnet, the flow-through was discarded, and the magnetic
beads were washed with 500 ul of wash buffer (50 mm Tris-
HCI, pH8, 300 mm NaCl, 20 mm imidazole) six times, includ-
ing for each wash 1 min of mixing on the rotary shaker and 1
min of catch on the magnet. Proteins specifically bound to
the magnetic beads were then eluted with 100 ul of elution
buffer (50 mm Tris-HCI, pH 8, 300 mMm NaCl, 500 mm imida-
zole) two times, including for each elution 1 min of mixing
on the rotary shaker, a spin at 8734 X g to pellet the beads,
and 1 min of catch on the magnet. To analyze each fraction,
18 ul of protein samples were mixed with 6 ul of 4X concen-
trated SDS loading buffer. The 24-ul samples were boiled for
10 min and then loaded and run on a 15% SDS-PAGE gel as
described in Ref. 18. After electrophoresis, the gels were
stained with Coomassie Blue. For each co-purification
experiment, the following amount of pseudopilins has been
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used: T (137 ug), Uy (71 pg), "W, (259 pg), T (116
rg), Uy (95 ug), Vi (49 pg), W; (150 pg), and Xy (119 pg).

Quantification of Bands from Polyacrylamide Gels—Coo-
massie Blue-stained gels were scanned. The digitalized gels
were then analyzed with the free software “Image] for Mac” (24)
to quantify and compare the intensity of the protein bands.

Native-PAGE and Two-dimensional SDS-PAGE—The eluted
complex presented in Fig. 3C (panel 1, lane E) has been electro-
phoresed on a Native 8 -16% Tris-HCI PAGE (Bio-Rad) at 4 °C
in a Tris/Glycine running buffer for 1 hat 50 V and a further 2 h
at 125 V. The native-PAGE was then stained with Coomassie
Brillant Blue R-250. The entire lane containing the electro-
phoresed pseudopilin complexes was then cut off the gel,
wrapped in plastic film, and boiled in a water bath for 30 min for
complex dissociation. The lane was inserted horizontally into
the large well of a 15% SDS-PAGE, together with purified pro-
teins in other wells. After electrophoresis under denaturing
conditions, the gel was stained with Coomassie Brillant Blue
R-250.

RESULTS

Systematic Analysis for Interactions between the Five Xcp
Pseudopilin-soluble Domains—We have analyzed the inter-
action between the five Xcp pseudopilin soluble domains of
P. aeruginosa T2SS by using surface plasmon resonance
(BIAcore). Three types of immobilization were used: covalent
amine coupling to the chip CM5, affinity binding to the chips
nickel-nitrilotriacetic acid, and streptavidine. For all of the
interactions tested, the K ;. values were found in the micromo-
lar range, and for all interactions but one (see below), the asso-
ciation and dissociation rate (k,,, and k) were too fast to be
calculated, suggesting a transient association. The estimation of
the K, values was carried out by plotting the ARU value at
steady state level, directly related to the concentration of com-
plex, as a function of the concentration of analyte.

First, we investigated systematic binary interaction between
pseudopilins; primary surface plasmon resonance data are pre-
sented in supplemental Fig. S1. Each immobilized pseudopilin
has been exposed to all of the other pseudopilins, including
itself. The interaction between two given pseudopilins has been
detected twice, with one or the other partner immobilized (Fig.
1 and supplemental Fig. S1). In all of the cases but one (dis-
cussed below), the calculated K, values are slightly different
(two to four times) but in the same order of magnitude.

Binding results were recorded in the presence of immobi-
lized Uy, Vi, Wy, and Xy, whereas immobilized T did not show
any significant binding (supplemental Fig. S1). The histidine-
tagged Uy, ("*Uy,) was found to interact only with W;. The
calculated K, value is 0.72 or 2.85 uM, depending whether
hisy,, or W, was immobilized (Fig. 1 and supplemental Fig. S1).
V, interacts with W, and Xy. The K, for the couple V|-W/ is
4.6 or 1.6 um when V, or W is immobilized, respectively. The
K. value for the couple V;-Xy is 19.8 and 1.55 uM when V; or
X is immobilized, respectively. The significant discrepancy in
K value (~10-fold difference) observed with the couple
V;-Xi might be ascribed to a partial hindrance of the binding
site of V|, the smallest partner, when immobilized. It should be
noted that the orientation of the protein immobilized on chip
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FIGURE 1. Pseudopilin interaction network using surface plasmon resonance (BlAcore). A, each ligand was tested with the five analytes. The K, values
(um) for the interaction were detected. In parentheses are the chip used for each ligand and the molecular mass of each analyte. B, schemes for all positive

interactions, with the K, values indicated.

CMS5 by amine coupling and on chip streptavidine by the inter-
action streptavidine-biotine is random, because it depends on
the distribution of lysines on the protein surface. Moreover, the
immobilization itself may reduce the protein mobility and
accessibility compared with a protein freely diffusing in solu-
tion. As a result, restricted interaction at the binding site may
occur with a bigger probability when the immobilized protein is
small.

Itisimportant to note that T g interacts neither with itself nor
with any other pseudopilins and that none of the pseudopilins
forms homodimers. Moreover, it is tempting and may not be
worthless to make a relation between the transitory nature of all
the interactions detected, between domains of the pseudopi-
lins, and the ephemeral existence frequently proposed for the
type II pseudopilus.

Our systematic approach clearly identified three interactions
Uy-Wy, Vi-Wj, and V-X .. We further investigated whether the
two partners of a single pseudopilin bind at the same or at two
different sites.
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Epitope Mapping and Binary and Ternary Interaction of Xcp
Pseudopilin-soluble Domains—To determine the position of
the binding sites and further elaborate on the pseudopilin com-
plex organization, we exposed V| to several analytes (Fig. 2): W,
first, followed by a mix of W-X,. and W-X-U,,.

Ata concentration of 5 um, the binding of W;-X ;. mix to V, is
characterized by a larger amplitude compared with the binding of
W;and Xy  alone on V, (Fig. 2, A and B) and a slower and therefore
measurable k_, (3 X 10> M~ ' s7") and kg, (7 X 1072 s7'); the
affinity of the W-X mix (3 um) is slightly higher but close to that
of W; alone (4.6 um) and much higher than for X, alone (19.8 um)
(Fig. 1). The change in amplitude and binding pattern compared
with the one of W; and Xy, alone validate the formation of a com-
plex between V|, W, and X.. Because we did not find any binary
interaction between W; and Xy, independently, we propose that
W; and Xy both bind V/, but at distinct epitopes (Fig. 2C).

To further investigate the interaction network between the
pseudopilin soluble domains, we studied the binding of W-
XUy ternary mix on V; covalently bound and compared the
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FIGURE 2. Epitope mapping and binary and ternary interaction of pseudopilin soluble domains using surface plasmon resonance (BlAcore). A, W, (5
um) and binary mix W -Xy, (5 um) were passed on V, bound to a CM5 chip. B, binding pattern of X, alone (20-1.25 um) on V, bound to a CM5 chip. D, binding
pattern of binary mix W,-Xy (10-0.62 um) on V, bound to a CM5 chip. E, binding pattern of W-X,-U,, mix (10-0.31 um) on V, bound to a CM5 chip. A, B, D, and
E, we report on the y axis the variation of plasmon resonance in arbitrary unit (ARU) and the reaction time on x axis. C and F, schemes of the W,-V|-X, and
U,-W,-V,-X complexes proposed, with Ky, of the interaction and k,,, and k¢ values when calculable.

results with those found for the W;-X; mix on V. The purpose
of this study is to demonstrate the possible influence of a third
component on the binding on V. The ternary mix W,-X-Uy
binds to V; and presents a K; , value of 6.7 um, two times larger
than that of W;-X. (3 um); the amplitude also is four to five
times larger than that of W}-X, (Fig. 2, D and E). The change in
amplitude and binding pattern with the ternary mix compared
with the one obtained with binary mixes suggests the formation
of a quaternary complex. As previously proposed, the epitopes
of W and Xy on V, are distinct (Fig. 2C), and U, only binds W,
(Fig. 1). We therefore propose the existence of a quaternary
complex where V| plays a central role with X, and W;, on which
Uy, binds (Fig. 2F).

Characterization of the XcpU,-W -V -X, Pseudopilin Qua-
ternary Complex—To thoroughly provide evidence for the
assembly of the quaternary pseudopilin complex suggested
by BIAcore experiment, we performed affinity co-purifica-
tion between all the pseudopilin soluble domains. For these
experiments we used both tagged ("*N) and untagged (N)
pseudopilins. By affinity co-purification (see “Experimental
Procedures”), "W, was able to pull-down Uy, (Fig. 34, panel 1,
lane E) in a specific manner because Uy; could not bind to the
magnetic beads in the absence of "W/ (Fig. 34, panel 2, lane E),
thus confirming the U,;-W), interaction. Then X, and V| were
both co-purified with "*W/ (Fig. 3B, panel 1, lane E), confirm-
ing the existence of a ternary complex between V;, W;, and X ¢
(Fig. 3B, panel 1). Because X could not be co-purified with
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M\, in the absence of V; (Fig. 3B, panel 2, lane E), we confirm
by this approach that V| is the linker connecting W, to X, in the
ternary complex formed by W, V|, and X pseudopilin-soluble
domains. This observation validates that W, and X do not
interact directly and form a ternary complex via V.
Interestingly, U, added as a fourth partner in the affinity
purification assay was co-purified together with the ternary
complex hiS\)(/]—VI—XK (Fig. 3C, panel 1, lane E), confirming the
identification of the quaternary complex Uy-V-W;-X,.. The
integrity of the quaternary complex seems to rely on the pres-
ence of V| because the absence of V; triggered a massive loss of
Xy co-purification with MW, (Fig. 3C, panel 2, lane E). We
showed that the small amount of X, eluted in the absence of V;
(Fig. 3C, panel 2, lane E) is not bound to his\X/J and corresponds
to the nonspecific binding of X, to the column because at least
an equal amount is eluted in the absence of h‘S\X/] (supplemental
Fig. S2, C and D). We then concluded that X, associates to the
complex through V. In contrast, we observed that Uy; remains
significantly bound to "W, in absence of V; (Fig. 3C, panel 2),
which is in agreement with a direct interaction between U, and
hiS\X/I (Fig. 3A, panel I). Quantification of the bands corre-
sponding to Uy; and Xy in Fig. 3C (panels 1 and 2) shows that,
after subtracting the nonspecific binding for both proteins, X,
is completely lost in the absence of V;, whereas one-fourth of
Uy, is still significantly associated to "*W/, (supplemental Fig.
$2). Thus, Uy cansstill bind to "**W/ in the absence of V; and X,
albeit with a decreased affinity, assuming that the affinity of U,
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FIGURE 3. Batch co-purification of pseudopilin-soluble domains on affinity column. Each of the Hiss-tagged protein was mixed with different untagged
protein partners to dissect the pseudopilin quaternary complex. W,-U, interaction is shown in A; the requirements of V, for the formation of W,-V|-X, ternary
and U,-W -V -X quaternary complexes are presented in B and C, respectively; E and F demonstrate that T does not integrate the U,-W -V |-Xy quaternary
complex. After affinity co-purification of proteins bound to the Ni?*-NTA-magnetic beads, the collected fractions were analyzed on a 15% SDS-PAGE. After
electrophoresis, the gel was stained with Coomassie Blue. Fractions L1,L2,and L, respectively, contain the Hiss-tagged protein, the untagged protein partners,
or both tagged and untagged proteins. Fraction FT contains the flow-through, fraction W contains the final wash, and fraction E contains the eluate. The
positions of molecular mass markers are indicated on the left side of each gel (kDa). The positions of the various pseudopilin periplasmic domains are indicated
on the right side of each gel or lane. In D, when the samples were run on a 12% SDS-PAGE for a longer time, the "*U,; and W, bands could be distinguished
(surrounded with a frame), but under these conditions, V, runs out of the gel (not shown). The presence of h'SUH and W, in the doublet band (lane E) was
confirmed by mass spectrometry. The faint band present just below "W, in the presence or not of other pseudopilins corresponds to a "W, degradation

product, as confirmed by mass spectrometry analysis.

is improved by the presence of V| and X.. We are therefore
tempted to propose that the W-V,-X; trimeric complex could
be a prerequisite for the proper integration of U,; into the com-
plex. Finally, the comparison between the two co-purification
experiments in the presence or absence of Uy, (Fig. 3, compare
panels 2 in B and C) shows that X does not interact with W,
even in presence of Uy, a result that confirms the central role
for V; in the initiation of the quaternary complex.

To further confirm the formation of the U, -W -V -Xy
quaternary complex, we tested the co-purification of "U},
together with the three other minor pseudopilin-soluble
domain (Fig. 3D). The experiment showed that "*U}, could co-
purify V;, W}, and X (Fig. 3D), confirming the formation of the
quaternary complex.
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Moreover, we clearly show that the soluble domain of XcpT
could not integrate the quaternary complex formed by the
minor pseudopilin-soluble domains. We first tested the co-pu-
rification of hiS\X/, together with T in presence or absence of the
three other minor pseudopilins. The results presented in Fig. 3E
indicate that T could not bind hiSW] even in presence of V;, Uy,
and Xy. In addition, when using "*T, as bait, none of the minor
pseudopilins could be co-purified (Fig. 3F). Altogether, the data
presented in Fig. 3 (E and F) indicate that the T-soluble domain
does not interact with any component of the minor pseudopilin
quaternary complex either alone or in complex.

Direct Evidence of the Existence of the Quaternary Complex
Xcp" WU, -V X—Using affinity co-purification we have
clearly shown that the periplasmic domains of the four minor
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FIGURE 4. Direct evidence of the quaternary complex Xcp "W -U,;-V,-X,.. A, native 8—16% Tris-HCl PAGE
(Bio-Rad) showing the migration of a native low molecular mass marker (lane 1) and the quaternary complex
eluted from the co-purification presented in Fig. 3C (panel 1, lane E). The position of the two major, “a” and “b”
native complexes are indicated. B, second dimension: 15% SDS-PAGE showing the composition of the complex
isolated from the Native-PAGE. Lane 1 contains the entire lane 2 from A that has been cut off, boiled, and placed
horizontally in the slot (see “Experimental Procedures”). Lanes 2-5 contain purified hisW, U, V,, and X, respec-
tively. The positions of the pseudopilins periplasmic domains are indicated on the right and reveal the presence
of four of them in the quaternary complex (a) and of Xcp"*W ;and XcpUy, in the binary complex (b). Denaturated

low molecular mass markers are shown on the left of the gel.

Xcp pseudopilins interact together, which proves indirectly the
existence of the quaternary complex W;-Uy-V,-Xy. To show
the physical existence of this quaternary complex, we have sub-
jected the previously eluted complex (Fig. 3C, panel 1, lane E) to
native-PAGE. The migration of the eluted quaternary com-
plex on the native-PAGE is presented in Fig. 44 (lane 2).
Interestingly, the complex dissociates in two major bands, a
upper band (Fig. 44, a) migrating right below the 242-kDa
native marker and a lower band (Fig. 44, b) migrating below
the 66-kDa native marker. To analyze the composition of the
two bands, the entire lane 2 of the native PAGE has been cut
off, boiled, and run on a SDS-PAGE (see “Experimental Pro-
cedures”). The results, presented in Fig. 4B, show that the
upper band (a) is composed of the four minor pseudopilins,
thus revealing their association in a quaternary complex,
whereas the lower band (b) is composed of the already iden-
tified "*W,/Uy; pseudopilin binary complex (Fig. 34, lane E).
We think that the lower band is composed of the excess of
the tagged protein ("*W,), and the upper band is probably
the true stoichiometric quaternary complex.

DISCUSSION

By using a combination of protein-protein interaction
approaches, we have investigated the interaction network
between the soluble domains of the five pseudopilins involved
in the P. aeruginosa T2SS. The T2SS piston model previously
proposed (25) suggests that the secretion process requires the
assembly of a pseudopilus, which pushes the exoprotein out of
the cell and through the OM secretin.
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ing the pseudopilus biogenesis,
the assembly of these complemen-
tary structures can follow two pos-
sible scenarios. In the first, the pseu-
dopilus core forms first, and the
H minor pilin complex integrates the
pseudopilus from its base, thus
stopping its elongation. Alterna-
tively, the minor pilin complex
forms first, and underneath takes
place the assembly of the pseudopi-
lus core. As a result the minor pseu-
dopilin complex will be located at
the tip and elongation may stop
because of interaction with the OM
secretin. Several arguments are in
favor of the presence of the minor
pseudopilin complex at the tip of the pseudopilus: 1) the
requirement of XcpV; to initiate pseudopilus formation (18); 2)
the interaction between XcpW, and the secretin (20); and 3) the
recent publication of the structure of a ternary complex formed
by the three pseudopilins Gsply,-J\-Ky, which has been pro-
posed to be at the tip of the pilus because no pseudopilin could
be added upward (17).

In our study, it is important to recall that we used the soluble
domains of the pseudopilins to investigate the interaction net-
work. Under those conditions all of the interactions involving
the hydrophobic domain are lost, and likely all interactions
involving the formation of the core pseudopilus will not be
identified by our approach. The observation that the soluble
domain of the major pseudopilin of the pseudopilus core,
XcpTg, does not interact with any of the other pseudopilins
including itself confirmed this assessment.

However, we could show that XcpV;, W}, and Xy do interact
and form a ternary complex as previously reported (17). It is
worth noting that our BIAcore and co-purification data clearly
showed that XcpW; and XcpXy do not interact directly but are
bridged by XcpV,, on which they bind at distinct sites. This
observation further puts forward XcpVj as a nucleator in the
formation of the pseudopilin complex and the subsequent for-
mation of the pseudopilus. This central initiating role of XcpV;
is also in agreement with previous findings indicating that
XcpV; is the only pseudopilin required for the formation of the
XcpTg HPP (9, 18).

An additional new feature that we revealed with our work is
that the tip complex might be formed by the four minor pseu-

< hiSWJ

«—V,

)
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dopilins. Indeed we clearly demonstrated that XcpU,; does
interact directly with XcpW,; and with XcpW, only. Signifi-
cantly, this interaction seems to be more efficient when Xcp W/,
is already bound onto the V;-X;c complex. If this is the case, it
means that XcpUy; is the last minor pseudopilin to enter the
complex and is thus likely to be located at its base.

If XcpUy; is located at the base of the minor pseudopilins
complex, it makes sense to suggest that XcpUy; could form
the hinge between the tip complex and the core pseudopilus
formed by XcpTg. Moreover, concerning the connection be-
tween the XcpT core pseudopilus and the XcpV-W-X tip
complex, several additional arguments are favoring a linker
position for XcpUy;: 1) As indicated, Yanez et al. (14) solved the
tridimensional structure of the GspHg-soluble domain and
suggest by docking experiments to place it at the tip of the
GspGr pseudopilus with its specific conserved crevice facing
away from the helix axis; whether GspH-specific crevice is
involved or not in the interaction with Gsp]Jy, remains an open
question. 2) Kuo et al. (19) have shown a direct interaction
between full-length GspH,, and GspG- pseudopilins.

It is worth noting that we were not able to show an interac-
tion between soluble domains of XcpU,; and XcpTg, which
suggests that if an interaction exists, as suggested above, it
should be through the hydrophobic domain. Again this is very
much in favor of the idea that once XcpUy, integrates the minor
pseudopilins complex, it will allow the further elongation of the
pseudopilus core by integrating the XcpTg pseudopilin via its
hydrophobic segment.

In the literature many more interactions have been found
between pseudopilins (19, 21), and it would be extremely diffi-
cult to reconcile in a realistic model all of these observations,
such as the formation of homo- or heterodimers between basi-
cally all of these pseudopilins. However, among all the interac-
tions reported, it cannot be excluded that some involve rather
unspecific contacts between the hydrophobic domains. In vivo,
the hydrophobic interaction network may be regulated by the
proximity of the soluble domains avoiding the addition of sub-
sequent pseudopilins by steric hindrance. From this point of
view, the characterization of the interaction network between
soluble domains has revealed a relevant and specific network in
which only some interactions are allowed, revealing thus the
sequence of assembly necessary to obtain an appropriate con-
figuration of the quaternary complex at the tip of the pseudo-
pilus. Because we showed that the XcpT ;-soluble domain dis-
plays no interaction with other pseudopilin soluble domains,
we propose that it may enter the structure through its hydro-
phobic domain. Once integrated, it will fit best with the addi-
tion of subsequent XcpT pseudopilins, which will result in
pseudopilus growth.

XcpTg may also access the minor pseudopilin complex
through interaction with the hydrophobic domain of a pseudo-
pilin other than XcpUy,. In that case the stability of the scaffold
may not be optimal, and the pseudopilus growth might be
aborted because of instability and collapse of the whole struc-
ture. It was for example suggested that direct interaction be-
tween XcpXy and XcpTg resulted in XcpT instability (18). If
this was the case, the formation of the tip complex could be a
prerequisite for the assembly of a proper pseudopilus structure,
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FIGURE 5. Interaction network among Xcp pseudopilins and model for
pseudopilus assembly. A schematic representation of the Xcp T2SS of P.
aeruginosa is proposed. The inner membrane plate form, composed of XcpSg,
Y., -Zy, -Pc, and -Rg and the outer membrane secretin XcpQp, are shown as
light gray rectangles. The minor pseudopilins, XcpUy, -V, -W,, and -X are rep-
resented by differently shaped forms (dark gray) that illustrate the comple-
mentarity of their interaction interfaces. For instance, XcpV, can interact with
both XcpW, and XcpXy, with two different interaction sites. The black asterisk
indicates that the interaction involves the periplasmic domains of the pseu-
dopilins. The major pseudopilin XcpT is shown as an oval shape (medium
gray) that can interact with itself during pseudopilus assembly, as well as with
XcpU,,. The white asterisk indicates that these interactions involve the trans-
membrane domains of the pseudopilins. We proposed the following ordered
series of events leading to the assembly of the pseudopilus: Panel I, XcpV,
enters first the inner membrane plateform and then recruits both XcpW, and
XcpX to form the pseudopilus tip complex. Panel I, XcpUy, then enters the
ternary complex XcpV-W -X via its interaction with XcpW,. Panel Ill, the tip
quaternary complex is then able to accommodate the major pseudopilin
XcpTg via a “hydrophobic” interaction with XcpU,,. Panel IV, further polymer-
ization of XcpTg pseudopilins triggers pseudopilus growth, with XcpUy, ful-
filling a core-tip hinge function between the pseudopilus core and tip.

Pseudopilus
core

which retains its functionality to propel protein secretion. This
fine tuning in pseudopilus assembly may, however, be over-
ruled when the stoichiometry is totally unbalanced by the mas-
sive overproduction of XcpT, which results in HPP assembly.
However, it is worth noting that the HPP structure is then
totally unable to support protein secretion appropriately.

In conclusion and as presented in Fig. 5, we propose that
XcpV is the central component and initiator of pseudopilus
formation. Although it does not directly interact with the
XcpTg core component, it is central to the ordered assembly of
a complex, which will be located at the tip of pseudopilus. The
assembly of the complex is sequentially monitored by interac-
tions between their soluble domains, which give high specificity
and do not allow alternative sequence in the assembly process
of a quaternary complex (heterotetramer). Once the complex is
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formed, the last component that is integrated, XcpUy,, will
allow its hydrophobic domain to interact with the XcpTg
hydrophobic domain. Subsequent interaction could only result
in pseudopilus growth through XcpTg multimerization. The
elongation of the pseudopilus might be arrested by contact of
the tip complex with the secretin. At this level, the extrusion of
the pseudopilus is prevented by the bulky domain of XcpXy,
which does not fit the interior of the secretin channel. This
arrest may in turn induce retraction of the pseudopilus. If exo-
proteins are found to locate between the tip complex and the
secretin, events of elongation/retraction should result in shots
of exoprotein release through the secretin channel, according
to the T2SS piston model earlier proposed (25).

Future work is necessary to explore the validity of the pseu-
dopilus model. Protein-protein interaction studies and struc-
tural resolution of the different components have provided cru-
cial data in developing further our understanding of this
fascinating system. Now that the question on elongation seems
to lead to a consensus agreement, the questions around the
retraction aspects should be addressed further. In particular, we
will address the suggested role of XcpXy in that process by
evaluating the role of its soluble domain both in protein secre-
tion and HPP formation.
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