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Background: The type II secretion machinery secretes large toxins across the bacterial envelope.
Results:We identified multiple interactions between secreted exoproteins and components of the machinery.
Conclusion:We propose a model for substrate recognition and transport during the secretion process.
Significance:Our data shed light on the operating mode of the type II secretion pathway and provide new potential targets for
drug development.

The type II secretion system enables Gram-negative bacteria
to secrete exoproteins into the extracellular milieu. We per-
formed biophysical and biochemical experiments to identify
systematic interactions between Pseudomonas aeruginosa Xcp
type II secretion system components and their substrates. We
observed that three Xcp components, XcpPC, the secretin
XcpQD, and the pseudopilus tip, directly and specifically inter-
act with secreted exoproteins. We established that XcpPC, in
addition to its interaction with the substrate, likely shields the
entire periplasmic portion of the secreton. It can therefore be
considered as the recruiter of the machinery. Moreover, the
direct interaction observed between the substrate and the pseu-
dopilus tip validates the piston model hypothesis, in which the
pseudopilus pushes the substrate through the secretin pore dur-
ing the secretion process. All together, our results allowed us to
propose a model of the different consecutive steps followed by
the substrate during the type II secretion process.

Gram-negative bacteria have evolved different sophisticated
secretory machines specialized for the secretion of specific cat-
egories of exoproteins (1). The type II secretion pathway is
widely used by many Gram-negative bacteria for the secretion
of major virulence factors in plants and animals (2). In this
two-step secretion process, proteins are synthesized with a
cleavable N-terminal signal sequence that enables their trans-
port across the cytoplasmic membrane by the Sec or Tat gen-
eral export machinery (3). After acquisition of their folds in the
periplasm, type II secretion-dependent proteins are specifically

recognized and loaded by a largemacromolecular machine, the
secreton, for their final release into the external milieu. The
secreton spans the entire bacterial envelope and consists of at
least 12 different Gsp proteins that are organized in three sub-
complexes depending on their cellular localizations andmutual
interactions (4).
The GspER, FS, LY, and ML proteins (see “Experimental Pro-

cedures” for nomenclature) form the inner membrane (IM)3
platform, where the GspER traffic ATPase provides energy for
the system (5–8). The second subcomplex is called the pseudo-
pilus, which is analogous to the pilus structure found in the type
IV piliation system. The pseudopilus consists of five pseudopi-
lins, all of which are subjected to maturation by the prepilin
peptidase GspOA, which is also involved in the maturation of
the type IV pilins. The pseudopilus is formed by the helical
assembly of the major pseudopilin GspGT (9), and it has a qua-
ternary complex of the four minor pseudopilins at its tip (10,
11). This structural similarity to the type IV piliation system
suggests that the pseudopilus might also assemble on the IM
platform in a pilus-like structure to push the substrate like a
piston through the third subcomplex of the secreton, the secre-
tin GspDQ (10–14).

Secretins form large, homo-multimeric pores in the outer
membrane (OM). They are components of various secretion or
assemblymachines involved in the transport of large structures
(15). Each secretin monomer has two domains: the conserved
C-terminal domain, which forms the pore in the OM, and the
N-terminal domain, which differs between transport systems
and forms an extension of the pore cavity in the periplasm. The
N-terminal domains of T2SS secretins consist of four structur-
ally independent subdomains named N0 to N3 from the N to
the C terminus. Recently, Reichow et al. (12) have reported
direct interactions between GspDQ and the substrate and
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between GspDQ and the pseudopilus. This important finding
agrees with the secretonmodel, in which the pseudopilus inter-
acts with the secretin containing the substrate to push it
through the pore. However, no evidence has been reported in
the literature for a direct interaction between the pseudopilus
and the substrate.
In different representations of the secreton, the connection

between the IM platform and the OM secretin is mediated by
GspCP. This component is inserted into the IM platform by its
N-terminal transmembrane helix and is connected to the secre-
tin by its periplasmic domain on the other side (16, 17).
T2SSs are prevalent among Gram-negative bacteria and are

highly specific for their respective substrates. In Pseudomonas
aeruginosa, twoT2SSs co-exist, Xcp andHxc, and each secretes
a specific set of substrates (18).
In contrast to other secretory machines, such as the type I,

type III, and type IV secretion systems, no secretion recognition
signals have yet been identified for type II secretion. However,
several studies have indicated the involvement of several non-
adjacent regions in substrate recognition, thus suggesting the
existence of a conformational secretion signal (19, 20).
Notably, no interactions between substrates and secreton

components other than the secretin have been reported so far.
In this work, we aimed at understanding two critical steps of the
type II secretion process, the initial substrate recognition and
its release after import inside the machinery. To do this, we set
up a systematic protein/protein interaction study between
secreted substrates and different periplasmic components of
the T2SS secreton. Themultiple interactions identifiedmade it
possible to propose amodel of substrate recruitment and trans-
port during the type II secretion process.

EXPERIMENTAL PROCEDURES

Nomenclature Used in This Study—Because a different
nomenclature is used for non-Pseudomonas and Pseudomonas
T2SSs, the alternative gene or protein nomenclature is indi-
cated throughout this study; for example, in GspER, the “R”
refers to XcpR, which is reciprocally called XcpRE. Moreover,
all of the XcpPC, XcpQD, and pseudopilin variants used in this
study are periplasm-soluble domains, lacking their membrane
domains, and are respectively called PC, QD andTG, UH, VI, and
WJ and XK for the pseudopilin variants.
Cloning, Expression, and Purification of PC, HisPC, QD-N0123,

QD-N012, and QD-N01 and the Soluble Domains of the Xcp
Pseudopilins—Cloning, expression, and purification of PC,
C-terminal His-tagged PC (hisPC), QD-N0123, QD-N012, and
QD-N01 followed the strategy used in Ref. 10 for TG, UH, VI,WJ,
and XK cloning, expression, and purification and are described
in detail in the supplemental material (Tables S1 and S2).
Exoprotein Preparation—The purified, folded, and active

P. aeruginosa elastase (LasB) and lipase (LipA) used in the surface
plasmon resonance (SPR) experiments were respectively pur-
chased from Nagase ChemteX Corp., Kyoto, Japan (lot number
6528025) and obtained from Prof. Jaeger, who purified LipA as
described in Stuer et al. (21). P. aeruginosa alkaline phosphatase
LapA was purified from the supernatants of 1l cultures of the
PAO1�xcp strain grown under phosphate starvation as described
in Ref. 18. Supernatant collected after centrifugation was concen-

trated and passed through a Sephadex G75 column equilibrated
with 50mMphosphate, 150mMNaCl, pH7. PureLapAwas recov-
ered in fractions corresponding to its molecular mass.
Biotinylation and Immobilization of PC on Streptavidin Chip—

PC was biotinylated with Sulfo-NHS-SS-Biotin (Pierce) following
the protocol specified by the supplier, with minor modifications.
The protein was diluted at 25 mM in 50 mM phosphate buffer
(Na2HPO4/NaH2PO4), 150mMNaCl, pH7.5, and the reagentwas
added at 25mM (molar ratio 1:1). The reactionwas allowed to run
for 4hon ice.To eliminate the excess reagent, the protein solution
was first filtered on an NAP-5 column (GE Healthcare) equili-
brated in the same buffer as specified above and then dialyzed by a
Novagen dialyzer midi (cutoff 3.5 kDa) against 2 times 400 ml of
the same buffer as specified above, at 4 °C overnight.
The streptavidin chip was used in 50 mM phosphate buffer,

150 mMNaCl, pH 7.Washing with 1 M NaCl and 50 mMNaOH
was carried out as specified by the supplier before fixing bioti-
nylated PC (1.25 mM, 140 �l at 10 �l/min) at 1295 � response
unit (RU). Non-biotinylated LipA, LasB, UH, VI,WJ, TG, andXK
in 50 mM phosphate, 150 mM NaCl, pH 7 were passed over the
two flow cells (10 mM, 60 �l at 10 �l/min) to test for binding.
Reproducible interaction was detected with LipA and a high
concentration of LasB in the presence of the inhibitor (1–10-
phenanthroline (10 mM)). Binding traces were recorded for 5
concentrations of LipA, in triplicate. No regeneration was nec-
essary as spontaneous dissociation of the analyte was observed.
Immobilization of Antibody Anti-penta-His—The CM5 sen-

sor chip was coated with the antibody anti-penta-His (Qiagen
catalog number 34660) following the procedure in Ref. 22 with
minor modifications. Antibody anti-penta-His 50 �g/ml in 10
mM sodium acetate, pH 4.5, was immobilized by amine cou-
pling (�RU� 7000) on Fc1 and Fc2. A solution of hisPC at 20�M

inHEPES buffer/EDTA/P20 detergent, pH 7.4, was passed over
Fc2 (final �RU � 1300). We observed that the amount of fixed
hisPC decreases slowly with time (�50% in 3–4 h). To start with
a comparable amount of bound ligand, hisPC was fixed at the
same level (�RU � 1200–1300) before each titration cycle.
Solutions of QD-N0123, QD-N012, QD-N01, TG, XK, UH, VI, WJ,
LipA, LapA, and LasB in the presence of the inhibitor (1–10-
phenanthroline 10 mM) and the quaternary complex UH-WJ-
VI-XK (20 �M in HBS-EP, pH 7.4, 0.005% P20 detergent) were
passed over the Fc2 with hisPC bound and on the control flow
cell (Fc1).
Immobilization of LasB and LapA—The CM5 (carboxym-

ethylated dextran) sensor chip was coated with LasB and LapA
(80 �g/ml in 10 mM sodium acetate, pH 4 and pH 4.5, respec-
tively, for LasB and LapA) immobilized with amine coupling
(�RU � 800 for LasB and �RU � 1500 for LapA) on Fc2. Solu-
tions of PC, QD-N0123, QD-N012, QD-N01, TG, XK, UH, VI, WJ,
and the quaternary complex UH-WJ-VI-XK (20 �M in HBS-EP,
pH 7.4, 0.005% P20) were passed over Fc2 with LasB or LapA
bound and on the control flow cell (Fc1). In the case of LasB,
reproducible signals were detected with QD-N0123, QD-N012,
QD-N01, XK, UH, VI, and the quaternary complex UH-WJ-VI-
XK; no evidence of interaction has been found with TG andWJ
under the present experimental conditions. When QD-N0123,
QD-N012, QD-N01, XK, UH, VI, and the quaternary complexUH-
WJ-VI-XK were passed over Fc2 with LapA bound, no interaction
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was found under the present experimental conditions. Nonspe-
cific binding was subtracted from the binding traces before calcu-
lation. Dissociation constants (Kd) were estimated based on the
equilibriumlevel at 300 sof injectionofLipAonPCandPConLasB
and at 175 s of injection of the other combinations.
Affinity Measurements—Steady-state analysis of the interac-

tions between soluble domains of PC, QD-N0123, QD-N012, and
QD-N01, pseudopilins (TG, UH, VI, WJ, and XK), and substrates
(LasB, LipA, and LapA) were performed on a BIAcore X100 at
25 °C. All buffers were 0.2 �m-filtered and degassed before use.

Binding traces were recorded in duplicate for increased con-
centrations of analyte. In each cycle, hisPC was injected first at
reproducible levels of�RU� 1,200–1,300, and the analyte was
then injected (40�l at 5�l/min). TenmillimolarH3PO4 (2�l at
5 �l/min) was used to regenerate the CM5-anti-penta-His sur-
face. Reproducible signals were detected with QD-N0123, LipA,

and LasB; no evidence of interactions was found with QD-N012,
QD-N01, TG, XK, UH, VI, or WJ under the stated experimental
conditions.
Nonspecific binding was subtracted from the binding traces

before calculation. Dissociation constants (Kd) were estimated
based on the equilibrium levels at 100 and 50 s of injection of
LasB and QD-N0123, respectively. In Figs. 3 and 6–8, for all
sensorgrams, the inset represents plots of equilibrium response
levels (�RU; y axis) as a function of analyte concentration (�M;
x axis), with the curve fit to a 1:1 equilibrium model for deter-
mination of KD at 50% saturation response.
Batch Co-purification (Pulldown) of hisPC and QD-N0123,

QD-N012, and QD-N01 and Quaternary Complex UH-VI-WJ-XK
Periplasmic Domains—Batch co-purification experiments
were performed as described in Ref. 10. The exact experimental
procedure is described in the supplemental material.

FIGURE 1. Schematic three-dimensional model of the P. aeruginosa Xcp secreton showing substrate recognition and transport during the type II
secretion process. A, the schematic representation of the P. aeruginosa Xcp secreton. All Xcp components (labeled following Xcp nomenclature only) are
represented according to their cellular localization, topology, and multimerization state. B–D, the different consecutive steps followed by the substrate for its
recruitment, transport, and release by the secreton during the type II secretion process (see “Discussion” for details). The interactions identified in this study are
represented by yellow asterisks.
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Mass and Stoichiometry Calculation of XcpP-XcpQ Complex—
We characterized the mass of each soluble domain of hisPC and
QD using the combination of UV spectrophotometry, MALS,
and refractometry, coupled on-line with an analytical size-ex-
clusion chromatography column, and we determined the
hydrodynamic radii using an online QELS. UV, MALS, QELS,
and refractometry measurements were achieved with a photo-
diode array 2996 (Waters), aminiDAWNTREOS (Wyatt Tech-
nology), a DynaPro (Wyatt technology), and an Optilab rEX
(Wyatt Technology), respectively. Mass and hydrodynamic
radius calculations were performed the with the ASTRA soft-
ware (Wyatt Technology) using a dn/dc value of 0.185 ml/g.
The columnusedwas a 15-mlKW-804 (Shodex)with at 0.25ml
min�1 flow, on an Alliance HPLC 2695 system (Waters). The
buffer was 50mMTris, pH 7.5, 150mMNaCl. 50�l (KW-804) of
each protein sample at 5 mg/ml in Tris 50 mM, 150 mM NaCl,
pH 7.5, were injected in each experiment. To estimate the stoi-
chiometry of the complex, PC-QD

hisPC, andQDwere copurified
using nickel affinity. Elution fractions were concentrated on
Centricon with a 30-kDa cutoff and passed through a Sephadex
75 16/60 (GEHealthcare) equilibrated in 50mMphosphate, 150
mMNaCl, pH 7. The Sephadex G75 was calibrated using the gel
filtration LMWcalibration kit (GEHealthcare). The ribonucle-
ase A (13.7 kDa), ovalbumin (43 kDa) and conalbumin (75 kDa)

were used as standard proteins to estimate the molecular mass
of the PC-QD complex.

RESULTS

XcpPC Is the Peripheral Periplasmic Element of the Secreton—
XcpPC is a central constituent of theXcpT2SS. This IMprotein
possesses a large periplasmic domain, which directly interacts
with theOM component of themachinery, the secretin XcpQD
(16, 17) (Fig. 1A). To identify secretin domains as well as other
secreton components that interact with the periplasmic part of
XcpPC, we systematically assayed in vitro interactions between
the periplasmic soluble domains of XcpPC (PC) and various
periplasmic domains of secreton components. To this end,
three variants of secretin soluble domains (QD) and the five
pseudopilin soluble domains (TG, UH, VI, WJ, and XK) were
engineered, produced, and purified in the mM range (see
“Experimental Procedures”). Then, using two complementary
techniques, affinity chromatography and SPR, we systemati-
cally tested in vitro protein/protein interactions using hisPC. As
expected, we confirmed the interaction between PC and QD
(Figs. 2 and 3,A andB).Moreover, tomore precisely identify the
QD subdomains involved in this interaction, we constructed
and tested two other truncated versions lacking N3 (QD-N012)
and the N3-N2 subdomain(s) (QD-N01), in addition to the peri-

FIGURE 2. Interaction network between the periplasmic domains of the P. aeruginosa Xcp secreton and substrates by SPR. Ligand and analytes are
indicated following the code used under “Experimental Procedures.” Positive interactions are indicated by black boxes, in which the Kd values (�M) of the
interactions are indicated. Gray boxes with dashes indicate that no interaction was detected. The schemes for all positive interactions are represented below the
table and follow the color code used in Fig. 1. Pp, pseudopilus; ND, not determined.
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XcpQD-N0123 (QD or QD-N0123). Both SPR and pulldown
experiments indicated that the N3 subdomain of QD was nec-
essary for the interaction with PC because QD-N012 lost its
capacity to bind PC (Figs. 2 and 3,C andD). This result suggests
that PC covers the whole periplasmic space; at one end, XcpPC
is anchored into the IM, and at the other end, it interacts with
N3, the closest OM secretin periplasmic subdomain (Fig. 1A)
(15). Further experiments indicate that purified PC and QD are
monomeric in solution (Fig. 4A) and form a binary complex
with a 1:1 ratio (Fig. 4, B and C). Based on recent cryo-electron
microscopy data revealing an internal diameter of the dodeca-
meric periplasmic secretin cavity of 55 Å (12), the binding of 12
PC inside the QD cavity is structurally not feasible; therefore, it
could only take place on the external face of the secretin pore.
Consequently, we propose that 12 PC subunits form a dodeca-
meric coat around the periplasmic portion of the secreton (see
model in Fig. 1A).

Interestingly, we could not detect any interactions between
PC and the pseudopilin soluble domains, either individually or
as assembled in the quaternary pseudopilus tip complex, in
either SPR or pulldown experiments (Figs. 2 and 3E). The
absence of any interaction between PC and the pseudopilus
components indicates that PC is physically separated from the
pseudopilus. This result is in agreement with the secreton
model, which presents the pseudopilus inside the secretin cav-
ity (Fig. 1A) (15).
Xcp Substrates First Interact with XcpPC—Three purified

P. aeruginosa T2SS substrates, the elastase LasB, the lipase
LipA, and the alkaline phosphatase LapA, were used in this
study (Fig. 5). LasB is themost abundant protein secreted by the
P. aeruginosa Xcp T2SS. The interaction between LasB and PC
was analyzed by SPR. LasB was covalently immobilized on a
CM5 chip, and SPR experiments revealed a specific interaction
between LasB and PC (Figs. 1B, 2, and 6A). This newly described

FIGURE 3. PC/QD interaction identified by affinity chromatography and SPR experiments. A, batch co-purification of PC and QD presented in this panel
were performed on affinity columns. hisPC and QD-N0123 were mixed (upper panel) or loaded individually (lower panels) on an SDS-PAGE gel. Fractions L, FT, W1,
W8, E1, and E2, respectively contain loaded protein, the flow-through, the washes, and the eluates. The positions of the molecular mass markers are indicated
on the left side of each gel (kDa). B, the SPR sensorgram of the positive interaction found between hisPC (bound ligand, underlined) and QD-N0123 (analyte) (see
‘Experimental Procedures‘ for details). C–E, batch co-purification experiments of hisPC and QD-N012 and hisPC and QD-N01 and hisPC and of minor pseudopilin
soluble domains UH, VI, WJ, and XK, respectively, on affinity columns.
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direct interaction between a substrate and one component of
the secreton was confirmed by the reciprocal SPR experi-
ment, in which hisPC was fixed to an anti-penta-His antibody
covalently linked to a CM5 chip. Purified LasB was passed
over hisPC and showed a significant affinity for it (Figs. 2 and
6B). The physiological relevance of such a PC/substrate
interaction during type II secretion is strengthened based on
the positive interaction between PC and a second Xcp sub-
strate, the lipase LipA (Figs. 2 and 6C). Furthermore, no
interaction could be detected between PC and the alkaline
phosphatase LapA, an exoprotein specifically secreted by the
second P. aeruginosa T2SS system, Hxc (Fig. 2). This impor-
tant result, which confirms the specificity of the interactions
between PC and Xcp T2SS substrates, also validates the phys-
iological relevance of our in vitro results. Considering that
XcpPC forms the external wall of the periplasmic portion of
the secreton, we propose that it is the first component of the
secreton to bind the substrate, and therefore, that XcpPC is
the recruiter of the system (Fig. 1B).

FIGURE 4. Purified PC and QD are monomeric in solution and interact in a 1:1 ratio. A, hisPC and QD-N0123 analyzed by MALS/QELS/UV/refractometry
experiments. The protein masses of hisPC and QD-N0123 were measured as 23,560 and 35,010 Da, respectively. These values are close to their respective
theoretical masses of 22,730 and 34,137 Da obtained by ProtParam. OD280, optical density at 280 nm. B, size-exclusion chromatography profile of the
hisPC-QD-N0123 complex on a Sephadex 75 16/60 column. The inset represents an SDS-PAGE gel of the peak fraction, showing the hisPC-QD-N0123 complex. mAU,
milliabsorbance units; V, elution volume. C, Sephadex 75 column calibration using gel filtration LMW standard proteins. The calculated mass of 55.8 kDa is in
agreement with the estimated molecular mass of the hisPC-QD-N0123 complex by Wyatt Technology of 58.6 kDa.

FIGURE 5. Analysis of purified LasB, LipA, and LapA. A, samples of purified
LasB, LipA, and LapA used in SPR experiments were analyzed by 15% SDS-
PAGE. After electrophoresis, the gel was stained with Coomassie Blue. The
positions of the molecular mass markers (kDa) are indicated by a dash. The
positions of purified LasB, LipA, and LapA are indicated by arrows. B, immu-
nodetection of purified LapA with anti-LapA antibodies.
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LasB Binds the N0N1 Secretin Subdomains—Once recruited
by XcpPC, the substrate is probably imported inside the
machinery, where it should interact with several secreton com-
ponents. One of these components is likely the partner of
XcpPC: the periplasmic soluble domain of the secretin. Using
LasB covalently linked to a CM5 chip, we employed SPR to
analyze the interactions between substrate and the four differ-
ent periplasmic subdomains of the OM secretin. We passed
QD-N0123, QD-N012, and QD-N01 over LasB and found similar
affinities for the three QD subdomains, indicating that the
LasB-interacting domain on QD belongs to the two N0N1 sub-
domains (Figs. 1C, 2, and 7). This result, together with the pre-

viously identified interaction of PC with QD through the N3
subdomain, indicates that two different interaction sites exist
onQD: one for PC and another for LasB (Fig. 1,A andC). More-
over and in line with the substrate specificity, no interaction
was detected between secretin subdomains and the Hxc-T2SS
substrate LapA (Fig. 2).
LasB Interacts with the Pseudopilus Tip—Interaction with

the secretin does not explain how the substrate could be
released by the machinery. It could be hypothesized that inter-

FIGURE 6. PC/substrate interactions identified by SPR. A–C, the SPR sensor-
grams of the positive interactions found between LasB and PC, hisPC and LasB,
and hisPC and LipA, respectively (see ‘Experimental Procedures‘ for details).
For each interaction experiment, the bound ligand is underlined.

FIGURE 7. LasB/QD interactions identified by SPR. A–C, the SPR sensor-
grams of the positive interactions found between LasB (bound ligand, under-
lined) and QD-N0123, QD-N012, and QD-N01, respectively (see ‘Experimental Pro-
cedures‘ for details).
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action with the secretin presents the substrate for expulsion by
the growing pseudopilus. Using LasB immobilized on a CM5
chip, wemeasured its affinity for the five pseudopilins, either in
a complex or individually.Our data revealed a direct interaction
between the substrate and the quaternary complex of minor
pseudopilins located at the tip of the pseudopilus (Figs. 1D, 2,
and 8). Individual interactions between pseudopilins and LasB
indicated that three of the four minor pseudopilin soluble
domains, UH, VI, andXK, interactedwith the substrate, whereas
WJ did not show any significant binding (Figs. 2 and 8).
Together with the recent SPR-identified interaction between
the pseudopilus tip and the periplasmic domain of the secretin
(12), our findings validate the piston model, in which the sub-
strate, located in the secretin vestibule, is expelled out of the cell
by the growing pseudopilus through the secretin pore.
Interestingly, no interaction was established between the

substrate and the major pseudopilin soluble domain, TG (Fig.
2), suggesting that only the tip, and not the pseudopilus body,
binds the substrate during the secretion process. This finding is
in agreementwith previous findings indicating thatmajor pseu-

dopilins could be exchanged among T2SSs without affecting
their substrate specificity (23). It is noteworthy that no binding
of any Xcp pseudopilins was observed when LapA was immo-
bilized on the chip (Fig. 2).

DISCUSSION

In the actual representation of the T2SS, the OM secretin is
linked to the IM platform via its interaction with GspCP, and
the pseudopilus acts as a piston to push the substrate out
through the secretin pore (4, 15, 24–28). This model, andmore
particularly the substrate recognition and transport mecha-
nism, was very speculative because no interactions between the
substrates and the components of the T2SS other than the
secretin have been reported. In this study, we used SPR to iden-
tify several unprecedented specific interactions between
secreted substrates and secreton components in the P. aerugi-
nosa Xcp T2SS. For all of the substrate/secreton interactions
tested, the estimated Kd values were found in the micromolar
range (Fig. 2). Suchweak interactions suggest a transient stay of
the substrate in the secreton during the secretion process.

FIGURE 8. LasB/pseudopilin interactions identified by SPR. A–D, the SPR sensorgrams of the positive interactions found between LasB (bound ligand,
underlined) and the UH-VI-WJ-XK complex, UH, VI, and XK, respectively (see “Experimental Procedures” for details).
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All together, our results allowed us to propose a sequential
model for substrate recognition and secretion by the T2SS (Fig.
1). In this model, we show that XcpPC bridges the inner and
outermembrane elements of themachinery andprobably enve-
lopes the whole periplasmic part of the secreton (Fig. 1A).
Thanks to the multiple specific interactions found between
secreted substrates and secreton components, we propose that
the exported exoproteins: (i) are initially recruited in the
periplasm by the XcpPC (Fig. 1B), (ii) move into the periplasmic
vestibule of the secretin (Fig. 1C), and (iii) are further pushed
through the pore by the pseudopilus elongating from the IM
platform (Fig. 1D). Finally, (iv) the pseudopilus retracts, allow-
ing the positioning of a new substrate in the secretin vestibule
for the next secretion cycle.
Two independent studies (16, 17) have shown that GspCP

interacts with GspDQ. Although none of these studies exclude
the involvement of the GspDQ N3 subdomain, they clearly
show that other GspDQ subdomains interact with GspCP. In
our case, QD-N012 is incapable of binding PC, whereas it is capa-
ble of binding substrates. This discrepancy could be due to sub-
tle mechanistic differences between T2SSs, reflected by the low
homology among GspCP components. On the GspCP side,
Korotkov et al. (16) and Login et al. (17) agreed that GspCP
bound GspDQ through one specific domain, the homology
region (HR) (29). Notably, the XcpPC HR is not involved in
substrate binding, according to Gerard-Vincent et al. (29), who
showed that an XcpPC variant harboring the HR of the Erwinia
chrysanthemi OutCP homolog was still able to secrete LasB
from P. aeruginosa. In the same study, it was shown that an
XcpPC variant containing the Erwinia OutCP TMHR located
just upstream of the HR was non-functional, thus suggesting
that specific substrate recognition by GspCP might implicate
the TMHR. Interestingly, the TMHR is located right after the
XcpPC transmembrane domain. We therefore suggest that
newly periplasmic exported substratesmight enter the secreton
from its periplasmic base because they successively interact
with XcpPC and N0N1 secretin subdomains located in the
vicinity of the inner membrane.
The specific direct interactions identified between folded

exoproteins and the five Xcp components provide important
information about machinery/substrate recognition. Our find-
ings indeed suggest that the secretion signal is located on the
fully active native protein and not on an intermediate state of
folding nor on a dedicated periplasmic chaperone, notably the
elastase propeptide and the lipase foldase (4). Our data also
confirm the conformational nature of the secretion signal
because there are no common linear motifs on the 13 mature
Xcp secreted proteins. Future studies will try to identify the
LasB and LipA motif(s) specifically involved in their recruit-
ment by XcpPC and subsequent interactions with the secretin
and the pseudopilus.
In our secretionmodel, stoichiometric data presented in Fig.

4 indicate that 12molecules of XcpPC surround the periplasmic
portion of the secreton through 12 PC/QD heterodimeric inter-
actions (Fig. 1A). This organization suggests that the secreton
component initially contacted by the secreted proteins is
XcpPC. We found support for this hypothesis by identifying a
direct interaction between XcpPC and two secreted proteins.

Such a function for XcpPC in substrate recruitment and sub-
strate specificity is in agreement with the low level of conserva-
tion among GspCP homologs in type II secretion machineries.

In our model, we propose that after recruitment by XcpPC,
the substrate first enters into the secretin vestibule in a position
that allows it to be subsequently pushed by the pseudopilus
growing from the IM platform. Notably, the binding of sub-
strate to the pseudopilus prior to the secretin is unlikely
because substrate has been visualized inside the secretin vesti-
bule in the absence of the pseudopilus (30).
In conclusion, we identified in this study subtle, specific, and

likely transitory interactions between T2SS-secreted exopro-
teins and the transportmachinery. Collectively, our results pro-
vide an improved understanding of two important steps of the
secretion process: substrate recognition and transport by the
machinery.Wepropose an improvedmodel of the type II secre-
tion process, opening new routes for academic investigation
and for antimicrobial targeting utilizing organic disruptors
(31).
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