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Pseudomonas aeruginosa type IV pili (T4P) are virulence factors that promote infection of cystic fibrosis and immunosup-
pressed patients. As the absence of T4P impairs colonization, they are attractive targets for the development of novel therapeu-
tics. Genes in the pilMNOPQ operon are important for both T4P assembly and a form of bacterial movement, called twitching
motility, that is required for pathogenicity. The type II membrane proteins, PilN and PilO, dimerize via their periplasmic do-
mains and anchor this complex in the inner membrane. Our earlier work showed that PilNO binds PilP, a periplasmic lipopro-
tein (S. Tammam, L. M. Sampaleanu, J. Koo, P. Sundaram, M. Ayers, P. A. Chong, J. D. Forman-Kay, L. L. Burrows, and P. L.
Howell, Mol. Microbiol. 82:1496 –1514, 2011). Here, we show that PilP interacts with the N0 segment of the outer membrane
secretin PilQ via its C-terminal domain, and that the N-terminal cytoplasmic tail of PilN binds to the actin-like protein PilM,
thereby connecting all cellular compartments via the PilMNOPQ protein interaction network. We show that PilA, the major
pilin subunit, interacts with PilNOPQ. The results allow us to propose a model whereby PilA makes extensive contacts with the
transenvelope complex, possibly to increase local concentrations of PilA monomers for polymerization. The PilNOP complex
could provide a stable anchor in the inner membrane, while the PilMNOPQ transenvelope complex facilitates transit of the pilus
through the periplasm and clamps the pilus in the cell envelope. The PilMN interaction is proposed to be responsible for com-
municating signals from the cytoplasmic to periplasmic components of this complex macromolecular machine.

Type IV pili (T4P) are surface appendages involved in many
processes, including adhesion to biotic and abiotic surfaces,

aggregation, DNA uptake, and twitching motility (1–3). T4P are
essential virulence factors that have been extensively studied in the
model organism P. aeruginosa and other bacteria. Since adhesion
and twitching motility play important roles in pathogenicity, un-
derstanding structure/function relationships involved in T4P as-
sembly is vital for the development of novel therapeutic strategies
to combat infection.

The intricacies of the T4P machinery are puzzling, and a com-
prehensive understanding of how these thin filaments are rapidly
extended and retracted while resisting mechanical forces upwards
of 100 pN (4) remains elusive. On a macromolecular scale, the
machine has a modular organization with four subcomplexes: the
cytoplasmic motor subcomplex (consisting of PilB, PilT, PilU,
PilC, and, potentially, PilD), the inner membrane alignment sub-
complex (PilM, PilN, PilO, and PilP), the outer membrane secre-
tin pore subcomplex (PilQ and PilF), and the pilus itself (PilA and
the minor pilins) (5). The dynamics of PilA (pilin) polymeriza-
tion/depolymerization rely on the action of the motor ATPases
PilB (pilus extension), PilT and PilU (pilus retraction), and the
integral membrane protein PilC, the putative platform protein.
T4P exit the cell through the secretin, which is comprised of mul-
tiple PilQ monomers (6). Assembly of the PilQ secretin requires
its cognate pilotin (a protein essential for assembly of the secretin
in the outer membrane), PilF (7). Bridging the cytoplasmic and
outer membrane components is the alignment complex com-
prised of PilMNOP (8). PilM is a cytoplasmic actin-like protein
that has been shown in Thermus thermophilus to bind the N ter-
minus of PilN (9), while the cytoplasmic domain of the PilM ho-

molog in the type 2 secretion system (T2SS) interacts with the
single ATPase and the PilC homolog (10). PilN is a type II mem-
brane protein that heterodimerizes with PilO, a protein with a
similar domain organization (11). The periplasmic domains of
PilNO interact with the inner membrane lipoprotein PilP, form-
ing a 1:1:1 complex (12). The pilus is composed of hundreds of
copies of PilA, as well as low-abundance pilin-like proteins,
termed minor pilins (13).

While there are significant structural and functional similari-
ties between components of T4P and T2SS assembly machineries
(14–16), there are a few notable differences. For example, PilM
and PilN appear to be the structural and functional equivalents of
the cytoplasmic and periplasmic portions, respectively, of the
T2SS protein EpsL (17). However, while PilM has been demon-
strated to bind ATP, the cytoplasmic domain of EpsL does not
(18). Also, EpsL interacts with the hexameric ATPase EpsE (19,
20), an interaction that has not yet been demonstrated for PilM
and the equivalent ATPase PilB. There is further structural simi-
larity between the T4P inner membrane lipoprotein PilP and the
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HR region of the T2SS inner membrane protein, GspC (12, 21,
22). Here, we highlight a unique structural difference between
PilP and GspC that may reflect a role of the transenvelope complex
in retraction of long extracellular pili.

The current study expands our understanding of the role of
PilMNOPQ in T4P assembly. We demonstrate that the cytoplas-
mic extension of P. aeruginosa PilN interacts directly with PilM,
consistent with structural and bacterial two-hybrid data from T.
thermophilus and Neisseria meningitis, respectively (9, 23). Fur-
ther, we show that in P. aeruginosa, the N-terminal disordered
domain of PilP interacts with the periplasmic regions of PilNO,
while the C-terminal �-domain of PilP interacts with the N0 do-
main of PilQ, further refining the boundaries of the PilP-PilQ
interaction identified in N. meningitidis (24). We show that PilNO
have no affinity for PilQ under our experimental conditions, but
that PilP interacts with both PilNO and PilQ, allowing all four
proteins to be copurified using 6�His-tagged PilQ as bait. To-
gether, these data suggest that PilP connects the inner and outer
membrane subcomplexes. We also demonstrate that PilQ is able
to pull down PilN, PilO, PilP, and PilA from PAO1 (a well-char-
acterized P. aeruginosa strain) lysates, indicating that PilA (and
possibly the pilus itself) forms multiple interactions with the tran-
senvelope complex formed by PilMNOPQ.

MATERIALS AND METHODS
Bacterial strains. Table S1 in the supplemental material summarizes the
bacterial strains and vectors used in this study. The pET-Duet and pET
vectors were transformed by heat shock into chemically competent Esch-
erichia coli.

Western blot analysis. All protein samples analyzed by Western blot-
ting were mixed with 2� SDS-PAGE sample buffer at a 1:1 ratio, boiled
for 10 min, separated on 16% SDS-PAGE minigels, and transferred to
polyvinylidene difluoride (PVDF) membranes. Proteins of interest were
detected using the purified rabbit polyclonal antibodies to PilMNOPQA
(8). The primary antibodies were diluted in TBST (25 mM Tris-HCl, pH
7.5, 150 mM NaCl, and 0.1% [vol/vol] Tween 20). The secondary anti-
rabbit or anti-mouse antibodies conjugated to alkaline phosphatase were
used per the manufacturer’s instructions (Bio-Rad), and the blots were
developed with nitroblue tetrazolium/5-bromo-4-chloro-3-indoyl-phos-
phate (NBT/BCIP) from BioShop Canada Inc. Detection of the biotinyl-
ated PilN_N20 peptide was performed using the streptavidin-horseradish
peroxidase-conjugated reagent (Strep-HRP) from GenScript in TBST,
followed by detection of HRP using the Super Signal West Pico chemilu-
minescent substrate from Pierce (Thermo Scientific).

Construct generation and peptide synthesis. (i) PilN N-terminal
peptides. The peptides encompassing the N-terminal 20 amino acids of
PilN, MARINLLPWREELREQRKQQ (PilN_N20; 95% pure and recon-
stituted in water at 1 mg/ml) and the Asp5-to-Ala variant
(PilN_N20_N5A; 86% purity) were synthesized by GenScript. For both
wild-type and mutant PilN_N20 peptides, a lysine residue and a mini-
PEG linker were added at the C terminus to facilitate the addition of a
biotin molecule.

(ii) Generation of heterologous protein expression vectors. The gen-
eration of the coexpression vector that produces N-terminally 6�His-
tagged PilN�44 and untagged PilO�51 (PilN�44/PilO�51), as well as the
expression vectors for the 6�His-tagged proteins PilO�43 and PilM or the
untagged PilP�18 (PilP�18T7), were reported previously (8, 11, 12). Details
about these vectors are shown in Table S1 in the supplemental material.
The untagged versions N- and C-terminal constructs of PilP (PilP18-84T7

and PilP�71_TAAT, respectively) were generated using PilP�18T7 as a tem-
plate to amplify the appropriate regions and subsequently ligated into the
BamI and XhoI sites of pET24a. The PilQ expression constructs were
amplified with specific primers containing a 5= NcoI site and a 3= XhoI site.

Purified PCR fragments were digested and ligated into an appropriately
digested pET28a vector. Clones were verified by sequencing (The Centre
for Applied Genomics [TCAG] or the Analytical Genetics Technology
Centre [AGTC], Toronto, Ontario, Canada).

Protein expression. PilM, PilN�44/PilO�51, PilP�18, PilP�71, and the
PilQ constructs used in pulldown studies were expressed in E. coli. The
pET vectors containing the genes of interest were transformed into BL21
Codon Plus cells (Stratagene) and plated on LB plates supplemented with
50 mg/ml kanamycin. One colony was then used to inoculate 5 ml LB
containing the appropriate antibiotic (termed LB-antibiotic). Each over-
night culture was used to inoculate 500 ml of LB-antibiotic, and the cells
were grown at 37°C until an optical density at 600 nm (OD600) of 0.6 to
0.7, when protein expression was induced by adding isopropyl-�-D-thio-
galactopyranoside (IPTG) to a final concentration of 1.0 mM. The cells
were allowed to grow either overnight at 18°C or for 4 h at 37°C prior to
being harvested by centrifugation (7,700 � g, 30 min, 4°C). Cell pellets
were stored at �20°C until required.

Bioinformatics analyses. (i) PilQ domain identification. Sequence
alignments were performed by T-Coffee (25). Initially the sequences for
the T2SS and T4P secretins were aligned separately. These individual
alignments were subsequently combined using the COMBINE algorithm
in the T-Coffee suite and then manipulated manually to refine the align-
ment in JalView (26). Secondary structure predictions were performed by
JnetPRED (27) in the JalView alignment editor program (26). Figures for
sequence alignments were produced in JalView. Structural analysis and
alignments were performed using PyMOL (28).

(ii) PilP and GspC structural comparison. Sequence alignments were
performed as described in reference 12, and structural superpositions
were performed and displayed using PyMOL (28).

PilM copurification with PilN_N20 and PilN_N20_N5A peptides.
N-terminally 6�His-tagged PilM (PilMNt6�His) was copurified with
PilN_N20 peptides using Ni MagBeads (GenScipt). Initially, 0.2 g of
dry PilMNt6�His pellet was solubilized in 4 ml Easy BacLysis buffer
(GenScript) and 2 ml buffer A (20 mM Tris-HCl, pH 7.5, 150 mM NaCl)
with 100 mg/ml lysozyme, 10 mg/ml DNase, and 10 mg/ml RNase. Cells
were lysed by incubation for 1 h at 4°C on a rotator. Subsequently, 2 ml of
cell lysate solution was added to each of the three falcon tubes containing
100 �l of Ni MagBeads preequilibrated in lysis buffer. After mixing for 1.5
h at room temperature on a rotator, the falcon tubes were inserted in the
magnetic base and the supernatant was discarded. The MagBeads with
bound PilMNt6�His were then incubated with either 1 ml of buffer A alone
(control) or 1 ml buffer A and 100 �l of 1 mg/ml wild-type PilN_N20 or
mutant PilN_N20_N5A peptide (freshly made solutions of lyophilized
synthetic peptides in water). The control experiments of both PilN pep-
tides in the absence of PilM were set up in a similar manner. After an
overnight incubation at 4°C on a rotator, the Ni-NTA beads were washed
in a batch-wise manner using the magnetic base, and the 1.1-ml flow-
through, together with 3-, 3-, 0.5-, 0.5-, and 0.5-ml elute fractions, con-
taining 10, 30, 75, 150, or 400 mM imidazole, respectively, were collected
and analyzed by SDS-PAGE and Western blotting using both anti-PilM
antibody and a Strep-HRP reagent.

PilN/O and PilP N-terminal pulldowns. The expression, lysis, copu-
rification, and analysis of pulldowns were performed as described in Tam-
mam et al. (12) for the PilN�44/PilO�51/PilP�18_6�His cofractionation. In
brief, the pET28a-pilP�18-6His and pET-Duet-pilN�44-pilO�51 expression
vectors were transformed separately into E. coli BL21(DE3) cells (Nova-
gen). Overnight cultures were used to inoculate 1 liter of LB-kanamycin,
and cells were grown at 37°C until an OD600 of 0.6 to 0.7, when protein
expression was induced by adding IPTG to a final concentration of 1 mM.
The cells were grown for 4 h after induction at 37°C, harvested by centrif-
ugation, and stored at �20°C until required. The frozen cells were thawed,
resuspended, and then mixed together. The cells were lysed by homoge-
nization, and the cellular debris was removed by centrifugation. The cell
lysate was mixed with 2 ml of Ni-agarose (Qiagen) at 4°C for 2 h and then
packed into a column and washed twice with 20 ml of Tris buffer contain-
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ing, successively, 10 and 30 mM imidazole. Bound protein was eluted
from the column in three 10-ml batches with Tris buffer and 75, 150, and
300 mM imidazole, respectively. The 75 mM imidazole fraction was sub-
sequently concentrated to 2 ml (Amicon unit with 10-kDa cutoff; Milli-
pore), to a final protein concentration of 10 to 15 mg/ml. The concen-
trated protein sample was applied to a Superdex S-200 column (GE
Health) and eluted using 20 mM Tris-HCl, pH 7.5, and 150 mM NaCl.

PilQ pulldown experiments. All proteins were overexpressed as de-
scribed above. Each protein construct was expressed individually, and
appropriate cell pellets were then mixed prior to lysis. PilP�18, PilP�71,
PilN�44/PilO�51, PilQ24-445, PilQ24-280, PilQ281-445, PilQ281-410, and
PilQ281-376 were used in 0.5-liter aliquots, while 1-liter aliquots of PilQ377-445

were used.
Individual cell pellets were initially resuspended in 10 ml of lysis buffer

(50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM imidazole, 1 mM phenylmethyl-
sulfonyl fluoride [PMSF], 0.1 mg/ml DNase, RNase, lysozyme, and pro-
tease inhibitor cocktail [Sigma]). After mixing the appropriate re-
suspended pellets, cells were lysed by homogenization using an Avestin
EmulsiFlex-C3 by passing the lysate three times through the machine at 15 to
20 kpsi. The insoluble debris was removed by centrifugation (39,000 � g, 30
min, 4°C). The cell lysate was then loaded on a preequilibrated Ni-NTA col-
umn, and the flowthrough was collected and loaded a second time on the
column. The column was washed with 30 ml of buffer A containing 5 mM
imidazole and a second wash of 10 ml buffer A with 30 mM imidazole. Bound
protein was eluted from the column in three 10-ml batches with buffer A with
75, 150, and 300 mM imidazole, respectively. Fractions were analyzed by
SDS-PAGE and Western blot analysis with PilN, PilO, PilP, and 6�His spe-
cific antibodies as appropriate.

Negative controls for PilP�18_TAAT, PilP�71_TAAT, and PilN�44/
PilO�51 were run, where soluble lysate of cells overexpressing these con-
structs was loaded onto a Ni-NTA column in the absence of PilQ. Purifi-
cation was carried out as described above, and the eluted fractions were
analyzed by SDS-PAGE.

PilA pulldown assays. Cell pellets containing expressed PilQ24-445,
PilQ24-280, and PilQ281-445 were resuspended in 10 ml lysis buffer (as de-
scribed above). Cells were lysed using an Avestin EmulsiFlex-C3 (as de-
scribed above), and cellular debris was then removed by centrifugation
(39,000 � g, 30 min, 4°C). The soluble supernatant was mixed with 1 ml
Ni-NTA agarose (Qiagen), preequilibrated in buffer A, for 2 h at 4°C. The
beads were collected by centrifugation, with the supernatant fraction be-
ing the flowthrough. The beads were washed once with 10 ml buffer A for
1 h at 4°C. The beads were again collected by centrifugation, resulting in
Ni-NTA beads with prebound proteins that were subsequently used to
pull down PilA from PAO1 lysates prepared as described below.

PAO1 cell lysates were prepared by growing cells streaked in a grid
pattern on LB agar plates overnight at 37°C. Cells were collected by scrap-
ing them off the surface, and cell pellets were lysed in 6 ml Easy BacLysis
and 14 ml buffer A with 100 mg/ml lysozyme, 10 mg/ml DNase, and 10
mg/ml RNase. Cell pellets were homogenized by brief vortexing and in-
cubation at room temperature for 30 min on a rotator. Cellular debris was
then removed by centrifugation (39,000 � g, 30 min, 4°C), and 4 ml of the
cell lysate supernatant was applied to the Ni-NTA beads charged with
specific His-tagged protein as described above.

The PAO1 cell lysates and Ni-NTA beads prebound with PilQ24-445,
PilQ24-280, and PilQ281-445 were incubated at 4°C overnight. The beads
were collected by centrifugation, while the supernatant contained the
flowthrough fraction. The resin was washed twice using a batch method
(mixed for 1 h on a rotator at 4°C and centrifuged to pellet the beads and
then remove the supernatants) with 10 ml buffer A containing, succes-
sively, 10 and 30 mM imidazole, and the bound proteins were eluted from
the column in three 2-ml batches, containing buffer A and 75, 150, or 400
mM imidazole, respectively. The identity of each protein was confirmed
by Western blotting of the flowthrough and 400 mM fractions using
PilN-, PilO-, PilP-, and PilA-specific antibodies.

RESULTS
The conserved N terminus of PilN is important for T4P function
and interacts with PilM in vitro. We previously identified the
PilN N-terminal sequence I4N5L6L7P8 as a signature sequence for
PilN family members and predicted that this motif would be in-
volved in interactions with PilM (11). To test this hypothesis, we
examined the interaction of P. aeruginosa PilM and PilN using
N-terminally tagged PilM (PilMNt6�His) and a biotinylated pep-
tide of PilN that contains the first 20 N-terminal residues of the
protein conjugated via a C-terminal lysine and a mini-PEG linker
to biotin (PilN_N20). This 2.5-kDa peptide copurified with
PilMNt6�His using either nickel (Fig. 1) or streptavidin affinity
chromatography (see Fig. S1 in the supplemental material). When
HRP-conjugated streptavidin was used to probe the fractions
from the nickel affinity purification, the biotinylated PilN_N20
peptide was recovered in the 10, 30, and 75 mM imidazole washes
at �40 kDa. Western blot analysis with an anti-6�His antibody
confirmed that these bands correspond to PilM (Fig. 1A). In the
presence of PilM, the PilN_N20 peptide appeared at the approxi-
mate molecular mass of PilM, indicating that this peptide forms a
high-affinity interaction with PilMNt6�His that is not disrupted by
SDS. In the absence of PilM, some peptide bound nonspecifically
to the column (Fig. 1A), and under these conditions, the peptide
eluted at �2.5 kDa. However, when PilM was present, the levels of
PilN_N20 in the high imidazole fractions were greatly diminished,
presumably because most of the peptide is bound to PilM. Com-
pared to the purification profile of PilM in the absence of the PilN
peptide (Fig. 1C), it is clear that the addition of the peptide does
not affect binding of PilM to the column. Together, these data
suggest that PilN_N20 binds to PilM in the presence of SDS.

The effects of point mutations at the highly conserved Asn5
(N5A/Q/D) of PilN and a series of N-terminal deletions (�2-9,
�10-18, and �4-17) were tested in vivo by complementation of a
P. aeruginosa pilN mutant (pilN::FRT). Constructs expressing the
PilN_N5A variant or deletion constructs lacking residues 2 to 9 or
4 to 18 did not restore twitching motility, phage sensitivity, or
surface PilA in a pilN mutant (see Fig. S2 in the supplemental
material). Other deletions and site-specific mutations decreased
T4P biogenesis and function to various degrees (see Fig. S2). Mu-
tations that prevent association of PilM and PilN in vivo were
previously shown to lead to degradation of PilNO (8), consistent
with the phenotypes seen here. When the pulldown experiments
were repeated with a peptide containing the N5A mutation
(PilN_N20_N5A), PilM was still pulled down (Fig. 1B), despite
the in vivo data suggesting that this variant was nonfunctional (see
Fig. S2) (23). Together, these data suggest that Asn5 in PilN plays
an additional role in communicating a signal from the cytoplasm
through PilN to the periplasmic components, or that the binding
of PilM to the PilN peptide in vivo is influenced by other proteins
or protein interactions that may be present.

The N terminus of PilP is sufficient for the interaction with
PilNO. Previously, we showed that full-length PilP (minus its sig-
nal sequence) interacted with a stable complex of PilNO, and that
the C-terminal �-sandwich domain of PilP alone could not bind
PilNO (12). To directly probe the potential interaction of the N
terminus of PilP with PilNO, a construct corresponding to the
unstructured domain of PilP (PilP19-84T7; 8.9 kDa) was used. Un-
der the conditions used previously to characterize the interaction
of mature PilP (PilP�18_6�His) with the periplasmic PilNO
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(PilN�44/PilO�51) heterodimer (12), the PilP N-terminal con-
struct cofractionated with PilNO, and this interaction was stable
during size-exclusion chromatography (Fig. 2). Although the N-
terminal PilP fragment was unstable when expressed in the ab-

sence of PilNO (see Fig. S3 in the supplemental material), it was
protected from proteolytic degradation when in complex with
PilNO. Examination of the PilNOP19-84T7 complex by limited pro-
teolysis suggested that the protected region of PilP spans residues

FIG 1 PilMNt6�His pulls down PilN_N20. (A) The wild-type PilN_N20 peptide binds to PilM in an SDS-resistant manner. Western blots were developed by
enhanced chemiluminescence (ECL) with Strep-HRP, detecting biotinylated PilN_N20 peptide (top), and a blot was probed with a monoclonal 6�His antibody
conjugated to alkaline phosphatase, probing for PilM, and detected by NBT-BCIP (bottom). (B) PilN_N20_N5A peptide binds to PilM in an SDS-resistant
manner. The top and bottom panels are the same as those described for panel A. (C) Western blot probed with monoclonal 6�His antibody conjugated to
alkaline phosphatase showing that PilM binds to the column in the absence of either PilN peptide, indicating that the binding of PilM to the Ni beads is not altered
by the presence of the peptide. Ladder markers are labeled in kDa.

FIG 2 Copurification of PilNOP. (A) Coomassie-stained SDS-PAGE analysis of the PilN�44_6�His/PilO�51/PilP19-84T7 fractions eluted from a Ni-NTA column
in the presence of increasing imidazole concentrations. (B) Elution of the 75 mM imidazole Ni-NTA fraction shown in panel A from a Superdex 200 gel filtration
column. The inset is the Coomassie-stained SDS-PAGE gel of the fractions from the gel filtration column.
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19 to 76, a region that our bioinformatics analysis predicted to be
entirely disordered (12). These data support our hypothesis that
the N terminus of PilP mediates the interaction with PilNO (12).

An important structural difference between PilP and T2SS
GspC HR region. Our earlier work highlighted a pair of highly
conserved residues in PilP, Pro85 (found in the N-terminal disor-
dered region) and Trp161 (found on �7), which interact and
tether the N-terminal disordered region to the �-sandwich do-
main in solution (12). The recent release of two structures of the
HR domain of the T2SS protein GspC from E. coli (GspCEc; Pro-
tein Data Bank [PDB] code 3OSS) and Dickeya dadantii 3937
(GspCDd; PDB code 2LNV) allowed us to extend our analysis of
the PilP structure. The structures of PilP�71 and GspCEc or Gsp-
CDd can be superimposed with root-mean-squared deviations of
0.92 and 1.5 Å over 51 and 43 C� atoms, respectively (Fig. 3). The
�-sandwich domains are very similar, but �-strands 6 and 7 in the
GspC proteins are each two residues shorter than those in PilP
(Fig. 3). Notably, this �6-�7 extension is the site of the highly
conserved Trp residue (Trp161 in PilP) found in all PilP proteins.
There is no equivalent conserved aromatic residue in the GspC
family (data not shown). Mutation of Pro85 to either Ala or Glu,
or the mutation of residues in the �6-�7 extension (Gly157 and
Leu162), impaired P. aeruginosa twitching motility (see Fig. S4 in
the supplemental material), indicating that this region of the pro-
tein is important for T4P biogenesis. However, in the case of the
Pro85Val mutation, twitching was not diminished, reinforcing
the notion that a hydrophobic interaction between the residue
at this position and Trp161 is important for function. We propose
that the interaction formed between Pro85 and Trp161 is impor-
tant for stabilizing the relative orientations of the disordered N
terminus and the �-sandwich domain, and that the �6-�7 exten-

sion and the Pro85-Trp161 interaction are T4P-specific adapta-
tions for function.

The C terminus of PilP interacts with the periplasmic do-
main of PilQ. Genin and Boucher (29) analyzed a number of
secretin sequences from the T2SS and T3SS and identified four
highly conserved regions toward the C termini of the proteins that
they termed secretin consensus regions. Alignments of PilQ pro-
tein sequences from various T4P-producing bacteria show the
same conserved regions (see Fig. S5 in the supplemental material).
Using these sequence alignments, we identified four discrete
periplasmic domains in T4P secretins. The two N-terminal
�-strand-rich domains share the lowest percent identity across
PilQ homologues (Table 1; also see Fig. S5); thus, we termed these
regions of PilQ the species-specific (SS) domains (SS1 and SS2). C
terminal to the SS domains, we predicted that there are two addi-
tional domains that were recently confirmed to be structurally
homologous to N0 and N1 from T2SS secretins (6), and we use
that terminology here. From this analysis, we designed and ex-
pressed six soluble constructs spanning the periplasmic region of
PilQ to examine the roles of these individual domains in more
detail (Fig. 4). Briefly, these soluble constructs are PilQ24-445 (con-
taining the entire periplasmic domain), PilQ24-280 (SS domains),
PilQ281-445 (N0 and N1), PilQ281-410 (N0 and approximately one-
third of N1), PilQ281-376 (N0), and PilQ377-445 (N1).

Each of the six 6�His-tagged constructs was tested for its ability to
pull down untagged PilP from E. coli lysates. Three constructs of PilP
were used: mature PilP (PilP�18), the N-terminal region (PilP19-84T7),
and the C-terminal region (PilP�71). PilP19-84T7 was rapidly degraded
after lysis, suggesting that no PilQ fragment could stabilize this region
of PilP (see Fig. S3 in the supplemental material). In contrast, PilP�18

and PilP�71 were pulled down by three of the six soluble PilQ con-
structs (Fig. 5 and Table 2), while the negative control showed that
the PilP fragments did not bind to the Ni-NTA column in the
absence of PilQ (data not shown). PilP�18 and PilP�71 interacted
with PilQ281-445, PilQ281-410, and PilQ281-376, the three constructs
containing the N0 domain at their N termini (Table 2). Together,
these data suggest that the C-terminal �-domain region of PilP is
sufficient for the interaction with PilQ, and that the site of PilP
interaction with PilQ is the N0 domain.

TABLE 1 Summary of sequence identity and length of SS domains
between P. aeruginosa PilQ and orthologues in other T4P systemsa

PilQ
ortholog

% Identity
Length of
SS domain
(no. of
amino
acids)

Full
length

SS
domain
onlyb

N0, N1, and
secretin
domainsc

NmPilQ 31 25 36 336
NgPilQ 32 28 35 298
FtPilQ 31 17 37 177
MxPilQ 31 21 39 478
RsPilQ 39 32 43 290
a The reference sequence is P. aeruginosa PilQ. NmPilQ, N. meningitidis PilQ; NgPilQ,
Neisseria gonorrhoeae PilQ; FtPilQ, Francisella tularensis PilQ; MxPilQ, Myxococcus
xanthus PilQ; RsPilQ, Ralstonia solanacearum PilQ.
b N-terminal boundaries used when calculating the percent identity: PaPilQ, residues 1
to 280; NmPilQ, residues 1 to 336; NgPilQ, residues 1 to 298; FtPilQ, residues 1 to 177;
MxPilQ, residues 1 to 478; RsPilQ, residues 1 to 290.
c C-terminal boundaries used when calculating the percent identity: PaPilQ, residues
281 to 714; NmPilQ, residues 337 to 761; NgPilQ, residues 299 to 723; FtPilQ, residues
178 to 594; MxPilQ, residues 479 to 901; RsPilQ, residues 291 to 713.

FIG 3 Structural comparison of PilP and GspC proteins. Cartoon represen-
tations of PilP (PDB code 2LC4; green), GspCDd (PDB code 2LNV; cyan), and
GspCEc (PDB code 3OOS chain C; purple). For clarity, the following residues
have been removed from the cartoon representations: PilP�71, the C-terminal
6�His tag; GspCDd, the N-terminal residues 70 to 94 and the C-terminal
residues 158 to 173; and GspCEc, the N-terminal residues 122 to 127. The
location of the highly conserved Trp161 and residues selected for mutagenesis
(Pro85, Gly157, and Leu162) in PilP are shown as sticks. The N-terminal
�-strand, strand �1, and the two C-terminal strands, strands �6 and �7, have
been labeled. The disordered N-terminal region of PilP is colored black.
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Notably, the full-length periplasmic domain of PilQ (PilQ
24-445

)
did not pull down either PilP�18 or PilP�71 from cell lysates, even
though this construct contains the N0 domain (Fig. 5B). It is pos-
sible that in this context in vitro, the binding site for PilP on the N0
domain is occluded. This PilQ periplasmic fragment may be con-
formationally flexible when expressed as a monomer in vitro but
not as an oligomer in vivo, where its orientation would be con-
strained.

The PilNOP heterotrimer interacts with PilQ. Previously, we
showed that PilP forms a stable heterotrimer with PilNO in vitro
(12), and in this study we have shown that the extended N termi-
nus of PilP interacts with PilNO, while its C-terminal �-domain
interacts with PilQ. To test whether PilP could interact simulta-

neously with PilNO and PilQ, the pulldown experiments were
repeated with all four proteins. PilNOP were pulled down by the
same PilQ constructs that pulled down PilP�18 and PilP�71 (Table
2). Negative controls consisting of PilNO alone or PilNO with
tagged PilQ constructs showed that PilNO was not retained on the
column unless both PilP and tagged PilQ were present (Table 2).
Therefore, PilP is sufficient to coordinate a stable interaction net-
work between the inner membrane components PilNO and the
outer membrane component PilQ.

PilA interacts with a PilNOPQ complex in vivo. Bacterial
two-hybrid experiments using N. meningitidis T4P components
expressed in E. coli indicated potential interactions of the major
pilin subunit PilE (equivalent to PilA in P. aeruginosa) with spe-

FIG 4 Schematic of soluble PilQ constructs. All constructs were cloned into pET28a with a C-terminal 6�His tag. Amino acid numbers are located above the
schematic of the full-length protein. The first 24 residues are the signal peptidase signal sequence (SSq), residues 24 to 445 constitute the full periplasmic domain,
and 445 to 714 the putative membrane-embedded secretin domain (Secretin). In the periplasm there are two distinct regions: residues 24 to 280 are the
species-specific domain (SS), which can be divided into two subdomains (SS1, spanning residues 24 to 139, and SS2, spanning residues 140 to 280), while residues
281 to 445 share sequence and secondary structural homology with other secretins and have been found to play a role in multimerization. This multimerization
domain can be divided into two subdomains, residues 281 to 376 and 377 to 445, corresponding to the highly conserved N0 and N1 domains, respectively.

FIG 5 Cofractionation of PilP and PilQ from a Ni-NTA affinity column. (A) The Ni-NTA results of PilP�18 and PilQ. The absence of any PilP in the high
imidazole fractions when PilQ24-445 is used as bait indicates that PilP is unable to interact with this construct, but when PilQ281-445 is used as the bait protein,
PilP�18 is found in the high imidazole fractions. (B) The Ni-NTA results of PilP�71 and PilQ. An interaction pattern similar to that observed for panel A is
observed for PilP�71. Ladder markers are labeled in kDa.
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cific inner membrane proteins (23). To test for potential interac-
tions in P. aeruginosa and to include the periplasmic domains of
PilQ, we performed a series of pulldown experiments using
6�His-tagged PilQ bait to capture prey proteins from detergent-
solubilized P. aeruginosa lysates. Negative controls showed no in-
teraction of proteins from detergent-solubilized PAO1 lysates
with the Ni-NTA column (Fig. 6). In contrast, after extensive
washing of the column, the bound PilQ24-445, PilQ24-280, or
PilQ281-445 fragments captured PilA from the lysates (Fig. 6).
Western blots of imidazole eluates with antibodies specific to
PilN, PilO, and PilP showed that PilQ captured all three proteins.
Together, these data support formation of a stable PilNOPQ com-
plex and suggest that PilA interacts with this complex. These data
support the idea that PilA and/or the pilus make extensive con-
tacts with the PilMNOPQ transenvelope complex.

DISCUSSION

This is the first report to provide evidence for a complete T4P
transenvelope protein interaction network formed by the prod-
ucts of the pilMNOPQ operon. This complex has components in
the cytoplasm (PilM), inner membrane (PilN, PilO, and PilP),
and outer membrane (PilQ). This arrangement of the inner and
outer membrane components of the pilus assembly complex may
provide an unobstructed path through the periplasm, including
the peptidoglycan, for the assembled pilus. Also, hypothesized in-
teractions of PilM with the platform protein PilC, as demon-
strated for orthologs in the T2SS and the T4bP system (30–32),
would connect the cytoplasmic motor with the outer membrane
secretin, allowing for the efficient transmission of the signals that
control its opening and closing.

Interaction of the major pilin subunit with the periplasmic
components PilNOP has been reported for the N. meningitidis
T4P system (23) and for corresponding components of the T2SS
(23, 33, 34) and the T4bP system (35). Our pulldown experiment
from PAO1 lysates provides indirect evidence that a similar inter-
action occurs in P. aeruginosa. Based on the efficiency of the pull-
down observed in our experiments (Fig. 6), the interaction of PilA
with PilNOP may be transient. This scenario would be expected
for a dynamic interaction where the PilA monomers encounter
the PilNOP complex in transit to or from the pilus. One potential
reason for PilA’s interaction with the alignment complex (PilMNOP)
is to transiently cluster pilin monomers at the polar site of pilus
assembly, providing a high local concentration of PilA to promote
rapid pilus assembly, and to prevent diffusion of PilA monomers
away from the system following disassembly. Further, PilMNOP
and the periplasmic domains of PilQ may participate in selection

of the T4P major and minor pilins over the T2SS pseudopilins and
minor pseudopilins, maintaining the fidelity of pilus composition
and function. Finally, as the pilus experiences forces in excess of
100 pN upon retraction (4), PilA interaction sites in the periplasm
could contribute to anchoring of the pilus. Indeed, the SS domain
in the T4P-specific secretin (PilQ) may be a unique adaptation
that could act as a clamp on the assembled fiber.

The T4P-specific interaction between Pro85 and Trp161 of
PilP may also be important for the efficient generation of long
retractable extracellular filaments. We suggest that this interaction
is related to PilP’s bridging of PilMNO in the inner membrane and
PilQ in the outer membrane, and that maintaining the orientation
of the disordered N terminus and �-sandwich domains of PilP is
important for stabilizing the PilMNOPQ complex in vivo. Also,
the SS domains in PilQ (absent from the T2SS secretins) may
constrain the dynamics of the PilPQ interaction, and the Pro85-
Trp161 tether may promote an optimal PilPQ interface.

The full T4P transenvelope complex is unlikely to have a closed
lumen like that in the T3SS needle complex (36, 37), since addi-
tion and removal of PilA subunits at the periplasmic face of the
inner membrane are absolutely required for pilus extension and
retraction to occur. Our earlier work indicated that PilNOP inter-
act in a 1:1:1 complex (12), and the PilMN interaction suggests a
1:1 stoichiometry as well (9). Recent structural studies of T2SS and
T4P components further suggest that PilP and PilQ form a 1:1
interaction, and comparison of the available data regarding this
heterodimeric interface suggests that this organization is con-
served between the two systems (6, 22). Also, when the N-terminal
domain of PilP is attached to the inner membrane via its lipid
anchor and interacting with PilNO, the nature of the Pro85-
Trp161 interaction would position the PilQ interaction interface
on PilP up, toward the outer membrane, possibly facilitating the

FIG 6 Periplasmic regions of PilQ pull down PilA. After binding various
PilQ6�His constructs on a Ni-NTA column, the flowthrough (0 M imidazole)
and highest elution (0.4 M imidazole) fractions were examined by Coomassie
staining and with PilN-, PilO-, PilP-, or PilA-specific antibodies. The locations
of the molecular mass markers are shown as labeled bars on the left side of the
figure (in kDa). The locations of the PilQ constructs in the 0.4 M imidazole
elution fractions are shown by arrows at the right of the figure, and white
asterisks denote PilQ degradation products.

TABLE 2 Summary of protein-protein interactions with 6�His-tagged
PilQ bait fragments

Fragment PilP�18 PilP�71 PilN/O PilN/O/P�18

No bait �a � � �
PilQ24-445 � � � �
PilQ24-280 � � � �
PilQ281-445 � � � �
PilQ281-410 � � � �
PilQ281-376 � � � �
PilQ377-445 � � � �
a A minus sign indicates no interaction. A plus sign indicates an interaction in the
pulldown assay.
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PilPQ interaction. In this orientation, one could imagine a series
of rings through the periplasm, where PilNO form a ring closest to
the inner membrane, PilP forms a ring above PilNO, and PilQ
forms a ring closest to the outer membrane, extending downward
into the periplasm (Fig. 7B and C). Since PilQ is predicted to be a
dodecameric complex (6), there could be 12 PilMNOPQ units
arranged in a circular manner, similar to the arrangement in T2SS,
T3SS, and T4SS assembly complexes (37–39) (Fig. 7). Alterna-
tively, data from the T2SS suggests that the secretin is assembled as
a hexamer of dimers (40–42); in this case, the arrangement may be
one PilMNOP complex for every two PilQ monomers (1:1:1:1:2

stoichiometry). Differences in orientation of the N0 domain of
PilQ in a dimer versus monomer configuration might explain why
we saw differences in PilPQ interactions when fragments versus
full periplasmic domains of PilQ were used for pulldowns.

The requirement for addition and removal of PilA subunits at
the periplasmic face of the inner membrane means that the
periplasmic constituents likely are arranged in a way that allows
room for this process. Using the dimensions of the structures de-
termined by nuclear magnetic resonance (NMR), X-ray crystal-
lography, and electron microscopy for PilNOPQ (11, 12, 43), a
scale model showing the putative arrangement of periplasmic

FIG 7 Model of the PilMNOPQ transenvelope complex. (A) Scale schematic of T4P complex and possible orientations of periplasmic components (top-down
orientation). The circumference of the PilQ pore is approximately 575 Å. PilN, PilO, PilP, and PilQ are drawn to scale. PilM, which is omitted for clarity as it is
located in the cytoplasm, is believed to interact with PilN with a 1:1 stoichiometry. The left panel depicts the narrow face of PilNOP adjacent to the pore, while
the right panel depicts the wide edge of PilNOP adjacent to the pore. (B) Schematic representation of the PilMNOPQ complex approximately to scale. (C) Scale
model using experimentally determined or modeled structures for PilMNOP and PilA, a homology model for the N0 and N1 domains, and the structure of the
B2 domain of N. meningitidis (PDB code 4AQZ) for SS1 and SS2. The orientation of PilP and the N0 domain of PilQ was achieved by overlaying the PilP�71 and
the homology model of PilQ N0 and N1 domains on the C and D chains of the GspC/D cocrystal structure (PDB code 3OSS). Scale and coloring are as shown
for panel B. For PilQ, the size of the secretin (Srn) domain is estimated based on the size of the N0 and N1 domains.
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components can be derived (Fig. 7A). The outer diameter of the P.
aeruginosa PilQ secretin was measured from negatively stained
PilQ complexes to be �183 Å (43), leading to a circumference of
575 or �48 Å per monomer in a dodecamer. When viewed from
above, the �-sandwich domain of PilP is �33 by �30 Å, and the
dimensions of the ferredoxin-like fold of a PilNO heterodimer
(based on the fragment of PilO that was determined by X-ray
crystallography) are �47 by 27 Å. As the N terminus of PilP facil-
itates the PilNOP interaction, it is unlikely to substantially affect
the width of a PilNOP complex. If 12 PilNO heterodimers are
oriented with the broad (47-Å) face facing the conduit, there
would be no room for the lateral introduction of PilA monomers
(Fig. 7A, right). However, if PilNO are oriented with the narrow
(27 Å) face toward the conduit, there is ample room for entry and
exit of PilA (�30 by 18 Å) in the gap between PilNOP complexes
(�40 Å) (Fig. 7A, left). There are five major pilin subtypes in P.
aeruginosa (44), with head groups of various sizes (45), supporting
the need for a large enough gap between the spokes formed by the
PilMNOP transenvelope complex to accommodate structurally
distinct pilins and, likely, the minor pilins as well. Alternatively, if
there is one PilMNOP complex per PilQ dimer, there would be
sufficient space between the PilMNOP spokes, regardless of the
orientation of PilNOP, to facilitate the addition and removal of
pilin and minor pilin monomers.

Drawing the components to scale and including available
structures (Fig. 7B), it is clear that the SS domain of PilQ extends
a significant distance across the periplasm toward the inner mem-
brane. As has been suggested elsewhere (46), we propose that the
periplasmic region of PilQ forms the inside of the channel, while
the PilMNOP subcomplex forms the exterior. In this arrange-
ment, both PilMNOP and PilQ could interact with monomeric
PilA and/or the minor pilins. This interaction could serve a num-
ber of roles, including concentrating the pilin subunits at the site
of assembly/disassembly, communicating assembly/disassembly
signals from the cytoplasm to the PilA subunits, or stimulating
opening of the secretin. The SS domains of PilQ could be involved
in the initial stages of polymerization (through as-yet uncharac-
terized interactions with a priming complex) and/or clamping on
the pilus to ensure it remains anchored in the membrane under
tension. In our favored model, the transenvelope complex, com-
posed of PilMNOPQ, is a stable assembly through the cell enve-
lope, while the signal(s) for assembly/disassembly of the pilus
come from the communication between the cytoplasmic motor
complex (made up of the platform protein PilC [47] and the
ATPases PilB/T/U) and PilM. Further studies are needed to better
understand the nature of the communication between the motor
and alignment subcomplexes and the exact mechanism of PilA
polymerization/depolymerization. With this work, we have pro-
vided a framework for the further examination of these processes.
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