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ABSTRACT

Type IV pili (T4P) are dynamic protein filaments that mediate bacterial adhesion, biofilm formation, and twitching motility. The
highly conserved PiIMNOP proteins form an inner membrane alignment subcomplex required for function of the T4P system,
though their exact roles are unclear. Three potential interaction interfaces for PiINO were identified: core-core, coiled coils (CC),
and the transmembrane segments (TMSs). A high-confidence PiINO heterodimer model was used to select key residues for mu-
tation, and the resulting effects on protein-protein interactions were examined both in a bacterial two-hybrid (BTH) system and
in their native Pseudomonas aeruginosa context. Mutations in the oppositely charged CC regions or the TMS disrupted PiINO
heterodimer formation in the BTH assay, while up to six combined mutations in the core failed to disrupt the interaction. When
the mutations were introduced into the P. aeruginosa chromosome at the pilN or pilO locus, specific changes at each of the three
interfaces—including core mutations that failed to disrupt interactions in the BTH system—abrogated surface piliation and/or
impaired twitching motility. Unexpectedly, specific CC mutants were hyperpiliated but nonmotile, a hallmark of pilus retraction
defects. These data suggest that PiINO participate in both the extension and retraction of T4P. Our findings support a model of
multiple, precise interaction interfaces between PiINO; emphasize the importance of studying protein function in a minimally
perturbed context and stoichiometry; and highlight potential target sites for development of small-molecule inhibitors of the
T4P system.

IMPORTANCE

Pseudomonas aeruginosa is an opportunistic pathogen that uses type IV pili (T4P) for host attachment. The T4P machinery is
composed of four cell envelope-spanning subcomplexes. PiIN and PilO heterodimers are part of the alignment subcomplex and
essential for T4P function. Three potential PiINO interaction interfaces (the core-core, coiled-coil, and transmembrane segment
interfaces) were probed using site-directed mutagenesis followed by functional assays in an Escherichia coli two-hybrid system
and in P. aeruginosa. Several mutations blocked T4P assembly and/or motility, including two that revealed a novel role for
PiINO in pilus retraction, while other mutations affected extension dynamics. These critical PiINO interaction interfaces repre-

sent novel targets for small-molecule inhibitors with the potential to disrupt T4P function.

larming increases in antibiotic resistance have prompted

the search for alternative strategies to combat bacterial in-
fection (1). Genomic strategies designed to identify essential
bacterial targets have been informative but less successful for
drug development than originally predicted due to high muta-
tion rates and resistance (2). Alternative strategies—such as
phage therapy and the use of “antivirulence” drugs that target
bacterial factors involved in pathogenesis—show promise
since they can effectively disarm bacteria, which are then more
easily cleared by the host immune system. The targeting of
nonvital bacterial processes decreases selection pressure, mak-
ing mutation-based resistance to these therapies less likely (3).
Investigations of the type III secretion system (T3SS), where
promising molecules—some of which showed broad-spectrum
activity for various bacterial pathogens—were identified
through whole-cell-based high-throughput screens, have had
success with this strategy (4-6).

Type IV pili (T4P) are common bacterial virulence factors
(7-9) and an attractive target for therapeutics. They are long, thin
(5- to 8-nm-diameter), hair-like appendages which extend from
the bacterial surface and promote attachment, cell-cell aggrega-
tion, biofilm formation, and twitching motility (10-15). T4P are
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produced by a wide variety of bacteria and archaea, including the
opportunistic pathogen Pseudomonas aeruginosa, which infects
individuals with severe burns, cystic fibrosis, or immunodeficien-
cies (16). Mutants lacking T4P are impaired in host colonization
and infectivity (7). T4P-mediated twitching motility is a form of
flagellum-independent surface translocation that results from cy-
cles of pilus extension, adhesion, and retraction (10, 17). Upon
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FIG1 ThetypelV pilus system in P. aeruginosa. (A) Components of the type IV pilus proteins are labeled according to P. aeruginosa nomenclature. Components
include the outer membrane (OM) secretin subcomplex (red), the inner membrane (IM) motor subcomplex (green), the IM alignment subcomplex (dark blue),
and the pilus fiber (purple). (Adapted from reference 11.) PG, peptidoglycan. (B) Cartoon representation of two alignment subcomplex components, PilN (blue)
and PilO (gray), indicating the approximate locations of residue substitutions (black). The three regions examined in this study, i.e., the core region, the
coiled-coil region, and the transmembrane segment (TMS), are indicated on right. ch, chimera.

pilus retraction, the cell body is winched toward the point of at-
tachment (10, 17, 18).

The T4P system in P. aeruginosa is comprised of four subcom-
plexes that together span the entire Gram-negative cell envelope
(Fig. 1A) (11). The outer membrane (OM) subcomplex is com-
posed of an oligomer of 12 to 14 secretin subunits, PilQ (19),
bound to a pilotin protein, PilF, forming a pore through which the
pilus exits the cell (20, 21). There are two inner membrane (IM)
subcomplexes—the motor and alignment subcomplexes—that
together make up the IM platform. The motor subcomplex is
composed of a platform protein, PilC, and associated cytoplasmic
ATPases (PiIBTU in P. aeruginosa) thought to provide the me-
chanical forces thatlead to pilus extension/retraction (22,23). The
secretin and motor subcomplexes are linked by the alignment sub-
complex (PIIMNOP), which may also have a role in secretin gating
(24, 25). The final subcomplex is the pilus, a helical filament of
major and minor pilin subunits plus the PilY1 adhesin (13, 18,
26-28). Together with a number of regulatory proteins whose
functions are incompletely understood (29-32), these subcom-
plexes form a fully functional T4P system.

The alignment subcomplex is composed of four proteins. PilM
is a cytoplasmic protein with an actin-like fold, similar to bacterial
cytoskeleton proteins FtsA and MreB (25, 33). A narrow crevice
on PilM binds tightly to a highly conserved motif in the cytoplas-
mic N terminus of PilN in P. aeruginosa (34) and Thermus ther-
mophilus (33). PilN and PilO are bitopic IM proteins with similar
predicted topologies (34). Both have short cytoplasmic N termini,
a single transmembrane segment (TMS), two extended a-helices
connected by a short linker forming a coiled coil (CC), and a
C-terminal core domain composed of dual ferredoxin-like o33
motifs (see Fig. S1 in the supplemental material) (34). In the crys-
tal structure of a PilO homodimer lacking 68 residues at its N
terminus, the truncated coiled-coil segment is folded up against
the core domain (34). A recent analysis of the crystal structure of a

2230 jb.asm.org

Journal of Bacteriology

C-terminal fragment (residues 94 to 207) of T. thermophilus PilN
revealed a dual o3 motif with an extra a-helix insertion that is
predicted to be missing in some orthologs—including P. aerugi-
nosa PiIN—resulting in a secondary structure order of aBa3-oB3
(35). PilN and PilO form stable heterodimers and are dependent
upon one another for stability in vivo (34). The fourth component
of the alignment subcomplex is the inner membrane lipoprotein
PilP, which binds the PiINO heterodimer through its extended
N-terminal segment (24). Previous studies reported an interac-
tion between PilP and PilQ in N. meningitidis (36), and, more
recently, interaction of the C-terminal B-domain of P. aeruginosa
PilP with the N, domain of PilQ was demonstrated by copurifica-
tion experiments (24). Together, the PIIMNOP proteins connect
the inner and outer membrane components of the T4P system and
are critical for its function.

Disruption of a key protein homodimer by small molecules
was shown to block formation of the type IV secretion (T4S) sys-
tem and to diminish virulence of Brucella spp. (37, 38). Toward
our goal of designing inhibitors of T4P function in P. aeruginosa,
here we examined the contributions of the core, coiled-coil, and
transmembrane segments of the PiINO heterodimer to their in-
teraction and function. Point mutations in the coiled-coil region
disrupted PiINO heterodimer formation in a bacterial two-hybrid
(BTH) assay, as did swapping of their transmembrane segments.
In contrast, up to six combined point mutations in the core region
had no effect. When the same mutations were introduced at their
native loci on the P. aeruginosa chromosome, many—including
those that failed to disrupt PiINO interactions in the BTH assay—
altered twitching motility and surface piliation. Chromosomal
mutations thus provided key information about T4P system dy-
namics that could not be predicted from the results of the pairwise
BTH assay. Our findings support a model in which multiple, pre-
cise PiINO interaction interfaces are critical for subcomplex dy-
namics and highlight potential target sites for inhibitor design.
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MATERIALS AND METHODS

Strains, media, and growth conditions. Bacterial strains and plasmids
used in this study are listed in Table S1 in the supplemental material, and
primers used in this study are listed in Table S2. Escherichia coli and P.
aeruginosa were grown at 37°C in LB Lennox broth (LB; Bioshop) supple-
mented when necessary with antibiotics at the following final concentra-
tions (g - ml™"): ampicillin (Ap), 100; carbenicillin (Cb), 200; kanamy-
cin (Kn), 50; gentamicin (Gm), 15 for Escherichia coli and 30 for P.
aeruginosa, unless otherwise specified. Plasmids were transformed by heat
shock into chemically competent E. coli cells. All constructs were verified
by DNA sequencing (MOBIX—McMaster University).

BTH -galactosidase activity assay. Chemically competent E. coli
strain BTH101 was cotransformed with various combinations of pUT18C
and pKT25 protein fusions and tested for activity using a 96-well plate-
based assay as previously described (39) with modifications. Briefly,
BTHI101 cells cotransformed with PilN and PilO fusion constructs were
grown at 30°C in LB supplemented with Ap and Kn with shaking at 200
rpm overnight. LB containing antibiotics and 0.5 mM isopropyl 3-p-1-
thiogalactopyranoside (IPTG; Sigma-Aldrich) was inoculated with a 1:5
dilution of an overnight culture and grown at 30°C, with shaking at 260
rpm, to an optical density at 600 nm (ODy,,) of ~0.6 and standardized.
Cells were harvested by centrifugation for 3 min at 2,292 X g in a micro-
centrifuge, washed with 500 pl 1X phosphate-buffered saline (PBS; 140
mM NaCl, 2.68 mM KCl, 8.1 mM Na,HPO,, 1.47 mM KH,PO,), and
resuspended in 400 pl of the same solution. The cells were lysed using MP
Bio Lysing Matrix silica beads and a FastPrep-24 instrument (MP Bio-
medicals) for 20 s following the manufacturer’s instructions. Tubes were
centrifuged to remove the matrix and cell debris, and the supernatant was
collected. A 50-l volume of the supernatant was added to a 96-well mi-
croplate containing 50 pl of 2X assay buffer (200 mM sodium phosphate
buffer [pH 7.3], 2 mM MgCl,, 100 mM B-mercaptoethanol, 1.33 mg/ml
ONPG [o-nitrophenyl-B-p-galactopyranoside; Sigma-Aldrich]) per well.
The plate was incubated for 30 min at 37°C, on a rocking platform. The
reaction was stopped with the addition of 150 pl of 1 M sodium carbonate,
and absorbance at 420 nm and 550 nm was measured using a Multiscan
GO microplate reader (Thermo Scientific). The specific 3-galactosidase
activity was converted to Miller units using the following equation (where
A is absorbance and T is time in minutes):

ago — (1.75 X Ass)

activity (Miller units) = 1,000 X TX 0.1 X Agy

All assays were performed in triplicate, and at least three independent
experiments were performed for each transformant. A one-way analysis of
variance (ANOVA) test was performed followed by a Dunnett posttest to
compare each interaction pair to the positive control.

Generation of pilN and pilO mutations on the P. aeruginosa chro-
mosome. pilN and pilO mutants were constructed using a Flp-FRT (FLP
recombination target) system as previously described (40). Briefly, suicide
vectors which contained the target gene, pilN or pilO, containing the de-
sired mutations plus the flanking genes (pEX18Gm::pilMNO or
pEX18Gm::pilNOP, respectively), were introduced into E. coli SM10 cells.
The constructs were transferred by conjugation at a 1:9 ratio of P. aerugi-
nosa to E. coli. The mixed culture was pelleted for 3 min at 2,292 X gina
microcentrifuge, and the pellet was resuspended in 50 pl of LB, spot-
plated on LB agar, and incubated overnight at 37°C. P. aeruginosa PAK
strains which contained either piIN::FRT or pilO::FRT mutations were
used as recipients for pEX18Gm::pilMNO or pEX18Gm::pilNOP con-
structs, respectively, in mating experiments (41). After mating experi-
ments were performed, cells were scraped from the LB agar plate and
resuspended in 1 ml of LB and the E. coli SM10 donor was counterselected
by plating on Pseudomonas isolation agar (PIA; Difco) containing Gm
(100 pg - ml~1). Gm-resistant P. aeruginosa isolates were streaked on LB
no-salt plates with sucrose (1% [wt/vol] Bacto tryptone, 0.5% [wt/vol]
Bacto yeast extract, 5% [wt/vol] sucrose, 1.5% agar) and then incubated
for 16 hat 30°C. Selected colonies were cultured in parallel on LB agar with
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and without Gm. Gm-sensitive colonies were screened by PCR using pilN
or pilO primer pairs to confirm replacement of the FRT-disrupted gene,
and PCR products of the expected size were sequenced to confirm incor-
poration of the desired mutations.

Generation of pilT mutants. pilT mutants were constructed using the
Flp-FRT recombination system as previously described (40). Briefly, a
suicide vector containing the target gene (pilT) disrupted by a gentamicin
resistance cassette flanked by FRT sites (pEX18AP::pilT::GmFRT) (42)
was introduced into chemically competent E. coli SM10 cells. The con-
structs were transferred to P. aeruginosa PAK strains containing piIN mu-
tations (ES132-133VA, MR141-142KL, or EV157-158AD) by biparental
mating as described above. E. coli SM10 was counterselected by plating on
PIA containing Gm (100 pg - ml™'). Gm-resistant isolates were selected
and streaked on LB no-salt plates with sucrose and then incubated for 16
h at 30°C. Selected colonies were plated in parallel on LB plates supple-
mented with either Cb or Gm, and Gm-resistant, Cb-sensitive colonies
were selected. Removal of the integrated Gm cassette by Flp recombinase-
catalyzed excision was achieved by conjugally transferring the Flp-ex-
pressing pFLP2 from E. coli SM10 into P. aeruginosa as previously de-
scribed (40). E. coli SM10 was counterselected by plating on PIA
containing Cb. pFLP2 was cured by streaking Cb-resistant isolates on LB
no-salt plates containing 5% (wt/vol) sucrose and incubating for 16 h at
30°C. Select colonies were streaked in parallel on LB, LB plus Cb, and LB
plus Gm plates. Cb- and Gm-sensitive colonies were selected, and the
pilT::FRT mutation was confirmed by PCR and DNA sequencing.

Twitching motility assays. Twitching assays were performed as pre-
viously described (43). Briefly, single colonies were stab inoculated to the
bottom of a 1% LB agar plate. The plates were incubated for 36 h at 37°C.
After incubation, the agar was carefully removed and the adherent bacte-
ria were stained with 1% (wt/vol) crystal violet dye, followed by washing
with water to remove unbound dye. Twitching zone areas were measured
using Image] software (NIH) (44). All experiments were performed in
triplicate with at least three independent replicates.

Sheared surface protein preparation. Surface pili and flagella were
analyzed as described previously (43). Briefly, strains of interest were
streaked in a grid-like pattern on LB agar plates and incubated at 37°C for
16 h. By the use of a glass coverslip, the bacteria were gently scraped from
the surface of the agar and resuspended in 4.5 ml of PBS. Surface append-
ages were sheared by vortex mixing for 30 s. Suspensions were transferred
to 1.5 ml Eppendorf tubes and pelleted by centrifugation for 5 min at
11,688 X g. The supernatant was transferred to fresh tubes and centri-
fuged for 20 min to remove the remaining cellular debris. The supernatant
was transferred to new tubes, and a 1/10 volume of 5 M NaCl and 30%
(wt/vol) polyethylene glycol 8000 (PEG 8000; Sigma-Aldrich) were added
to precipitate soluble proteins. Tubes were incubated on ice for 90 min.
Proteins were collected by centrifugation for 30 min at 11,688 X g, and the
supernatant was discarded. The pellet was resuspended in 150 wl of SDS
sample buffer (125 mM Tris [pH 6.8], 2% B-mercaptoethanol, 20% glyc-
erol, 4% SDS, 0.001% bromophenol blue). Samples were boiled for 10
min and separated using 15% SDS-PAGE. Proteins were visualized by
staining with Coomassie brilliant blue (0.1% Coomassie brilliant blue
R-250, 50% methanol, 10% glacial acetic acid).

Preparation of whole-cell lysates. Cultures were grown overnight at
37°Cin LB supplemented with appropriate antibiotics to an ODy, of 0.6.
A 1-ml aliquot of cells was collected by centrifugation at 2,292 X g for 3
min in a microcentrifuge. The cell pellet was resuspended in 100 .l of SDS
sample buffer and boiled for 10 min. Whole-cell lysate samples were sep-
arated on 15% SDS-PAGE and subjected to Western blot analysis.

Western blot analysis. Whole-cell lysate samples were separated on
15% SDS-PAGE and transferred to nitrocellulose membranes for 1 h at
225 mA. Membranes were blocked using 5% (wt/vol) low-fat skim milk
powder—PBS for 1 h at room temperature on a shaking platform, followed
by incubation with the appropriate antisera for 2 h at room temperature at
the following dilutions: PilM, 1/2,500; PiINOP, 1/1,000 (each); PilA,
1/5,000. The membranes were washed twice in PBS for 5 min and then
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FIG 2 Chimeric proteins disrupt PiINO heterodimer formation in the BTH
system. (A) N-terminal truncations of PilN and PilO (PiINA44 and PilOA51)
and full-length versions of PilN and PilO and the PilN chimera (PilN ch) and
the PilO chimera (PilO ch) were fused at their N termini to the T18 or T25
fragment of adenylate cyclase from Bordetella pertussis. PilN and PilO interac-
tions were detected using both truncated and full-length versions, whereas
only the truncated version of PilO formed homodimers. Swapping the TMS
from PilO for that of PiIN (PilO chimera) resulted in a loss of interaction with
PilN but restored the interaction with PilO, whereas the PiIN chimera (PilN
with the TMS of PilO) was unable to interact with either full-length PiIN or
PilO. Experiments were performed in triplicate (n = 3). Bars represent the
means * standard errors. The red line indicates the 3-galactosidase activity of
the vector-only negative control (white bar). *, P = 0.05; **, P =< 0.01. (B)
Cartoon schematic of the PiIN (blue), PilO (gray), and PilN chimera and PilO
chimera constructs used in this study. Boundaries of the transmembrane seg-
ment (TMS), coiled coils, and core are indicated. N-term, N terminus.

incubated in goat anti-rabbit IgG alkaline phosphatase-conjugated sec-
ondary antibody (Bio-Rad) at a dilution of 1/3,000 for 1 h at room tem-
perature. The membranes were washed twice in PBS for 5 min and visu-
alized with alkaline phosphatase developing reagent (Bio-Rad) following
the manufacturer’s protocol.

RESULTS

PiIN and PilO dimer formation in the BTH assay. Using a bacte-
rial adenylate cyclase two-hybrid (BTH) system amenable to ex-
amining potential interactions of membrane-bound proteins (39,
45), we tested interactions between both truncated and full-length
versions of PilN and PilO (Fig. 2A). Truncated constructs encom-
passed the core and CC domains but lacked the TMS and cyto-
plasmic N termini (Fig. 2B; see also Fig. S1 in the supplemental
material). Stable expression of all fusions was confirmed via West-
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ern blotting with specific antisera to PilN or PilO (see Fig. S2).
Interactions between the periplasmic regions of PilN and PilO
(PiINA44 and PilOAS51, respectively)—previously established by
copurification and gel filtration (34, 46)—were confirmed, as
were interactions between the full-length proteins (Fig. 2A). In
addition to forming heterodimers with PiINA44, the PilOA51
fragment formed homodimers. Unexpectedly, full-length PilO
did not homodimerize in the BTH assay, with 3-galactosidase
activities similar to those seen with the negative control (Fig. 2A).
Neither truncated nor full-length PiIN formed homodimers in
this assay (Fig. 2A).

The transmembrane segments of PiINO modulate their in-
teraction in the BTH assay. Although we showed previously (46)
that the periplasmic regions of PiIN and PilO are sufficient for
their interaction, evidence from the Neisseria T4P system and the
related type II secretion (T2S) system of Dickeya dadantii (for
GspLM, the functional equivalents of PiIMNO) indicated that
TMSs likely participate in PiINO interactions (47, 48). Contribu-
tions of the P. aeruginosa PilN and PilO TMS to their interactions
were examined using chimeras. The PiIN chimera construct con-
sisted of full-length PilN in which the TMS (residues 21 to 43) was
replaced with that of PilO (residues 23 to 45). In the PilO chimera,
the TMS (residues 23 to 45) was swapped for that of PilN (residues
21 to 43) (Fig. 2B). Although homodimerization of full-length
PilO was negative in the BTH assay, the PilO chimera could inter-
act with wild-type PilO but lost the ability to interact with PiIN
(Fig. 2A). Full-length PiIN did not homodimerize, and the PiIN
chimera failed to interact with either PiIN or PilO in this assay
(Fig. 2A).

Point mutations in the coiled coils of PiIN or PilO disrupt
their interaction in the BTH assay. Attempts to purify soluble P.
aeruginosa PilN for structural studies, or to obtain an X-crystal
structure of the PiINO heterodimer, have so far been unsuccessful.
While a structure of a T. thermophilus PilN periplasmic fragment
is available (35), its primary sequence identity with P. aeruginosa
PilN is very low, and the arrangements of their secondary struc-
ture elements differ, precluding use of T. thermophilus PiIN as a
template to produce a high-confidence structural model. Instead,
the truncated P. aeruginosa PilO homodimer structure (34) was
used to generate a high-confidence Phyre” (49) model of a PIINO
heterodimer (Fig. 3A). The model was used to design a series of
single or double point substitutions meant to disrupt hydropho-
bic or charged interactions at the core-core or coiled-coil inter-
faces (Fig. 1B and Tables 1 and 2). Because the PiINO heterodimer,
like the PilO homodimer, is predicted to have a large buried sur-
face area—2,082 A? for the PilOA68 homodimer (34)—some mu-
tations were generated in pairs to rapidly exclude those with no
effect. Residues at the predicted core-core interface between PilN
a4 and PilO B4 or between PilN 33 and PilO a4, with estimated
distances of less than 12 A between Ca atoms, were selected for
mutagenesis (Fig. 3B and Tables 1 and 2). Coiled-coil residues
were selected based on their conservation in orthologs from other
T4P-expressing bacteria (Fig. 3C and Tables 1 and 2). The muta-
tions were introduced into the full-length T18-PilN and T25-PilO
constructs, and stable expression of mutant fusions was verified by
Western blotting (see Fig. S2 in the supplemental material). In the
BTH assay, none of the core mutations (PiIN ES132-133VA,
MR141-142KL, and EV156-157AD) nor a combination of all
these mutations (PiIN Triple) disrupted the PiINO interaction
(Fig. 4, gray bars). In the coiled-coil region, PiN L81K and LD64-
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FIG 3 Model of a PiINO heterodimer. (A) A ribbon diagram representation mapping the N and C termini, secondary structure elements, and structural domains
of PiINA57 (blue) and PilOA68 (gray) using a Phyre® (49) model of PilN generated using the PlOA68 homodimer (2RJZ [34]) as a template. (B) Closeup of the
core-core domain, which consists of PilN a-helices 3 and 4 and B-strands 1 to 4 and PilO a-helices 3 and 4 and 3-strands 1 to 5. The residues on PilN chosen for
substitution are shown as follows: for the a4 helix, E132, S133, M141, and R142; for the 33 strand, E157 and V158. (C) Closeup of the PiINO coiled coils, which
consist of a-helices 1 and 2. The residues chosen for substitution are shown as follows: for the PilN a1 helix, L64 and D65; for the a2 helix, L81 and L82; for the

PilO «2 helix, M92.

65KK and PilO M92K disrupted the PiINO interaction (Fig. 4,
black bars). These data suggested that, in addition to the TMS, the
coiled-coil region was involved in PiINO interactions.

Substitutions in PilN and PilO disrupt the dynamics of the
T4P system. PIIMNOP are encoded in a single operon, and their
stability is sensitive to perturbations in stoichiometry (41). To
retain their native context, all point substitutions and the chimeric
mutations swapping the TMSs of PilN and PilO were integrated
into the P. aeruginosa chromosome at their original loci. After the
stable expression of all alignment subcomplex proteins and the
major pilin PilA was verified using specific antisera (see Fig. S3A in
the supplemental material), the mutants were assessed for surface
pilus expression and twitching motility.

We predicted that mutations failing to disrupt heterodimeriza-

TABLE 1 Summary of PilN mutants and their phenotypes

tion in the BTH assay (PiIN ES132-133VA, MRI141-142KL,
EV157-158AD, Triple, L81A, and L82K and PilO M92A) would
confer a wild-type phenotype, while those that prevented interac-
tions (PiIN L81K and LD64-65KK and the PiIN chimera and PilO
M92K and the PilO chimera) would prevent pilus assembly and,
thus, motility. Mutants PiIN ES132-133VA, L81A, and L82K and
PilO M92A had phenotypes similar to the wild-type phenotype,
but, surprisingly, core mutants PiIN MR141-142KL and EV157-
158 AD—and consequently, the Triple mutant that contains those
mutations—were unable to twitch due to a lack of pili (Fig. 5A).
Coiled-coil mutants PilN L81K and PilO M92K that failed to in-
teract in the BTH assay unexpectedly had wild-type or greater
levels of pili but only ~60% of the wild-type level of twitching
motility, a statistically significant decrease (P = 0.01) (Fig. 5A; see

BTH PilO Twitching

PiIN mutation Location interaction motility Surface pili
ES132-133VA Core Yes Yes Yes
MR141-142KL Core Yes No No
EV157-158AD Core Yes No No
Triple mutation (ESMREV132-133-141- Core Yes No No

142-157-158VAKLAD)
L8IK Coiled coils No Yes—reduced Yes—hyperpiliated
L81A Coiled coils Yes Yes Yes
L82K Coiled coils Yes Yes Yes
LD64-65KK Coiled coils No No Yes—reduced
PilN chimera TMS No No Yes—reduced
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TABLE 2 Summary of PilO mutants and their phenotypes

PilO BTH PiIN  Twitching

mutation Location interaction motility Surface pili

M92A Coiled coils  Yes Yes Yes

M92K Coiled coils No Yes—reduced Yes—hyperpiliated
PilO chimera TMS No Yes—reduced Yes

also Fig. $4 in the supplemental material). These phenotypes were
consistent with defects in pilus retraction. The PilN LD64-65KK
coiled-coil mutant and the PilN chimera had only a small amount
of pili and no twitching motility, while the PilO chimera had levels
of pili similar to the wild-type level but was significantly impaired
in its ability to twitch, at ~50% of the level seen with the wild-type
control (P = 0.01) (Fig. 5A; see also Fig. S4). These data indicate
that specific residues at the core-core and coiled-coil interfaces,
and in the TMS, play diverse roles in function of the PilN and PilO
proteins and that interaction (or lack thereof) in the BTH assay
does not necessarily correlate with dysfunction in the native con-
text.

The core domain of PilN is more sensitive to perturbation
than the coiled-coil region. To further dissect the residues in the
PiIN MR141-142KL, EV157-158AD, and LD64-65KK mutants
that were responsible for aberrant function, single mutations from
each pair were introduced into the P. aeruginosa chromosome at
the pilN locus. Single substitutions had no effect on the stable
expression of alignment subcomplex components or intracellular
levels of PilA (see Fig. S3B in the supplemental material). Single
mutants M141K, R142L, E157A, and V158D recapitulated the
double-mutant phenotype, with no pili and motility, while single
mutants L64K and D65K had wild-type levels of pili and twitching
motility (Fig. 5B; see also Fig. S4) and regained the ability to in-

teract with PilO in the BTH assay (see Fig. S5). Therefore, single
substitutions in the core domain of PilN independently disrupted
T4P function, while the combination of coiled-coil mutations was
necessary to produce the observed functional defects.

Nonpiliated mutants assemble pili in a retraction-deficient
background. In a pilT mutant lacking the retraction ATPase, any
pili that are assembled become trapped on the surface of the bac-
teria (50). In a retraction-deficient background, mutants lacking
individual components of the alignment subcomplex assemble
fewer pili than a pilT control (23). We hypothesized that PilN
MR141-142KL and EV157-158 AD mutants may assemble piliin a
retraction-deficient background, similarly to a piIN deletion mu-
tant. The PilT retraction ATPase was inactivated in PilN ES132-
133VA, MR141-142KL, and EV157-158AD mutants. As pre-
dicted, PiIN MR141-142KL and EV157-158 AD assembled a small
amount of pili when retraction was disabled (Fig. 6), a lesser
amount than the PiIN ES132-133VA control (which has pili; Fig.
5A) or the wild type. Interestingly, the PiIN point mutants assem-
bled fewer pili than a mutant in which pilN was completely deleted
(Fig. 6). These data suggest that small changes in the PiIN MR141-
142KL and EV157-158AD mutant interface with PilO severely re-
strict pilus assembly and that the resulting imbalance between
extension and retraction leads to bald cells.

DISCUSSION

Various functions for the PIMNOP T4P alignment subcomplex
have been proposed, including a possible role in relaying signals
from the cytoplasmic motor components to the secretin complex
in the OM (24, 25). Here we provide evidence suggesting that the
highly conserved components PiIN and PilO contribute to both
extension and retraction of the pilus fiber. PiINO interactions are
precise—because they can be altered by mutation of single resi-
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FIG 4 Specific mutations in the coiled-coil regions disrupt PiINO interaction. Core mutations corresponding to PiIN ES132-133VA, MR141-142KL, and
EV157-158AD, individually and in combination (Triple), failed to disrupt interactions between full-length PilN and PilO in the BTH assay. Mutations in the
coiled coils PilN L81K and LD64-65KK and PilO M92K disrupted the interaction, whereas PiIN L81A and L82K and PilO M92A had no effect. Experiments were
performed in triplicate (n = 3). Bars represent the means * standard errors. The red line indicates (3-galactosidase activity of the vector-only negative control
(Vector). The positive control was the full-length T18-PiIN and T25-PilO interaction (white bar labeled “PiIN”).
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mutant. The interaction (+) or lack of interaction (—) for each mutant with its wt partner in the BTH assay is summarized below the gel images. (B) Single point
substitutions were created for mutants MR141-142KL, EV157-158AD, and LD64-65KK (M141K and R142L, E157A and V158D, and L64K and D65K, respec-
tively) and the mutants subjected to twitching motility assays (top) and sheared surface pilin assays (bottom) as described above.

dues, resulting in loss of function—and specific—since extension
or retraction can be independently perturbed, depending on the
location and nature of the mutation.

Structural and functional similarities between the T2S and T4P
systems have long been recognized (51). Despite minimal se-
quence identity between orthologous components of the align-
ment subcomplexes in the two systems, atomic resolution struc-
tures revealed a high degree of structural similarity, suggesting
conservation of function (33, 34, 46, 52—54). Previous studies sug-
gested that multiple segments of GspL and GspM, the T2S equiv-
alents of PiIMN and PilO, respectively, participate in their inter-
action (47, 48). Our BTH assay results confirmed the presence of
heterodimeric interactions between the periplasmic domains of
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FIG 6 PiIN ES132-133VA and MR141-142KL assemble pili in retraction-
deficient backgrounds. PiIN mutants ES132-133VA, MR141-142KL, and
EV157-158AD were tested in a retraction-deficient (pilT) background for their
ability to assemble pili. Mutants were compared to wild-type (wt), nonpiliated
(pilA), and hyperpiliated (pilT) strains and to a PilN mutant (piIN) and a
PiIN/PilT double mutant (pilN/pilT). Sheared surface proteins were separated
on a 15% SDS-PAGE gel stained with Coomassie brilliant blue to visualize
pilins (top) and flagellins (loading control) (bottom) for each PilN mutant.
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PilN and PilO (core plus coiled coil) (see Fig. S1 in the supplemen-
tal material), as well as the full-length, membrane-bound forms
(41, 46). The increased B-galactosidase activity observed for full-
length versus truncated PiINO suggested that the TMSs contribute
to the interaction. Although full-length PilO did not ho-
modimerize in the BTH assay, a PilO chimera with the PiIN TMS
gained the ability to interact with full-length PilO, while losing the
ability to interact with PilN (Fig. 2A), suggesting that the TMS
modulates the interaction. Failure of PilO to homodimerize in the
BTH assay may relate to the low isoelectric point (pI 4.2) of its
coiled-coil region (34), which could cause charge repulsion, in-
creasing the distance between the T18 and T25 fusion tags and
preventing enzyme reconstitution. A similar phenomenon could
explain the lack of PiIN homodimerization in the BTH assay due
the high (10.2) pI in this region of the protein (34), although it
seems less likely given that even the truncated form of PilN failed
to interact with itself (Fig. 2A). The PilN chimera (which has the
TMS of PilO) failed to interact with full-length PilO, or with full-
length PilN (Fig. 2A). Given that their TMSs should be compati-
ble, failure of the PiIN chimera to interact with PiIN (Fig. 2A) did
not match our prediction but suggests that additional contacts in
the coiled-coil and core regions are required to stabilize TMS in-
teractions. These findings are consistent with BTH data for N.
meningitidis TAP components, in that the PilN ortholog interacts
with PilO but not with itself, and with previous genetic and bio-
chemical data showing that PilN is misfolded and unstable in the
absence of PilO (34, 41, 46, 48). In contrast, PiIN from the T.
thermophilus TAP system (35) and GspL in the T2S system (54-56)
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form homodimers. In the T. thermophilus model, homodimers of
PilMN were hypothesized to form the initial transmembrane plat-
form for assembly, followed by docking of PilO onto PilN to form
PiINO heterodimers (35). Partner switching between the homo-
and heterodimer states of GspL and GspM (PiIMN and PilO, re-
spectively) in the T2S system has been reported and has functional
implications (47, 56). Whether the interactions among compo-
nents of the T4P alignment subcomplex are dynamic is under
investigation.

Defects in pilus retraction caused by inactivation of the retrac-
tion ATPase, PilT, result in a hyperpiliated phenotype (50). Loss of
the PilT paralog PilU (57), or specific point mutations in the an-
tiretraction factor PilY1 (58) or the platform protein PilC (23),
can also result in piliated cells with reduced motility. We identified
new mutations in PiINO (PiIN L81K and PilO M92K) that result
in the distinctive combination of reduced twitching motility and
increased piliation, suggesting that they affect pilus retraction.
These apposing residues are located in the a:2-helices of the coiled-
coil 2 (CC-2) region (Fig. 3C), which were previously hypothe-
sized to be key interaction interfaces due to their large charge
differential (34). The residues of interest likely form a key hydro-
phobic contact, since PiIN L81A—but not L8 1K—retains wild-
type function; similarly, PilO M92A has normal function, while
M92K disrupts twitching (Fig. 5A).

Substituting the TMS of PilN for that of PilO in P. aeruginosa
caused a marked reduction in motility (see Fig. S4 in the supple-
mental material) without decreasing piliation (Fig. 5A), also char-
acteristic of a retraction defect. Although T4P dynamics were
clearly impaired, the PilO chimera retained the ability to het-
erodimerize with PilN in P. aeruginosa, as evidenced by the stabil-
ity of the proteins (see Fig. S3A) and their ability to assemble pili
(Fig. 5A). When the TMS of PilN was replaced with that of PilO,
the PiIN chimera was unable to homo- or heterodimerize in the
BTH assay and in P. aeruginosa led to trace amounts of surface pili
and no motility. The PiIN chimera was detrimental to T4P assem-
bly, potentially due to decreased interaction with its cytoplasmic
partner, PilM (see Fig. S6).

The contributions of the TMS of inner membrane components
to their interactions have been largely overlooked in the T4P and
T2S systems due to past focus on biochemical and structural anal-
ysis of soluble cytoplasmic or periplasmic fragments. In the T2S
system of D. dadantii, multiple interactions between the TMSs of
GspL and GspM, plus a third integral IM protein, GspC (the
equivalent of PilP), were demonstrated using pulldown assays,
BTH assays, and Cys cross-linking (47). The mechanism of T2S
pseudopilus disassembly is unknown, but in the case of T4P, the
phenotypes of the coiled-coil and TMS mutants support the con-
clusion that precise PiINO interactions contribute to pilus disas-
sembly, as well as assembly.

Multiple mutations at the PiINO core-core interface had no
effect on interaction in the pairwise BTH assay, so we were sur-
prised when four of six mutations at this surface severely reduced
pilus assembly when introduced into P. aeruginosa (Fig. 4 and 5A).
These results validate the utility of the PiINO Phyre* model in
selection of functionally significant residues and stress the impor-
tance of testing the effects of mutations in a native, multiprotein
complex context. PilN mutations MR141-142KL and EV157-
158AD are located on a4 and B3, respectively, while the PilN
ES132-133VA pair, which had no effect on function, is located in
an unstructured region at the top of a4 (Fig. 3B). Loss of function
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might relate to subtle shifts in the core-core interface, such that it
is no longer correctly oriented for optimal pilus assembly. Alter-
natively, these mutations could affect interactions of the PiINO
heterodimer with the lipoprotein, PilP, which has a long unstruc-
tured N-terminal region that is unstable in the absence of the
PiINO heterodimer (46). PilP was stable in all mutants examined
(see Fig. S3 in the supplemental material), but the MR141-142KL
and EV157-158AD substitutions may affect its interactions with
the PiINO heterodimer, reducing pilus assembly. PiIN MR141-
142KL and EV157-158AD double mutants and their single-mu-
tant derivatives assemble pili on the surface only when retraction
is blocked (Fig. 6), implying inefficient pilus extension, or a re-
duced ability to counteract retraction (23, 59). Correct orientation
of PIINOP interfaces could be important for optimal PilP and PilQ
interactions and control of secretin gating (36, 46, 60).

The PiIN LD64-65KK mutation located in the first a-helix
(CC-1 region) (Fig. 3C) disrupted PilNO interactions in the BTH
assay and, in P. aeruginosa, decreased the amount of surface pili-
ation and twitching motility (Fig. 4 and 5A), without affecting the
stability of the alignment subcomplex proteins (see Fig. S3A in the
supplemental material). This defect was less pronounced than
those caused by the core mutations. Mutation of both residues in
PilN LD64-65KK was necessary to produce the observed pheno-
type (Fig. 5B), suggesting that this part of the coiled-coil region is
more permissive for substitution; of note, its contribution to func-
tion would have been missed had only single-residue substitutions
been tested.

From these data, we propose a model in which the TMSs of
PiIN and PilO initiate their heterodimerization. PilN and PilO
contacts are subsequently stabilized through interactions of their
oppositely charged coiled-coil regions, as predicted for EpsLM in
the Vibrio T2S system (34). The PiINO heterodimer then interacts
with PilP (46), creating, with PiIM bound to PilN’s N terminus
(33, 34), a transenvelope complex upon PilP’s interaction with
PilQ (24). Without the correct contacts in these regions, cytoplas-
mic components such as PilM may be unable to accurately relay
conformational changes arising from the activity of IM platform
components, including the PilB and PilT ATPases. This model
could explain why the PilN chimera was more detrimental to the
function of the system than the PilO chimera, as the TMS swap in
PiIN might alter relay of conformational changes from PilM. In
the T2S and the type IVD pilus (T4bP) systems, PilB-like ATPases
have been cocrystallized with their PilM homologs, confirming
interactions between these components (61-63). Alternatively,
communication between the PiIMNOP subcomplex and PilQ
could be altered such that the secretin is not appropriately gated to
allow for normal pilus assembly/disassembly dynamics (37, 38).
Finally, since interaction between components of the alignment
subcomplex and pilin subunits has been confirmed in both T2S
and T4P systems (24, 35, 48, 64), changes in those interactions
may also contribute to loss of function.

Together, our findings suggest that precise PiINO interactions
play a critical role in T4P dynamics, supporting the idea that the
alignment subcomplex is not simply a static connector of inner
and outer membrane components. Depending on their location
and nature, small changes can cause a range of effects from subtle
(Iess piliation, reduced motility) to drastic (no piliation or hyper-
piliation, loss of motility). The data emphasize the importance of
studying protein-protein interactions in their native context and
stoichiometry, since chromosomal mutations provided key infor-
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mation on dynamics that could not have been predicted from
BTH assay results. Our discovery that mutating even a single res-
idue at a critical contact point can render the T4P system dysfunc-
tional is encouraging from the perspective of drug development.
Small-molecule disruption of protein-protein interactions has
been successful in the T3S and T4S systems (4—6, 65, 66) but can be
challenging due to the potentially large interaction interfaces in-
volved. This work shows that, despite their large predicted buried
surface areas, there are critical interfaces of PiINO that can be
targeted to block piliation and/or motility without completely dis-
rupting their interactions, suggesting that inhibitors could have a
high likelihood of success.
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