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Several bacterial pathogens require the “twitching” motility pro-
duced by filamentous type IV pili (T4P) to establish and maintain
human infections. Two cytoplasmic ATPases function as an oscill-
atory motor that powers twitching motility via cycles of pilus ex-
tension and retraction. The regulation of this motor, however, has
remained a mystery. We present the 2.1 A resolution crystal struc-
ture of the Pseudomonas aeruginosa pilus-biogenesis factor PilY1,
and identify a single site on this protein required for bacterial
translocation. The structure reveals a modified p-propeller fold
and a distinct EF-hand-like calcium-binding site conserved in patho-
gens with retractile T4P. We show that preventing calcium binding
by PilY1 using either an exogenous calcium chelator or mutation of
a single residue disrupts Pseudomonas twitching motility by elim-
inating surface pili. In contrast, placing a lysine in this site to mimic
the charge of a bound calcium interferes with motility in the oppo-
site manner—Dby producing an abundance of nonfunctional surface
pili. Our data indicate that calcium binding and release by the
unique loop identified in the PilY1 crystal structure controls the
opposing forces of pilus extension and retraction. Thus, PilY1 is
an essential, calcium-dependent regulator of bacterial twitching
motility.

calcium binding | human pathogen | microbiology | pilus biogenesis |
structural biology

he pathogenesis of bacterial infections typically depends on

microbial adherence to host tissue, aggregation of the patho-
gen at the site of infection, and subsequent dissemination to other
anatomical sites within the host. Type IV pili (T4P) are thin sur-
face filaments involved in biofilm formation, bacterial aggrega-
tion, and microbial adherence to biotic and abiotic surfaces.
T4P biogenesis requires more than a dozen proteins conserved
across a range of bacterial species (1). A subset of bacteria,
including the opportunistic human pathogen Pseudomonas
aeruginosa, cyclically extend and retract their T4P, facilitating a
form of surface movement termed twitching motility (2-4).
Retractile T4P are required for P aeruginosa adherence to host
tissue, virulence, and dissemination of infection (5-7).

The pilin subunits that form T4P are incapable of self-assem-
bly. Instead, pilus extension and retraction requires repeated
rounds of pilin polymerization and depolymerization, both of
which demand ATP hydrolysis (8, 9). In P aeruginosa, the cyto-
plasmic ATPase PilB drives the assembly of pilin monomers into
mature T4P (8, 10), while the structurally related cytoplasmic
ATPase PilT disassembles T4P back into pilin monomers
(8, 11, 12). Loss-of-function mutations in PilT result in the loss
of twitching motility due to the inability of formed pilus fibers
to retract (12). The C-terminal half of the 117-kDa P, aeruginosa
PilY1 protein shares sequence homology with the C-terminal do-
main (CTD) of the PilC proteins of pathogenic Neisseria species;
in contrast, the N-terminal regions of the PilCs and PilY1 are
divergent in sequence (13). Although the PilC proteins from
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Neisseria have been implicated in antagonizing pilus retraction
by the pilus-biogenesis ATPase PilT, the N-terminal domains
of these proteins appear critical for host cell attachment (14,
15). Thus, we hypothesized that the conserved CTDs of PilY1
and PilC may play a common role in T4P biogenesis rather than
adhesion, and pursued a structural and functional analysis of the
CTD from Pseudomonas aeruginosa PilY1.

Results

PilY1 Exhibits a Modified p-Propeller Fold. Examination of the amino
acid sequence of PilY1 from P, aeruginosa revealed conservation
between its C-terminal 550 residues and the same regions of the
PilC proteins from Neisseria, and a predicted structural homology
to the eight-bladed p-propeller fold exhibited by a range of pro-
teins (16, 17). Thus, we overexpressed, purified, and crystallized
the PilY1 CTD (amino acids 6145-1163) for examination by x-ray
diffraction. Native diffraction data were collected to 2.1 A reso-
lution (Table 1); however, attempts to determine the structure
using existing p-propeller search models or by isomorphous
replacement methods were not successful. PilY1 CTD contains
only six methionine residues, which upon selenomethionine sub-
stitution failed to produce an adequate signal to support structure
determination by anomalous dispersion (18). To overcome this
problem, a series of single leucine-to-methionine (L-M) substitu-
tions were placed in the PilY1 CTD to provide additional sites for
single-wavelength anomalous dispersion (SAD) phasing (Figs. S1
and S2). After several attempts, three L-M substitutions (at posi-
tions 712, 812, 823) were successfully combined, crystallized, and
generated clear selenomethionine fluorescence signal upon ex-
amination in the x-ray beam. The structure was determined by
SAD phasing using crystals containing nine total selenomethio-
nine residues per protein monomer (Table 1).

The structured 505 residues of the PilY1 CTD exhibit a seven-
bladed modified p-propeller fold composed of 31 p-strands and 9
a-helices (Fig. 14 and Figs. S1 and S2; residues at the termini, as
well as 713-721 and 1061-1068 were disordered and are not in
the refined model). Blades I through IV are four-stranded
antiparallel p-sheets and align well with blades of a canonical
B-propeller enzyme, quinohemoprotein alcohol dehydrogenase
from Comamonas testosteroni [Protein Data Bank (PDB)
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Table 1. Crystallographic data collection, phasing, and refinement

PilY1 C-terminal domain

Data set Native SeMet

Unit cell, abc, A; opy, ° a=644,b=1083,c=159.0 a=169.8 b=64.9, c=116.6, f=108.7
Space group P2,2,2, 2

Wavelength, A 1.0718 0.9792

X-ray source
Resolution, A (highest shell)

APS SER-CAT 22-BM
50-2.10 (2.18-2.10)

APS SBC-CAT 19-ID
50-2.80 (2.90-2.80)

No. of reflections, unique 65477 29869
Completeness, % 99.7 (98.8) 99.9 (100.0)
Roym™*, % 8.5 (43.5) 7.1 (24.4)
/o 39.7 (6.7) 48.6 (9.8)
Redundancy 13.9 (13.3) 7.8 (7.9)
SAD phasing statistics to 2.8 A
Se atom sites in AU (observed/total) 14/18
Mean figure of merit
MLPHARE (highest shell) 0.65 (0.60)
After DM (highest shell) 0.82 (0.41)

Refinement summary

Resolution, A (highest shell)

50-2.10 (2.18-2.10)

Molecules per AU 2
No. of protein atoms/AU 7,361
No. of waters/AU 818
Rworking?r % 19.6 (237)
Rree’s % 23.5 (28.1)
Average B factor, A2

Protein 29.5

Water 423
rms deviations

Bonds, A 0.005

Angles, ° 1.37
Coordinate error estimates, A

Luzzati 0.23

SigmaA 0.15
Ramachandran, %

Allowed, generous, disallowed 98.6, 1.0, 0.4
Protein Data Bank ID code 3HX6

AU, asymmetric unit; APS, Advanced Photon Source; SER, Southeast Regional; CAT, Collaborative Access Team; SBC,
Structural Biology Center; BM, bending magnet; ID, insertion device; SAD, single-wavelength anomalous dispersion;
MLPHARE, maximum likelihood heavy atom refinement and phase calculation; DM, density modification.

*Rym = Z|l — ()|/Z|l|, where I is the observed intensity and (/) is the average intensity of several symmetry-related

observations.

"Ruorking = ZI|Fol = [Fcl|/Z|Fol, where F, and F, are the observed and calculated structure factors, respectively.
*Riree = Z||Fo| — |Fc||/Z|F,| for 5% of the data not used at any stage of the structural refinement.

1KBO; overall rmsd of 3.6 A over 290 equivalent Ca positions with
15% sequence identity; Fig. 1B] (16). This B-propeller enzyme
was identified by Phyre to align with the PilY1 predicted structure
(E-value 0.014, 95% certainty) (16). Blades V through VII of the
PilY1 CTD, however, deviate from the standard B-propeller fold
and align poorly with established p-propellers. Blade V contains a
fifth strand (p20) that is shared with blade VI. Blade VI is com-
posed of six strands, including 20, and maintains an insert con-
taining a short helix and p-turn-p motif (a9, $26-27). Finally, blade
VII is truncated and composed of three relatively short strands.

WD40 p-propeller proteins mediate protein—protein interac-
tions via surface contacts at the propeller center (19). Superpos-
ition of the PilY1 CTD structure onto that of the seven-bladed
B-propeller WDRS, complexed with a lysine 4-containing histone
H3 peptide, revealed an rmsd of 3.9 A over 261 equivalent Ca
positions sharing only 12% sequence identity (20). Blades I-IV
of the PilY1l CTD align well with the first four blades of
WDRS, whereas the last three blades of each protein deviate
more significantly in structure (Fig. S3). However, helices four
and seven of PilY1 appear to block the surface site used by
WDRS to interact with peptide (19). Both helices are predicted
to be conserved in the C-terminal domains of the related Neisseria
PilC proteins (Fig. S2) (17). These observations suggest that
PilY1 and related pilus-biogenesis factors do not mediate pro-
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tein—protein interactions using the canonical WD40 surface-
binding site.

PilY1 Contains a Unique Calcium-Binding Loop. A strong |F,| — |F|
electron density peak in the PilY1 CTD structure was interpreted
as a calcium ion based on the observed coordination by three as-
partic acid side chains (851, 855, 859), one asparagine side chain
(853), one main-chain carbonyl oxygen of valine 857, and one
water (Fig. 24 and Fig. S1). The calcium binding observed in
PilY1 is similar to that seen in the canonical EF-hand Ca-binding
motifs (Fig. 2B and Fig. S4) (21). PilY1 and EF hands both em-
ploy seven contacts to the bound calcium ion, including one from
a water molecule and one bidendate contact via an acidic side
chain. PilY1 is unique, however, in that it achieves this calcium
chelation using a stretch of only nine amino acids (851-859) in a
loop between two p-strands (p13 and p14) rather than the twelve
residues between two a-helices typically observed in the EF hands
(21). In addition, the carboxylic acid group of the bidendate Asp-
859 residue is rotated nearly 90° with respect to the equivalent
residue in EF-hand proteins (21). Asp-859 forms a hydrogen
bond with His-797, which is conserved in PilY1 proteins of known
sequence. The calcium-chelating residues observed in the struc-
ture are conserved in the PilY1s of known sequence and in the
related PilCs, with the exception that Asn-853 is replaced with an
aspartic acid in the Neisseria proteins (Fig. 2C and Fig. S2). This
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Fig. 1. Crystal structure of the P. aeruginosa PilY1 CTD. (A) 2.1 A resolution
crystal structure of the P aeruginosa PilY1 C-terminal domain, which begins
at residue 644 and ends at 1148 and encompasses seven f-blades (I-VII;
colored red, orange, yellow, green, blue, magenta, and violet). (B) Superposi-
tion of the seven-bladed PilY1 CTD B-propeller (red through violet) on the
eight-bladed B-propeller of the quinohemoprotein alcohol dehydrogenase
from Comamonas testosteroni (1KBO; gray).

modified EF-hand-like motif is also present in PilY1 orthologues
found in other bacteria that utilize T4P, including the human
pathogen Kingella kingae. Thus, a unique calcium-binding site
appears to be conserved in the C-terminal domains of pilus-
biogenesis proteins related to PilY1.

Measurement of calcium-binding affinity using a fluorescence
competition assay established that purified PilY1 CTD exhibits a
K, of 2.6 pM for calcium (Fig. 2D), which is similar to the affin-
ities reported for traditional EF-hand proteins (22). Titration
with increasing concentrations of magnesium chloride reveals
that this cation does not bind to PilY1l. Mutation of the
calcium-chelating residue Asp-859 to alanine eliminates specific
calcium binding by the protein (Fig. 2D). Removal of calcium
either by Chelex 100 or by mutating a chelating residue (e.g.,

Orans et al.

Fig. 2D and Fig. S5) did not change the overall structure (as mea-
sured by circular dichroism spectropolarimetry; Fig. S6) or melt-
ing temperature (Fig. S7) of the PilY1 CTD (23). Thus, calcium
binding appears not to play a role in the overall structure of the
PilY1 C-terminal domain.

Calcium Binding and Release by PilY1 are Essential for Functional Pili.
Expression of mutant versions of PilY1 in P aeruginosa revealed
that calcium binding and release are essential for pilus production
and twitching motility. To examine the phenotypic consequences
of altering the PilY1 calcium-binding site on T4P production and
function, we engineered plasmid-encoded versions of full-length
wild-type PilY1 and PilY1 carrying the D859A substitution. Both
proteins were expressed to native levels in a P aeruginosa strain in
which the chromosomal pilY] gene was deleted (Fig. S8). The
PilY1™inus strain is devoid of surface T4P, lacks measurable
twitching motility, and is phenotypically indistinguishable from
a nonpiliated PilA™" strain, which does not produce the major
T4P subunit, pilin (Fig. 34 and B). Complementation of the
PilY 1™ gtrain with plasmid-expressed PilY1 restored twitching
motility and pilus production to wild-type levels (Fig. 34 and B).
In contrast, complementation of the PilY1™mS strain with
full-length PilY1 D859A resulted in significantly less twitching
motility (p < 0.001) (Fig. 34). The level of surface T4P produced
by the PilY1 D859A expressing strain was also dramatically re-
duced compared to wild type and likely accounts for the observed
defect in twitching motility (Fig. 3B).

PilY1 was previously shown to traffic to the surface T4P frac-
tion (13) (Fig. S8), where it presumably functions through a direct
association with the pilus fiber. To determine whether the defect
in twitching observed with the D859A form of PilY1 was caused
by disrupted pilus assembly/extension or increased pilus retrac-
tion, the PilY1 D859A mutant was expressed in a mutant strain
lacking the PilT-retraction ATPase (PilT™™us, PilY [™nUS strain).
These bacteria regained the ability to produce normal levels of
T4P, and the mutant PilY1 protein was capable of trafficking
to the sheared pilus fraction (Fig. 3C-F). This result indicates
that the loss of surface pili observed with the PilY1 D859A mu-
tant is caused by PilT-mediated pilus retraction. In the presence
of PilT, the D859A form of PilY1 is incapable of antagonizing
PilT-mediated pilus retraction despite normal trafficking of the
protein. We conclude that the calcium-binding site in the PilY1
CTD is necessary for normal pilus function by antagonizing the
retractile activity of PilT.

We then created a mutation in full-length PilY1 designed to
mimic calcium binding and to potentially render the protein
calcium insensitive. Specifically, a lysine residue was substituted
for the bidentate calcium-chelating Asp-859 residue (D859K).
Although a lysine residue is not equivalent to a divalent metal
ion, modeling of the D859K substitution mutation indicates that
the e-amino group of lysine would be expected to form a salt
bridge with the two proximal aspartic acids at 851 and 855
(Fig. S9). Purified D859K PilY1 CTD does not bind calcium
and is not distinct in structure or melting temperature from
the wild-type CTD (Figs. S5-S7). When expressed to native levels
in the P aeruginosa PilY1™" strain (Fig. S8), the full-length
PilY1 D859K mutant was significantly reduced for bacterial
twitching motility (p < 0.001) compared to the same strain
expressing wild-type PilY1 (Fig. 34). Interestingly, the level of
surface pilus production in the PilY1 D859K expressing strain
was equivalent to that of the wild-type strain (Fig. 3B), indicating
that reduced fiber production does not account for the twitching
motility defect. PilY1 D859K was capable of trafficking to the
surface T4P fraction when expressed in both a pilY] mutant back-
ground (Fig. S8) and a PilT™nus| PilY 1™ strain (Fig. 3C-F).
Thus, using the crystal structure as a guide, we produced a sin-
gle-site mutation that dramatically alters pilus function without
affecting pilus production. Based on these data, we conclude that
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PilY1 calcium-binding site. (A) The PilY1 calcium-binding site was revealed in clear electron density to be composed of aspartic acids 851, 855, and 859,

as well as asparagine 853, the main-chain carbonyl oxygen of valine 857, and a water molecule (red sphere). Distances are in angstroms. (B) Superposition of the
nine-residue calcium-binding site of PilY1 (green) on the cannonical 12-residue site in human calmodulin (CaM; cyan). The calcium atoms (Ca) and water
molecules (W) are depicted as spheres. Viewed in roughly the same orientation as in Fig. 2A. (C) Sequence conservation in the calcium-binding sites of
the PilY1 homologues PilC1 and PilC2 from Neisseria meningitidis (N.men.) and N. gonorrhoeae (N.gon.). (D) The PilY1 CTD binds to calcium with a K4 of
2.6 uM (black), while the Asp-859-Ala mutant form of the CTD exhibits only nonspecific calcium binding (gray). Error represents SD.

the release of calcium by PilY1 is required for PilT-dependent
fiber retraction and twitching motility.

Finally, we tested whether the calcium chelator EGTA impacts
P, aeruginosa pilus production. We found that EGTA reduces the
levels of surface pili present on bacteria expressing wild-type
PilY1, whereas the nonretractile PilT™" strain is blind to cal-
cium chelation (Fig. 44). Similarly, the D859K form of PilY1
is insensitive to the effects of EGTA and supports the production
of wild-type levels of surface pili (Fig. 44). These data show that
the PilY1 D859K mutant, mimicking the calcium-bound state of
PilY1, has increased capacity to antagonize PilT-mediated pilus
retraction. Taken together, these cell-based studies support the
conclusion that both calcium binding and calcium release by
the unique site in PilY1 are essential for the proper regulation
of pilus retraction dynamics and twitching motility.

Discussion

Based on the structural and functional data presented here, we
propose that the PilY1 C-terminal domain exists in two critical
states: calcium-bound, which inhibits PilT-mediated pilus retrac-
tion, and calcium-free, which does not inhibit PilT and allows
pilus retraction to proceed. We further propose that the intercon-
version between these two states in wild-type PilY1 is required for
the cycles of pilus extension and retraction necessary for twitching
motility (Fig. 4B, Top). The D859A mutant form of PilY1 appears
to mimic the calcium-free state of the protein and is not capable
of antagonizing PilT-mediated retraction; thus, the equilibrium is
shifted toward retraction, similar to that seen with the Pil'y ]minus
strain (Fig. 4B). Calcium chelation by EGTA also shifts the equi-
librium toward retraction. In contrast, the D859K variant mimics
the calcium-bound state, shifting the equilibrium toward pilus

1068 | www.pnas.org/cgi/doi/10.1073/pnas.0911616107

extension and producing an effect similar to that seen with
the PilT™"s strain (Fig. 4B). The relatively moderate 2 uM
calcium-binding affinity exhibited by PilY1 is in the range where
cycles of calcium binding and release would be expected to be
physiologically relevant. Thus, we conclude that PilY1 acts as
a calcium-dependent regulator of the opposing forces responsible
for T4P-mediated twitching motility. However, we stress that this
is a functional hypothesis; the physical contacts between PilY1
and other factors necessary to achieve this regulation have yet
to be elucidated. It is interesting to note that calcium binding
by bacterial pseudopilins has recently been shown to be critical
for functional type II secretion, a process believed to be analo-
gous to T4P biogenesis and function (24). Thus, calcium may
play an important role in several aspects of pilus biogenesis
and regulation.

Twitching motility mediated by PilY1’s influence on the PilB/
PilT oscillatory motor would be expected to be coordinated with
the significant >100 pN retractile motion exerted by the system
once target cell adhesion occurs (25, 26). Surface translocation by
twitching motility likely involves relatively moderate affinity con-
tacts between a surface and T4P (26). For example, a disulfide
loop in pilin, the major pilin subunit of the pilus fiber, has been
proposed to be a point of contact between surfaces and T4P (27).
We propose that the cycles of pilus extension and retraction
actuated by PilY1’s C-terminal domain may control twitching mo-
tility involving these moderate affinity contacts. Once target host
cell contact has been achieved, however, the T4P system would be
expected to convert to a rapidly retracting, PilT-dominated state
in which nearly nanonewton forces are exerted (28, 29). The func-
tion of this mode would be to quickly draw the bacterial cell into
close contact with host tissue cells. It is tempting to speculate that

Orans et al.
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Fig. 3. PilY1 calcium-binding site is essential for T4P production and func-
tion. (A) Twitching motility of P. aeruginosa (WT) or a pilY1 mutant expres-
sing either empty vector (=), PilY1, or mutant versions of PilY1 (D859A or
D859K). The twitching motility zones produced by bacteria expressing mu-
tant PilY1 were significantly (*, p < 0.001) reduced compared to those of bac-
teria expressing wild-type PilY1. (B) Coomassie blue-stained gel of pilin
isolated from the bacterial surface. (C—F) Abolishing T4P retraction allows
conditional localization of PilY1 to the bacterial surface. (C) Coomassie-
stained gel of pilin isolated from the bacterial surface. (D) Western blot of
T4P-containing surface fractions probed with PilY1-specific antiserum. (E)
Western blot of whole cell lysates probed with a pilin-specific antibody.
(F) Western blot of whole cell lysates probed with a PilY 1-specific antiserum.

PilY1 may serve as the switch between twitching and rapid
retraction. The sequence divergent N-terminal domains of PilY1
orthologues are proposed to perform target cell-specific adhe-
sion; once that is achieved, perhaps the conserved C-terminal
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Fig. 4. Calcium chelation impacts T4P production. (A) Pilus preparations
from a pilT mutant or a pilY1 mutant expressing either PilY1, or mutant ver-
sions of PilY1 grown in the presence (+) or absence (=) of the calcium chelator
EGTA. (B) Summary of the impact specific mutants have on pilus state. Wild-
type PilY1 appears to balance extension and retraction to produce twitching
motility (boxed), whereas gene deletions, PilY1 site mutants, and the calcium
chelator EGTA all significantly disrupt the equilibrium between pilus
extenstion and retraction.
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domains switch to the calcium-free state to facilitate rapid
PilT-mediated retraction (14, 30, 31).

The C-terminal domain of P. aeruginosa PilY 1 shares significant
sequence identity with the equivalent regions of the Neisseria
PilC’s (Fig. 2C) and similar levels of identity in PilY1 homologues
from other human, plant, and marine infectious bacteria (17). We
find that each PilY1 homologue contains a predicted calcium-
binding site highly similar in sequence to that observed in the PilY1
C-terminal domain (Fig. S2). Thus, calcium binding and release
may play an equally important role in pilus biogenesis and motility
in organisms that maintain a PilY1 homologue. Taken together,
the structural and functional data we outline provide unique in-
sights into the complex functional regulation of the T4P essential
to a range of human pathogenic bacteria.

Methods

Structure Determination. PilY1 residues 615-1163 were cloned from genomic
DNA from the PAK strain of P. aeruginosa (GenBank #EU234515), and over-
expressed recombinantly in E. coli. The protein was purified using Ni-
affinity and size-exclusion chromatography steps to >95% purity, and crys-
tallized in 0.3 M sodium malonate (pH 6.5), 20% (wt/vol) PEG 3350, 50 mM
DTT, 30 mM ammonium phosphate, and 4-8% trifluoroethanol. Residues
6145-1163 of PilY1 contained only five methionine residues; as such, crys-
tals containing selenomethionine-substituted protein failed to produce suf-
ficient signal to allow structure determination. L712M, L812M, and L823M
mutations were successfully generated, combined, expressed, purified, and
crystallized in PilY1 specimen sufficient for x-ray data collected. Diffraction
data to 2.8 A resolution were collected at the peak wavelength (0.979 A)
for selenium SAD phasing (Table 1) and indexed and scaled in space group C2
using HKL3000 (32, 33). Automated model building correctly built 30% of
the final structure; complete building and refinement was accomplished
using the programs COOT and CNS, respectively (34, 35). Once the seleno-
methionine-substituted structure was refined at 2.8 A resolution, it was used
in molecular replacement to solve the 2.1 A native structure, which was re-
fined using COOT and CNS to the final statistics shown in Table 1 (34, 35).

Calcium Binding and Biophysical Studies. Calcium was removed from purified
PilY1 using Chelex 100 (BioRad) prior to biophysical studies (23). A binding
curve for Oregon Green® 488 BAPTA-5N (Invitrogen) was measured on a
PHERAstar (BMGLabtech) at 488 nm and the Ky established at 10.1 pM.
WT, D859A, and D859K PilY1 CTD was serial diluted 2-fold to calculate PilY1
CTD Ky for calcium binding, if applicable. For biophysical characterizations
via circular dichroism spectropolarimetry, a wavelength scan from 195-260
was performed at 22 °C. Thermal denaturation protein samples were mea-
sured 210 nm at a range of 10-85°C.

Isolation of Surface T4P. P. aeruginosa strains were spread on LB agar plates
and grown until confluent. Bacteria were collected and suspended in 1 ml
0.15 M NaCl/0.2% formaldehyde and vortexed vigorously for 1 min to release
surface T4P. Bacterial cells were removed by centrifugation at 12, 000 x g for
5 min. T4P fractions were separated by SDS-PAGE (18% polyacrylamide) and
pilin visualized by GelCode blue stain (Pierce).

Twitching Motility. Bacteria were stab inoculated to the bottom of 100 mm
tissue culture-treated plates containing 5 mL LB agar (1% wt/vol). Plates were
incubated for 40 h at 37 °C in a humidified incubator. Twitching motility was
quantified by measuring the diameter of the subsurface zone of bacterial
spread.

Western Blots. Whole cell lysates and T4P fractions were separated on 18%
(pilin) or 7.5% (PilY1) SDS-polyacrylamide gels and transferred to nitrocellu-
lose or PVDF membranes, respectively. Membranes were probed with PKL1
antipilin monoclonal antibody or anti-PilY1 CTD rabbit serum. Horseradish
peroxidase-conjugated secondary antibodies were used for the detection
of specific antibody-antigen complexes. Blots were developed with chemilu-
minescence reagents and visualized via autoradiography.
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