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e Cryo-EM structures were obtained for P. aeruginosa and
N. gonorrhoeae type IV pili

e A portion of the pilin N-terminal a helix is melted in both
filament structures

e The conserved Pro22 flanking the melted segment is
necessary for pilus assembly

e Pro22 destabilizes the a helix to allow subunit packing and
filament flexibility
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In Brief

Wang et al. report cryo-EM
reconstructions of type IV pili from

P. aeruginosa and N. gonorrhoeae. These
structures reveal that a melted portion of
the pilin a-helical N terminus is acommon
feature of type IVa pili and is necessary for
packing into the pilus filament.
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SUMMARY

We report here cryoelectron microscopy reconstruc-
tions of type IV pili (T4P) from two important human
pathogens, Pseudomonas aeruginosa and Neisseria
gonorrhoeae, at ~ 8 and 5 A resolution, respectively.
The two structures reveal distinct arrangements of
the pilin globular domains on the pilus surfaces,
which impart different helical parameters, but similar
packing of the conserved N-terminal « helices, «1, in
the filament core. In contrast to the continuous o he-
lix seen in the X-ray crystal structures of the
P. aeruginosa and N. gonorrhoeae pilin subunits,
al in the pilus filaments has a melted segment
located between conserved helix-breaking residues
Gly14 and Pro22, as seen for the Neisseria meningiti-
dis T4P. Using mutagenesis we show that Pro22 is
critical for pilus assembly, as are Thr2 and Glu5,
which are positioned to interact in the hydrophobic
filament core. These structures provide a framework
for understanding T4P assembly, function, and bio-
physical properties.

INTRODUCTION

The type IV pili (T4P) of bacteria such as Pseudomonas aerugi-
nosa and Neisseria gonorrhoeae have received intense scrutiny
due to their critical roles in pathogenesis. The P. aeruginosa
T4P mediate twitching motility and adhesion, allowing this
opportunistic microbe to colonize the lungs of cystic fibrosis pa-
tients, causing potentially fatal pneumonia (Anyan et al., 2014;
Bradley, 1980; Burrows, 2012; Engel, 2003; Leighton et al.,
2015; Mattick, 2002; Woods et al., 1980). N. gonorrhoeae T4P
are required for bacterial aggregation, twitching motility, natural
transformation, adhesion, and host cell signaling (Merz and So,
2000; Naumann et al., 1999). Antigenic variation of the pilin sub-
units contributes to immune escape for this invasive pathogen,
which causes the sexually transmitted disease gonorrhea, as
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well as ectopic pregnancies, pelvic inflammatory disease, and
infertility. No vaccines are available for either P. aeruginosa or
N. gonorrhoeae, and both organisms exhibit resistance to multi-
ple antibiotics, which severely limits treatment options. An
atomic-level understanding of the critical surface-exposed T4P
will contribute to the design of both vaccines and therapeutics
for these important human pathogens.

T4P are polymers comprised of thousands of copies of the
major pilin subunit plus low-abundance minor pilins. The T4P
of P. aeruginosa (Pa) and N. gonorrhoeae (Ng) are classified as
type IVa pili based on the amino acid sequences of the pilin sub-
units, which are generally smaller, with shorter signal peptides
and have more complex assembly machineries compared with
those of the type IVb pili. Crystal structures have been deter-
mined for the full-length pilin subunits PilA from P. aeruginosa
strain K (PaK) (Craig et al., 2003) and PilE from N. gonorrhoeae
(Craig et al., 2006; Parge et al., 1995), revealing a canonical pilin
fold with an extended curving N-terminal o helix, o1, the C-termi-
nal half of which is packed against a four-stranded B sheet, form-
ing the globular domain. A disulfide bond connects the B sheet
strand B4 to the most C-terminal loop and delineates the D-re-
gion of the pilin. The curvature of a1 seen in type IVa pilin crystal
structures is due to helix-breaking prolines and glycines at posi-
tions 14, 22, and 42. The N-terminal 25 residues are highly
conserved in the type IVa pilins. This a-helical segment is hydro-
phobic with the exception of a threonine or serine at position 2
and glutamic acid at position 5, and anchors the pilin subunits
in the bacterial inner membrane prior to filament assembly.
PaK PilA and Ng PIlE differ primarily in the structures of the D-re-
gion and the af3 loop, which connects a1 to the globular domain
sheet. The o loop on one side of the B sheet is an irregular loop
in both pilins but is bulkier in PilA, with a small  sheet subdomain
inserted near its N terminus. The D-regions are irregular loops
that flank the B sheet on the side opposite the a3 loop, but the
Ng PIlE has a B hairpin insert following strand B4, which sits
atop the B sheet. This B hairpin contains the hypervariable region
of Ng PIlE (residues 127-142). Thus, despite the canonical pilin
fold for both proteins, these two insertions, the  sheet subdo-
main in the ap loop of PaK PilA and the hypervariable B hairpin
in the D-region of Ng PilE, impart substantially different shapes
for the two globular domains.
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The structure of Ng T4P was solved by cryoelectron micro-
scopy (cryo-EM) at 12.5 A resolution (Craig et al., 2006). Ng
T4P has a right-handed 1-start [(+)1] helix with a pitch of ~37 A
generated by an axial rise per subunit of ~10.5 A and an
azimuthal rotation of ~100.8°. Although secondary structures
were not resolved at this resolution, the globular domain of the
Ng PIlE crystal structure was easily docked into the cryo-EM
density, producing a filament model in which the N-terminal o he-
lices of each subunit wrap around each other in a helical array in
the filament core. Though the precise positions of these helices
were not resolved in the cryo-EM map, they nonetheless fit well,
requiring only small adjustments in the N-terminal two residues,
which were modeled in an extended conformation to minimize
steric clashes. This arrangement placed the conserved Glu5 in
a position to form a salt bridge with the N-terminal amine of
the adjacent 1N of the (+)1 helix, neutralizing these charges in
the otherwise hydrophobic core of the filament. Glu5 is critical
for T4P assembly (Aas et al., 2007a; Horiuchi and Komano,
1998; Li et al., 2012; Pasloske and Paranchych, 1988; Strom
and Lory, 1991), presumably because it contributes to docking
of pilin subunits into the growing pilus (Craig et al., 2006). The
globular domains fit neatly together on the pilus surface and
almost completely bury the N-terminal a-helical core, but it is
the extensive interactions among the mostly hydrophobic a1s
that provide the remarkable stability of Ng T4P, which are resis-
tant to proteolysis, heat, and chemical denaturation, and require
detergent to dissociate them into pilin subunits (Li et al., 2012;
Watts et al., 1982).

A substantially higher-quality ~6 A resolution structure was
recently determined for the closely related T4P from
N. meningitidis (Nm) (Kolappan et al., 2016), whose pilin subunit,
PilE, is homologous to Ng PIilE in amino acid sequence (~78%
identity) and structure. Nm T4P is similar to Ng T4P in helical
symmetry, with an average rise per subunit of ~10.3 Aand a
rotation of ~100.8°, and in the arrangement of the globular do-
mains on the pilus surface. Importantly, the higher-quality Nm
T4P structure revealed rod-like density defining a-helical sec-
ondary structure in the filament core, but only weak and
extended density for residues 15-23, indicating partial melting
of the o helix in the pilus filament. This melted segment, which
is flanked by the conserved helix-breaking residues Gly14 and
Pro22, was modeled in an extended conformation. This loss of
a-helical structure results in a substantially different positioning
of the a1:1-14 helices relative to their predicted orientation in
the lower-resolution Ng pilus structure, lying almost parallel to
each other in the Nm filament core. This melting of «1:15-23
was proposed to occur as pilin subunits dock into the pilus to
optimize the packing of the subunits in the pilus, to provide flex-
ibility for the pilus, and to accommodate the force-induced
stretching observed for both Nm and Ng T4P (Biais et al.,
2010; Brissac et al., 2012). The conservation of the N-terminal
residues in the type IVa pilins, particularly the helix-breaking res-
idues Gly14 and Pro22, suggest that helical melting is a
conserved feature of the type IVa pili.

While no empirical structures have yet been published for the
P. aeruginosa T4P, a computational model for the filament was
determined for PaK pili (Craig et al., 2004) based upon the PilA
crystal structure, a filament diameter of 52 A, and fiber diffraction
data supporting a 1-start helix with a 41 A pitch and near-parallel
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o helices (Folkhard et al., 1981). The PaK T4P computational
model has a subunit rise of 10.25 A and a rotation of 90°, result-
ing in subunits stacking directly above one another along the
4-start helices. The much smaller diameter of the PaK T4P is
due to its smaller globular domain compared with the Neisseria
pilins. Here we report cryo-EM reconstructions for the PaK T4P
at ~8 A resolution and the Ng T4P at ~5 A resolution, which
share the melted central portion of a1 seen for Nm T4P. We
describe mutational analysis for the closely related Nm PIilE,
providing further insights into the role of this melted segment in
pilus assembly and function.

RESULTS

Cryo-EM Reconstruction and Filament Model for the

P. aeruginosa T4P

Cryo-EM images of PaK pili (Figure 1A) were boxed and overlap-
ping segments were selected and sorted revealing considerable
structural polymorphism, with a rise per pilin subunit ranging
from 8.9 to 11.9 A and rotations ranging from 85.3° to 89.3° (Fig-
ure S1A, Movie S1). A reconstruction was obtained from the
largest bin containing 22% of the segments using the iterative
helical real-space reconstruction (IHRSR) method (Egelman,
2000). The reconstruction shows a smooth undulating filament
surface with gently rounded protrusions that represent the PaK
pilin globular domains (Figures 1B and 1C). These protrusions
delineate a right-handed (+) 1-start helix with a rise of 10.5 A
and a rotation of 87.3° between subunits. The protrusions also
follow left-handed (—)3- and (—)4-start helices. Cavities at the
intersection of three globular domain densities reveal internal
rod-like density corresponding to the N-terminal o helices in
the filament core. The rod-like density is well-defined but
weakens before joining the globular domain density, indicating
melting of a central portion of a1 (Figures 1D and 1E), as seen
for the N. meningitidis cryo-EM reconstruction (Kolappan et al.,
2016). A bridge of density connects the end of each rod to the
side of an adjacent rod near its end (see Figure 2D).

The crystal structure of full-length PaK PilA (PDB: 10QW;
Craig et al., 2003) was fit as a rigid body into the globular density
of the cryo-EM map, which placed its N terminus outside the rod-
like density. Thus, the N-terminal a-helical segment of PilA (a1:1-
14) was fit separately into the rod-like density, rotating it about its
long axis to fit the Glu5 side chain into the bridging density be-
tween adjacent rods (Figure 1E). Next, residues 15-23 were
modeled in an extended conformation to approximately match
the weak density for this region and to connect a1:1-14 with
a1C (residues ~24-53) in the globular domain. A filament model
was generated from this single subunit (Figures 1B and 1C).
Refinement statistics for the model are shown in Table 1. The
resolution of the reconstruction is estimated at 8 A overall, and
6.8 A for the filament core, based on Fourier shell correlation
(FSC) of the cryo-EM density map with the resulting pilus model
(Figures S2A and S2B). The resolution is likely limited by the vari-
ability in both rise and rotation despite the sorting process.

The diameter of the PaK pilus model is ~52 A (Figure 1B). The
globular domains comprise the outer shell of the filament and
have unique interaction interfaces with adjacent globular do-
mains in the (+)1-, (—)3-, and (—)4-start helices (Figures 1C, 2A,
and 2B). Minimal interactions along the (+)1-start helix, between



parts of the o loop of each subunit, S, and the 3/p4 loop and
the most C-terminal tail of subunit S_4, partially expose the a1 he-
lices in the filament core. The near-90° rotation per subunit along
the (+)1 helix results in the globular domains being stacked
almost directly on top of each other along the (—)4 helices, which
run almost parallel to the filament axis. A shallow depression at
the top of each globular domain is filled by the p2/33 loop of
the subunit directly above it (8 — S, 4). Also, along the (—)3 helix,
the edge of the o3 loop of subunit S contacts a turn in the D-re-
gion loop of 8,3, delineated by the disulfide-bonded cysteines
Cys129 and Cys142.

In the filament core extensive hydrophobic interactions occur
among the a1 helices, which run approximately parallel to each
other and tilted slightly to the filament axis (Figure 2C). The
shallow S-shaped curve seen for o1 in the PaK PilA crystal struc-
ture is disrupted by the non-helical segment, «1:15-23, which
lies between the two helix-breaking residues Gly14 and Pro22
(Figure 1D). The a1N segments from subunits in each turn of
the (+)1 helix interdigitate between the .1C segments of subunits
the next turn down (Figure 2C). In addition to the hydrophobic in-
teractions that mediate these a1:0.1 contacts, the bridge of den-
sity that connects the ends of the rod-like densities is consistent
with a salt bridge between the Glu5 side chain of subunit S and
the Phe1 amino nitrogen of S,4 (Figure 2D). Glu5 is also posi-
tioned to hydrogen bond with Thr2 of S, ;.

Figure 1. Cryo-EM Reconstruction and Fila-
ment Model of the P. aeruginosa T4P

(A) Cryoelectron micrograph of P. aeruginosa T4P.
Red rectangles indicate boxed pilus filaments.

(B) Slice of the PaK pilus reconstruction and fila-
ment model viewed along the filament axis.

(C) Side view of the PaK pilus reconstruction and
filament model. Colored arrows indicate the paths
of the (+)1-, (—)3-, and (—)4-start helices.

(D) Ribbon representation of the PilA subunit model
generated by fitting the protein into the cryo-EM
density in three segments: the globular domain and
a1:1-14 were fit separately as rigid bodies from the
PilA crystal structure PDB: 10QW, and «1:15-23
was modeled in an extended conformation. a1 is
purple and the remainder of the globular domain is
yellow. This subunit model was used to generate
the PaK pilus filament model.

(E) Slice through the cryo-EM density map showing
a single PilA subunit. See also Figure S1A,
Movie S1.

Cryo-EM Reconstruction and
Filament Model for the

N. gonorrhoeae T4P

Cryo-EM images of N. gonorrhoeae T4P
(Figure 3A) were boxed, segmented, and
sorted by rise and twist, which ranged
from 9.6 to 10.6 A, and 99.8° to 101.8°,
respectively (Figure S1B; Movie S2). Seg-
ments in the largest bin, representing 25%
of the total segments, were processed us-
ing IHRSR. The resulting cryo-EM map
has an axial rise per subunit of 10.1 A
and an azimuthal rotation of 100.8°,
generating a (+)1 helix with a pitch of 36 A (Figures 3B and 3C).
The cryo-EM density map of the globular domain is well-defined,
with rod-like density for the a-helical spine (21C, residues 24-53)
and extended density for the B strands of the central § sheet, al-
lowing unambiguous fitting of this region, residues 24—-158, using
the full-length Ng PIIE structure (PDB: 2HI2; Craig et al., 2006).
However, as with the PaK T4P reconstruction, a1:1-14 was fit
separately into the protruding rod-like density, and the remaining
21N segment, residues 15-23, was modeled in a partially
extended conformation to align with the weak density connect-
ing «1N:1-14 with the globular domain (Figures 3D and 3E).
This single subunit was used to generate a filament model (Fig-
ures 3B and 3C; Table 1). The overall resolution of the Ng T4P
reconstruction is estimated at 5.1 ,&, with 4.3 A for the helical
core based on FSC calculations between the refined atomic
model and the map (Figures S2C and S2D). Although less het-
erogeneous than PaK pili, the polymorphism of Ng pili likely
also limited the resolution of this reconstruction.

The overall architecture of the Ng pilus structure is very similar
to that of the 12.5 A resolution Ng pilus structure (Craig et al.,
2006) and the recently published ~6 A resolution N. meningitidis
pilus structure (Kolappan et al., 2016), yet represents the
highest-resolution and most detailed T4P structure available
to date. Individual polypeptide strands and structural features
can be resolved when the map is contoured at a high level

Structure 25, 1423-1435, September 5, 2017 1425



Cell’ress

ap-loop y \

A
WY

(Figure 4A): the melted segment of a1 («1:15-23), the aff loop
(residues 54-77), the B strands of the central B sheet, the p2/83
loop, the hypervariable B hairpin within the D-region, much of
the C-terminal loop, and the proximal sugar of the glycosyl moi-
ety attached to Ser63. This sugar has been identified by mass
spectrometry as hexose linked to a proximal 2,4-diacetamido-
2,4,6-trideoxyhexose sugar (Aas et al., 20072a). No density is
observed for the distal hexose of the disaccharide or the phos-
phoethanolamine attached to Ser68, likely due to greater flexi-
bility for these groups. Nonetheless, the positions of Ser63 and
Ser68, as well as the density for the proximal sugar on Ser63,
indicate that the post-translational modifications are displayed
on the surface of the pilus. The D-region of PilE, delineated by
the disulfide bond between Cys121 and Cys151, is well-defined
in the map as a dominant protrusion from the globular domain
density, corresponding to the $ hairpin that contains the hyper-
variable region, and the bulging loop that immediately follows
this feature. Density is also apparent for the remainder of the
D-region loop, which folds back into the pilus and reconnects
with the B sheet via the disulfide bond. Following the disulfide-
bonded Cys151, the most C-terminal segment of PIlE re-
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Figure 2. Interactions among Subunits in the
Cryo-EM-derived PaK Pilus Model

(A) Ribbon representation of the PaK pilus showing
interactions among the globular domains. The cen-
tral subunit, S, is shown in blue. Subunits S_4, S, and
S, lie along the (+)1 helix; subunits S_3, S, and S,3
lie along the (—)3 helix; S_4, S, and 84 lie along the (—)
4 helix.

(B) Surface representation of the PaK pilus model
colored as in (A), with the central subunit outlined.
Arrows indicate where gaps between subunits
in the (+)1 helix expose the a-helical core of the
pilus.

(C) Packing of a1s in the filament core.

(D) Close-up of the cryo-EM map and PaK
pilus model showing the bridging density repre-
senting an electrostatic bond between Glu5 and
Phe1 in an adjacent subunit in the (+)1 helix. This
density is also consistent with a Glu5:Thr2
hydrogen bond.

emerges on the pilus surface. Terminal res-
idues Ala157 and Lys158 are not resolved
in the cryo-EM map and were thus omitted
from the model.

Direct interactions between the globular
domains of Ng PilE occur at three unique in-
terfaces (Figures 4A and 4B): along the (+)1
helix the C-terminal half of the « loop of
subunit § with its bulky side chains
(Lys74, Lys76, and Tyr77) fits perfectly
into the curved surface created by the B3/
B4 loop, B4, and the D-region C terminus
of subunit S_y4; along the (—)3 helices be-
tween the C-terminal residues of a1 and
the beginning of the o loop of subunit S
and the D-region loop of S,3; and along
the (+)4 helices between the tip of a1 of
subunit S and the B2/3 loop of S, 4. The stereochemical comple-
mentarity between these interfaces allows close packing of the
globular domains on the surface of the Ng pilus model, which
almost completely encloses the N-terminal o helices in the core
of the pilus (Figure 4B).

Within the filament core of the Ng T4P, rod-like density defines
both the C-terminal half of .1, 21C (~24-53), and its most N-ter-
minal segment, «.1:1-14 (Figure 3E). a.1:1-14 of each subunit, S_4,
is positioned within the rod-like density such that its Glu5 forms a
salt bridge and a hydrogen bond with the N-terminal amino nitro-
gen and Thr2, respectively, of the neighboring subunit in the (+)1
helix (subunit S) (Figure 4D), although the bridge of density repre-
senting this interaction is not as well resolved as in the PaK T4P
reconstruction, and is only visible at lower contouring of the
map. Between a1:1-14 and «1C the density is weaker, indicating
melting of the o helix between Gly14 and Pro22 (Figures 3D and
3E). This segment was modeled as a partially extended polypep-
tide, although the positions of individual residues are not well-
defined due to the weak density in this region. Nonetheless,
connections are evident along the polypeptide backbone and
between side chains in this melted segment of subunit S and



Table 1. Refinement Statistics for the Ng and PaK T4P
Filament Model

PaK T4P Filament  Ng T4P Filament

Model Model
Clash score, all atoms 15.7 11.8
Protein geometry
Ramachandran plot (%)
Favored 87.3 89.0
Outliers 0 0
Rotamer outliers (%) 0.8
CB deviations >0.25 A 0 0
RMSD
Bonds (A) 0.01 0.01
Angles (°) 1.44 1.28
MolProbity score 2.31 (99", . 2.16 (99™", .
3.25-8.25 A) 3.25-5.35 A)
PDB ID: 5VXY 5VXX
EMDB ID: 8740 8739

RMSD, root-mean-square deviation.

the B3/B4 loop of subunit S_4, and .1C of subunit S_s (Figure 4C).
Such detail has not been observed previously for a T4P cryo-EM
reconstruction. The N-terminal o helices run approximately
parallel to the filament axis, with the N-terminal halves (o.1N) inter-
digitating between «1Cs of two subunits in the next turn down
of the (+)1 helix, as seen for the PaK pilus. But, unlike Pak PilA,
which has a relatively straight «1C, «1C of Ng PilE is curved as
aresult of a glycine at position 42, with its C-terminal end bending
out toward the C-terminal edge of the subunit and toward the fila-
ment surface (Figures 5A and 5B). This .1C segment is flanked by
two a1Ns from the next turn up in the (+)1 helix, as well as by the
most N-terminal segment of a subunit (S,7) two turns up
(Figure 4C).

Comparison of the PaK, Ng, and Nm T4P Structures

The new PaK and Ng pilus cryo-EM structures and the recently
determined Nm T4P structure share similar architectures,
including a melted o1 between Gly14 and Pro22, extensive hy-
drophobic interactions among their N-terminal o helices in the
core of the filament, and smaller interaction interfaces between
the globular domains along the (+)1, (—)3, and (+/—4)-start heli-
ces (Figures 5A-5C). Yet significant architectural differences
are also apparent between PaK pilus and the highly similar Ng
and Nm pili, primarily due to differences in the shapes of their
globular domains and the curvature of a1C. PaK PilA has an
elongated almost cylindrical globular domain, and incomplete
contacts between these globular domains in the (+)1 helix leave
gaps that expose part of a1N in the filament core. The Ng and
Nm PIIE globular domains are egg-shaped and pack together
more compactly in the filament. The long axis of the PilA globular
domain is tilted ~—15° relative to the filament axis. «1C follows
this tilt, whereas the B strands run almost parallel to this axis (Fig-
ure 5A). In contrast, the long axes of the Ng and Nm PIilE globular
domains are oriented almost parallel to the filament axis with
their a1Cs curved away from the axis and in line with the §
strands, angled ~+15° to this axis (Figures 5B and 5C). The cur-

vature in the Ng and Nm PIlE spine also pushes the top half of
a1C out toward the surface of the filament. The differences in
the globular domain orientations are in part due to the curvature
in 21C of Ng and Nm PIilE, induced by Gly42. PaK PilA also has a
helix-breaking residue, proline, at position 42, but its «1C is
much straighter. Thus, the nature of the surrounding polypeptide
chains likely influence the a1C curvature. The PaK and Ng pilins
are overlayed in Figure S8 to illustrate these differences, which
impact the globular domain orientation without changing the po-
sitions of the N-terminal o helices within the filament.

The differences in the shape and packing of the globular do-
mains produce different helical symmetries for the filaments.
The PaK pilin subunits are rotated by ~90° along the (+)1 helix
(87.3°), which places the globular domains almost directly on
top of each other in subsequent turns of this helix (Figure 5A).
This arrangement gives (—)4-start helices with very small rotations
of —10.8° per subunit along each strand. In contrast the 100.8°
rotation for subunits along the (+)1 helix of Ng and Nm T4P means
they are staggered along the length of the filament, with globular
domains in each turn of the helix partially intercalated between
globular domains in subsequent turns of the helix (Figures 5B
and 5C). This symmetry produces a right-handed (+)4-start helix.
Packing differences between the PaK and Neisseria T4P are also
evident in the core of the pilus. Although the conformation of a1
N-terminal to residue 42 and its orientation relative to the filament
axis are similarin all three pili, and they have similar neighboring a.1
segments (Figures 2 and 4), they are staggered throughout the
filament core in the Ng and Nm T4P compared with the PaK pilus
where they are stacked on top of each other (Figures 5D-5F).
Thus, although the a.1s interact more extensively than do the glob-
ular domains, the packing of the bulky globular domains nonethe-
less dictates the arrangement of the a1 segments. Interestingly,
the cryo-EM-based PaK pilus model is remarkably similar to the
computational model that was built based on the full-length PilA
structure and fiber diffraction data (Craig et al., 2004). This earlier
structure predicted a (+)1 helix witha 1 0.3Ariseanda90° rotation,
with a similar orientation for the globular domains.

Views of the cross-sections of these T4P show similar arrange-
ments of concentric rings (Figures 5D-5F), where the N-terminal o
helices fill the filament core with diameters of 30-34 A (max.
Ca-Ca. distances); the B sheets and a3 loops form the next ring,
comprising the outer layer for PaK pili (Figure 5D), with diameters
of51-52 A. The hypervariable § hairpinin Ng and Nm PilE, and the
post-translational modifications on Ng PilE, increases the diam-
eter of these pili to 62 A, although these features do not coat
the entire pilus surface (Figure 5E). N. meningitidis T4P is similarly
modified, with a trisaccharide at Ser63 and a phosphoglycerol at
Ser69 and Ser93 (Chamot-Rooke et al., 2011; Marceau et al.,
1995), although these modifications are not resolved in the
cryo-EM reconstruction. Lys140 protrudes from the hypervari-
able loop of Nm PilE, extending the Nm pilus diameter to 71 A
(measured atom-to-atom, Figure 5F).

Role of the Pilin N-Terminal Residues in Pilus Assembly
and Functions

The identification of the melted helix in the Nm T4P (Kolappan
et al., 2016), which is also seen here for the PaK and Ng pilus
structures, prompted us to test the importance of backbone
flexibility in pilus assembly. Considering the close relationship
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between Ng and Nm T4P, and our expertise in obtaining muta-
tions in the fast growing N. meningitidis (Nassif et al., 1993),
we elected to perform site-directed mutagenesis on the pilE
gene in this species instead of in N. gonorrhoeae or
P. aeruginosa. The a.1 sequences of Ng and Nm PilE are identical
to each other and 77% identical to PaK in the first 30 residues
(Figure B6A). Gly14 and Pro22 flank the melted segment and
may destabilize the o helix to allow melting, enabling filament as-
sembly. Gly14 is largely conserved in both the type IVa and IVb
pilins and the type Il secretion (T2S) pilins, although some
possess another small amino acid, alanine, at this position (Fig-
ure 6A). Pro22 is conserved in the type IVa and T2S pilins. In
addition, there are several conserved alanines within and adja-
cent to the melted region that may contribute to flexibility and
packing of this unfolded region in the pilus due to their small
side chains. To test whether these conserved residues are
important for pilus assembly we introduced point mutations in
the N. meningitidis pilE gene. Gly14 and Pro22 were changed
to alanine, which are common in o helices, and alanines were
changed to the bulkier hydrophobic valine. We also mutated co-
dons for Thr2 and Glub, changing these to alanine to test the re-
quirements for the putative Thr2:Glu5 hydrogen bond and the
Phe1:Glu5 salt bridge for pilus assembly (Figure 6B). The mu-
tants were evaluated based on pilin expression, pilus assembly,
and pilus functions in bacterial aggregation.

As seen from immunoblots of whole-cell lysates, PilE is ex-
pressed at approximately wild-type levels in all of the pilE mutants
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Figure 3. Cryo-EM Density Map and Fila-
ment Model for the N. gonorrhoeae T4P

(A) Cryoelectron micrograph of N. gonorrhoeae
T4P. Red rectangles indicate boxed pilus fila-
ments.

(B) Slice of the Ng pilus reconstruction and filament
model viewed along the filament axis.

(C) Side view of the PaK pilus reconstruction and
filament model. Colored arrows indicate the paths
of the (+)1-, (—)3-, and (+)4-start helices.

(D) Ribbon representation of the Ng PIilE model
generated by fitting the protein into the cryo-EM
density in three segments: the globular domain and
a1:1-14 were fit separately as rigid bodies from the
PilE crystal structure PDB: 2HI2, and «.1:15-23 was
modeled in an extended conformation. a1 is purple
and the remainder of the globular domain is yellow.
This subunit model was used to generate the Ng
pilus filament model.

(E) Slice through the cryo-EM density map showing
a single PilE subunit. See also Figures S1B and S6,
Movie S2.

(Figure 6C), demonstrating that the amino
acid substitutions do not disrupt the pilin
fold. Pilus assembly was assessed by
immunofluorescence of N. meningitidis
cells using mouse anti-pilus antibody (Pu-
joletal., 1999). As predicted, pilus staining
levels are substantially reduced in the
Thr2Ala, GlubAla, and Pro22Ala variants
(Figures 6D and S4A), suggesting these
residues are critical for pilus assembly.
Pili were sheared from the cells and imaged by transmission elec-
tron microscopy to assess their morphologies. No pili were
observed for Thr2Ala and Glu5Ala, and few were observed for
Pro22Ala (Figure S4B). Consistent with these results, no bacterial
aggregation was observed for these strains (Figure 6F), confirm-
ing their pilus assembly defects. These results suggest that the
Thr2:Glu5 hydrogen bond and the Phe1:Glu5 salt bridge both
contribute to pilus stability. The kink induced by Pro22 likely de-
stabilizes the N-terminal « helix, allowing it to unfold and pack
into the pilus core, whereas an alanine at this position may stabi-
lize the a-helical conformation. In contrast, despite being
conserved, Gly14 could be changed to alanine without affecting
pilus assembly. The alanine substitution may be too conservative
a change at this site to detect altered piliation.

Replacement of the conserved alanines with the bulky hydro-
phobic valines disrupted pilus assembly at Ala11 and Ala17, as
shown by reduced piliation and aggregation (Figures 6D and
S4A). Ala18Val and Ala20Val variants appear to be hyperpiliated
and hyperaggregative, as shown by immunofluorescence im-
ages and aggregation assays, although quantification of the
immunofluorescence intensities shows approximately wild-
type levels of pili for these mutants (Figures S4B and S4C).

DISCUSSION

The PaK and Ng T4P structures described here deepen our
understanding of how these filaments assemble and function.
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The ~8 A PaK pilus structure is the first empirically determined
T4P structure for P. aeruginosa. The ~5 A resolution Ng pilus
structure represents a substantial improvement over the previ-
ous 12.5 A Ng structure (Craig et al., 2006), and even the 6 A
Nm T4P structure (Kolappan et al., 2016), providing continuous
density for the melted segment of a1, and side-chain density,
neither of which are resolved in the Ng and PaK structures (Fig-
ure S5). Partial density is also apparent in the Ng pilus map for
the Ser63 disaccharide. Post-translational modifications have
not previously been visualized on an intact pilus structure. The
presence of one or more modification on the pilin surface can
profoundly affect the surface properties of the pilus, which is
comprised of thousands of copies of the pilin. Such modifica-
tions can substantially reduce the surface area accessible to
anti-pilus antibodies (Gault et al., 2015), contributing to immune
evasion of these human pathogens.

In general terms both the PaK and Ng pilus structures
described here are consistent with extensive biological data for
T4P that support an architecture in which the conserved hydro-
phobic N-terminal o helices are oriented inward and the more
variable globular domains form the outer shell of the pilus,

Figure 4. Interactions among Subunits in the
Ng T4P Model

(A) Ng T4P map and model shown in ribbon repre-
sentation from the outer face of the pilus. The central
subunit S is colored blue with the af loop shown in
green and the D-region in magenta. The map is
thresholded at a high level to show that portions of
the af loop, B strands, and the hypervariable B
hairpin within the D-region are resolved. The post-
translational modifications Hex-DATDH at Ser63
and PE at Ser68 are shown as sticks.

(B) Surface representation of the Ng pilus model
colored as in (A) to show the interactions between
the central subunit, S (outlined), and its neighboring
subunits in the (+)1, (—)3, and (+)4 helices.

(C) Packing of a1s in the filament core.

(D) Close-up of the salt bridge and hydrogen bond
between Glu5 on one subunit and Phe1 and Thr2 on
an adjacent subunit in the (+)1 helix.

exposing the B sheets of PaK pili and the
post-translational modifications and hy-
pervariable region for Ng pili (as examples,
see Forest et al., 1999; Forest and Tainer,
1997; Hagblom et al., 1985; Hegge et al.,
2004; Rahman et al., 1998; Wong et al,,
1992). The electrostatic surfaces of these
pili are quite different, with PaK pili having
a mixture of positive and negative patches
and Ng pili being much more negatively
charged overall (Figure S6). These differ-
ences are surprising given that both pili
aggregate at neutral pH and must be re-
suspended in high-pH buffer during pilus
purification in order to disrupt the aggre-
gates. Both pili have DNA binding proper-
ties. Purified PaK pili bind to DNA in a
sequence-independent manner, although
P. aeruginosa is not naturally transformable (van Schaik et al.,
2005). Non-specific DNA binding may occur via the positively
charged patches that wind around the (—)3 helix (Figure S6A).
Ng and Nm T4P bind to specific DNA sequences via the minor
pilin, ComP, a low-abundance pilin-like protein that is thought
to be incorporated at low levels into the pilus (Berry et al,
2016; Cehovin et al., 2013; Wolfgang et al., 1999). Nonetheless,
the dominant negative surface charge for the PilE subunits would
seem to counteract an interaction with negatively charged DNA.

The PaK and Ng T4P structures underscore features that
appear to be broadly conserved among the T4P, such as the
N1:Glu5 and Thr2:Glu5 interactions and the melted helix be-
tween Gly14 and Pro22, as well as features unique to each pilus.
The conservation of Thr/Ser2 and Glu5 in both type IVa and IVb
pilins and the importance of these residues in pilus assembly
suggest that these polar interactions are conserved among the
type IV pilin class in general (Figure 6A). The requirement for
Glu5 for efficient pilus assembly is well documented in both
T4P classes (Aas et al., 2007b; Horiuchi and Komano, 1998; Li
et al., 2012; Pasloske and Paranchych, 1988; Strom and Lory,
1991) but, to our knowledge, this is the first demonstration of a
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P. aerginosa strain K N. gonorrhoeae N. meningitidis

Figure 5. Comparison of the P. aeruginosa, N. gonorrhoeae, and N. meningitidis T4P Structures

(A) A ribbon representation of the P. aeruginosa strain K T4P is shown on the left with the globular domain of a pilin subunit shown in side view circled. The central
blue subunit is enlarged on the right, with its a3 loop colored green and its D-region colored magenta. The asterisk indicates Pro42 in the middle of «1C. The
general shape and packing of the globular domains is shown below, as are the symmetry parameters for the reconstruction.

(B and C) The N. gonorrhoeae and N. meningitidis T4P structures, packing, and symmetry are shown as in (A). The asterisk indicates Gly42, which induces
curvature in «1C. The shape and packing of the globular domains is substantially different for PaK T4P than for the Neisseria pili.

(D-F) End views of the PaK (D), N. gonorrhoeae (E), and previously determined N. meningitidis (F) TAP structures show similar diameters for the o helix/B sheet
components for all three pili, with the B hairpins and post-translational modifications accounting for the larger diameters of the Neisseria pili. The a1s are colored
red, the hypervariable B hairpins present on the Neisseria pili are shown in green, and the post-translational modifications at Ser63 and Ser68 of N. gonorrhoeae
are colored orange. Lys140 protrudes from the B hairpins in N. meningitidis T4P. Diameter measurements are the maximum Ca-Ca distances, with the exception
of the largest diameter reported for Nm T4P, which includes the protruding Lys140 side chains.
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Gs PilA FTLIELLIVV AIIGILAAIA IPQFSAYRVK AYNSAASSDL RNLKTALESA Fap 1YPe V@ and PaK T4P. Thr/Ser2 and Glu5 are highlighted in
Ab PilA  FTLIELMIVV AIIGILAAIA IPAYONYIAK SQVSTGLADI TAGKTNAETK LAE gray with red text. Conserved alanines within or
Hi PilA  FTLIELMIVI AITAILATIA IPSYQNYTKK AAVSELLQAS ABYKADVELC VYS near the melted region are highlighted yellow and
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Ec CofA  MSLLEVIIVL GIIGTIAAGV VILAQRAFDS RTVSELVTNT NTIRVAMKDA YQR highlighted green. Glycines and prolines at other
Ko PulG FTLLEIMVVI VILGVLASLV VBNLMGNKEK ADRQKVVSDL VALEGALDMY KLD positions in a1 are highlighted in light green. The
Ec GspG FTLLEVMVVI VILGVLASLV VPNLLGNKEK ADRQKAISDI VALENALDMY RLD T2S . d ali : " d I
Pa XcpT FTLLEMIVVL VIIGMLMGLV GPRLFNQADK AKAQTADTQV KMLKGALLTM RLD amino acid alignment was periormec: manualy.
Nm PilX  FTLIEMMIVV AILGITSVIA IPSYQSYIEK GYQSQLYTEM VEINNISKQF ILK . =~ . Nm PIlE, N. meningitidis (GenBank accession
Nm ComP  FTLVELISVV LILSVLALIV YPSYRNYVEK AKINTVRAAL LENAHFMEKF YLQ minor piiins number WP_014573675); Ng PiIlE, N. gonorrhoeae
Ih Iho670 VSPVIATLLL ILIAVAAAVL LYTWVSGLSA NVAGTQVTGK SLTLIQATWA RPA archaea (for PDB: 2HI2, P02974); PaK PilA, P. aeruginosa
Hs FlgB2 TLIVFIAMVL VAAIAAGVLI NTAGYLQOSKG SATGEEASAQ VSNRINIVSA YGN (P02073): Dn FimA, Dichelobacter nodosus
52403), Gs PilA, Geobacter sulfurreducens
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AL UF1 - hospitalis (WP_011998704); Hs FIgB2, Hal-
‘ ES E 154 obacterium salinarum (CAP13655).
:I-‘E 4 (B) Close-up of the N terminus of two PIlE subunits
& | x in the (+)1 helix of Nm T4P model (Kolappan et al.,
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'g 10 2016) showing the melted «.1:15-23 segment and
E the interactions between Glu5 of subunit 8 and
o 5 * Phe1 and Thr2 in subunit S,4 in the (+)1 helix.
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o ’l‘ * N. meningitidis SB-Kn expressing “wild-type” (WT)
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(D) N. meningitidis SB-Kn cells expressing WT or mutant pilE were stained with DAPI to visualize the bacteria and anti-pilus mouse monoclonal antibodies and
secondary anti-mouse Alexa 488 antibody to visualize the pili (see Figure S4A). The fluorescence intensity in the images (n = 10) was quantified and used to
calculate a piliation index, expressed as relative fluorescence units (RFU). The symbol indicates statistically significant differences between the SB-Kn strain
expressing WT pilE and the pilE mutants (*p < 0.01; Wilcoxon-Mann-Whitney U test). Error bars represent the SEM.

role for Thr2. The conserved Gly14 and Pro22 flank the melted
segment of o1 and may destabilize the « helix in this region.
The Gly14Ala variant has a WT phenotype, implying that a he-
lix-breaking amino acid is not necessary at position 14. Since
alanine is present at this position in some type IV pilins, the pref-
erence may be for a small side chain rather than glycine specif-
ically. Pro22 is required for pilus assembly, presumably because
it facilitates helix melting to allow packing of the a1s in the fila-
ment core. Pro22 is unique to the type IVa pilins, but the type
IVb pilins possess several glycines in the a1:15-23 segment,
which may also destabilize the helix (Figure 6A). We expected
that changing the conserved alanines within the melted segment
to the bulkier side-chain valine might impose restraints on this
segment, but in fact these changes appear to increase the effi-
ciency of pilus assembly in the case of Ala18Val and Ala20Val

based on the aggregation results (Figure 6F). These variants
showed wild-type levels of DNA transformation (data not shown),
indicating that their apparent hyperpiliation is not due to loss of
retraction. Since alanine is found more frequently than valine in
a helices, it may be that the valines at these positions make
the melting transition more favorable. Nonetheless, the selection
of alanines at these positions presumably means these residues
are optimal for pilus assembly and functions in vivo.

We have proposed that «1N is helical when the pilin in
anchored in the inner membrane, but melts as the pilin subunit in-
corporates into the pilus filament in order to pack the a. helices in
the core of the pilus and prevent their clashing (Kolappan et al.,
2016). In PaK, Ng, and Nm T4P, the melted segment serves to
straighten out a1 such that the most N-terminal segment, a1:1-
14, lies almost parallel to the filament axis and to adjacent a1s,
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optimizing their interactions instead of clashing with them. It is
these N-terminal hydrophobic interactions and not the polar
globular domain interactions that hold the subunits together, as
detergent is required to dissociate pili into pilin subunits without
denaturing them (Li et al., 2012). Interestingly, detergent solubili-
zation increases the a-helical content of PaK PilA, as measured
by circular dichroism (Watts et al., 1982), consistent with the fully
a-helical 21N for the PaK and Ng crystal structures obtained from
pili dissociated with octyl B-D-glucopyranoside (Craig et al.,
2003, 2006; Parge et al., 1995). The contribution of «1Ns to fila-
ment formation is exemplified in the type IVa pilus from Geo-
bacter sulfurreducens, whose 61 amino acid pilin subunits are
comprised almost exclusively of 1. The G. sulfurreducens pilins
possess Gly14, Pro22, and several of the alanines conserved in
the type IVa pilins (Figure 6A), suggesting that these pilins adopt
a packing arrangement similar to that of PaK, Ng, and Nm T4P,
but with no constraints imposed by fitting the globular domains
onto the pilus surface. Nonetheless, it is curious why the pro-
line/glycine-induced curvature is conserved in the type IV pilins,
when straighter o helices appear to fit better in the filament. In
fact, the Ignicoccus hospitalis 1ho670 flagellar-like filament sub-
units have a hydrophobic N-terminal segment homologous to
the type IV pilins, but these segments lack the helix-breaking
Gly14 and Pro22 (Figure 6A) and consequently form straight
continuous o helices that are well resolved in the ~4 A cryo-EM
reconstruction (Braun et al., 2016). Notably, the sequence, pack-
ing, and symmetry are quite different from that observed in any
true T4P. The presence of Gly14 and Pro22 may prove to be pre-
dictors of helix melting. Conservation of these residues would
allow a1 to adopt an a-helical conformation when acting as an in-
ner membrane anchor prior to pilus assembly, and to partially un-
fold to incorporate and pack into the growing pilus. The a-helical
conformation would shield the backbone amide nitrogen and
carbonyl carbon from the hydrophobic lipid bilayer, and the
melted conformation would facilitate packing of a1N in the fila-
ment core and impart flexibility and extensibility on the pilus, al-
lowing it to adhere to surfaces and resist high shear forces. The
melted helix may also have a role in pilus retraction, whereby
the pilin subunits translocate from the base of the pilus into the
membrane in a reversal of the assembly process.

The curvature of a1 is further enhanced by Gly42 in o1C of Ng
and Nm pilins, to a greater degree than for Pro42 in PaK PilA,
which has a straighter o.1C. This subtle structural difference pro-
foundly impacts the orientation of the globular domain and hence
its packing on the surface of the pilus. The Dichelobacter noso-
dus and Acinetobacter baumannii type IVa pilins have curved
a1Cs due to glycines at positions 42 and 43, respectively (Har-
tung et al., 2011; Piepenbrink et al., 2016), but other type IV pi-
lins, including G. sulfurreducens PilA and the T2S pseudopilins,
have neither a glycine nor a proline at this position and have
straight «1Cs (Alphonse et al., 2010; Craig et al., 2006; Kolappan
et al., 2012; Korotkov et al., 2009; Lim et al., 2010; Piepenbrink
et al.,, 2015; Craig et al., 2003) (Figure 6A). The curvature of
21C could impact the way in which minor pilins incorporate
into the pilus. Structures of the N. meningitidis PilX (Helaine
et al., 2007) and ComP (Berry et al., 2016) non-core minor pilins
have relatively straight «.1Cs despite PilX having a glycine at po-
sition 42 (Figure 6A). These minor pilins are thought to incorpo-
rate at low levels into the pilus where they influence bacterial
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aggregation (PilX) and DNA uptake (ComP) (Cehovin et al,
2013; Helaine et al., 2007; Wolfgang et al., 1999). Packing of
the minor pilins into the pilus would introduce a new binding sur-
face but may also expose parts of the major pilin PilE that are not
accessible when packed against other PilE globular domains.

The new PAK pilus structure is markedly different from the Ng
and Nm structures due to its smaller globular domain, which
lacks the hypervariable hairpin loop that protrudes from its
exposed face, and to its straight «1C, which places the globular
domain in a different orientation relative to the PilE globular do-
mains. PaK pili function in adhesion to glycans on the surfaces
of epithelial cells (Bucior et al., 2012; Irvin et al., 1989; Saiman
and Prince, 1993). Residues in the C-terminal D-region are impli-
cated in receptor binding (Wong et al., 1995) despite there being
considerable sequence variation in this region. The D-region
forms a tight loop at the edge of the B sheet that is stabilized
by the disulfide bond between Cys129 and Cys142. The D-re-
gion contacts neighboring subunits in the (—)3 and (—)4 helices
and thus is not well exposed on the pilus surface. However,
PaK pili, like Ng and Nm pili, are very flexible and extensible,
with spring-like properties and the ability to withstand forces
up to 250 pN (Beaussart et al., 2014; Lu et al., 2015; Touhami
et al., 2006). Thus, PaK pili may undergo reversible force-
induced conformational changes that disrupt the weak subunit:
subunit interactions, exposing the D-region, while maintaining
the more extensive hydrophobic a1:a1 interactions. This mech-
anism was proposed (Kolappan et al., 2016) to explain the force-
induced exposure of the EYYLN epitope in Ng and Nm T4P (Biais
etal., 2010; Brissac et al., 2012). PaK T4P also bind to hydropho-
bic abiotic surfaces, allowing P. aeruginosa to colonize materials
such as indwelling catheters and contact lenses (Beaussart
et al., 2014; Giltner et al., 2010; Miller and Ahearn, 1987; Nickel
et al., 1989). These interactions occur all along the length of
the pilus (Lu et al., 2015) despite their surface-exposed residues
being predominantly polar. Hydrophobic residues in the melted
segment of a1N are partially exposed in the gap between pilin
subunits, but this gap is no more than 10 A at its broadest point
and as deep, making these residues accessible only to long thin
receptors. It is conceivable that stress on the pilus might enlarge
this gap and make the residues in the melted a1:14-23 segment
more accessible to bind hydrophobic surfaces.

The PaK and Ng T4P structures reported here help to explain
the remarkable mechanical and biological properties that make
these filaments essential virulence factors for so many human
pathogens. Insights derived from these structures can contribute
to the development of pilus-based vaccines and therapeutics by
precisely defining surface epitopes that may act as vaccine leads
or targets for antimicrobials that can bind to the pili and be taken
into the cell upon pilus retraction. Virulence factors such as the
T4P are highly attractive as targets for vaccines due to their sur-
face exposure, although antigenic variability prohibits their use in
pathogens such as Neisseria. Antibiotics directed at T4P and
their assembly machinery have strong potential due to their
specificity, which would prevent wholesale destruction of the
beneficial microbiota, and may reduce the selective pressure
to evolve resistance mechanisms because they would disarm
rather than kill select microbes. A molecular understanding of
these filaments, and their assembly and functions, is invaluable
in these research efforts.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Monoclonal anti-pilus antibody (clone 20D9) (Pujol et al., 1999)

Bacterial and Virus Strains

P. aeruginosa strain PAK/2pfs, a hyperpiliated strain (Bradley, 1974)

N. gonorrhoeae strain C30 (Segal et al., 1985)

N. meningitidis 2C4.3, expresses PIlE variant SB (Nassif et al., 1993)

Deposited Data

CryoEM reconstruction of the P. aeruginosa strain K (PAK/2pfs) Type IV pilus This paper EMD-8740

Filament model of the P. aeruginosa strain K (PAK/2pfs) Type IV pilus This paper PDB: 5VXY
CryoEM reconstruction of the N. gonorrhoeae Type IV pilus This paper EMD-8739

Filament model of the N. gonorrhoeae Type IV pilus This paper PDB: 5VXX

Oligonucleotides

See Table S1 for N. meningitidis pilE cloning and mutagenesis primers

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Lisa Craig
(licraig@sfu.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

P. aeruginosa

The hyperpiliated P. aeruginosa strain PAK/2pfs (Bradley, 1974) was a gift from Dr. Randal Irvin, University of Alberta. These cells
were grown on a Tryptic soy agar (3% TS broth, 1.5% agar) plates at 30°C overnight. A single colony was passed onto a new plate
and the cells were grown overnight at 30°C. Approximately 20 colonies were harvested and resuspended in 2 ml 3% TS broth and
50 pl of the resuspension was spread over each of the thirty TS agar plates that had been sitting for 3 days at room temperature and
one day at 30°C at ~20% humidity to reduce their moisture content. Cells were grown for 24 hr at 30°C, 20% humidity, after which
they were harvested for pilus collection.

N. gonorrhoeae

The N. gonorrhoeae strain C30, a variant of MS11 (Segal et al., 1985) was a gift from Dr. John Tainer, The Scripps Research Institute,
La Jolla CA. These cells were grown on a GC plate at 37°C with 5% CO, for 24 h. To prepare GC plates, 54.38 g BD Difco™ GC
medium base and 1.88 g Agar Noble were added to 1.5 | of H,0. The solution was autoclaved and cooled to 65°C and 15 ml of
Supplement | (2.22 M glucose, 68 mM L-glutamine, 66.5 uM thiamine) and 1.5 ml of Supplement Il (20.7 mM Fe(NOs)s) were
added. Three pilus producing (P+) colonies, identified using light microscopy by their almost spherical morphology, were passed
onto a new GC plate in a triad formation. The plate was incubated at 37°C, with 5% CO, for 24 h. Three new P+ colonies were passed
onto two GC plates in a triad formation. The plates were incubated at 37°C with 5% CO, for 20 h. After confirming that the
colonies are P+, they were swabbed off of the two plates and resuspended in 5 ml GC Broth (1.5% (w/v) BD Bacto™ Proteose
Peptone No. 3, 23 mM K,HPO,, 7.3 mM KH,PO,, 86 mM NaCl). Fifty GC plates were inoculated with 100 pl of the cell suspension
and the cells were evenly spread over the plates. Cells were grown at 37°C, with 5% CO, for 24 h, after which they were harvested to
collect pili.

N. meningitidis

N. meningitidis 2C4.3 strain expressing PIlE variant SB (Nassif et al., 1993) was grown overnight on GCB agar plates containing
50 pg/ml kanamycin (GCB-Kn) at 37°C. Chemically competent E. coli TOP10 cells (Life Technologies) were grown overnight at
37°C in lysogeny broth (SB), with 100 png/ml ampicillin when selecting for pMiniT vectors. All cell lines are bacterial, thus they are
genderless.
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METHOD DETAILS

Purification of P. aeuginosa Strain K Pili

P. aeruginosa strain PAK/2pfs (Bradley, 1974) lawns, prepared as described in the Experimental Model and Subject Details section
were scraped off of the plates and resuspended in 25 ml of chilled Buffer 1 (150 mM ethanolamine, 1 mM DTT, pH 10.5). Pili were
sheared from the cells by three cycles of 1 min bursts of vigorous vortexing followed by 1 min on ice. The cells were removed
from the pilus suspension by centrifugation (8000 xg, 30 min) at 4°C. The supernatant containing the pili was centrifuged again to
pellet residual cells. The supernatant was dialyzed against 4 | Buffer 2 (150 mM NaCl, 50 mM Tris, 1 mM DTT, 0.02% NaNs,
pH 8.0) three times, each time for at least four hours, at 4°C using a 6000-8000 MWCO dialysis membrane to promote aggregation
of the pili. Pili were concentrated by centrifugation 24000 xg for 30 min at 4°C. The supernatant was discarded and the pellet was
resuspended in 1 ml cold Buffer 1 and dialyzed against 4 | Buffer 2 three times, each time for at least four hours at 4°C using
a 3500 MWCO dialysis membrane. The dialysate was centrifuged at 10 000 xg for 30 min at 4°C to pellet the pili, which were
resuspended in 200 pl cold Buffer 1 and stored at 4°C.

Purification of N. gonorrhoeae T4P

The N. gonorrhoeae strain C30 prepared as described in the Experimental Model and Subject Details section were scraped off of the
plates and resuspended in 20 ml CHES Buffer (50 mM CHES, 1 mM DTT, pH 9.5) at 4°C. To shear pili off, the cells were vortexed
vigorously 3 times for 1-min bursts, returning them to ice for 1 min between the bursts. Cells were removed from the pilus suspension
by centrifugation at 10 000 xg for 20 min at 4°C. The supernatant containing the pili was dialyzed against 4 | cold Pili Buffer (50 mM
Tris, 150 mM NaCl, 1 mM DTT, 0.02% NaNs, pH 7.5) twice, each time for at least 2 hours at 4°C using a 6000-8000 MWCO dialysis
membrane. Aggregated pili were pelleted by centrifugation at 10 000 xg for 20 min at 4°C and resuspended in 3 ml cold CHES Buffer.
The protein suspension was centrifuged at 3500 xg for 20 min at 4°C to remove contaminants then dialyzed against 4 | cold Pili Buffer
twice, each time for at least 2 hours at 4°C using a 6000-8000 MWCO dialysis membrane. Purified pili were pelleted from the dialysate
by centrifugation at 17 500 xg for 30 min and resuspended in 200 pl cold CHES Buffer without DTT and stored at 4°C.

Cryo-EM and Image Processing of Pilus Filaments

Samples (2 pl) were applied to lacey carbon grids and vitrified using a Vitrobot Mark IV (FEI). The grids were imaged in a Titan Krios
operating at 300 keV using a Falcon Il camera with 1.05 A/px sampling, with the imaging controlled by the EPU software. Images were
collected using a defocus range of 0.5 to 3.0 um. The CTFFINDS3 program (Mindell and Grigorieff, 2003) was used for determining the
actual defocus of the images.

PaK Pili

Atotal of 440 images of PaK pili were selected and 3,453 filaments of varying lengths were boxed from these using the e2helixboxer
program within EMAN2 (Tang et al., 2007). The SPIDER software package (Frank et al., 1996) was used for most other operations.
Images were corrected for the contrast transfer function (CTF) by multiplying them by the theoretical CTF function, both reversing
phases where needed and boosting the SNR. Overlapping 384 px long boxes (with a shift of 15 px, ~ 1.5 times the axial rise per
subunit) were cut from the long filament boxes, yielding 154,641 segments. A reference-based sorting procedure was used to bin
the segments based on the axial rise and azimuthal rotation. After sorting, 31,231 segments from the largest bin, representing
22% of the total segments, were processed by IHRSR (Egelman, 2000) to produce the final reconstruction.

Ng Pili

A total of 225 images were selected for image processing, from which 1,715 filaments boxes were cut. Overlapping 384 px long
boxes (with a shift of 14 px) were cut from the long filament boxes, yielding 39,197 boxes segments. After sorting by both the twist
and axial rise, 9,855 segments representing 25% of the total segments, were used in the final reconstruction.

Model Building

For each reconstruction, a map corresponding to a single pilin subunit was segmented from the whole filament map in Chimera (Pet-
tersen et al., 2004). Model building began by docking x-ray crystal structures of the full length pilin subunits (10QW and 2HI2, for the
PaK and Ng maps, respectively) into the experimental density data using Chimera’s “fitin map” tool. Since these fits resulted in poor
correspondence between the N-terminal segment, the N-terminal a-helix («1:1-14) and the globular region (24 to C-terminus) were
docked separately as rigid bodies. Next, the full-length pilin subunit including the melted loop («1:15-23) was rebuilt with the
RosettaCM protocol (Wang et al., 2015). A total of 2500 models were generated for both pilin subunits using the segmented map,
and 15 models selected based on Rosetta’s energy function, were combined into one model by manual editing in Coot (Emsley
and Cowtan, 2004) to yield the best overall fit to the density map. This model was used as the starting model for a whole filament
RosettaCM rebuilding restrained by the determined helical symmetry and the whole filament map. A total of 500 filament models
were generated for both pili, and the best 15 models were combined again into a single model in Coot. Further refinements and edit-
ing were carried by Phenix real-space refinement (Adams et al., 2010) and Coot. No density was apparent in the initial map for the
post-translational modifications at Ser 63 and Ser68 of Ng PilE so these were initially omitted from the model. Upon appearance
of extra density at Ser63 after refinement of the model against the map, HexDATDH and phosphoethanolamine were added to
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the filament model at Ser63 and Ser68, respectively and the model refined further. MolProbity (Chen et al., 2010) was used to evaluate
the quality of the models. The MolProbity scores for the PaK and Ng T4P filament models compare favorably (both are 99™ percentile)
with structures of similar resolution.

Mutagenesis of N. meningitidis pilE

To express the WT PIlE and PilE with N-terminal amino acid substitutions in the high adhesive SB variant of N. meningitidis strain
2C4.3, the Kn resistance gene aph(3’) was transcriptionally fused to the 3’ end of pilE on a plasmid, pMiniT plasmid. The resulting
plasmid, pilE(Kn)-pMiniT was linearized for transformation of N. meningitidis strain 2C4.3, whereby the pilE(Kn) fusion replaces
the existing pilE gene by homologous recombination (Nassif et al., 1993). Selection on kanamycin ensures that the pilE gene has
not recombined with the promoterless pilE genes, thus preventing allelic exchange. pilE(Kn)-pMiniT was prepared by overlap
PCR. Briefly, DNA segments encoding the pilEsg promoter and the pilEsg gene and downstream sequence were amplified from
genomic DNA using the primer pairs pilE_5’UTR_FW and pilE_5’'UTR_RV, and pilE_3'UTR_FW and pilE_3’'UTR_RV (Table S1).
The aph-3’ coding sequence was amplified from the TOPO 2.1 vector using the primers Kn_FW and Kn_RV. The three fragments
were assembled by overlapping PCR and the resulting product was cloned into the pMiniT plasmid following the NEB PCR Cloning
Kit protocol. This construct was transformed into chemically competent E. coli TOP10 cells (Life Technologies) and the pilE(Kn)-
pMiniT vector was isolated from Kn-resistant colonies by miniprep (PureLink Miniprep, Life Technologies). The correct vector was
confirmed by sequencing (GATC-Biotech). Mutations were introduced into pilE within pilE(Kn)-pMiniT by PCR site directed mutagen-
esis using the primers containing the desired mutations, listed in Table S1. PCR products were purified, ligated and transformed into
chemically competent E. coli TOP10 cells (Life Technologies). Plasmids were isolated from colonies grown on ampicillin and
sequenced to verify the correct mutation. Linearized plasmids containing WT or mutant pilE were transformed into N. meningitidis
strain 2C4.3 and three kanamycin-resistant transformants were isolated for each mutant and sequenced to confirm the presence
of the correct pilE-Kn gene fusion. Genomic DNA from these clones was purified and used to transform N. meningitidis 2C4.3, which
were grown overnight on GCB-Kn plates. The correct pilE-Kn gene was verified by sequencing some of the Kn-resistant bacteria and
the whole population was collected and frozen at -80°C in 15% glycerol.

Immunofluorescence Imaging of Nm pilE Mutants

Bacteria were grown overnight on agar plates. Several meningococcal colonies were coated on glass slides, incubated in 4% para-
formaldehyde for 30 minutes and dried for 2 hours before immunostaining. Pili were visualized using mouse monoclonal anti-pilus
antibodies (clone 20D9 (Pujol et al., 1999)) in phosphate-buffered saline containing 0.3% BSA; bacteria were visualized using
DAPI staining of DNA and pili were visualized using goat anti-mouse Alexa 488 (Life Technologies). Slides were mounted in Mowiol
(Citifluor Ltd) before image acquisition with a laser-scanning confocal microscope (Leica SP5). Confocal images were collected and
processed using the Leica Application Suite AF lite software (Leica Microsystems). Quantification analysis of the images was
performed using Imaged software (NIH). Results are presented as a piliation index corresponding to the area occupied by the
fluorescently labeled pili in relation to surface area of bacteria delineated by DAPI staining. Piliation index is expressed as relative
fluorescence unit (RFU).

SDS-PAGE and Immunoblotting

Whole bacteria lysates were prepared from bacteria grown overnight on GCB-agar plates. Bacteria were resuspended in lysis buffer
(25 mM TriseHCI, pH 7.6, 150mM NaCl, 1% sodium deoxycholate, 0.1% SDS) and lysed by boiling 5 min at 100°C. Proteins were
quantified using the Micro BCA protein assay reagent kit (Pierce) using the manufacturer’s protocol. SDS-PAGE separation, transfer
to membranes and immunoblotting were performed using standard molecular biology techniques. Detection of immobilized antigens
was performed by chemiluminescence using ECL Plus detection reagents (Pierce). PilE was detected using the mouse monoclonal
SM1 antibody, at 1/2000 dilution, whereas NADP glutamate dehydrogenase was detected using a specific mouse monoclonal
antibody, used at 1/5000 dilution.

Negative Stain Imaging of Nm Pili

N. meningitidis PilE mutants were grown overnight on GCB agar plates and resuspended in 20 mM ethanolamine, pH 10.5 and vor-
texed to shear the pili from the cells. Cells were removed by two rounds of centrifugation at 4000 xg and the pili in the supernatant
fraction were resuspended in ammonium sulfate to 10% saturation and incubated for 16 h at 16°C to precipitate the pili, which were
collected by centrifugation (13000 x g, 60 min, 4°C) and resuspended in 20 mM ethanolamine, pH 10.5. Pili were negatively stained
with 1% phosphotungstic acid on glow-discharged copper grids and imaged on a Hitachi 8100 STEM.

Aggregation Assay for Nm pilE Mutants

Aggregation of each strain was assessed in 24 wells plate in DMEM, 10% FBS. Briefly, the day of infection, a suspension of bacteria
from an overnight culture grown on a GCB agar plate was adjusted to ODggg of 0.05 and incubated for 1h at 37°C in 24 wells plate
containing pre-warmed DMEM, 10% fetal bovine serum under agitation. Aggregates were mechanically disrupted by pipetting up
and down ten times. The bacteria were then incubated for 1 more hour without agitation and images of aggregates were acquired
on an inverted microscope.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The fluorescence intensity for images such as those shown in Figure 6D was quantified and used to calculate a piliation index,
expressed as relative fluorescence unit (RFU). Data from ten images was included for each bacterial variant. RFU values that differed
between variants with p<0.01, determined using the Wilcoxon-Mann-Whitney U test, are considered statistically significant.

DATA AND SOFTWARE AVAILABILITY

The PaK and Ng T4P reconstructions were deposited in the Electron Microscopy Data Bank under accession numbers EMD-8740
and EMD-8739, respectively. The PaK and Ng T4P filament models were deposited in the Protein Data Bank under accession
numbers 5VXY and 5VXX.
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