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Bacterial adhesion is a general strategy for host-microbe and microbe-microbe
interactions. Adhesive pili are essential for colonization, biofilm formation,
virulence, and pathogenesis of many environmental and pathogenic bacteria®?.
Members of the class Bacteroidia have unique Type V pili, assembled by
protease-mediated polymerization®. Porphyromonas gingivalis is the main
contributor to periodontal disease and its Type V pili are a key factor for its
virulence*. However, the structure of the polymerized pilus and its assembly
mechanism are unknown. Here, we show structures of polymerized and
monomeric states of FimA stalk pilin from P. gingivalis, determined by cryo-EM
and crystallography. The atomic model of assembled FimA shows that the
C-terminal strand of a donor subunit is inserted into a groove in the p-sheet of an
acceptor subunit after N-terminal cleavage by the protease, RgpB. The C-terminus
of the donor strand is essential for polymerization. We propose a sequential polar
assembly mechanism for Type V pili at the cell surface, involving
protease-mediated strand-exchange, employed by various Gram-negative species
belonging to the class Bacteroidia. Our results reveal functional surfaces related to
pathogenic properties of polymerized FimA. These insights may facilitate
development of anti-bacterial drugs.

Bacterial pili are classified as chaperone-usher, curli, Type 1V,
sortase-dependent, the recently discovered Type V, and as yet unclassified e-pilit?>~".
Type V pili are unique to Gram-negative bacteria belonging to the class Bacteroidia in
the phylum Bacteroidetes, and are composed of anchor, stalk, accessory (or adaptor),
and tip pilins?2. These pilins are structurally conserved and have distinct N- and
C-terminal domains (NTD and CTD)®. Each domain has a transthyretin-like fold,
consisting of seven B-strands arranged in two B-sheets. Based on the conformation of
the C-terminal strand in crystal structures, pilins have been classified as either
“closed-form” or “open-form”. The C-terminal strand of open-form pilins extends into

the solvent and is not stabilized by crystal contacts®. In analogy to donor-strand
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exchange in chaperone-assisted pilus assembly?®, we refer to the monomeric
“closed-form™ of FimA, in which the C-terminal strand constitutes part of the CTD
B-sheet, as “self-complementing”, and distinguish the polymerized form as
“donor-strand exchanged”.

Porphyromonas gingivalis belongs to the class Bacteroidia and is a major oral
pathogen, associated not only with development and progression of chronic
periodontitis in adults®, but also several systemic diseases, such as rheumatoid arthritis,
cardiovascular disease, and pancreatic cancer'®-'2, Recently, P. gingivalis has also been
implicated in formation of B-amyloid-like deposits in the brain'3, P. gingivalis possesses
Type V pili that are either of the long, major Fim pilus type (0.3-1.6 um) or the short,
minor Mfa type (80-120 nm)*%5 both of which are key virulence factors for host
colonization and evasion of the innate immune system®1’. Both types of pili serve to
attach cells to oral epithelia via extracellular matrix proteins'®!’, as well as in
co-aggregation of P. gingivalis with other pathogens in the oral biofilm?*é,

Fim and Mfa pilins are expressed from operons with similar structures,
composed of genes encoding stalk pilins (major: FimA or minor: Mfal), anchor pilins
(major: FimB or minor: Mfa2), accessory pilins (major: FimC, FimD, and FimE or
minor: Mfa3, Mfa4 and Mfa5), and regulatory proteins'®-2%, FimA pilins from various P.
gingivalis strains are further classified into five subtypes, one of which is divided into
two sets (FimA1-FimA5 and FimAlb) that differ in immunogenicity?>-?. FimA of P.
gingivalis ATCC 33277 (FimAl) is the best studied pilin and shares 50-85% sequence
identity with other FimA subtypes®.

The Lol pathway delivers lipoproteins to the inner leaflet of the outer
membrane of Gram-negative bacteria®. During Fim pilus biogenesis, pilins are
synthesized in the cytoplasm as lipoprotein precursors containing a signal peptide and a
conserved cysteine residue that serves as the lipidation site. Pilins are then exported to
the periplasm by the Sec system?’, where the signal peptide is cleaved by type Il signal

peptidase, and the cysteine is conjugated with lipids. Lipidated pilins are presumably
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transported to the outer membrane surface via lipoprotein-sorting machinery?,
However, the precise mechanism, how subunits are exported to the cell surface, is not
fully understood?®. At the cell surface, an arginine- or lysine-specific protease,
R-gingipain (Rgp) or K-gingipain (Kgp), removes an N-terminal portion of the pilin
that includes the conserved arginine or lysine cleavage residue and the lipidated
cysteine. In this way, pilins mature and assemble into the pilus filament?®3°3!, Previous
experiments have shown that the C-terminal strand of one pilin interacts with residues
in the hydrophobic groove of a neighboring pilin in mature pilus filaments®. These
insights and recent crystal structures led to the hypothesis that Type V pili are
assembled by a protease-mediated strand-exchange mechanism??2,

We cloned and overexpressed recombinant FimA1 from the Type V pilus of P.
gingivalis strain ATCC 33277 (rFimA) containing residues 20-383 in Escherichia coli,
and purified and crystalized rFimA in monomeric form at 2.1 A resolution (Fig. 1)*28%C,
There were two nearly identical molecules in the asymmetric unit, except for loop
Al-B1 (residues 39-57) and a loop segment of residues 365-370. The structure
comprises two domains, an N-terminal domain (NTD) and a C-terminal domain (CTD),
consistent with the crystal structure of the homologous FimA4 (PDB 4q98). Each
domain contains two p-sheets with seven B-strands in the NTD and in the CTD,
arranged in a characteristic transthyretin-like fold. C-terminal residues 380-383 were
disordered (Fig. 1b, dashed red line). The C-terminal donor strand A1’-A2’ (Fig. 1b,
red) passes under loop A1-Bl (residues 39-57), which contains a conserved protease
cleavage site at Arg46 (Fig. 1b). Cleavage of the loop by RgpB removes the safety pin
and primes the structure for release of the donor strand. Strand Al’ is located at the
edge of the CTD [-sheet. It is held in place between the edge of the CTD B-sheet and a
short adjacent loop in anti-parallel p-strand conformation (residues 322-326) (Fig. 1b).
The anchor strand Al (Fig. 1b), however, is fully integrated into its B-sheet, suggesting
greater stability at this position. FimA1 shows 79% amino acid sequence identity with

FimA2 (Extended Data Fig. 1a, aligned with Clustal W32). P. gingivalis strains with
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FimA2 are most frequently found in severe periodontitis patients, whereas those with
FimAL are most prevalent in P. gingivalis-positive, healthy adults. We also determined
the crystal structure of FimA2 (residues 31-384) at 1.6 A resolution and compared it
with our structures of FimA1 and previously crystalized FimA43. Crystal structures of
FimAl, FimA2, and FimA4 were very similar overall. However, loop regions show
significant structural differences (Extended Data Fig. 1 b-d).

Previous studies showed that recombinant Type V pilins can polymerize in
vitro®+%, We found that rFimA monomers self-assemble into long filaments after in
vitro treatment with the arginine-specific protease, RgpB. Negative stain transmission
electron microscopy (TEM) of purified rFimA filaments showed a twisted ribbon
structure similar to Fim pili isolated from Mfa pilus-defective mfal mutant cells (Fig.
2a). We estimated the maximum observed assembly rate of rFimA in vitro as ~2.5
subunits/min (Extended Data Fig. 2 a-d and source data), with polymerization starting
~5 min after protease cleavage (Extended Data Fig. 2e). The longest filaments reached
~1.2 um after 1 h. These values are similar to in vitro growth rates reported for Type 1
pili in E. coli®*. Two-dimensional (2D) class-average cryo-EM images of the rFimA
filament and the Fim pilus, purified from the mfal mutant in amorphous ice, show that
their dimensions and secondary structural features are very similar (Fig. 2a;
approximate widths, 39 A and 42 A, respectively).

We performed single-particle cryo-EM analysis and used homogeneous in
vitro-assembled homopolymeric rFimA filaments, because the mfal mutant also
expresses accessory pilins such as FimC, FimD, and FimE®. The resulting
unsymmetrized cryo-EM electron potential map of the rFimA filament was determined
at 3.6 A resolution (Extended Data Fig. 3 and methods), enabling us to build an atomic
model containing three pilin subunits (Fig. 2b and 2c). The fitted atomic model depicts
the geometry of the rFimA filament. The rFimA filament formed a right-handed helix
(twist 71.0° or 5.1 subunits/turn, rise 66.7 A or pitch 339 A/turn). Compared to an

additional 3D-reconstruction of the Fim pilus from the mfal mutant, helical parameters
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of the homopolymeric rFimA filament were almost identical (Extended Data Fig. 4).
The electron potential map clearly revealed features of the aromatic Phe48 and its
neighboring Ala47 at the new N-terminus of the NTD (Fig. 2d), confirming that the
N-terminus was cleaved at Arg46 by RgpB. The reconstructed electron potential
corresponding to the donor strand A1'-A2’ extended into the acceptor pilin subunit, and
the C-terminal Trp383 from the donor pilin subunit was found in the CTD of the
acceptor pilin subunit (Fig. 2e). Comparison of the donor-strand exchanged structure of
rFimA with its self-complementing structure shows that the donor strand Al1’-A2’
swings out of the CTD at the loop located at residues 356-359 (Fig. 2f).

We mapped non-conserved regions, functional binding sites, and epitopes
onto the assembled FimA atomic model (Extended Data Fig. 1e and 1f). FimA binds
with salivary molecules (salivary protein, statherin, and a proline-rich protein, PRP-1)
and is recognized by three pattern-recognition receptors (CD14, CD11b, and CD18)6:%,
The salivary protein and statherin binding regions are distributed on well-conserved
surfaces, consistent with saliva-binding capability of FimAl and FimA2% (Extended
Data Fig. 1). The PRP1 binding site is not conserved. Epitopes recognizing CD14,
CD11b, and CD18 map to the CTD of the FIimA subunit (Extended Data Fig. 1). P.
gingivalis strains expressing FimA2 induce more severe inflammation than those
expressing FimA1%37-3,

In the donor-strand exchanged structure (Fig. 2), the A1’-A2’ strand of the
donor pilin is relocated to the hydrophobic groove of the acceptor pilin. Removal of the
N-terminal B-strand Al and the A1'-A2’ strand from our atomic model exposes grooves
traversing both B-sheets of NTD and CTD (termed NTD groove and CTD groove,
respectively). Surface properties of these grooves are illustrated in a hydrophobicity
map (Fig. 3a). Our structure of the assembled donor-strand exchanged-form pilin
confirms that the C-terminal strand A1’-A2’ rests in the grooves of the acceptor pilin,
restoring the full B-sheet (Fig. 3a). The A1’ strand (residues 363-372) is located in the
NTD groove (Fig. 3b), and A2’ strand (residues 377-383) is inserted into the CTD
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groove (Fig. 3c). Thus, the extended strand of the donor pilin is oriented by
hydrophobic interactions in the grooves of the acceptor pilin and held in place by
reintegration into its -sheets via inter-strand hydrogen bonds.

The high thermal stability of the assembled pilus*® (ladder pattern in Fig. 3d
and 3f after incubation for 10 min in SDS buffer at 80°C) may be explained by
increased interactions after strand exchange, as well as the entropic cost of exposing the
hydrophobic grooves by strand removal. Donor strand A1’ is now found in the NTD
groove, replacing the Al strand (Extended Data Fig. 5a). The donor-strand
exchanged-form A1’ B-strand is longer than Al in the self-complementing form and has
additional side-chain interactions with the NTD. In addition to the B-sheet interactions
and the entropically favorable burial of the hydrophobic groove, which are already
present in the A1’-CTD pair of the monomeric, self-complementing form, interactions
in A2'-CTD of the donor-strand exchanged form include additional hydrogen-bonding
between Trp383 and GIn379 of A2’ and the main chain atoms of the CTD. Interestingly,
the hydrophilic GIn379 is located at the interior hydrophobic face of A2’ (Extended
Data Fig. 5a). However, the Q379A mutation did not affect pilus formation (Extended
Data Fig. 5b and 5c). In our atomic model, the side chain of Asn366 of A1’ is within
hydrogen-bonding distance of both the main chain carbonyl oxygen and the side chain
carboxy oxygen of Glu83 on the NTD. The geometry of GIn368 suggests a similar
hydrogen bond with NTD-Thr80.

Interactions outside the hydrophobic cleft are also observed in the pilin model.
At the interface between subunits, Tyr186 of the donor subunit is within hydrogen
bonding distance of the main chain carbonyl oxygen of acceptor subunit GIn70.
Similarly, the side chain amide nitrogen of GIn70 pairs with the backbone carbonyl
oxygen of donor subunit Alal85 (Extended Data Fig. 5e and 5f). In their
crystallographic unit cells, FimA4 or FimALl pilins from Bacteroides eggerthii were

stacked head-to-tail, forming pilus-like filaments, despite still being in an immature
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conformation®. This suggests that the subunit head-tail interface contributes to relative
subunit alignment and stability of the pilus.

We tested the effects of C-terminal mutants. Deletion of the three C-terminal
residues of FimA1 prevents Fim pilus assembly®. Trp383 at the C-terminus of FimA1 is
conserved among FimA subtypes (Extended Data Fig. 1la). We deleted C-terminal
residues Trp383, Thr382-Trp383, or Ala381-Trp383 by replacement with a stop codon
and found that each of these mutations prevented FimA pilus formation on the cell
surface (Fig. 3d and 3e). rFimA1(A383) also failed to polymerize in vitro (Extended
Data Fig. 5d). This indicates the importance of the C-terminal Trp383 for FimA
polymerization. Furthermore, we assessed whether Trp383 is specifically required at
this position: Substitutions of Trp383 with aromatic (Phe, Tyr) or hydrophobic (Leu)
residues were tolerated, but substitutions with His, Ala, or Gly reduced polymerization
significantly (Fig. 3f and 3g). The C-terminus is essential for polymerization. When the
donor strand Al’ is folded back (self-complementing form), it is unlikely that an
incoming strand A2’ from another donor pilin would be capable of peeling the donor
strand from its B-sheet. Therefore, release of the donor strand A1’ following cleavage
by RgpB should precede binding of the C-terminus of the next pilin. Indeed, related
Type V pilins from other species (BfrFim1l and BthFim1A) have been crystallized with
their donor strands released from the CTD while the anchor strand, Al, was still
present?, suggesting that the donor strand can flip out from the CTD easily.

We noticed that FIimA(A383) accumulated in cleaved form in the cell fraction
(bands near 40 kDa molecular weight in Fig. 3d iii-iv). Indeed, a dot blot assay using
wild-type and mutant cells (Fig. 3h) detected the FIimA(A383) protein at the cell surface.
Both observations demonstrated that the FImA(A383) protein remained at the cell
surface after RgpB cleavage. Furthermore, to test whether the anchor strand is released
from the NTD after RgpB cleavage, we created cross-linking mutants by introducing
cysteine pairs in the FImA(A383) mutant after substituting all intrinsic cysteines with

alanines (Fig. 3i). Cross-linking these mutants with dithio-bis-maleimidoethane
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(DTME) resulted in apparent increased molecular weight of the FimA band, which was
prevented by addition of pB-mercaptoethanol (BMe) (Fig. 3j). Furthermore,
immuno-TEM of the rFimA filament with anti-His-tag antibody showed gold particles
localized at one end of the rFimA filament (Extended Data Fig. 6), suggesting that the
His-tagged N-terminal strand was still present in the FimA subunit at the base of the
FimA filament. Together, these observations strongly suggest that the anchor strand
remains attached to the NTD of FimA after RgpB cleavage.

Pilin polymerization relies on sequential elongation from the cell membrane
until termination. Simultaneous dissociation of donor and anchor strands would detach
the subunit from the cell surface, releasing it into the extracellular environment. Hence,
we propose that Type V pili grow from the base (Fig. 4). In P. gingivalis strain ATCC
33277, which does not express anchor pilin, pili are attached to the cell surface although
they are easily removed by vortexing, consistent with our finding that pili remain
anchored to the cell membrane during assembly. Pilus assembly is prevented by
deletion of Trp383 at the C-terminal end (Fig. 3 d-g, Extended Data 5b and 5d).
Furthermore, peptides corresponding to the C-terminal region inhibit assembly of the
minor Mfa pilus®’. The fact that binding of these C-terminal residues is essential for
polymerization suggests that addition of donor strand A2’ to the empty CTD groove of
the acceptor pilin precedes replacement of the anchor strand (Fig. 4 111). After A2’ fills
the CTD groove, A1’ may be positioned at the NTD-CTD interface to help trigger
release of the anchor strand of the acceptor pilin from its NTD, thereby detaching the
acceptor subunit from the cell membrane (Fig. 4 1V). As each stalk pilin subunit is
added to the assembled pilus (Fig. 4 V), the initial binding of the A2’ strand brings the
Al’ strand into close proximity to the CTD groove. The length of Type V pili is not
strictly regulated and there is a wide distribution®. As long as an ample supply of stalk
pilin subunits exists on the cell membrane, pili should be able to continue growing.
Binding of a membrane-anchored stalk-pilin multimer to an anchor pilin that does not

contain the protease cleavage site, will terminate elongation (Fig. 4 VI-VII). Therefore,
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the final pilus number and the distribution of pilus lengths may be governed by
expression level and relative abundance of each gene product. Pilus polymerization at
the cell surface may start from a tip pilin, which lacks the donor strand. However, the
mechanism is not clear. It is unlikely that a tip pilin would be incorporated into a pilus
at the filament tip after pilus polymerization. The stalk pilin FimA alone is sufficient for
pilus assembly in vivo®. Hence, initiation may not require a tip pilin,*°, which would
result in a mixed population of tipped and untipped pili.

Pilin polymerization of Type V pili may be similar to that of chaperone-usher
pili with respect to their use of donor-strand exchange?®. Our hypothesis about the
initiating role played by the C-terminal residues in Type V pili is reminiscent of the
so-called “P5” residue in chaperone-usher pilus assembly, which binds an accessible
hydrophobic pocket in the acceptor groove before displacing a complementing strand
donated by the chaperone®. However, there are several differences between Type V pili
and chaperone-usher pili. Their overall pilin domain structure is different and donor
strands of chaperone-usher pilins are N-terminal, while those of Type V pilins are
C-terminal. Finally, chaperone-usher pili require chaperone proteins for assembly, while

Type V pili appear to be self-assembled with the aid of arginine-specific proteases.

Methods

Media and growth condition. P. gingivalis ATCC 33277 cells were grown under
anaerobic conditions (80% N2, 10% CO2, 10% H) at 37°C in enriched brain-heart
infusion (BHI) broth or on enriched tryptosoya (TS) agar plates supplemented with 5
ug/mL hemin (Sigma) and 0.5 pug/mL menadione (Sigma). Luria—Bertani (LB) broth
and LB agar plates were used for growth of E. coli strains. Antibiotics were used at the
following concentrations: ampicillin (50 or 100 ug/mL for E. coli) and erythromycin

(Em; 10 pg/mL for P. gingivalis).
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Purification of recombinant FimA and RgpB protease. The genes, fimAl and fimA2,
of P. gingivalis strains ATCC 33277 and TDC60, respectively, were amplified with
primer pairs F and R, and then cloned into plasmid pET15b. E.coli strain BL21 (DE3)
was transformed with this plasmid. Primer sequences are available as supplementary
information. Recombinant FimA protein with an N-terminal His-tag was purified by
affinity chromatography using Talon resin (Clontech, Takara Bio, Japan) or a His

TrapT'VI HP column (GE Healthcare). His-tagged RgpB protease was expressed in P.
gingivalis strain 662i6H* and purified accordingly.

Purification, crystallization, and structure determination of Type | and Type Il
FimA of P. gingivalis. His-FimALl from strain ATCC 33277 and His-FimA2 (residues
20-390) from strain TDC60 were expressed in E. coli and crudely purified by affinity
chromatography, as described above. Each protein solution was mixed with thrombin to
remove the His-tag, and dialyzed in 1 L of buffer A (500 mM NaCl in 50 mM Tris-HClI,
pH 8.0) at 4°C for 12 h. The protein solution was loaded onto a His TrapT'VI HP column
(GE Healthcare) to remove uncleaved proteins, and further purified with a High Load
26/60 Superdex 200 gel filtration column in 10 mM Tris-HCI and 100 mM NaCl (pH
8.0). Peak fractions were collected and concentrated.

Crystallization was performed by the sitting-drop, vapor-diffusion method.
Crystallization drops were prepared by mixing the FIimALl or FimA2 solution with an
equal volume of reservoir solution. Initial screening was carried out using screening Kits
(Wizard 1 and Il, Cryo | and Il (Emerald Biostructures) and Crystal Screen | and Il
(Hampton Research)), and then conditions were optimized. FimALl crystals used for
X-ray data collection were obtained at 20°C from a drop prepared by mixing 1.5 pL
protein solution (10 mg/mL) containing 20 mM Tris-HCI pH 8.0 / 150 mM NaCl with

an equal volume of reservoir solution containing 0.1 M sodium citrate pH 5.6, 1.8 M

(NH4)2 SO4 and 0.2 M sodium-potassium tartrate. The FimAL crystal belongs to an
orthorhombic space group of P212721 with unit cell dimensions of a =35.8 A, b = 85.5

11
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A and ¢ = 242.6 A. FimA2 crystals suitable for X-ray data collection were obtained at
20°C from a drop prepared by mixing 1.5 pL protein solution (47 mg/mL) containing 20

mM Tris-HCI pH 8.0 and 150 mM NaCl with an equivalent volume of reservoir
solution containing 0.1 M HEPES pH 7.5, 2.2 M (NHg)2 SO4 and 1.5 % (w/v) PEG400.

FimA2 was crystallized in an orthorhombic space group of P2127121 with unit cell

dimensionsof a=58.9 A, b=86.0 A andc=102.1 A.

X-ray diffraction data were collected at synchrotron beamline BL32XU and BL41XU in
SPring-8 (Harima, Japan). Crystals were soaked in a solution containing 90% (v/v)
reservoir solution and 10% (v/v) glycerol for a few seconds, frozen in liquid nitrogen,
and mounted under nitrogen gas flow at 100 K for X-ray data collection at a wavelength
of 1.000 A. Diffraction data were processed with MOSFLM*® and scaled with
AIMLESS*. Initial FimA2 crystal data were calculated by molecular-replacement
(MR) with Phaser® using the FimA4 structure (PDB ID: 4q98) as a search model. The
atomic model was constructed with Coot*® and refined with Phenix.refine*’ to 1.6 A.
Eleven N-terminal residues, 6 C-terminal residues, and 11 residues (N43-D53) in loop
Al1-B1 were invisible in the electron density map. The Ramachandran plot statistics
indicated that 97.4% and 2.6% residues were in the most favorable and allowed regions,
respectively. The initial phase of the FimA1 crystal was obtained by MR using the
refined FimA2 structure as a search model. The atomic model of FimA1 was
constructed with Coot and refined with Phenix.refine to 2.1 A. During the refinement
process, iterative manual modifications were performed. The Ramachandran plot
statistics indicated that 97.7% and 2.2% residues were in the most favorable and
allowed regions, respectively. Crystallographic statistics can be found in Extended Data
Fig. 7a.

In vitro assembly of FimAl pili. rFimAl monomers at 1.5 mg/mL concentration were

mixed with 1 mg/mL RgpB and incubated at 37°C for 4 h. Protease inhibitors

N-a-p-tosyl-L-lysine-chloromethyl ketone hydrochloride (TLCK) and leupeptin were

added to the solution at 0.1 mM concentration to stop assembly. Assembled rFimAl

filaments were precipitated with 4% (w/vol) polyethylene glycol (PEG-6000), 0.2 M

NaCl at 4°C and collected by centrifugation at 21,000g for 30 min at 4°C. Pellets were
12
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resuspended with 20 mM Tris-HCI pH 7.5 and dialyzed against 20 mM Tris-HCI pH 7.5.
Assembly rate was estimated by length measurement of purified filaments imaged by
negative stain TEM after 30 min incubation with RgpB, and after 60 min incubation
(Extended Data Fig. 2 b-d). 100 filaments were picked from randomly imaged areas.
Experiments were carried out in triplicate. Filaments shorter than 100 nm could not be

precipitated.

Preparation of Fim pili from the Mfa pilus-defective mutant. Fim pili from P.
gingivalis KDP225 cells (mfal::cepA)® were prepared by vesicle-depleted supernatant
fractionation, as described previously*®. Briefly, colonies on a TS agar plate were
suspended in phosphate buffered saline, vortexed vigorously, and centrifuged at 5,900g
for 15 min at 4°C. The supernatant contained soluble extracellular proteins and outer
membrane vesicles. The latter were removed by centrifugation at 88,000g for 60 min at

4°C and the supernatant, containing Fim pili was used for further analysis.

Immunoelectron microscopy. An rFimA filament sample was blocked against
nonspecific binding with PBS containing 0.2% BSA for 30 min at 4°C, and was then
incubated with primary anti-His-tag antibody (MBL, Aichi, Japan) at a 1:100 dilution in
PBS containing 0.2% BSA for 1h. Filaments were precipitated with 4% (wi/vol)
polyethylene glycol (PEG-6000), 0.2 M NaCl at 4°C and collected by centrifugation at
100,000g for 30 min at 4°C. Filaments were resuspended with PBS containing 0.2%
BSA and then incubated with secondary goat anti-mouse IgG antibody with 10 nm gold
conjugates (Sigma-Aldrich) at 1:20 dilution for 1 h. A 1 pL sample was applied to a

carbon-coated EM grid, washed twice with PBS and stained with 1% urany| acetate.

Construction of P. gingivalis strains expressing FImA variants with C-terminal
deletions. A plasmid pmfalmfa2 containing the protein expression system induced by

anhydrotetracycline (aTC), pmfalmfa2::ermF with tetR and aTC-inducible promoter,

13
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was constructed and integrated into the mfal maf2 gene regions by homologous
recombination, resulting in an Mfa pilus-deficient P. gingivalis strain. We created four
different P. gingivalis fimA mfal mfa2 strains expressing FimA®*, FimA(A383),
FimA(A382-383), FimA(A381-383). PCR products were obtained with primer pairs of
FimAFw/FimARv, FimAFw/FImA383Rv, FimAFw/FImMA382Ryv, and
FimAFw/FImA381Rv, respectively. Primer sequences are available as supplementary
information. PCR products were cloned into the pUC118 vector (Takara, Japan) and
sequenced. The Ncol and Sall DNA fragments from cloned vectors were inserted into
the Ncol and Sall region of the pmfalmfa2 vector, resulting in pmfalmfa2-FimA®,
pmfalmfa2-FimA(A383), pmfalmfa2-FimA(A382-383), pmfalmfa2-FimA(A381-383).
These plasmids were linearized by Sphl digestion and introduced into KDP304 cells
(fimA::tetQ)*® by electroporation. Cells were spread on TS agar containing 10 pg/mL
Em and incubated under anaerobic conditions for 7 days. To express various FimA
proteins, a preculture in BHI broth was used at a 50-fold dilution to inoculate a new
BHI broth containing aTC (100 ng/mL). Cell pellets were resuspended with PBS and
mixed with SDS sample buffer containing f-mercaptoethanol. Samples were incubated
at 80°C for 10 min. FimA protein was detected by Western blot analysis with anti-FimA

antibody.

Construction of P. gingivalis strains with FimA Trp383 substitutions. To generate
mutated proteins of FIimA at Trp383, amplified PCR products with primer pairs
confimAFwNcol/RvFimAW383F, confimAFwNcol/RvFIimAW383Y,
confimAFwNcol/RvFIimAW383H, confimAFwNcol/RvVFImMAW383A,
confimAFwWNCcol/RvFImMAW383G, confimAFwNcol/RvFIimAW383L, using the ATCC
33277 genome as template DNA, were cloned into pUC118 (Takara, Kusatsu, Japan).
Primer sequences are available as supplementary information. Cloned DNAs were
verified by DNA sequencing analysis. The lower Ncol-Sall fragment from those cloned
plasmids was inserted in corresponding sites of plasmid pmfalmfa2::ermF with tetR and
aTC-inducible promoter. Then, each recombinant plasmid was digested with Sphl and
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introduced into the fimA::tetQ (KDP304) strain by electroporation. Transformants were

selected on blood agar plates containing 10 pg/mL Em.

Construction of FImA(A383 Cys-null with K40C K81C, or with K40C K167C).
Full-length mutated genes were synthesized (Integrated DNA technology). DNA
sequences are available as supplementary information. Synthetic DNAs were cloned
into pUC118. Cloned DNAs were verified by DNA sequencing analysis. Each lower
Ncol-Sall fragment from those cloned plasmids was inserted into corresponding sites of
plasmid pmfalmfa2::ermF with tetR and aTC-inducible promoter. Then, each
recombinant plasmid was digested with Sphl and introduced into the fimA::tetQ
(KDP304) strain by electroporation. Transformants were selected on blood agar plates
containing 10 pg/mL Em.

Cys-Cys cross-linking analysis of the anchor strand with NTD. To detect Cys-Cys
cross bridges of mutated FimA(A383) protein, aTC-induced cell pellets were collected
and washed once with PBS, and then gently suspended in PBS including 0, 0.1, 0.2,
0.4 mM dithio-bis-maleimidoethane (DTME) (Tokyo Chemical Industry, Tokyo, Japan),
and then incubated at room temperature for 1 h. Cell pellets were then collected and
resuspended in PBS with protease inhibitors and then mixed with SDS sample buffer
with or without BME. All samples were incubated at 100°C for 10 min. fimA::tetQ
TetR-FimA(A383 Cys-null with two residues substituted to Cys) were used as test
strains. Preculture (0.1 mL) was added to 5 mL of new BHI broth with aTC (100
ng/mL) and was anaerobically grown overnight. 100 uL of overnight culture was spun
down and the supernatant was discarded. The cell pellet was washed once with PBS and
suspended in 100 uL PBS with and without DTME at final concentrations of 0.1, 0.2,
0.4 mM. Samples were stored at room temperature for 1 h. Then, samples were spun
down at 20,4009 at 4°C for 1 min. The cell pellet was dissolved with 60 uL of PBS
including 0.1 mM TLCK and 0.1 mM leupeptin. 20 puL of 4X SDS sample buffer with
or without BME were added. Samples were heat denatured at 100°C for 10 min. 10 pL
of samples were applied in each well.

Construction of P. gingivalis FImA(Q379A). To generate mutated protein of
FImA(Q379A), amplified PCR product with primer pairs of
15
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fimAFwNcol/fimAG379ARv using ATCC 33277 genome as template DNA was cloned
into pUC118 (Takara, Kusatsu, Japan). Primer sequences are available as
supplementary information. Cloned DNA was verified by DNA sequencing analysis.
The lower Ncol-Sall fragment from the plasmid was inserted into corresponding sites of
plasmid pmfalmfa2::ermF with tetR and aTC-inducible promoter. Then, the
recombinant plasmid was digested with Sphl and introduced into fimA::tetQ (KDP304)
by electroporation. Transformants were selected on blood agar plates containing 10
pg/mL Em.

Construction of recombinant FimA(A383) and FImA(Q379A) proteins in E. coli.
To generate recombinant FImA(A383) and FimA(Q379A) proteins with His-tag in
N-terminus, amplified PCR products with primer pairs
PET15bFimAFw/pET15bFimAW383stopRv and
PET15bFimAFwW/pET15bFimAG379ARYV using the ATCC 33277 genome as template
DNA were cloned into pUC118 (Takara, Kusatsu, Japan). Primer sequences are
available as supplementary information. Cloned DNAs were verified by DNA
sequencing analysis. Each of the smaller Ndel-BamHI fragments from those cloned
plasmids was inserted into corresponding sites of pET15b (Novagen). E. coli strain
BL21 (DE3) was transformed with each plasmid.

Gel electrophoresis and immunoblot analysis. SDS-PAGE and immunoblot analysis
were performed as previously described®. Anti-FimA? or anti-Hemin-binding-protein-35
(HBP35)* rabbit polyclonal primary antibodies was used for dot blots and Western
blots. HRP-conjugated secondary antibody (Sigma) was used for detection.

Cryo-EM sample preparation and data collection. Three pL of sample solution was
applied to holey carbon grids (Quantifoil 1.2/1.3 Cu 400-mesh) after plasma-cleaning
with a Solarus (Gatan, Pleasanton, USA) for 30 s at 25°C in a 23% Ha, 77% O gas mix.
Grids were blotted for 3 s at 4°C and 100% relative humidity, then immediately
plunge-frozen in liquid ethane with a Vitrobot Mark IV (Thermo Fisher Scientific,
Hillsboro, USA (TFS)). Image data were collected on a Talos Arctica TEM (TFS)
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operating at 200 kV in nanoprobe mode using parallel illumination and coma-free
alignment, on a Falcon-3 direct electron detector (TFS) in counting mode at a calibrated
magnification of 134,048x (corresponding to a pixel size of 1.12 A at the specimen
level) with defocus range from -1.5 to -2.5 pum. The microscope and camera were
controlled using EPU software (TFS). Images were recorded as movies at a dose rate of
0.77 el/A?/sec at 40 frame/sec, 60-second exposure, with an accumulated total dose of

46 el/ A%, Cryo-EM statistics can be found in Extended Data Fig. 7b.

Cryo-EM image processing. Frames in 1,153 movies were aligned using motioncor2°?,
dose-weighted, and summed. 831,459 FimA filament fragments were picked by
relion_autopick in RELION 2.1° using a Gaussian blob as template. Particle
coordinates were exported to the cisTEM®® software package. All subsequent operations
were carried out with cisTEM. Particles were boxed with dimension 384 x 384 pixel
covering 3-4 FimA molecules within a circular mask, followed by 2D classification into
50 classes. 159,300 particles from good classes (members of class-average images in
which the filament shape was recognizable) were retained. The initial 3D alignment
model was created with Spider® by command “MO 3” as a cylinder (diameter 50 A,
length 210 A), used as an initial template in the auto-refinement function of cisTEM
with three 3D classes. 3D classes were qualitatively similar. The class with the highest
resolution, containing 118,143 particles, was further split into 3 classes, followed by
additional refinement. The best of these 3D classes refined to 3.6 A resolution,
including CTF refinement and likelihood blurring. No symmetry was applied. The final
reconstruction contained 61,728 particles. The final figure-of-merit-weighted electron
potential map was sharpened with a B-factor of -150 A™ at 3.6 A resolution. Resolution
was estimated using a Fourier shell correlation between two independently refined half
sets as implemented in cisTEM (FSC threshold 0.143) (Extended Data Fig. 3 and 7b).
Although the angular distribution of Euler angles showed a strong preference for certain

orientations, these were clustered along an arch spanning the hemisphere of the angular
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plot and all orientations outside this preferred region in the plot were represented by at
least one particle image (Extended Data Fig. 3). Absolute hand of the map was
validated by docking of the FimAl crystal structure (see below). The cryo-EM
reconstruction of the Fim pilus from the Mfa pilus-deficient mutant was created using

the same procedure.

Cryo-EM model building and refinement. The crystal structure of FimA pilin was
docked as a rigid body into the cryo-EM density map using UCSF Chimera®®. The
initial model (PDB 6JZJ) was manually adjusted, and C-terminal residues in the donor
strand were manually built with inverted sequence using Coot*®. The model containing
three  FimA molecules was refined using PHENIX real space refine*’. The
hydrophobicity map was colored according to the Kyte-Doolittle scale implemented in

UCSF Chimera®®.

Data availability

The atomic coordinates of the crystal structures have been deposited into the RCSB
Protein Data Bank (FimAl: PDB ID 6JZJ, FimA2: PDB ID 6JZK). The coordinates of
the cryo-EM based model have been deposited under PDB ID 6KMF. The cryo-EM
map has been deposited into the EM database under accession code EMD-0724.
Uncropped gel or Western blot scans from Fig. 3d, 3f, 3h, 3j and Extended Data Fig. 2a,
2e, 5b are available as source data Fig 3, source data Extended Data Fig 2, and source
data Extended Data Fig 5, respectively. Filament length data used to create Extended
Data Fig. 2d is available as source data Extended data Fig 2d. Additional raw data that
support the findings of this study are available from the corresponding author upon

reasonable request.
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Figure legends

Figure 1. Crystal structure of the monomeric, self-complementing form of FimAl
pilin. a, Schematic of full-length FimA1l protein architecture. The signal sequence
enables export and membrane integration by the Sec system. The conserved cysteine
serves as a lipidation site. The RgpB cleavage site is marked with a *“scissors” symbol.
The B-strands Al (residues 32-37), A1’ (365-374), and A2’ (376-383) are depicted as
arrows. b, The crystal structure of monomeric rFimA1l contains ordered density for
Glu30-GIn379. Anchor strand Al (blue) and donor strand A1'-A2’ (red) are in the
self-complementing (closed) conformation, in which the C-terminal strand (red) is
folded back and securely tucked under the N-terminal loop A1-B1 (blue). The dashed
red line indicates the disordered C-terminal end of the A2’ polypeptide. The scissors
icon and blue sphere mark the RgpB cleavage site at Arg46. Scale bar, 20 A.

Figure 2. Cryo-EM structure of the polymerized, donor-strand-exchanged form of
FimALl after RgpB cleavage. a, Top row: Electron micrographs of negatively stained
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pili. Scale bar, 100 nm. Both results were reproduced 3 times. Bottom row:
Reference-free 2D class averages from cryo-EM images of approximately 2,000 boxed,
aligned filament segments. Scale bars, 100 A. Left column: Self-assembled rFimA
filament in vitro. Right column: A purified Fim pilus from Mfa pilus-defective mutant.
b, An iso-electron potential surface representation of cryo-EM reconstruction
(contoured at 5.5¢ above mean) of an rFimA filament with individual pilin subunits
highlighted in color. ¢, Same as B, including a fitted atomic model in ribbon
representation. d, e, Ends of the FimA polypeptide chain. The reconstructed electron
potential shows the characteristic shape of N-terminal Phe48 (d) and C-terminal residue
Trp383 (e) in the rFimA filament. f, An individual rFimA subunit, showing donor

strand A1’-A2’ in the donor-strand exchanged conformation. Scale bars (b, ¢, f), 20 A.

Figure 3. Integration of donor strand Al’-A2’ into the acceptor pilin. a, A
solvent-excluded surface generated from the atomic model of the donor-strand
exchanged form FimA, colored by hydrophobicity. The bound donor strand from the
next subunit is shown as a blue tube. b, A close-up of the NTD groove with strand A2".
¢, A close-up of the CTD groove containing strand A1’. Hydrophobic residues and the
hydrophilic GIn379 (blue dashed box) on the donor strand are labelled. d, Western blot
of pilus-defective (fimA mfal mfa2) mutants expressing FimA with C-terminal deletions.
Samples were heated at 80°C for 10 min. Lanes: (i), wild type (ATCC 33277); (ii),
FimA®; (iii), FimA(A383); (iv), FimA(A382-383); (v), FimA(A381-383). Primary
antibodies against FimA. Ladder patterns indicate FimA polymerization. e, Electron
micrographs of negatively stained pilus-defective mutants expressing FImA with a
C-terminal deletion. Labels are the same as in (d). Scale bar, 200 nm. f, Western blot of
pilus-defective (fimA mfal mfa2) mutants expressing FimA with C-terminal
substitutions. Samples were heated at 80°C for 10 min. Lanes: (ii), FimA™; (vi),
FImA(W383F); (vii), FimA(W383Y); (viii), FIimA(W383H); (ix), FimA(W383A); (x),
FimA(W383G); (xi), FImA(W383L). g, Electron micrographs of substitution mutants
from (f). Labels are the same as in (f). Scale bar, 200 nm. h, i, j, Anchor strand Al is
not released by RgpB cleavage in vivo. h, Immuno dot blot of wild-type (ATCC 33277)
cells, Fim pilus-defective (fimA) mutant cells, and pilus-defective (fimA mfal mfa2)
mutants expressing FimA(A383). Primary antibodies against FimA and Hemin binding
protein 35 (HBP35), a known surface-attached protein. i, We substituted all intrinsic
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cysteines with alanines in FimA(A383) and created two mutants by introducing cysteine
pairs in positions (K40, K81) and (K40, K167) for cross-linking the anchor strand
(blue) with adjacent B-strands in the NTD. The cross linker dithio-bis-maleimidoethane
(DTME, length 13.3 A) could bridge the distance. j, Western blot of the two mutant
strains in (i) subjected to increasing concentrations of DTME, with or without the
reducing agent, B-mercaptocthanol (BMe). Samples were heated at 100°C for 10 min.
Primary antibodies against FimA. Experiments for (d, f, h) were carried out in duplicate,
and for (j) in triplicate. Each image in (e, g) is representative for 30 observations of cells,

repeated twice.

Figure 4. Model for Type V pilus assembly. (I) There are three types of pilin (anchor,
stalk and tip). All are lipoproteins that are lipidated at a conserved cysteine after
removal of the signal sequence during export. Lipid anchors at their N-terminal domains
(NTD) attach the subunit to the outer membrane (OM) on the cell surface. We refer to
strand Al (Figure 1) as the anchor strand (black or cyan wavy line). The donor strand
(red) of the stalk pilin is folded back in the self-complementing form and secured by the
anchor strand (cyan) at the RgpB protease cleavage site. The anchor pilin does not have
a protease cleavage site and its donor strand is extended. The tip pilin does not contain a
donor strand (white ellipse indicates the unfilled groove in the B-sheet). (1) RgpB
cleavage removes the safety pin and releases the donor strand of a stalk pilin, exposing
a hydrophobic groove in the C-terminal domain (CTD). The pilin remains
membrane-attached with its anchor strand. (111) An adjacent pilin in the same cleaved
state binds with its donor strand to the unfilled groove of the receptor CTD of a tip or
stalk pilin, releasing (IV) the anchor strand from the NTD and freeing the subunit from
the cell membrane. (V) Sequential addition of stalk pilins extends the growing pilus.
(VI-VIII) Random binding to a non-cleavable anchor pilin terminates polymerization. If

assembly starts without a tip pilin, the end of the pilus will be untipped.
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Extended Data Figure 7

a. X-ray data collection and refinement statistics

b. Cryo-EM data collection,

model refinement and validation statistics

FimAl FimA2 FimAl
(FDIB 612)) (PDB 6JZK) (EMD-0724)
(PDB 6KMF)
Data collection Data collection and processing
Space group P2,242 P22 Magnification Q3,000x
Cell dimensions Voltage (kV) 200
a, b, e (A) 35.8, 85.5,242.6 58.0, 86.0, 102.1 Electron exposure (¢ A7) 46
o, By (%) 90, 90, 90 90, 90, 90 Defocus range (pm) 1.510-2.5
Resolution (A) 48.5-2.1 65.8-1.6 Pixel size (A) 112
(2.16-2.10)* (1.63-1.60) Symmetry imposed None (C1)
Ruerge 0.050 (0.397) 0.051 (0.514) Initial particle images (no.) 159,300
{lal 21.3(4.4) 13.7(2.7) Final particle images (no.) 61,728
Completeness (%) 100.0 (100.0) 00,9 (99.9) Map resolution (A) 3.0
Redundancy 6.6 (6.9) 4.7(4.7 FSC threshold 0.143
Map resolution range (A) 25-45
Refinement
Resolution (A) 2.1(2.15) 1.6 (1.6) Model Refinement
No. reflections 44,790 (2,982) 67,987 (2.564) Initial model used (PDB code) 6JZ]
Ruori | Rivee 18.9/24.0 17.8/19.5 Model resolution (A) 4.0
(24.0/27.9) (25.0/25.4) FSC threshold 0.5
MNo. atoms Model resolution range (A) 4.0-42
Protein 5,231 2.643 Map sharpening B factor (A%) -150
Ligand/ion 21 10 Model composition
Water 381 351 MNon-hydrogen atoms 7.704
B-factors Protein residues 1,011
Protein 39.5 20.3 B factors (A%)
Ligand/ion 51.3 31.2 Protein 128.9
Water 40.7 29 8 R.m.s. deviations
R.m.s. deviations Bond lengths (A) 0.006
Bond lengths (A)  0.007 0.005 B-_:md_ang]es (*) 0.89
___Bond angles (%) 0.818 0,757 Va]ndauun‘
*Values in parentheses are for highest-resolution shell. ﬂ‘:l:;::'f s ;2
One crystal was used for each structure. Do rotssits (96) 0.62
Ramachandran plot
Favored (%) "6.6
Allowed (%) 13.4
Disallowed (%) 0




