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Archaic chaperone-usher pili self-secrete
into superelastic zigzag springs
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Adhesive pili assembled through the chaperone-usher pathway are hair-like
appendages that mediate host tissue colonization and biofilm formation of
Gram-negative bacteria' . Archaic chaperone-usher pathway pili, the most diverse

and widespread chaperone-usher pathway adhesins, are promising vaccine and
drugtargets owing to their prevalence in the most troublesome multidrug-resistant
pathogens'**. However, their architecture and assembly-secretion process remain
unknown. Here, we present the cryo-electron microscopy structure of the prototypical
archaic Csu pilus that mediates biofilm formation of Acinetobacter baumannii—a
notorious multidrug-resistant nosocomial pathogen. In contrast to the thick helical
tubes of the classical type 1and P pili, archaic pili assemble into an ultrathin zigzag
architecture secured by an elegant clinch mechanism. The molecular clinch provides
the pilus with high mechanical stability as well as superelasticity, a property
observed for the first time, to our knowledge, in biomolecules, while enabling a more
economical and faster pilus production. Furthermore, we demonstrate that clinch
formation at the cell surface drives pilus secretion through the outer membrane.
These findings suggest that clinch-formation inhibitors might represent a new
strategy to fight multidrug-resistant bacterial infections.

Adhesive pili, or fimbriae, are hair-like surface appendages that medi-
ate bacterial infection and biofilm formation. In Gram-negative bacte-
ria, most adhesive pili are assembled from protein subunits through
the chaperone-usher pathway (CUP)™. CUPs are subdivided into
three groups comprising six major phylogenetic clades: alternative
(a-fimbriae), classical (B-, y-, k- and i-fimbriae) and archaic (o-fimbriae)".
The best-studied classical CUPs include rigid pili with a tip adhesin
subunit (such as P and type 1 pili) as well as thinner flexible pili (such
as Saf, Psa and F4) that are known to act as polyadhesins®®. Whereas
classicaland alternative CUPs arerestricted to 3-and y-Proteobacteria,
archaic CUPs are much more prevalent and present in a wide range of
phyla'. Archaic CUPs are promising vaccine and drug targets owing to
their wide distribution in the most troublesome pathogens, including
panantibiotic-resistant A. baumannii and Pseudomonas aeruginosa**>.

The formation of adense biofilmis an essential trait of A. baumannii as
anosocomial pathogen, asit confers fitness for survival and persistence
onsurfaces*®. The formation of this biofilmis mediated by Csu piliassem-
bled through the archaic chaperone-usher CsuC-CsuD pathway*. The
Csu pilus comprises the major subunit CsuA/B that forms the pilusrod,
adaptor subunits CsuA and CsuB, and the two-domaintip adhesin CsuE
thatbinds to various substrates using exposed hydrophobic finger-like
loops’. The rod-forming CsuA/B subunit deviates from the standard

Ig-fold and adopts an unusual architecture featuring two prominent
hairpins A’-A”and B-B’ protruding from the 3-sheet®. This twin hairpin
structure is unique to archaic CUPs®. Furthermore, in contrast to thick
andrigid fibres from classical and alternative CUPs, Csu piliare surpris-
ingly thin’, suggesting a substantially different pilus architecture. Clas-
sical CUP rigid pili form quaternary structures by packing into a thick,
hollow helical tube® ™ that can elongate and unwind to resist strong
rinsing flows'. The molecular architecture and biomechanical properties
ofarchaic piliare unknown. We therefore sought to obtain astructure of
the Csu pilus rod using cryo-electron microscopy (cryo-EM) and measure
the Csu pilus force-extension response using optical tweezers.

Csu pilusrod architecture

Cryo-EM micrographs revealed thin and long, but remarkably stiff
pili (Fig. 1a). The structure of the Csu pilus rod was determined to
an overall resolution of 3.4 A (Extended Data Fig. 1, Supplementary
Table 1and Supplementary Video 1). The Csu pilus is a thin (around
23 A) left-handed filament with a helical rise (z) of 28.0 A and rotation
between subunits (@) of -153° (Fig. 1b,c). Pilins are tilted around 60°
relative to the helical axis and about 69° relative to each other, result-
inginazigzagappearance of piliwhen viewed in sideways projection.
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Seven-subunit repeat = 3 turns

Bottom view

Fig.1| The Csu pilusrodis a thin zigzag-like filament. a, Cryo-EM image of
the Csu pilus. Scalebar, 500 A.b, Surface diagram of a12-subunt fragment of
the Csu pilus rod. Subunits are numbered in the direction of pilus growth, from
the pilustip toitsassembly base at the outer membrane (OM). ¢, Cartoon
diagram of the rod focusing on the donor strands. d, Cartoon diagrams of
13-subunit fragments of archaic Csu and classical P pilusrods. The zigzag
filamentis about three times as long as the helical tube rod. The handedness is
indicated by ablack curved arrow.

This architecture is substantially different from that of rigid classical
pili*° (Fig. 1d). Notably, in Csu rods, the helical rise per subunit is three
timeslonger thanin P pili (Fig. 1d). Thus, the archaic assembly appears
tobe moreeconomicaland Csu pili are expected togrowin lengththree
times faster than P pili at the same rate of pilin incorporation.

In contrast to their classical counterparts, the subunits in Csu rods
are linked together not by one, but by two binding mechanisms. First,
theincoming CsuA/B"" pilinsubunitinsertsits donor strand Gd"!into
the hydrophobicgroove of the preceding CsuA/B" subunit (Fig. 2a). This
is similar to donor strand complementation (DSC) in other CUPs"".
The second binding mechanism, unique to archaic systems, involves
anA’-A”,B-B’twin hairpin that protrudes like an arm from one side of
CsuA/B (Fig.2aand Extended DataFig. 2). In the pilus, CsuA/B""' not only
provides Gd“"'to CsuA/B", butalsoinsertsits A’-A” hairpinintoapocket
in CsuA/B"between B-strands Band E2 and loop D-D’ (Fig. 2a,b). More-
over, the Gd"*? of the third subunit CsuA/B"**that complements CsuA/
B"!binds through its protruding N-terminal part to -strands A” and
Bin CsuA/B". Thereby, CsuA/B"becomes firmly clinched between two
extended surfaces of the CsuA/B"'-Gd"? module (Fig. 2a-c): onefrom
the A’-A” hairpin (Fig. 2c (magenta)) and the other from the N-terminal
part of Gd"* (Fig. 2c (orange)). Finally, residues in B-strand A and loop
A-A’in CsuA/B" formseveral contacts with residuesinthe A”-Bloop at
the bottom of CsuA/B", thereby bridging the two main bindingsites to
forma continuous binding surface of 600 A>with 41interacting residues
and 13 hydrogenbonds (Fig.2b and Supplementary Video1). Together,
the clinch contact provides nearly one-third of the total interactive
surface (32%) and hydrogen-bond network (31%) between pilins.
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Thelinker between Gd and the globular domain of a pilinis flexible,
butthe A’-A”” hairpinand Gd N terminus restrict the rotation of pilins to
anup-and-down movement (Fig. 2c and Supplementary Video 2). Thus,
the clinch contact confers pilus rigidity and determines the trajectory of
subunit movement during clinch formation or pilus stretching (Fig. 2c).

Csu pili are superelastic zigzag springs

Thebiomechanical properties of individual Csu pili were examined using
force spectroscopy with optical tweezers (a schematic of the assay is
shownin Extended Data Fig. 3a). As our previous biofilm quantification
indicated that Csu pili efficiently bind to polystyrene using tip fingers’,
we used polystyrene microbeads as probe beadsin our measurements.
Before performing these measurements, we rubbed the surface of cells
lacking pili with a probe bead to confirm that no force response came
frommembrane tethers. None of the control cells displayed any tethers
(Extended Data Fig. 3b). We could therefore assess the Csu force
response under extension (black curve), which comprises the three
regions previously reported for rigid classical P pili®®* (Fig. 3a and
Extended Data Fig. 3). Initially, the force increases linearly with exten-
sion, representing an elastic stretching of the rod (region ). Then, the
force is constant with extension (region II). This region is interpreted
as a sequential unwinding of the quaternary helical conformation of
therod. Thus, in Csu pili, it should correspond to alinearization of the
zigzag filament. Finally, the force increases again linearly and shifts to
asigmoidal shape representing elastic stretching and presumably a
conformational changeinthe pilins (region I11)®*°. When reversing the
movement and allowing the pilus to rewind, classical and archaic pili
showasubstantially different retraction response. Previous studies dem-
onstrate thatrigid classical CUP pili exhibit a dip in force associated with
slack in the pilus needed to restore the helical structure?. By contrast,
the contractionresponse of the Csu pilus (Fig. 3 (purple curve)) perfectly
tracks that of the extension, reminiscent of shape memory metals that
regain their original shape after deformation by external stress. Thus,
the archaic Csu pilus acts like a superelastic molecular zigzag spring.

Analysis of the region I force responses by fitting an extensible
wormlike chain model—which takes into account entropic bending
fluctuations and enthalpic stretching—revealed that Csu pili have
a persistence length of 0.89 + 0.17 um and a stretch modulus of
870 +120 pN (mean £ s.d.), suggesting a straight structure with high
stiffness (Table1; an example of extensible wormlike chainfit to region
lis shownin Extended Data Fig. 3d). Using the persistence length and
stretchmodulus, we also calculated the pilus spring constant of region
land the flexural rigidity (bending stiffness; Table 1).

Notably, the mean length of region Il is identical to the estimated
length of an average pilus (Table 1). Thus, the Csu zigzag filament revers-
ibly unwinds to a linear conformation that is exactly twice its length.
This almost integer elongation ratio (2.01) is also revealed by model-
ling andis the result of the peculiar geometry of the pilus: opening the
clinch changes the tilt of the pilin from about 60° to around 0° or from
cosine ~0.5to ~1 (Fig. 3c). The Csu zigzag filament is less extendible
than helical tubes such as P pili, which can unwind to around six times
their original length?. However, Csu pili can be stretched much further
at higher forces (region ). In P pili, this process is associated with
unfolding of an a-helix in the rod subunit and subunit stretching®,
indicating the possibility that CsuA/B may undergo large conforma-
tional changes at these forces.

The average force required to open the clinch contact is similar to
unwinding forces for many tightly packed helical tube pili** (Fig. 3).
This notable coincidence suggests that the two different architec-
tures both evolved to adapt to similar shear forces. However, Csu
pili are more dynamic than their classical counterparts. Whereas the
unwinding force for classical type 1 pili rapidly increases at unwinding
velocities of greater than 0.006 pm s™, resulting in a 20 pN increase
in the force already at 0.1 um s (ref. 2%), the force response of Csu



Fig.2|Csu pilus subunits are assembled by DSC and clinch mechanisms.

a, Cartoondiagramoftherod. Clinch contactresiduesinthe Astrand and A’-A”
hairpin, Gd donor strand N terminus and acceptor site are shownin magenta,
orange and marine, respectively. The N and C terminias well as B-strands in

the two central subunitsare labelled. b, Stereo view of the clinch contact.
Adjacent subunits CsuA/B"and CsuA/B"", and Gd"*? of subunit CsuA/B"*?
complementing CsuA/B"", are showningreen, pink and yellow, respectively.
Interacting residues are shown as balls and sticks. The dashed lines represent
hydrogenbonds. See also Supplementary Video1.c, The structure of the clinch

pili remains relatively unchanged up to 20 pm s, increasing by only
approximately 5 pN (Extended Data Fig. 3h). The rapid response of
the Csuzigzag filament to the extension force is probably due to their
linearized quaternary structure, in which subunits have only interac-
tions with their nearest neighbours. By contrast, in helical tubes of P
pili, each pilininteracts with ten other subunits, which greatly reduces
the unwinding rate, restricting the ability to respond to sudden changes
or fluctuationsinafluid flow rate?. Thus, archaic zigzag filaments can
potentially mediate bacterial attachment in turbulent environments.

Clinch formation drives pilus secretion

Considering the large interactive area of the clinch, we hypothesized
that the clinch or its formation might have additional functions,
and assessed its role in pilus stability, assembly and secretion by

determines the pilus rigidity and trajectory of subunit movement during clinch
formation or pilus stretching. The molecular surface of two adjacent subunits
(greenand pink) and Gd of the third subunit (yellow) isshownin three
orientations obtained by viewing the structure after rotation around the pilus
helical axis asindicated. Top, the fully closed structure. Bottom,a model of a
partially opened conformation produced by rotating the lower subunit by
about17°aroundthelinker. Theresiduesinvolvedin the clinch are coloured as
describedina. The open arrowhead points at the surface buried between
subunits. See also Supplementary Video 2.

mutagenesis. First, we replaced a large portion of the A’-A” hairpin
(residues TEGNMN; Extended Data Fig. 2¢) with a single glycine (A6;
Extended Data Table1and Supplementary Table 2). The A6 mutant of
the self-complemented version of CsuA/B subunit (CsuA/Bsc) showed
similar levels of expression and thermal stability to wild-type (WT)
CsuA/Bsc (Fig.4a, Extended Data Table 1and Extended Data Figs. 4-6).
Moreover, the deletion had no effect on the usher-free assembly of
CsuA/B polymers in the periplasm (Fig. 4b). However, the A6 muta-
tion completely abolished pilus expression on the cell surface, as
observed by imaging of both cell-associated pili (Fig. 4c and Extended
DataFig. 4) and surface-sheared pili (Extended Data Fig. 5a), suggest-
ing that the deletion disrupted pilus translocation through the usher
channel. Similarly, shorter deletions within the A’-A’” hairpin (MN to
G, QTE to G, EGNM to G) did not affect subunit stability or assembly,
but prevented pilus secretion (Extended Data Table 1 and Extended
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Fig.3| The archaic pilusrodis amolecular zigzag spring that exhibits
superelastic properties.a,b, Examples of force-extension and retraction
measurements of individual WT (a) and Val2Ala (b) Csu pili using optical
tweezers. Note the different scales for the extension. The roman numerals
(I-1l) indicate the threeregions defined in the force-extension (black) and
retraction (purple) curves. Additional examples and control tests with
non-piliated bacteria areshownin Extended DataFig. 3. ¢, Csu pilicanbe
extended to twice their length by clinch opening. Surface diagrams are shown
ofaseven-subunit helical repeat of the rod and amodel of the maximally
extended fibre. Inset: schematic of the conceptual difference in the molecular
spring design between archaic (zigzag) and rigid classical (helical) pilus rods.
F,force.

Table 1| Summary of pilus properties

Property® WT Val2Ala Arg104Cys
Contour length 1.7+0.6,n=10 NE 1.2+0.3,n=10
(Hm)

Persistence 0.89+0.17,n=16 NE 0.27+0.07,n=10
length (um)

Stretch modulus  870+120, n=16 NE 460+80,n=10
(PN)

Spring constant  0.51+0.3,n=16 NE 0.38+0.17,n=10
(PNnm™)

Flexuralrigidity ~ 3.7+07x10%,n=16 NE 11+£0.3x10%7,n=10
(Nm?)

Unwinding region 17+0.2,n=36 0.24+0.05, 1.2+0.2,n=10

Il (um) n=18

Sregion Ill (um) 21+0.6,n=10 0.36+0.10,n=8 1.3+0.2,n=10
Clinch opening 23+0.2,n=41 15+0.4,n=22 19.8+0.2,n=10

force (pN)

NE, not estimated because of the short length of Val2Ala pili.

“The clinch opening force (region Il) was measured from 41 individual WT pili. As some of
these pili detached from the bead before complete extension to the end of region lll, less data
curves were available to measure contour length, persistence length and unwinding region
length. As a consequence, the sample size (n values) for different force-extension parameters
varies. Data are mean#s.d.
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Data Figs. 4-6). A deletion in the B-B’ hairpin (AAT to G) also practi-
cally abolished secretion, althoughit forms no direct contacts with the
neighbouring pilin. This result highlights its role in maintaining the
binding-competent conformation of the A’~A’” hairpin. Deletions in
the D-D’loop (AART to G, AARto G, ART to GG) that forms amajor part
of the acceptor site for the A’-A” hairpin similarly prevented surface
expression of Csu pili, although they also notably decreased subunit
stability, resultingin less efficient usher-free assembly. Residue substi-
tutionsinthe sameregion showed higher stability compared with the
deletion mutants, yet no pili (Tyr99Ala/Ser) or only very smallamounts
of pilus-like material (Argl04Ala) were observed on the cell surface.
Furthermore, substitutions in key residues of the A’-A”” hairpin and
acceptor site (Asn28, Asn26, Gly25 and Ala103), except for the partially
buried Met27, abolished or severely inhibited secretion, permitting
the assembly of only a few pilus-like structures on some bacteria. Con-
sistent with EM and atomic force microscopy (AFM) imaging data,
analysis of heat-detached (surface-sheared) WT and Met27-mutant
pili using western blotting revealed a thick band of CsuA/B, whereas
no or reduced amounts of CsuA/B were detected in surface-sheared
piliof other mutants (Extended Data Fig. 5b). Csu pili provide bacteria
with astrong ‘parachute effect’, a characteristic ability of piliated cells
to resist sedimentation, which serves as an additional control for pili
secretion (Extended Data Fig. 5c). As expected, all clinch mutations,
except for Met27Ala, either substantially reduced (Argl04Cys and, toa
greater degree, Val2Ala) or essentially abolished the parachute effect,
further suggesting the role of the clinch contact in pilus secretion.

Notably, the mutations did not prevent biofilm formation (Fig. 4d
and Extended Data Fig. 7a), although they made biofilms more sus-
ceptible to the inhibition by anti-tip (anti-CsuE N-terminal domain
(NTD)) antibodies. Consistent with this finding, we detected the CsuE
tip subunit on the surface of the mutant bacteria using Eu**-labelled
anti-tip antibodies (Extended Data Fig. 7b). This result suggests that
some form of short pili or tip fibrillum—composed of subunits CsuA,
CsuB and CsuE—may stillassemble and present the tip-finger adhesion
siteonthe cell surface. Notably, the observation that biofilms mediated
by these shortstructures are more susceptible toinhibition with anti-tip
antibodies suggests that optimal attachment requires the involvement
of pilusrods. Thisindicates a possible role of biomechanical properties
or rod-mediated interactions between bacterial cells in this process,
prompting research on this topic.

To investigate the role of the Gd N terminus in clinch formation, we
substituted Val2—which mediates an important hydrophobic contact
between theinteracting pilins—with alanine (Fig. 2b). The mutation was
well tolerated and did not affect assembly, butresulted in atypical, appar-
ently short pili (Table1and Extended Data Fig. 4a). The force-extension
response of Val2Ala piliwas similarin shape to that of the WT pili, but much
shorter in all three extension regions (Fig. 3b). The seven-times shorter
unwinding region Ilsuggests that Val2Ala piliare seven times shorter than
WT pili (Table 1). Furthermore, the opening of the mutation-impaired
clinch contacts requiredamuch lower tensile force. Thus, this mutation
provides an intermediate case suggesting that the length of secreted
pili correlates positively with the strength of the clinch contact. The
Argl04Cys mutant represents another interesting intermediate case.
Although the mutation Argl04Cys substantially decreased the total num-
ber of surface pili, these pili were longer and mediated a stronger para-
chute effect compared with other pili affected by mutations (Extended
Data Figs. 4a and 5b,c). Argl04Cys pili showed a force-extension curve
similar to that of WT pili, but with a notably lower unwinding force and
shorter region Il (Table1and Extended Data Fig. 3i). Thus, asin the case of
Val2Ala, this mutation negatively affects both the tightness of the clinch
contactandthelength of the pilus quaternary structure. Taken together,
clinch formation is coupled to pilus rod secretion and is necessary for
efficient expression of Csu pili on the cell surface.

Tounderstand how clinch formation may facilitate secretion, we mod-
elled the assembly-secretion process based onthe available structures
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from the Csu system and classical CUPs (Fig. 4e, Extended Data Fig. 8
and Supplementary Video 3). Theincoming CsuC-CsuA/B preassembly
complex* is recruited to the usher NTD, while the chaperone-capped
base of the growing pilus (represented by a Subl-Sub2-Sub3 fragment)
is positioned at the usher C-terminal domains CTD1and CTD2% 8 (steps
1-2in Fig. 4e and Extended Data Fig. 8). The Gd of chaperone-bound
Sub4 replaces the G, strand of the base chaperone through donor strand
exchange (DSE), linking Sub4 to Sub3™¢. DSE results in the complete
folding of Sub3 and formation of the A’-A” and B-B’ hairpins®. However,
Sub3 cannot form a clinch contact with its neighbouring subunits,
asSub2 has entered the narrow usher channel and the chaperone-bound
Sub4 is only partially folded and lacks its own twin hairpin®*. The clinch
contact canbe formed only between subunits Subland Sub2 onthe cell
surface (Fig. 4e (step 3)). Thus, the formation of the twin hairpin not
beforebut after DSE has three purposes. First, it provides an additional
folding potential to drive assembly®. Second, it prevents premature
subunit clinching, thereby keeping the fibre in the elongated confor-
mation required for secretion. Finally, it enables the formation of the
quaternary structure immediately after subunit translocation.

A-A” R Dtono(:1
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<L AP
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Scalebars, 200 nm.d, Biofilm formation by WT or A6 csu E. coli at different
concentrations of anti-tip (anti-CsuENTD (anti-Ey)) antibodies. Dataare

mean +s.d. Data forindividual wells are shown with open circles and the
number of wells (n) isindicated. Analysis of other mutantsisshownin
Extended DataFigs.4-7 and the dataare summarized in Extended Data Table1.
e, The Csu pilus assembly-secretion cycle (Extended DataFig. 8). The AG;
folding energy and AG, free energy of quaternary structure formation
preserved by the chaperone and usher drive assembly and secretion,
respectively (Supplementary Video 3). Western blot and gel source dataare
showninSupplementary Fig.1b,c.
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Thesecretionstep involves handover of the base from NTD to CTDs.
The handover does not seem to be driven by the binding of the base
to CTDs, as neither important hydrophobic interactions nor affin-
ity between the base and CTDs have been observed (Extended Data
Fig.9a), questioning the origin of forces and energy driving secretion
in CUPs. The FimD usher NTD was recently shown to escort the base
until it reaches CTDs and forms interactions with CTD2 that could
potentially facilitate the release of the base from NTD?. Our findings
demonstrate that secretion of the pilus rod is greatly facilitated by
quaternary structure formation, representing an alternative driving
force. As the formation of a single clinch reduces the fibre length by
exactly thelength of one pilin, clinch formation may actively pull subu-
nits to the cell surface without introducing shifts in their positions at
each cycle (Extended Data Fig. 8a). Moreover, clinch formation may
prevent backtracking of the secretion step that could potentially lead
tothebase slipping away from the usher afteritsrelease fromthe NTD,
permanently jamming the assembly (Extended Data Fig. 8b). Future
structural studies on the assembly-secretion mechanism of the CsuD
usher will help to validate these hypotheses.
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Discussion

The clinch-DSC-based zigzag filament is probably the earliest and
most widely used architecture of pili assembled through the CUP. This
economical design gives the pilus asurprisingly high mechanical stabil-
ity, rapid dynamic properties and superelasticity. The pilus secretion
process involves an elegant mechanism that allows clinch formation
only at the cell surface (Fig. 4e). Thus, similar to the chaperone that
preservesfolding energy of the subunit to drive pilus assembly, the usher
inhibits the formation of the quaternary structure, preserving energy of
intersubunit contacts to drive pilus secretion through the membrane.
Notably, polymers of classical CUP subunits can easily adopt the zigzag
filament architecture of archaic pili (Extended Data Fig. 9b-d), suggest-
ing that both types of pili might follow a similar conserved secretion
pathway before they reach the stage of forming the final quaternary
structure. It therefore cannot be excluded that secretion of rigid helical
pilimight be partially driven by intermediate rather than the final inter-
subunit contacts, inviting further studies on this topic. The secretion
process of the more flexible polyadhesive pili from the classical CUP
aswellastipfibrillumstructures alsoremains unclear. [t mightinvolve
weaker quaternary interactions lacking high-resolution characteriza-
tion. The elucidation of the structure and assembly-secretion process
of ubiquitous archaic pili should pave the way for the development of
clinch-formation inhibitors against persistent bacterial infections.
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Methods

Bacterial strains and plasmids

E. colistrain DH5a was used for plasmid propagation. Protein expres-
sion was performed in E. coli BL21-Al (F ompT hsdSg(ry” my") gal dcm
araB::T7RNAP-tetA; Invitrogen). Expression plasmids were constructed
based on pBAD-Csu aka pBAD-Csu(A/B)ABCDE’, pET101-6HCsuA/Bdsc®
and pET101-CsuC6H-CsuA/B*. Deletions and substitutions were gener-
ated usinginverse PCR. Deleted codons were removed precisely using
pairs of primers that corresponded to the sense strand downstream
or the complementary strand upstream of the deleted sequence. To
generateinsertions and substitutions, oligonucleotides were designed
to contain additional nucleotides or nucleotide changes, respectively.
Amplified fragments were treated with Dpnl, purified and blunt-end
self-ligated before transformation of . coli DH5a. To introduce muta-
tions in pBAD-Csu, the Notl-Spel fragment of the plasmid was first
subcloned in the pGEMS5, pSP72 or pBluescript vector to generate
mutations by PCR, and then the original sequence in pBAD-Csu was
replaced by the mutated fragment using the Notl and Spel enzymes.
Mutations were confirmed by sequencing of the intermediate and final
constructs. A list of the oligonucleotides and generated plasmids is
provided in Supplementary Table 2.

Protein expression and purification
WT and mutant CsuA/B were co-expressed with the CsuC chaperone,
carrying a C-terminal His, tag, in the periplasm of £. coli containing the
pET101-CsuC6H-CsuA/B-## plasmid series (Supplementary Table 2).
WT and mutant CsuA/Bsc were expressed in the periplasm of E. coli
containing the pET101-6HCsuA/Bdsc-## plasmid series (Supplemen-
tary Table 2). Periplasmic fractions were obtained by osmotic shock as
described previously®. In brief, the pelleted cells were resuspended in
20% (w/v) sucrose in 20 mM Tris—-HCI pH 8.0, 5 mM EDTA. After incuba-
tionfor10 minonice, the cells were collected by centrifugation (7,000g
for15 min) and carefully resuspendedinice-cold 5 mM MgSO,. The cells
were again pelleted at 7,000g for 15 min and the supernatant (thatis, the
periplasmic fraction) was collected. WT and mutant CsuC,;;,,—(CsuA/B),,
complexes were purified from the periplasm by Ni-chelate chroma-
tography essentially as described previously?*. WT and mutant CsuA/
Bscy,; were purified by Ni-chelate chromatography as described earlier?,
dialysed against 20 mM bis-TRIS propane, pH 9.0, and purified further
by anion-exchange chromatography on the Mono Q 5/50GL column
(GE Healthcare). For circular dichroism measurements, the buffer was
exchangedto12.5 mM potassium phosphate, pH 7.0 using a PD-10 desalt-
ingcolumn (GEHealthcare). Protein concentrations were measured using
the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific).
To express WT and mutant variants of Csu fimbriae, E. coli BL-21-Al
cells were transformed with ampicillin-resistant pBAD-Csu (pBAD-
(CsuA/B)ABCDE) and its derivatives (Supplementary Table 2). Selected
clones were cultivated in Luria-Bertani (LB) medium supplemented
with 100 pg ml™ ampicillin overnight at 37 °C and refreshed by 1:400
dilution of LB medium containing 80-100 pg ml™ ampicillin. The cells
were grown at 37 °C to an optical density at 600 nm of 0.8-1.0, then
induced with 0.2% L(+)-arabinose for protein expression and grown for
afurther2.5 h. The cells were collected by two rounds of centrifugation
at 5,000g for 30 min and 7,000g for 10 min. The bacterial pellet was
resuspendedin 0.5 mM Tris-HCI, pH 7.4,75 mM NaCl and incubated at
65 °Cfor1h. Afterincubation, the bacteria were pelleted by two rounds
of centrifugation at 9,500g for 10 min. The supernatant containing
detached Csu fimbriae was carefully collected and stored at 4 °C before
analysis. Before cryo-EM analysis, the quality of the preparation was
assessed by negative-stain transmission EM.

Negative-stain EM analysis of purified pili
Purified Csu pili were applied on Formvar-coated glow-discharged
gold grids (Agar Scientific) and incubated for 1 min. After blotting the

excessive sample, the grid was washed with two drops of water, blotted
again and then stained with 2% uranyl acetate. Images were acquired
ontheJEM-1400 Plus transmission electron microscope (JEOL) oper-
atedat 80 kV.

Cryo-EM

Supernatant containing detached Csu fimbriae was concentrated to
approximately 10 g I using a Vivaspin device (Sartorius Stedim) with
amolecular mass cut-off of 100 kDa. Then, 4 pl of sample was applied
to glow-discharged Quantifoil R2/2 300 mesh copper grids coated
with ultrathin carbon (Electron Microscopy Sciences). The grids were
blotted and plunge-frozeninto liquid ethane using the Vitrobot Mark
IV (Thermo Fisher Scientific) at 4 °C and 100% humidity. The data
were collected ona300 kV Titan Krios electron microscope (Thermo
Fisher Scientific) equipped with a Gatan K3 direct electron detector
operated in super-resolution mode with a pixel size of 0.433 Aand a
defocus range of -1.0to -3.0 pm. A total dose of 60 electrons per A was
applied and equally divided among 40 frames to allow for dose weight-
ing. SerialEM (v.3.6) was used for automated cryo-EM data collection.
Details on cryo-EM data collection are summarized in Supplementary
Table 1. A representative cryo-EM micrograph of Csu pili is shown in
Supplementary Fig. 2.

Cryo-EMimage processing and reconstruction

Dose-fractionated video frames were processed for beam-induced
motion correction using MotionCor2 (v.1.2.3)*. CTF was estimated
using CTFFIND (v.4.1.13). Image processing and helical reconstruc-
tionwere performed in RELION (v.3.0.8)*. Filaments manually picked
from 602 selected micrographs using the e2helixboxer program within
EMAN 233 were subjected to 2D classification to generate auto-picking
templates. After autopicking of helical filaments, a total of 480,064
segments were extracted with abox size of 400 pixels. After the2D and
3D classification steps, 255,833 segments were used for 3D refinement.
The segments were rescaled to a pixel size of 1.35 A. A starting model for
reconstructionwas generated de novo from the 2D particles using the
stochasticgradient descent algorithmin RELION (v.3.0.8). Helical sym-
metry parameters were estimated using conventional Fourier-Bessel
analysis and the segclassreconstruct and seggridexplore modules in
SPRING (v.0.86)*. Initial estimates of helical parameters (-157° helical
twist, 26.3 A helical rise) were tested using a search range of ~150° to
-165° for the twist and 26 A to 30 A for the rise. The helical symmetry
(-153° helical twist, 28 A helical rise) was applied and refined during
high-resolution 3D refinement producing a map with a resolution of
6.18 A. Applying a soft mask with a raised cosine edge of 14 px and
B-factor sharpening yielded a map with a global resolution of 4.8 A as
assessed using the gold standard Fourier shell correlation procedure
between independently refined half reconstructions (FSC 0.143)%.
The resolution was further improved to 3.42 A after two iterations of
Bayesian polishing followed by 3D refinement and post-processing.
The final map showed clear 3-strand separation and density for bulky
side chains consistent with the reported resolution. The pixel size of
the cryo-EM maps from RELION was slightly off and was adjusted to
1.2949 A by calculating the range of cross-correlation coefficient values
of the map with different voxel sizes to the refined model using the Fit
in Map tool in the UCSF Chimera package (v.1.15)*.

Model building and refinement

The initial model of the Csu pilus was built manually by fitting the
crystal structure of CsuA/Bsc (Protein Data Bank (PDB): 6FMS5)% into
the experimental electron density using UCSF Chimera. The angle
between two subunits was adjusted using the Chimera Fit in Map
tool in several iterations of first docking three subunit dimers into
adjacent regions in the map with one subunit overlap and averaging
the orientations of the overlapping subunits, then overlapping the
three dimers fully and averaging the subunit orientations of all three
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dimers. The shortlinker connecting the donor strand with strand Awas
modelled using Coot (v.0.9.4)*. The structure was refined by combin-
ing manual adjustments in Coot and real space refinement in PHENIX
(v.1.8.2)*, The initial four-subunit model was reduced to amodel with
three donor strand complemented subunits (four chains) that occupy
the highest-resolution positions in the map. The model was validated
using MolProbity (v.4.5.1)*. Refinement statistics are given in Extended
DataTablel.

AFM

Bacteriawere grown onthe LB agar plate supplemented withampicillin
and induced with 0.02% arabinose to produce pili. The bacterial cells
with pili were imaged by AFM as described earlier*® with some modi-
fications. In brief, bacterial cells were suspended in 100 pl of Milli-Q
water and 10 pl the suspension was placed onto a freshly cleaved mica
surface (Goodfellow Cambridge). The samples were incubated for
5 min at room temperature and blotted dry before they were placed
into a desiccator for aminimum of 2 h to dry. Images were collected
using the Nanoscope V Multimode 8 AFM instrument (Bruker) using the
Bruker ScanAsyst mode with the Bruker ScanAsyst-air probe oscillated
ataresonance frequency of 50-90 kHz, selected using the Nanoscope
(v.1.8) software.Images were collected inair atascan rate of 0.8-1.5 Hz
depending on the size of the scan and the number of samples (256 or
512samples perimage). The finalimages were plane-fitted in both axes
and presented in amplitude (error) mode.

Biofilm assay and biofilm inhibition

E. colistrain BL21 containing pBAD-Csu or its derivatives was cultured
overnightin LB mediuminthe presence of 100 mg 1™ ampicillin. A total
of 5 ml of the fresh medium in a 50 ml polypropylene tube was inocu-
lated with 100 pl of the overnight culture and thengrown at 37 °Cwith
vigorous shaking for 2 h. Dilutions (100, 500,1,000, 2,500, 5,000, 7,500
and 10,000 times) of the anti-CsuE N terminus polyclonal antibody
(custom produced by Innovagen AB using purified CsuE N terminus)” in
50 plLBwere divided into microtitre plate wells. Bacterial cultures were
induced with 0.2% arabinose, and 150 pl replicates were mixed with the
antibody dilutions on microtitre plate wells. The plate wasincubated at
37 °Cfor 2 hwith gentle shaking. Wells were thenemptied and washed
twice with 300 pl of phosphate-buffered saline. Any remaining biofilm
was stained with 1% crystal violet for 15 min, rinsed with water, allowed
to dry and dissolved in 250 pl of 0.2% Triton X-100. Optical density at
595 nm was determined using a 96-well-plate spectrometer reader.
Plots were produced using the Origin 2015 Sr software (OriginLab).

Westernblotting

The proteins were separated by electrophoresis in 18% SDS poly-
acrylamide gels and transferred onto animmuno-blot polyvinylidene
difluoride membrane (Bio-Rad Laboratories) in Bio-Rad A buffer
(25 mM Tris, pH 8.3, 192 mM glycine, with 20% methanol and 0.1%
SDS) at 100 V or 350 mA for 1 h. The membrane was blocked with 5%
skimmed milk in phosphate-buffered saline/Tween-20, incubated
with primary anti-CsuA/B rabbit polyclonal antibodies (custom pro-
duced by Innovagen AB)® followed by incubation with secondary IRDye
680RD-conjugated anti-rabbit goat antibodies (Li-Cor Biosciences).
Protein bands were detected using the Odyssey system (Li-Cor Bio-
sciences) and quantified using ImageJ (v.1.53k).

Optical tweezers force measurements

To measure the biomechanical properties of Csu pili, we used a
custom-made force-measuring optical tweezer set-up constructed
around an inverted Olympus IX71 microscope (Olympus) equipped
with a water-immersion objective (UPIanSApo60XWIR, x60/1.2 NA;
Olympus) anda1,920 x 1,440 pixel CMOS camera (C11440-10C, Hama-
matsu)*. To sample force data with a high signal-to-noise ratio with a
minimalamount of drift, we used the Allan variance method to identify

noise*. We used the power spectrum method to calibrate the trap by
sampling the microspheres position at 131,072 Hz and averaging 32
consecutive datasets acquired for 0.25 s each. To extend a pilus, we
moved the piezo stage at a constant speed of 50 nm s™ and sampled
the force and position at 50 Hz. To assess the mean contour length of
the pilus quaternary structure, we buckled pili by reversing the piezo
stage until the bead touched the bacterial cell wall. To estimate the
persistence length and stretching modulus of pili, we fitted the initial
forcerise inregion Iwith an extensible worm-like chain model*. From
these values, we calculated the spring constant by dividing the stretch
modulus with the contour length, and the flexural rigidity (bending
stiffness) by multiplying the persistence length with the Boltzmann
constant (4.1 pN nm). We calculated the plateau length by taking the
difference between extension at the end of region I and the start of
regionlll. Similarly, we calculated the plateau force by taking the mean
ofthe force through the area between regions land Ill. Finally, we esti-
mated thelength of region Il using the method outlined previously®.
Allvalues are given as mean +s.e.m.

Temperature-depended folding transition analysis

Circular dichroism was measured using the Chirascan CD Spectrometer
(Applied Photophysics) and a macro-cuvette 110-QS with 1 mm layer
thickness (Hellma). The background for the spectrawas first measured
four times from the buffer (12.5 mM potassium phosphate at pH 7.0)
before inserting the target protein at 0.150 mg ml™ concentration.
CD spectra at 20 °C were measured four times with the 195-260 nm
wavelength range and using 1 nm intervals between each 3 s meas-
urements. For the melting spectra, proteins were heated using 4 °C
temperature ramping from 19 to 99 °C. Each spectrum was measured
once after a 30 s temperature stabilization time using a wavelength
range of 195-260 nm and 1 nm intervals between each 2 s measure-
ment. The measurement of all melting spectra took 1h 28 min. Each
spectrumwas smoothed by afactor of 4. Melting curves wererecorded
at awavelength of 225 nm by heating the samples from 20 to 99 °C at
therate of 1°C min™. Circular dichroism was measured for 12 s at first
every1.0 °Candlater every 0.5 °Cwithanerror margin of 0.15°C.Each
recordingtook1h19 min. The cuvette was purified of residual protein
using 2 M potassium hydroxide between samples. The Curve Fitting
function in the Chirascan user interface was used to fit melting data
to the sigmoid curve +slope equation.

Modelling of the assembly-secretion process

The Csu pilus models were constructed on the basis of the cryo-EM
structure of the Csu pilus rod (this Article) and the crystal structures
of CsuA/Bsc (PDB: 6FMS5)® and CsuC-CsuA/B chaperone-subunit com-
plex (PDB: 5D6H)*. With no structure for the CsuD usher available, the
models of the usher were based on the structures of the FimD usher
from the classical CU pathway: the crystal structure (PDB: 3RFZ)* and
cryo-EM structures of conformers 1and 2 (PDB codes 6E14 and 6E15,
respectively?’). The Phyre2 protein fold recognition server** automati-
cally modelled 92% of the full CsuD amino acid sequence on the basis
of the structure of the entire FimD (conformer 1) with a confidence
value of 100.0%. Models of the NTD of the usher at different steps of
pilus secretion were produced based on the crystal structures of the
NTD bound to preassembly complexes (PDB: 1ZE3 and 4BOM)*# and
cryo-EM structures of the FimD conformers. Stereochemistry was
analysed with Coot.

Statistics and reproducibility

Alldataare presented as mean *s.d. The cryo-EM image of the Csu pilus
shownonFig.lawasselected fromadataset of around 100 micrographs
and represents a typical image of a single pilus. The cryo-EM images
of WT and A6 mutant surface-sheared pili material were selected from
adataset of about 20 micrographs recorded at different magnifica-
tions. The western blots on Fig. 4a and Extended Data Figs. 5b and 6a
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arerepresentatives of three independent experiments. Melting of WT
CsuA/Bsc was performed three times; CD spectra from one melting
experiment are shown in Extended Data Fig. 6b. The biofilm quantifi-
cation (Extended Data Fig. 7a) and CsuE exposure on the cell surface
(Extended DataFig. 7b) experiments were performed twice with smaller
sets of mutants and controls examined several more times.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The coordinates were deposited at the PDB under accession code 7ZL4.
The corresponding cryo-EM map was deposited at the EMDB under
accession code EMD-14777.
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Extended DataFig.1|Resolution estimation and selected regions ofthe 3D
electronmicroscopy map of the Csu pilusrod. a, Local-resolution
estimation; the contour level of the mapis 0.065. b, The Gold-standard Fourier
shell correlation estimation at the 0.143 correlation threshold. ¢, Model fitting
indensity map (stereo view). Upper panel: Density for theinteractive area

between adjacent subunits CsuA/BYand CsuA/B™", and Gd of subunit CsuA/
B2 (Gd™?).Strands ANand FNin CsuA/B", strands BV, C2V, and F¥!in CsuA/
BM!and donor strands Gd“" and Gd**? are labelled. Low panel: Density fora
fragment of the subunit core, including residues 75-84,95-98,and 110-111.
The contour level of the map is 0.085.
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Extended DataFig.2|Structure of the CsuA/B subunitin the pilusrod.

a, Cartoonrepresentation of CsuA/B" (pink) complemented by the Gd donor
strand of the next subunit CsuA/B™"! (yellow) in the rod. Clinch contact residues
inthe Astrand and A-A” hairpin, the N-terminus of donor strand Gd, and the
acceptorsite are painted magenta, orange, and marine, respectively. N-termini
and B-strandsarelabelled. b, Superposition of the pilus CsuA/B"-GdV! module
with the crystal structure of self-complemented CsuA/B (CsuA/Bsc, PDB code

6FMS5?®, ribbon diagram). CsuA/BN-Gd"" is painted asinaand CsuA/Bscis
painted green. The dashed line indicates the unstructured linker in CsuA/Bsc
that connectsthe Gd strand to the C-terminus. ¢, Cartoon representation of the
CsuA/Bsubunit highlighting residues whose functional or structural roles or
bothwere examined in this study (balls-and-sticks models). Colour codingis
thesameasina, exceptthat the entire twin-hairpin (A-A”” and B-B” hairpins) is
highlighted in magenta.
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Extended DataFig. 3 | Force-extension measurement protocol and curves
showingresults fromanon-piliated control, multi-piliinteractions, and
single pilusresponses. a, Mounting and measuring procedures.1) A10 um
poly-L-lysine coated bead isimmobilized on the coverslide, serving asamount
forabacterium. Abacteriumis trapped by the optical tweezers and attached to
the coated bead.2) Aplastic probebeadistrapped, and the trap stiffnessis
calibrated using the active power spectrum method*. Subsequently, the probe
beadis gently broughtin proximity (about1-2 pm) to the mounted bacterium
and moved tangentially to the bacterium using a piezo-stage. Once a pilus
attaches, the probe bead moves from the equilibrium position, whichis
observedinthelive cameraimage and the real-time force response.3) Witha
pilus attached, the piezo-stage ismoved at 0.1 pm/s while keeping the trap
stationary, resultinginaseparation of the bacteriumand probe bead complex.
4) Aschematicillustrating Csu pilus extension under tensile force in region I1.
Top, the probebeadisattached, and the clinches are closed. Middle, half of the
subunitsinthe pilus are unwound. Bottom, the whole pilusis unwoundintoa
linearized filament. b, Example of a control measurement in which the probe
bead was pushed into contact with anon-piliated bacterium (BL21-Al £. coli
strain carrying an empty expression vector). Typically, the force only increased

linearly before detachment, which occurred already at 0.02 pm extension,
and with noindication of the probe bead extruding tethers from the
membrane. ¢, Example of a force-extension curve resulting from multi-pili
interactions. This may happen, ifthe probe beadisbroughttooclosetoa
bacterium with multiple pili. Initially, the force response appeared chaotic,
after which (ataround 1.4 pmextension) three pili were stretched
simultaneously intoregionll, givingrise to discrete unwinding force
responses. Their combined force response was amultiple nx23 pN.At1.75 pm
extension, only the longest pilus remained attached, and at 2.3 pm extension,
thelast pilus detached from the bead. d, Example dataincludinga calculated
wormlike chain (extensible wormlike chain model (eWLC); dotted red line) fit
toregionlofaWT pilus force curve. e-g, Three additional examples of force
curves fromindividual WT pili. Inf, the beginning of region Il shows a force
bump originating froma concurrentinteraction withashorter pilus that
detached at 0.7 pm extension. h, Dynamic force spectroscopy datashowing
howthe unwinding forceincreasedinresponsetoanincreasein extension
velocity (black dots, error bars represent one standard deviation, n=5).
Theredsquaresare typelpilus dynamic dataadapted fromref.?.i, Example
ofaforce-extension curve fromaR104C mutant pilus.
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Extended DataFig. 4| Analysis of morphology of Csu pilion the bacterial
cellsurface. a, Atomic force microscopy images of £. coli expressing the WT
and mutant Csu pili. b, Negative stain transmission electron microscopy (TEM)
micrographsof E. coliexpressing the WT and mutant Csu pili. Cellswere
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culturedin LB mediuminthe presence of 0.02% arabinose. For the TEM
imaging, specimens were stained with uranyl acetate. Mutations are explained
inExtended Data Table 1. For higher resolutionimages see source datain
SupplementaryFig. 3.
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Extended DataFig. 5| Effects of mutations on Csu pilus secretionand Csu-
mediated resistance to precipitation. a, Cryo-EM analysis of surface-sheared
piliobtained by the heat treatment of £. coli carrying the WT and A6 csu gene
cluster. Micrographs were recorded with defocus of -3.5umona Talos Arctica
microscope atamagnification of22,000 (upperimages) and 45,000 (lower
images). b, Westernblotting of surface-sheared pili obtained by heat treatment
of E. coliharbouring either WT or mutant csu gene cluster. CsuA/B was detected
with rabbit polyclonal anti-CsuA/Bsc antibody and secondary IRDye 68RD5-
conjugated anti-rabbit goat antibody. Note that the antibody also reacts witha
protein movingslightly slower than CsuA/B. This band is not related to CsuA/B
sinceitis presentinextracts obtained fromthe ACsuA/Bmutantand
uninduced cells. While M27 mutants show CsuA/B levels similar to that of WT,
noor very small amounts of secreted CsuA/B (<10% compared to WT, bands
indicated by stars) are detected for other mutants. This correlates with cell

imaging results (Extended Data Fig. 4) except for the mutant N26C, for which
no pilus-like structures were observed despite the presence of asmall quantity
of CsuA/Bintheextract. For WBsource data, see SupplementaryFig. 1a.

¢, Influence of mutations on the Csu-mediated resistance of bacteria to
sedimentation. Csu pili provide bacteria with astrong “parachute effect” that
makes them highly resistant to sedimentation. Upon centrifugation, bacterial
cellsexpressing WT pili form asoft pellet thatis several times larger in volume
thanthe dense pellet formed by control cells harbouring an empty expression
vector (pBAD-ESNPA). The dense pelletis also observed for all our mutants
except for point mutations of M27 that show the WT phenotype (exemplified
hereby M27A), and R104C and V2A that show a slightly softer pellet (marked by
astar). The same number of bacterial cells of WT and mutant variants was used
inexperimentsina-c. Mutations are explained in Extended Data Table 1.
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Extended DataFig. 6 | Effect of mutations on the stability of donor strand
complemented CsuA/B and the ability of CsuA/B to form DSC-polymers.

a, Western blotting of periplasmic extracts of E. coli expressing WT and mutant
CsuA/Bsc. Periplasmic extracts were obtained from an equal number of cells.
CsuA/Bscwas detected with rabbit polyclonal anti-CsuA/Bsc antibody and
secondary IRDye 68RD-conjugated anti-rabbit goat antibody as described
inMethods. b, CD spectraof WT CsuA/Bsc at different temperatures.

¢, Temperature dependence of molar ellipticity of WT and substituted variants
of CsuA/Bscat 225 nm. Melting temperatures generated fromthe dataare

listed in Extended Data Table 1. d, Effects of mutations on the ability of CsuA/B
to form DSC-polymers. WT and mutant variants of CsuA/B were co-expressed
with His¢-tagged CsuCin E. coli, co-purified from periplasmic extracts by Ni*'-
affinity chromatography, and analysed by SDS-PAGE. Complexes were
incubatedat22or100 °C prior to the electrophoresis. Barsindicate positions
ofthe melted CsuA/B monomer (1;16.2 kDa) and six short CsuA/B polymers;
the arrow shows the position of the CsuC chaperone (31.5 kDa). Mutations are
explainedin Extended Data Table 1. For WB and gel source data, see
SupplementaryFig.1bandd.
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Extended DataFig.7 | Effects of mutations on Csu-mediated biofilm
formationand CsuE exposure onthe cell surface. a, Quantification of
biofilms formed in polystyrene microtiter plates by E. coli harbouringthe WT
ormutantcsugene cluster atdifferent concentrations of the anti-tip antibody.
Uninduced cellsand induced cells harbouring an empty expression vector were
used asanegative control. The dataarerepresented as mean + SD. Data for
individual wells are shown with opencircles (WT, n = 6; controls, n = 4; mutants,
n=3).b, CsuEisexposed onthecell surface despite mutations preventing
subunitclinchingin the pilus rod. Recombinant £. coliharbouring the csu gene
cluster containing deletions within clinch contact sequences (see Extended
DataTablel) were grown for two hoursin the presence of arabinose to induce
gene transcription. The culture was divided in 4 mlaliquots and incubated for
one hour withdifferent concentrations of polyclonal antibody raised against

the N-terminal domain of CsuE subunit (anti-tip antibody or «E) labelled with
Eu**-chelate [N1-(4-isothiocyanatobenzyl)-diethylenetriamine-N1,N2,N3,
N3-tetrakis(acetato)-europium(lil)] (left panel) or with 250 ng/ml labelled
antibody intriplicates (right panel) in the presence of 1% bovine serum
albumin. The bacteria were washed four times by centrifugationat 5000xg and
resuspendingin phosphate buffered saline (PBS). The cells, resuspendedin
1mIPBS, were mixed 1:1with the Europium Fluorescence Intensifier solution
(Kaivogen, Finland) and time-resolved Eu**fluorescence was measuredina
96-well plate using a1420 VICTOR Multilabel Counter (PerkinElmer). Cell
optical density was measured onaspectrophotometerat 595 nm. The graphs
show counts per optical density of cells. Data are mean values + SD (n =3
bacterial cultures). Uninduced cells or E. coli harbouring an empty vector
(pBAD-ENSPA) were used as negative controls.
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Extended DataFig. 8| Csu pilus assembly-secretion mechanism.

a, Assembly steps. (1) The CsuC-CsuA/B chaperone-subunit preassembly
complexwith CsuA/B partially stabilized by the G, donor strand of CsuC* binds
totheusher NTD, while the base of agrowing pilus represented here by athree-
CsuA/Bsubunit fragment (Subl-Sub2-Sub3) isin contact with the usher
C-terminal domains CTD1and CTD2. In classical CU systems, NTD mainly
interacts with the chaperone usingits N-terminal tail (N-tail) and surface
residues of the globular domain, which contribute 60 and 40% of the binding
surface, respectively?. (2) The Gd donor strand of the subunitin the
preassembly complex (Sub4) replaces the G, donor strand of the chaperone
capping thebase of the pilus in the zip-in-zip-out donor strand exchange (DSE)
process'™>Y, linking Sub4 to the pilus. This also results in the complete folding of
Sub3 and formation of the A-A”” and B-B’ hairpins®. The former pilus-capping
chaperoneisreleased. (3-4) Inareversible process, the pilus translocates up
theusher channel. Dueto the A-A”, B-B’ twin hairpin, movement within the
usherisrestricted toarelatively narrow path. To bring the Sub2 A-A”” hairpin
closertotheacceptor pocket onSubl, the secreted pilus outside the usher
channel or (most probably) the usher has torotate (see Supplementary

video 3). (5) Stillinareversible process, Sub2, emerging from the usher
secretion channel, leans to the edge of the usher bringing the Sub2 A-A” hairpin
closer tothe Subl1D-D’loop. The globular domain of NTD dissociates from

CsuCastheanglebetween these proteins becomes suboptimal for the
interaction, while the flexible N-tail remains bound asis evident from the
structure of FimD conformer 1%. (6) A clinch contact forms as Sub2 A-A” hairpin
and Sub3 Gd donor strand N-terminus bind to Subl from two sides, while Subl
D-D’loop covers the Sub2 A-A” hairpin from the front, locking it with a second
layer of interactions. The formation of the clinchis likely facilitated by
narrowing down the number of pathways towards its formation: When Subl
and Sub2 approach one another, the A-A” hairpinand Gd N-terminus prevent
sideways rotation of Sublas showninFig. 2c. Clinch formation links Sub2 to
therigid pilus stalk, making the subunit unable to re-enter the usher channel.
This mechanism prevents pilus backtracking, driving unidirectional secretion.
(7) Uponthe completion of the secretion cycle, the N-tail of the usher NTD
reaches CTD2and losesits affinity to the chaperone as suggested by Duetal®.
NTDisreleasedtoacceptanew preassembly complex.b, Lack of aproper pilus
rod quaternary structure may cause secretion backtracking and slipping of
the fibre from the assembly platform. The pilus rod quaternary structure can
potentially act as aratchet-like mechanism preventing backtracking of the
secretionstep as well as hazardous accidents, inwhich the base slips away
fromthe usher afteritsrelease from NTD, permanently jamming the assembly.
Seealso Supplementary Video 3.
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Extended DataFig.9 | Thermodynamics of the pilusbase handover

and predicted evolutionary pathway from azigzag to a helical tube
architecture. a, Affinities of pre-assembly complexes to usher NTD and CTD1-
2inclassical CUP systems. In classical CUPs, NTD mainly interacts with the
chaperone usingits N-terminal tail (N-tail, wavy line), resulting inarather
strong binding affinity. Binding of the FimC-FimH chaperone-adhesin
subunit complex to NTD of the FimD usher from the Type 1 pilisystem

(1) is characterized by K,= 0.96 uM (4G° = -34.3 kJ/mol)** and binding of the
Caf1lM-Caflchaperone-subunit complex to NTD of the Caf1A usher from the F1
antigensystem (4) by K,=2.4 uM (4G° = -32 k}/mol)¥. However, no binding was
detected between the Caf1M-Caf1chaperone-subunit or Caf1M-Caf1-Caf1
complexes with either single CTD2* or CTD1-2 constructs (5) (S.Royand A.
Zavialov, unpublished data). Although Werneburgetal. suggested the
FimC-FimH complex has higher affinity for CTDs than NTD in the Type 1 pili
system*, their excellent binding data seem to argue against this conclusion.
The observed high affinity of the FimC-FimH complex to the usher
(K;=12.5nM, AG° =-45kJ/mol) (2) is probably determined by the interactions
of thelectindomain of FimH with the usher channel (3) rather than binding

to CTDs since the deletion of CTDs in their study reduced the affinity only
moderately (30 times, AG® = -8.4 kJ/mol). Besides, the structural analysis
ofthe Typelsystem?*?® does not seem to reveal any particularly important
hydrophobicinteractions between the base and CTDs that would corroborate
the existence of tight binding between them, whereas the N-tail and
preassembly complex form a considerable ~600 A>hydrophobic interface?.
Atthesametime, it should be noted that obtaining accurate datainsucha
complex systeminvolving amembrane protein is achallenging task. Hence,
these calculations may change substantially when more accurate databecome
available. Furthermore, the role of this factorin driving pilus secretion can be
differentin different systems and relative contributions of different factorsin
different systems are currently not known. b, Fragments of Csu and Pap pilus

4
>
o
©

rods consisting of two adjacent subunits (Nand N+1) and the donor strand

from the third subunit (Gd"*?) were superimposed over Ca atoms of the first
subunits. CsuA/BV¥and CsuA/BM" are shownin cyan and blue, PapAN and
PapA™invioletand pink,and Gd“?inyellow. A change from the Csu zigzag
architecture toatube-like helix would require the second subunit to rotate
around 90°asindicated by an arrow. ¢, Same fragments asinbshown
separately. The A-A” hairpin, N-terminal part of the Gd strand, D-D’loop, and
otherregionsinvolvedinthe clinch contact between subunitsinthe Csurod
areshowninred, orange, green, and dark green, respectively. Corresponding
regionsinthe PapA subunits have thesame colours. d, Predicted evolutionary
pathway fromazigzag to a helical tube architecture. Theimages show adjacent
subunits asin (b) toillustrate changes in the inter-subunit angle (upper images)
and seven-subunit pilus rod fragments toillustrate changesin therod
architecture (lowerimages). (1) The Csu pilus, amember of the archaic CUP
fimbriae. The A-A”” hairpin locks the angle between subunits. (2) A hypothetical
model obtained by superimposing PapA subunits over CsuA/B subunitsinthe
Csurod. This hypothetical model suggests thatloss (orinitial lack) of an A-A”
hairpin may have allowed subunits torotate relative to each othertoforma
more compact helical packing. Alonger N-terminal tail may have evolved
tostabilize theinter-subunit contactin the absence of an A~A” hairpin.

(3) Ahypothetical early intermediate. A-A” hairpin (asin CsuA/B) changinginto
an o-helix (asin PapA) may have enabled a shiftin the angle between subunits,
while the N-terminal tail of Gd donor strand may have helped maintain stability.
(4) Ahypothetical lateintermediate. Further change in the angle may have
resultedin various openspiral architecturesstill lacking connections between
the subunitlayers. (5) Pap pilus,amember of the classical CUP fimbriae. The
final stepinthe evolution would be the formation of interactions between
subunitlayers. At this stage, most structures stabilizing the open spiral
architectures would have become unnecessary and disappeared.



Extended Data Table 1| Summary of key properties of clinch-contact mutants

Name Mutation Site Phenotype Usher-free Stability of CsuA/Bsc
Pili2 Biofilm P assembly © Expression R
No inhibition  aEn, 1:2500 level @

Wild type ++++  1.0+0.15 0,72+0,26 ++++ ++++ ~100
Uninduced - - -
ACsuE ACsuE - - -
ACsuA/B ACsuA/B - - -
A8 QTEGNMNK—G A’A” hairpin NT NT NT ++++ ++++ NT
A6 TEGNMN—G A’A” hairpin - 1.05+0.11 0.15+0.09 ++++ ++++ 94.8+0.2
A4 EGNM—G A’A” hairpin - 1.05+0.12 0.13+0.09 ++++ ++++ 97.0+0.4
AQTE QTE->G A’A” hairpin = - 0.90+0.03 0.10+0.04 ++++ ++++ NT
AMN MN—G A’A” hairpin -/+ 0.88+0.05 0.14+0.05 ++++ ++++ 93.1+0.1
G25C G25C A’A” hairpin - 0.78+0.09 0.09+0.03 NT NT NT
N26C N26C A’A” hairpin - 0.89+0.03 0.11+0.01 NT NT NT
M27A/KIV M27—A or K or V A’A” hairpin ++++  0.801£0.12a 0.43+0.20a ++++ 4 K +H++ A K 99424
N28A N28A A’A” hairpin + 0.82+0.09 0.27+0.14 NT NT NT
AAAT AAT—>G BB’ hairpin -/+ 1.07+0.26 0.31+0.21 ++++ ++++ 94.6+0.1
AAART AART-G DD’ loop - 0.13+0.03 0.00+0.003 - ++ 84.1+0.1
AAAR AAR -G DD’ loop - 0.32+0.04 -0.01£0.005 - + NT
AART ART-GG DD’ loop - 0.14+0.01 -0.01+0.01 - + NT
Y99A/S Y99—A or S DD’ loop - 0.56+0.08a 0.02+0.03a +++a +H+ 89.0+0.1a
A103C A103C DD’ loop - 1.06+0.14 0.11+0.05 NT NT NT
R104A R104A DD’ loop -/+ 0.95+0.07 0.15+0.03 ++++ +++ 92.7+0.1
R104C R104C DD’ loop ++ 1.22+0.25 0.28+0.11 NT NT NT
V2A V2A N-terminus + 1.15+0.23 0.19+0.06 ++++ +++ 92.9+0.1

#Atomic force microscopy (AFM) (Extended Data Fig. 4a) and negative stain transmission electron microscopy (TEM) imaging of bacterial cells (Fig. 4c and Extended Data Fig. 4b). The number
of plus signs indicates the amount of pili: ++++, amount similar to that of the wild type (WT); + to +++, a reduced number of WT-like pili; -/+, pilus-like structures observed on some bacterial cells
but not others; -, no pili observed. NT, not tested. The total mass of extracted pilus material was evaluated by Western blotting using the anti-CsuA/Bsc antibody (see Extended Data Fig. 5b).
Csu-mediated biofilms on plastics with or without anti-tip (aE,) antibody. The density of uninduced cells was subtracted from the biofilm cell density data (Fig. 4d and Extended Data Fig. 7a)
and normalized to the biofilm density of WT cells in the absence of aEy. The result of biofilm inhibition by aE, diluted 1:2500 times is shown (see Extended Data Fig. 7a for the full set of data).
°CsuC-assisted assembly of CsuA/B (Fig. 4b and Extended Data Fig. 6d). ++++, WT-like polymerization efficiency; +++, most subunits form DSC-polymers; -, not detected due to poor yield.
9Relative level of WT and mutant CsuA/Bsc in the E. coli periplasm (Fig. 4a and Extended Data Fig. 6a).
°Melting temperature (T,,) of WT and mutant CsuA/Bsc obtained by measuring circular dichroism at different temperatures (Extended Data Fig. 6b,c). Data are meants.d.
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D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

0 XX X X[O 5

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
Z~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  SerialEM v3.6 software was used for automated cryo-EM data collection

Data analysis Cryo-EM data processing and 3D reconstruction was performed using MotionCor2 v1.2.3, RELION 3.0.8, CTFFind v4.1.13, SPRING v0.86, and
EMAN 2. PHENIX v1.8.2 and MolProbity v4.5.1 were used for model refinement and validation. Coot v0.9.4 and UCSF Chimera v1.15 were
used for model building. Model prediction was ran by PHYRE2. Biochemical and biophysical data were analyzed using ImagelJ v1.53k,
NanoScope software v1.8, Chirascan CD Spectrometer analysis software (Applied Photophysics), and Origin 2015 Sr (OriginLab Corporation).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

120¢ Y21DW

The coordinates were deposited to the PDB with the accession code 7ZL4. The cryo-EM map was deposited in the EMDB with accession code EMD-14777. PDB
codes for the various structures reported in this manuscript are 6FM5, 5D6H, 3RFZ, 6E14, 6E15, 1ZE3, and 4BOM. All constructs used in this study can be obtained
on request to AVZ




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not predetermined based on statistical methods, but were chosen according to the standards of the field (at least three
independent biological replicates). For the cryoEM analysis, the filaments were manually picked from 602 selected micrographs. After
autopicking of helical filaments, a total of 480,064 segments were extracted.
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Data exclusions  No data was systematically excluded from analysis.

Replication A minimum of three independent experiments were performed. All attempts at replication succeeded and no data were excluded from
analysis. For cryo-EM, data were collected several times using multiple samples prepared in different time.

Randomization  Not relevant because no human or animal subjects were used in the study. Randomization is not generally used in this field.

Blinding Experimental results were quantitative and did not require subjective analysis. Therefore, blinding was not performed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used Anti-CsuA/B and anti-CsuEN rabbit polyclonal antibodies were custom produced by Innovagen AB for our previous studies; RDye
680RD-conjugated anti-rabbit goat antibody RRID AB_10956166 (Li-Cor Biosciences)

Validation Anti-CsuA/B and anti-CsuEN rabbit polyclonal antibodies were validated with ELISA and Western Blotting in our lab and with ELISA by
Innovagen AB using purified CsuA/Bsc and CsuEN proteins in previous studies. RDye 680RD-conjugated anti-rabbit goat antibody was
tested by dot blot and and/or solid-phase adsorbed for minimal cross-reactivity with human, mouse, rat, sheep, and chicken serum
proteins, but may cross-react with immunoglobulins from other species. The conjugate has been specifically tested and qualified for
Western blot and In-Cell Western™ assay applications (https://www.licor.com/bio/reagents/irdye-680rd-goat-anti-rabbit-igg-
secondary-antibody)
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