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SUMMARY
Bacterial adhesion pili are key virulence factors that mediate host-pathogen interactions in diverse epithelial
environments. Deploying a multimodal approach, we probed the structural basis underpinning the biophys-
ical properties of pili originating from enterotoxigenic (ETEC) and uropathogenic bacteria. Using cryo-elec-
tron microscopy we solved the structures of three vaccine target pili from ETEC bacteria, CFA/I, CS17,
and CS20. Pairing these and previous pilus structures with force spectroscopy and steered molecular dy-
namics simulations, we find a strong correlation between subunit-subunit interaction energies and the force
required for pilus unwinding, irrespective of genetic similarity. Pili integrate three structural solutions for
stabilizing their assemblies: layer-to-layer interactions, N-terminal interactions to distant subunits, and
extended loop interactions from adjacent subunits. Tuning of these structural solutions alters the biophysical
properties of pili and promotes the superelastic behavior that is essential for sustained bacterial attachment.
INTRODUCTION

The initiation of traveler’s diarrhea most often requires the sus-

tained adhesion of bacteria via one or more types of adhesion

pili. Common to all these adhesion pili is the IgG-like pilin subunit

that assembles a multimer extending from the bacterial surface.

The development of vaccines against diarrheal diseases remains

a priority of the World Health Organization, with pilin subunits

from enterotoxigenic Escherichia coli (ETEC) as priority patho-

gens in this initiative.1 Where endemic, ETEC can cause malnu-

trition, leading to stunted growth and cognitive development, as

well as increase the probability of irritable bowel syndrome.2–5

ETEC are also the most common cause of diarrhea in travelers

to these countries.

Pili expressed on ETEC share many of their structural proper-

ties with adhesion pili found on uropathogenic E. coli (UPEC).

They are hollow helical rods 7–9 nm in diameter with approxi-

mately 3.0–3.3 IgG-like subunits per helical turn and a rise per

subunit of 7.5–9 Å. Conversely, their genetic sequences, the sub-

unit-subunit contacts between pilins, and their biophysical prop-

erties are highly varied, resulting in pili that function in diverse en-

vironments. In addition to the ubiquitous seven b-strands that

comprise the major adhesion pilins expressed on bacteria in

the gut or urinary tract6 and the ability of pili to unwind,7 the first

nine N-terminal amino acids of one ETEC pilus structure pre-

sented here, CS20 pili, forms a staple. The staple, as is also

seen in the UPEC-expressed P pili,8 provides contacts to distant
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subunits and thereby stabilizes the quaternary structure.9 As a

class 1 pilus, the genetic sequence of CS20 pili is expected to

be similar to that of P pili and type 1 pili. CS20 does not have

significant sequence homology with the other two ETEC pili re-

ported here, CFA/I andCS17 pili, although they share an environ-

mental niche in the gastrointestinal tract.

It is common to find expression of multiple pilus types on a sin-

gle bacterium in vivo (e.g.10). Type 1 pili that are known to cause

urinary tract infections of the bladder also facilitate diarrheal dis-

ease; in the gut, type 1 pili are known to enhance disease by co-

expression with the most commonly seen ETEC pilus, CFA/I

pili.11 Thus, isotypes of type 1 pili that sharemore than 90% iden-

tity are expressed on UPEC or ETEC and must, therefore, facili-

tate sustained adhesion in diverse natural environments. For

example, UPEC were significantly attenuated in bladder infec-

tion and intestinal colonization of mice when the bacteria ex-

pressed mutant type 1 pili in which point mutations weakened

the quaternary structure (subunit-subunit interactions), resulting

in easier unwinding.12 Since alteration of the quaternary struc-

ture changes biophysical properties such as tensile elasticity

and unwinding under force, it is important to assess and under-

stand their implication during attachment. Filament unwinding

not only makes pili approximately 6-fold longer,9 it also improves

their attachment to adhesin receptors by modulating the

load experienced at the attachment site.13,14 Changing the

modulating properties of pili can thereby affect the optimal func-

tion of adhesins, especially when they behave as catch bonds.15
2, May 4, 2023 ª 2023 The Author(s). Published by Elsevier Ltd. 1
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Table 1. Major pilin sequence identity/similarity

Pilus Pilin Type Class Clade CS17 CS20 P pili Type 1

CFA/I CfaB ETEC 5a a 52/69% 20/36% 23/33% 19/30%

CS17 CsbA ETEC 5b a – 21/32% 20/35% 21/32%

CS20 CsnA ETEC 1b g – – 24/35% 25/38%

P pili PapA UPEC 1a p – – – 33/49%

Type 1 FimA UPEC 1a g – – – –

Class 5a16; Class 5b16,18; Class 1.19
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Thus, a better understanding of the interactions that stabilize

pilus structures and thereby give rise to their biophysical proper-

ties, can help us to understand pilus adaptations related to the

environment.

We describe here the structures of three ETEC pili, CFA/1,

CS17, and CS20 that we have determined by cryo-electron mi-

croscopy (cryo-EM). To understand the mechanisms of their un-

winding and rewinding we measured unwinding and rewinding

forces using optical tweezers force spectroscopy, performed

steered molecular dynamics (sMD) simulations, and calculated

interaction energies and buried surface area calculations of their

quarternary interactions. We discuss the progression of bond

breaking that occurs during pilus unwinding, including loop

and N-terminal staple interactions. Including data from two

UPEC pili with known structures, P pili8 and type 1 pili (PDB:

6Y7S), we provide a structural basis for biophysical adaptations

that facilitate the initiation of disease in different environmental

niches.

RESULTS

Genetic comparison
Individual pilus subunits expressed on UPEC and ETEC bacteria

have significant genetic sequence variability within and between

pilus classes.Despite their basic structural similarity, themajor pi-

lin subunit sequences aremost commonly used to delineate clas-

ses,while the useof the sequencesof outermembrane usher pro-

teins, throughwhichpilin subunits exit bacteria, are used todefine

clades.16,17 As seen in Table 1, sequence analysis of five pili

whose structures are known or reported in this paper shows

that there is no more than 52% identity between any two pilus

types, even within the same class of pilin. In fact, the pili share

an average sequence identity of 26% and a median of 22% iden-

tity. Sequence similarity ranges from 30% to 69% and, as ex-

pected, correlates with the class of pilin (class 1 vs class 5);

aligned sequences are shown in Figure S1. Thus, although the

fundamental structure of adhesion pili is consistent, there are sig-

nificant differences in their genetic sequences as well as varia-

tions in their biophysical properties, including higher unwinding

forces for pili expressedonUPECvsETECbacteria, as discussed

below in the section ’Filament unwinding by force spectroscopy’.

Cryo-EM structures
To see howgenetic and structural differences affect the biophys-

ical properties of adhesion pili, we first determined the structures

of three ETECpili. These include the genetically similar CFA/I and

CS17 pili and also CS20, which is more closely related to pili ex-

pressed on UPEC. As shown in Figures 1 and S2, Video S1 and
2 Structure 31, 1–12, May 4, 2023
Table S1, we have determined the structures of the helical fila-

ments of CFA/I (PDB: 8EHR), CS17 (PDB: 8EHS), and CS20

(PDB: 8EHT) pili by cryo-EM to resolutions of 3.2 Å, 3.3 Å, and

3.4 Å, respectively, using the RELION helical processing pack-

age.20 The diameters of the assembled filaments are 77 Å for

CFA/I and CS17 and 85 Å for CS20 pili. Similar to the currently

known structures of adhesion pili, subunits oligomerize by fitting

the N-terminal b-strand of subunit n into a hydrophobic groove in

the preceding (n – 1) subunit via a tongue-in-groove mecha-

nism.21 Each of the subunits consists of seven b-strands with

variable-sized loops extending from the b-strand core. CFA/I

and CS17 (Figures 1A and 1B) share a remarkable structural sim-

ilarity for proteins having a sequence identity of only 52% (Ta-

ble 1). For example, after superimposing the two subunits, the

root-mean-square deviation (RMSD) of the backbone is calcu-

lated to be 1.3 Å; see Table S2 for a comparison of all RMSD

values, and Table S3 for subunit-subunit contacts. Additionally,

each of the loops extending from the b-strand core is in a very

similar position (Figures 2B–2D). As in other pili, there is a

tongue-in-groove interaction from the n + 1 subunit (sky blue)

to subunit n (blue) and multiple contacts with the n + 3 subunit

(pink); both pili are contacted by the N-terminal extension

of the n + 4 subunit (yellow); and there are connections to the

n + 2 subunit (gray).

Although the CS20 pilin CsnA also has a seven-b-strand archi-

tecture, it has a larger molecular weight compared with CFA/I

and CS17 (17.5 kDa, cf. 15.1 kDa for CFA/I’s CfaB and

15.4 kDa for CS17’s CsbA), providing longer loops extending

from the core structure (Figures 2B–2D and Video S1). These

loops in subunit n of CS20 form interactions with the n + 1 (sky

blue), n + 2 (gray), and n + 3 (pink) subunits. In addition to longer

extending loops, the N-terminal extension of CS20 extends

farther and includes a structural moiety called the staple, which

was previously observed in UPEC P pili.8 This motif is referred to

as the staple because of its role in increasing the strength of

distant subunit-to-subunit interactions. In CS20, the staple

amino acids (1–9) make contacts that are not present in either

CFA/I or CS17. The nine-residue CS20 staple motif reaches

back from the n + 2 (gray) to subunit n (blue) subunit and staple

residues from n + 4 (yellow), and n + 5 (wine red) subunits reach

back to subunit n, as seen in Figure 2 and Video S1. Specifically,

these contacts include the base of the n + 2 staple interacting

with the top distal end of subunit n; themajority of the n + 4 staple

interacting with the proximal end; and the tip of the n + 5 staple

interacting with the bottom of the distal side of subunit n.

Conversely, the N-terminal extensions of CFA/I and CS17 do

not extend significantly beyond the tongue-in-groove region of

the previous subunit.



Figure 1. Adhesion pili share the same basic architecture

(A–C) ETEC adhesion pili are helical filaments with approximately three subunits per turn, and 8- to 9-nm diameters. Representative cryo-EM images of CFA/I pili

(A), CS17 pili (B), and CS20 pili (C) are shown for each pilus type (left). Thousands of these images were used to compute three-dimensional helical re-

constructions (center). Atomic models were fitted into the maps, with a single subunit shown in the same orientation as the map for each pilus type (top right).

Models including three subunits are shown rotated 90+ (bottom right). While each pilus includes a b-strand that fits into a hydrophobic groove in the preceding

subunit, CS20 pilin subunits also include a staple that extends beyond the groove and contacts pilins four and five subunits away. Scale bar for all micrographs,

50 nm. CFA/I, CS17, CS20 PDB: 8EHR, 8EHS, and 8EHT, respectively.
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Figure 2. Subunit contacts

(A) Subunit numbering is as in CFA/I. Subunits are individually colored: n (blue), n + 1 (sky blue), n + 2 (gray), n + 3 (pink), n + 4 (yellow), n + 5 (wine red), and n + 6

(purple). Extensive contacts are formed between subunits n (blue) and n + 3 (pink), providing layer-to-layer stability. The extent of these contacts is partially

determined by the rotation angle between subunits (subunits per turn), which defines the potential overlap region between layers. Staples that extend from n + 4

back to n (CS20 and P pili) are marked with black arrows.

(B) Contacts to subunit n are shown as spheres, with colors corresponding with the subunit number from (A).

(C) Contacts to subunit n are shown with subunits rotated 90� about the horizontal axis.

(D) Contact regions are shown in yellow, with loops that extend from the central b-strands back to subunit n – 2 marked by magenta arrows. Scale bars in (A) and

(B–D) (shown in [D]) are 10 Å. CFA/I, CS17, CS20, P pili, type 1 PDB: 8EHR, 8EHS, 8EHT, 5FLU, and 6Y7S, respectively. See also Video S1.
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During our helical processing workflow, we searched for the

optimal helical parameters for each filament. Based on these cal-

culations, CFA/I has a helical rise of 8.51 Å and a twist of 113.4�,
which is very similar to the rise of 8.43 Å and twist of 113.2�

calculated for CS17. Not surprisingly, because of CS20’s differ-

ences in subunit size and subunit-to-subunit interactions, it also

has changes to its helical parameters, with an increase of 8.95 Å

and a twist of 111.8�. Overall, our cryo-EM structures indicate

that, although CS20 colonizes the gut, as do CFA/I and CS17,

it retains structural properties that make it unique for this niche.

By determining the structures of the ETEC adhesion pili CFA/I,

CS17, and CS20, we reveal that, despite operating on bacteria in

the same environment, filaments can possess distinct structural

features. To further explore how adhesion pili can adapt their

structures, we expanded our comparisons to include two adhe-

sion pili that have been previously solved by cryo-EM, P pili

(PDB: 5FLU) and type 1 pili (PDB 6Y7S), which are found on

UPEC bacteria that colonize the urinary tract. Although they

share a common architecture, each filament contains unique

molecular contacts. For all five pili, a subunit’s interaction with
4 Structure 31, 1–12, May 4, 2023
its layer-to-layer neighbor (n to n + 3) stabilizes the helical fila-

ment. P pili have the smallest rotation angle per subunit; there-

fore, the third subunit does not come in full contact with the layer

above (Figure 2 and Video S1). CS20, with the largest rise per

subunit, has long loops that form contacts between layers, but

lacks the extensive close contacts to n + 3 observed in type 1

pili. In all five pili except P pili, a loop region extends up and

back from subunit n + 2 to contact subunit n (Figure 2D). This

loop is composed of residues 69–77, 70–76, 89–94, or 90–94,

for CFA/I, CS17, CS20, or type 1 pili, respectively.

Toward our goal of determining the relationship between the

molecular contacts described above and the biophysical proper-

ties that allow adhesion pili to function in their environmental

niches, we measured their unwinding forces using optical twee-

zers force spectroscopy studies.

Filament unwinding by force spectroscopy
Optical tweezers force measurements applies tensile force to a

pilus, allowing us to assess if filaments exhibit superelastic

behavior, that is, if the filament can be extended via phase



A

B

C

Figure 3. Force measurements of CS17 pili

(A) (Left) The procedure of an optical tweezers forcemeasurement. Mounting andmeasuring procedures. (1) First, wemount a bacterium to a 10-mmpoly-L-lysine

coated bead that is immobilized on the coverslide. The coated bead serves as a mount for a bacterium. A bacterium is thereafter trapped in the optical tweezers

and attached to the coated bead. (2) Second, a 2-mm probe bead is trapped and the trap stiffness is calibrated using the power spectrum method.25 After

calibration, the probe bead is brought close (�1–2 mm) to the mounted bacterium using a piezo-stage. When a pilus attaches, the motion of the probe bead

changes from the equilibrium position, which is seen in the live camera image and the real-time force response. (3) Finally, with a pilus attached, we move the

piezo-stage at 0.1 mm/s while keeping the trap stationary. This applies tensile force to a pilus as the bacterium and probe bead are separated. A force response of

pili is shown in (A). First, two pili are bound, so the force is double. After one pilus detached (�3.5 mm, the unwinding force, and filament extension, are for

one pilus.

(B) Pilus unwinding has three distinct regions, as described in the text. Pilus rewinding (blue curve) begins with a dip in force, until a layer-to-layer interaction

allows a constant-force rewinding.

(C) DFS data fitted with the sticky-chain model.

ll
OPEN ACCESSArticle

Please cite this article in press as: Doran et al., Three structural solutions for bacterial adhesion pilus stability and superelasticity, Structure (2023),
https://doi.org/10.1016/j.str.2023.03.005
transitions and relaxed back to its original shape without struc-

tural damage. In addition, we use these measurements to quan-

tify biophysical features such as the unwinding force. These data

are currently available for CFA/I, CS20, P pili, and type 1 pili22–24

(see Table S4). An illustration of how to measure the unwinding

force of a pilus with optical tweezers is shown in the left panel

of Figure 3 and typical force-extension responses of CS17 pili

are shown in Figures 3A and 3B. Since a bacterium expresses

a multitude of pili of different lengths, occasionally two or more

pili can attach to the probe bead, so that several pili are being

extended initially. Since the force response of two or more pili

are a multiple of one, we easily observed when the response

came from one pilus. Figure 3A shows the force response with

two pili attached, and then one detaches (at 2.7 mm), leaving a
single attached CS17 pilus. In Figure 3B, we show the response

of a single pilus, where the unwinding and rewinding phases are

represented by the black and blue curves, respectively. To

ensure that the force responses were not measured in a dynamic

regime, we performed experiments at steady state (equilibrium

conditions),26 as demonstrated by the overlapping of the un-

winding and rewinding curves in Figure 3B.

Based on the literature regarding other helix-like adhesion

pili27,28 and previously characterized ETEC pili,22,23 we observed

that CS17 pili also showed a three-region force-extension/

contraction response. Thus, our force data confirm the structural

analysis that CS17 pili exhibit a helix-like structure that is super-

elastic and can thereby rewind when tensile stress is removed.

The force-response can be explained by tensile stress that first
Structure 31, 1–12, May 4, 2023 5



Figure 4. The force of pilus unwinding correlateswith interaction en-

ergies

The force required to unwind a pilus (purple) increases as the interaction en-

ergy between layers (n to n + 3 and n + 4) increases (gold). The interaction

energy associated with the staple accounts for the majority of the interaction

energy for CS20 (�103 kcal/mol), with a smaller contribution by the staple for P

pili (�42 kcal/mol).
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elongates the pilus by increasing the force linearly (region I).

Sequential unwinding of the structure (between the dashed lines)

then gives rise to a constant force plateau (region II) in which the

average is the unwinding force. The overshooting force ramp

from 10 to 30 pN during an extension of approximately 0.3 mm

is not a part of the plateau and will not affect the unwinding force

measurement, since only data between the dashed vertical lines

represents the true unwinding force. After analyzing the force

response of individual CS17 pili (n = 40) wemeasured an average

unwinding force of 9 ± 1 pN (mean ± standard deviation).

Once a pilus is unwound, it is possible to further stretch the

structure, which is indicated by the second region of linearly

increasing force (region III). The force response of CS17 further

indicates its helix-like structure, as supported by the discrep-

ancy seen between the extension and contraction curves at

approximately 2.25 mm in Figure 3B; a dip in the force response

during contraction (pilus rewinding) indicates that major subunits

are stacked in a helical structure that must be re-initiated for

continued rewinding.29

Biophysical characterization of CS17 pili

To investigate the dynamic behavior of CS17 pili as well as iden-

tify their biophysical parameters, we performed dynamic force

spectroscopy (DFS) measurements. In a DFS measurement, a

pilus is extended with increasing velocity in cycles and the

average unwinding force of region II is recorded. This forces

subunit-subunit interactions to break under non-equilibrium

conditions.26 Figure 3C shows the mean unwinding forces vs

the unwinding velocity for CS17 pili (n = 13). As seen, the pilus

responses at low extension velocities (< �1.5 mm/s) remained

constant, with the unwinding force essentially identical to that

measured for the steady-state force. For higher velocities (>

1.5 mm/s) the unwinding force increased logarithmically with

increasing velocities. Both the steady-state force response and

the dynamic force response of a helix-like pilus can be well

modeled by the sticky-chain model.24 The sticky-chain model

is an analytical model that describes the structural response of

helix-like polymers under tensile force, in which force-assisted

subunit-to-subunit bond breaking follows Bell’s law.30

A transition point that separates the steady-state and dynamic

region is denoted as the pilus corner velocity ( _L
�
). The corner ve-
6 Structure 31, 1–12, May 4, 2023
locity is defined as the maximum extension velocity of a pilus

before any increase in velocity leads to an increased unwinding

force. For velocities less than the corner velocity, pili unwound

independent of extension speed, whereas for velocities above

the corner velocity (L> _L
�
), the unwinding force increased loga-

rithmically with increasing velocity.31 The logarithmic increase

in force vs extension velocity relationship, can further be used

to assess the bond length (D xAT ), which is the distance from

the energy minimum to the transition barrier maximum of the

layer-to-layer bond. See Methods for a description.

Thus, to quantify the corner velocity, _L
�
, and the bond length,

D xAT , we plotted the mean unwinding force vs the unwinding

velocity (Figure 3C) and fitted the sticky-chain model. The

black dots (bars represent one standard deviation) in Figure 3C

show the mean unwinding forces at different velocities,

whereas the blue dashed line indicates a fit to the full set of

rate equations at T set to 298 K. The best fit of the model to

the experimental data yielded the corresponding model param-

eters: _L
�
= 1220 ± 140 nm/s and D xAT = 0.74 ± 0.08 nm. To

further relate how these biophysical properties, in particular

the unwinding force of the different pili types, correlate with

the unique molecular contacts that stabilize the quaternary

structure, we next calculated intra-filament interaction energies

for all pili.

Interaction energies correlate with pili unwinding force
Calculations of interaction energies between pilin subunits allow

us to estimate the strength of interactions within filaments. The

NAMDenergyplugin inVMD32calculatesbothvanderWaals inter-

actions and electrostatic interactions.Whileweare not calculating

binding free energy, our values do reflect the strength of the inter-

actionbetweenpilin subunits. Inparticular,weare interested in the

strength of dissociation during unwinding. During this process

subunits are initially associated, and the interactions then disso-

ciate under force (subunits unpeel from the filament). As seen in

Figures 4 and S3 and Table S4, There are strong layer-to-layer in-

teractionsbetweensubunitsnandn+3,with favorableenergiesof

interaction, �43, �62, �46, �105, and �165 kcal/mol for CFA/I,

CS17, CS20, P pili, and type 1, respectively. The most favorable

layer-to-layer interaction energy, in type 1 pili, may result from

the combination of a smaller rise and a larger rotation per subunit;

we note that openings from the outsidemilieux to the internal cen-

tral cavity that are present in all five pili areminimized in type 1 pili,

because of its more compact filament structure (33 and

PDB: 6Y7S). The N-terminal extension of the n+4 subunit that

sits in the groove of subunit n + 3 contributes �7, �7, and

�10 kcal/mol, for CFA/I, CS17, and type 1 pili, respectively, and

is a dominant contributor to the energy of interaction for CS20

and P pili, but for distinct reasons. CS20 has no contribution

from the n + 4 residues that fill the n + 3 groove, and a large contri-

bution (�103 kcal/mol) from the staple that extends beyond the

groove up to subunit n. Conversely, P pili have similar contribu-

tions from its groove residues (�47 kcal/mol) and its staple

(�42 kcal/mol). The correlation between interaction energy and

unwinding force is statistically verifiedbya linear fit to a scatterplot

of the maximum values of interaction energies and unwinding

force, which gives a Pearson correlation coefficient of 0.93 (Fig-

ure S3).We note that removal of the staple interactions decreased

the interaction energies ofCS20 andPpili (Table S4), emphasizing



Figure 5. sMD simulations describe molecular events of pilus unwinding

(A) Force vs extension curves are shown for each of the five systems discussed, CFA/I, CS17, CS20, P pili, and type 1. The colors represent the multiple trials of

each system (five trials; pink = trial 1). Force data are a 1-ns running average. Also, an image of the 7mer indicating the pulling direction is shown.

(B) Contacts are shown between structural components of pilin subunits are shown for each of the five systems: layer-to-layer interactions between subunits 2

and 5 (blue curves; subunit 1 is the tip subunit), contacts between the loop region of subunit 4 and all other subunits (red curves), and contacts between the staple

(legend continued on next page)
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the importance of the staple interactions for P pilus and CS20

stability.

The interaction energy between subunits is not the only

parameter that will influence the force needed to unwind pili.

Additional entropic factors, such as the solvation energy, also in-

fluence the unwinding force. To measure an estimate of the

entropic contribution to pilus unwinding, we calculated the

buried surface area of the interacting pilus subunits using

COCOMAPS34 (see Table S4), as done previously for P pili8

and type 1 pili.33 Subsequently, we tested our values for correla-

tion to unwinding forces and other pilin properties. Our findings

indicate that, as expected, the total buried surface areas of sub-

unit n to n + 3 and n + 4 correspond with some degree with the

size of the individual subunits. Here, CFA/I and CS17 have

smaller buried surface area and molecular weights (1189,

1251 Å2 and 15.0, 15.3 kDa, respectively), while those of

CS20, P pili, and type 1 are larger (1737, 1635, 1625 Å2 and

17.5, 16.6, and 15.8 kDa, respectively). These values support a

trend where pili with larger subunits and thus larger buried sur-

face require a greater force to unwind. Next, to gain an atomic

understanding of filament unwinding and the subsequent

breakage of the inter-subunit molecular contacts described

in our interaction energy calculations, we performed sMD

simulations.

Filament unwinding by sMD simulations
To examine filament unwinding under force, sMD was performed

for each of the five pilus systems, CFA/I, CS17, CS20, P pilus, and

type 1. The resulting force vs extension profiles are shown in (Fig-

ure 5A) (P pilus simulations shown here were previously reported

in9). The sMD simulations can be broadly classified into two

main categories by the observed force vs extension profile pat-

terns: (1) profileswithan initial sharppeak representing the tip sub-

unit unwinding from the helical filament, followed by three peaks

correspondingwith thebreakageof sequential layer-to-layer inter-

actions, followed by a final peak indicating a subunit being

removed from the filament due to filament breakage, and (2) pro-

fileswith resolvable peaks during initial filament extension but that

become more variable at higher values of the filament extension.

CS20, P pilus, and type 1 comprise the first category, while the

second category consists of CFA/I and CS17. CS20, P pili, and

type 1 all contain a disulfide bond as part of the pilin structure,

while CFA/I and CS17 both lack this bond.We see that the overall

level of force required to extend CFA/I and CS17 filaments in the

sMD simulations is lower than the level of force required for the

other three systems, which is consistent with the observations in

Table S4 and Figure 3 that the force of unwinding is smaller for

CFA/I and CS17 compared with the other three systems. This is

similarly seen by integrating the force-extension curves to obtain

the nonequilibrium work shown in Figure S5. While the force in

sMD cannot be directly compared with optical tweezers force
region of subunit 6 and all other subunits (orange curves). The loop and staple re

filament extension. Contact data are shown for trial 1 of each simulation in this figu

information. Contact data are a 5-ns running average.

(C) Three representative snapshots from the CS20 sMDs simulation (trial 1), dep

structure (left), the structure once the first subunit has been unwound from the fila

the filament (right). Inset images show the force vs extension data for trial 1 of the

contacts (B) and force (C) for CS20 trial 1.
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measurements since the pulling velocities (loading rates) in sMD

are significantly higher (nonequilibrium conditions), the nonequi-

librium conditions of sMD do not hinder our ability to obtain valu-

able insights into the dynamic structural changes for the five stud-

ied pilus types that occur during sMD force experiments.

Further, wemeasured contacts between various regions of the

simulated systems. Specifically, we monitored layer-to-layer

contacts, staple contacts, and the loop/subunit contacts. Since

we simulated 7mer filaments, we calculated contacts for the

layer-to-layer interaction between subunits 2 and 5 (numbering

with subunit 1 as the filament tip subunit). For staple interactions

we monitored the staple of subunit 6 in P and CS20 pili, and for

the loop/subunit interactions we monitored the loop region in

subunit 4 of CFA/I, CS17, CS20, and type 1 pili. Overall we

observed that layer-to-layer contacts, staple contacts, and

loop/subunit contacts decrease roughly simultaneously. In Fig-

ure 5 and in Figure S4, we saw the greatest variation of contact

breakages across simulation trials for CFA/I and CS17. This vari-

ability during unwinding is consistent with the large variation in

force vs extension patterns observed by sMD. Data are shown

to 100 Å filament extension; in some trials, CFA/I initial layer-

to-layer contacts were not fully disrupted until that distance.

The type 1 pilus has the greatest number of layer-to-layer con-

tacts, and the number decreases sharply to zero as the layer un-

winds (Figure 5B, blue curves). For the P pilus and CS20 pilus

with the staple present, we note that the staple contacts are

not expected to drop to zero because subunit 6 is restrained in

the simulation. Therefore, even after the nearby layer-to-layer in-

teractions between subunit 5 and subunit 2 were broken, the sta-

ple from subunit 6 remained in its original orientation. However,

we clearly observed that the total number of staple contacts to

all subunits decreased as the layer-to-layer interactions (subunit

2 to subunit 5) were broken (Figure 5B and S4, orange curves).

For CFA/I, CS17, CS20, and type 1, we observed that the con-

tacts made by the loop of subunit 4 with all other subunits

were broken by the time that the subunit 2 to subunit 5 layer-

to-layer interactions released (Figures 5B and S4, red curves).

Several representative snapshots from the first trial of the

CS20 sMD simulation are shown in Figure 5C. Additionally, Fig-

ure 5C shows inset snapshots of the force vs extension curves of

a CS20 sMD simulation, demonstrating drops in the force as

layers are unwound. The left inset image also shows that the po-

sition where the force drops at around 35 Å corresponds with the

contact loss for CS20 observed in Figure 5B. Videos of all sMD

trials are included in the Supplemental Information to depict

the trajectories for each simulation (Videos S2, S3, S4, S5,

and S6).

In summary, the sMD simulation results demonstrate at the

molecular scale that all three modes of subunit-subunit contacts

(layer to layer, staple, and loop) contribute to the unwinding

mechanism, and our simulations underscore the importance of
gions for each system are defined as in the text. Data are plotted to 100 Å of

re, and the contact data for the additional trials are included in the supplemental

icting how a typical unwinding trajectory occurs. Shown are the initial CS20

ment (middle), and the structure once three subunits have been unwound from

CS20 filament in the vicinity of 35 Å and 120 Å. Vertical arrows indicate these



Figure 6. Interactions can be from near or far subunits

Subunit-subunit interactions that must be broken for filament unwinding can

be from a staple far away (top panel, textitn to n + 4 and n + 5) or from extended

loops on closer subunits (bottom panel, n to n + 2). Illustration by Siriratt

Thairatana.
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the disulfide bond for the stability of pilin subunits unwinding un-

der high loading rates.

DISCUSSION

Bacteria known to cause urinary tract or gastrointestinal tract

diseases express adhesion pili that must mediate adhesion in

significantly different environments. The extent to which the

environment or genetics dictate the properties of these pili is

not known. To address this question, we used a multimodal

approach to investigate the interplay between class 1 and class

5 pili genetic, structural, and biophysical properties, as well as

mechanistic details of unwinding.

Interestingly, we found that the genetic similarities are much

weaker than expected, especially within classes. These findings

are supported by data shown in Table 1 and Figure S1, with ge-

netic similarities ranging from30% to 69%. To examine the struc-

tural differences between the pili we performed cryo-EM on

CFA/I, CS17, and CS20 pili, all from ETEC. As seen in Table S2,

the alpha carbon backbones of these pilin subunits, along with

those of P pili and type 1 from UPEC, vary by 1.3–19.1 Å. While

the subunit RMSD of CFA/I to CS17 pili is 1.3 Å and that of

CFA/I toCS20 is 17.3, Å,CS17 toCS20 isonly 6.6 Å. This disparity

of RMSD values is surprising; the packing of subunits into a heli-

cal filament is reasonably similar for all three pili, with their rise per

subunit ranging from 8.5 Å to 9.0 Å and their helical twist ranging

from 112� to 114� per subunit. More significant differences are

observed when these pili are compared with UPEC P pili and

type 1 pili (see Table S2). Structural differences include the pres-

ence (CS20, P pili) or absence (CFA/I, CS17, type 1) of a staple re-

gion that connects distant subunits and the presence (CS20,

P pili, type 1) or absence (CFA/I, CS17) of an internal disulfide

bond, as seen in Figure 2C and Video S1. The internal disulfide

bond has been determined via sMD simulations to be a critical

component for subunit structural integrity under high tensile

force.9 Thus, filaments possess differing structural features, irre-

spective of the bacterial environment.
We next investigated correlations between the structures and

biophysical properties of adhesion pili. As seen in Figure 4,

Table S4, and Figure S3, our results showa significant correlation

between layer-to-layer interaction energies and the force

required to unwind pili from their helical to fibrillar architecture.

In addition, we see a strong correlation between the force

required to unwind pili and the biophysical parameter, corner ve-

locity (Table S4). The corner velocity provides information of a

pilus structure response to extension velocity, in which the force

response is velocity-independent below the corner velocity.

Using P as the reference (400 nm/s), ETEC related pili show

2–3 times higher values, whereas type 1 is exceptionally low

(6 nm/s). It was further found that the N-terminal staple regions

of CS20 and P pili contribute to their interaction energies and

thus to filament stability, with the CS20 staple contributing two-

thirds of the interaction energy while in P pili the staple contribu-

tion is only one-quarter of the total energy. We expect this is due

to the staple region of CS20 providing layer-to-layer interactions

that are lacking between subunits n and n + 3. P pili do havemore

of these interactions, and therefore the staple region need not be

as dominant. Interaction energies and unwinding forces are

smaller for CFA/I and CS17, which we expect to be due, in part,

to lack of a staple. Even without a staple, energies are larger in

type 1 pili, likely in part because of the very strong n to n + 3 inter-

actions. As diagrammed in Figure 6, we conclude that interac-

tions of the staple region to subunits that are more than one heli-

cal turn away (n to n + 4 and n + 5) can be partially compensated

for by loop/subunit interactions from a closer neighbor.

In addition to the interaction energies, we also calculated the

buried surface area between interacting subunits to gain insight

into the entropic contributions of filament unwinding. We find

that the pili with smaller subunits, CFA/I and CS17, have a

smaller buried surface area, while the pili with larger subunits

display larger buried surface areas. Even though these values

do not have as strong of a correlation with the unwinding force

compared with the calculated interaction energies (see Fig-

ure S3), they point to a trend where filaments with larger subunits

unwind at greater forces. This is most likely due to the fact that

breaking the subunit-subunit interactions between the larger

subunits during unwinding would impose a larger entropic solva-

tion penalty compared with the smaller subunits. Despite CS20

having the largest buried surface area and mass of the five pili

considered here, its unwinding force is only approximately

one-half of the measured force for P pili and type 1 pili. This is

most likely due to its smaller interaction energy, especially

once the staple contacts are broken. This suggests that the rela-

tive contributions of protein-protein interaction energy and sol-

vation effects are tuned for specific bacterial environments,

thereby optimizing the molecular mechanisms that govern the

filament unwinding force. Thus, molecular parameters such as

subunit size and the make-up of subunit-subunit interactions

establish the precise mechanisms that modulate unwinding

force for pili to operate in their respective environment.

How does filament unwinding under tensile force then pro-

ceed? Structural data suggest that interacting loops extending

from the central b-strands of the pilins provide loop-subunit in-

teractions that must be broken during pilus unwinding and

restored during rewinding (Figure 2D). To elucidate mechanistic

details of unwinding we used sMD simulations, which show that
Structure 31, 1–12, May 4, 2023 9
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there is an unpeeling of subunits from a filament when tensile

stress is applied. The tongue-in-groove n to n + 1 attachment

is maintained, while bonds to n + 2 and n + 4 are broken and

the interaction between the n and n + 3 subunits unpeels.

What dictates the intermediate unwinding force of CS20 pili as

comparedwith other ETECandUPECpili? Thegenetic sequence

of ETEC-expressedCS20pili defines themas class 1 pili, yet they

have an unwinding force half that of the other (UPEC) class 1 pili

that have been studied, and twice that of ETEC class 5 pili. These

intermediate properties of CS20 pili provide clues to the tuning of

pilus structures to maximize sustained bacterial adhesion. While

both the interactions energies and unwinding forces are

increased in CS20 pili relative to the other ETEC pili reported

here, there is a significant decrease in the layer-to-layer interac-

tions between CS20 pilin subunits n and n + 3, as compared with

P pili. These decreases seem to be due to the larger rise per sub-

unit of CS20 and the overtwisting of the assembled filament, due

to a larger rotation angle per subunit. Type 1 pili, found in both

UPEC and ETEC, have no staple region. Their biophysical prop-

erties seem to arise from a more compact filament structure

and thegreatest number of layer-to-layer contacts betweenpilins

n and n + 3, resulting in the highest interaction energy and the

highest unwinding force of the pili investigated.

Thus, our cryo-EM data, in combination with genetic data, op-

tical tweezers force results, and sMDs simulations, show that pi-

lin subunit structures are tuned to provide mechanical solutions

for pilus stability that suit their preferred microenvironment. Pili

have three structural solutions for stabilizing the filaments: the

n to n + 3 layer-to-layer interactions, the staple region interac-

tions, and extended loops from close neighbors. Improved un-

derstanding of the tuning of structural and biophysical properties

of pili can aid in current and future development of ETEC pili as

vaccine target antigens.35,36
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli strain BL21-AI(pMAM2),

expresses CFA/I pili

Naval Medical Research Center,

Silver Spring, MD

BL21-AI(pMAM2)

Escherichia coli strain LSN 03-016011/A

(O8:H,LT,CS17), expresses CS17 pili

Naval Medical Research Center,

Silver Spring, MD

LSN 03-016011/A (O8:H,LT,CS17)

Escherichia coli strain 7179A-2(pRA101),

expresses CS20 pili

Naval Medical Research Center,

Silver Spring, MD

7179A-2(pRA101)

Chemicals, peptides, and recombinant proteins

octyl b -D-glucopyranoside Dojindo Catalog #O001 CAS 29836-26-8

Histatin-5 peptide 21st Century Biochemicals DSHAKRHHGYKRKFHEKHHSHRGY

Deposited data

EM images and resulting density map, CFA/I pili This paper EMDB: EMD-28150

CFA/I pili structure This paper PDB: 8EHR

EM images and resulting density map, CS17 pili This paper EMDB: EMD-28151

CS17 pili structure This paper PDB: 8EHS

EM images and resulting density map, CS20 pili This paper EMDB: EMD-28152

CS20 pili structure This paper PDB: 8EHT

CFA/I pili structure – lower resolution Zheng et al., 201937 PDB: 6NRV

P pili structure Hospenthal et al., 201733 PDB: 5FLU

Type 1 pili structure N/A PDB: 6Y7S

Software and algorithms

RELION 3.1.1 Zivanov et al., 201820 www3.mrc-lmb.cam.ac.uk

DeepTracer Pfab et al., 202138 deeptracer.uw.edu

SCWRL4 Krivov et al., 200939 dunbrack.fccc.edu/lab/scwrl

Leginon Suloway et al., 200540 emg.nysbc.org/redmine/projects/leginon

SerialEM Mastronarde, 2005 bio3d.colorado.edu/SerialEM/;

www.nexperion.net/serialem

Chimera Pettersen et al., 200441 www.cgl.ucsf.edu/chimera

ChimeraX Pettersen et al., 2021 www.cgl.ucsf.edu/chimerax

Phenix Liebschner et al., 201942 phenix-online.org/

ISOLDE Croll, 201843 isolde.cimr.cam.ac.uk

Coot Emsley et al., 201044 www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

Amber20/Amber Tools 21 Case et al., 202145 ambermd.org

Swiss MODELLER Waterhouse et al., 201846 swissmodel.expasy.org

VMD Humphrey et al., 199632 www.ks.uiuc.edu/Research/vmd/

LabView National Instruments www.ni.com

MatLab R2020b MathWorks www.mathworks.com

Origin 2021 OriginLab Corporation www.originlab.com

Other

UltrAuFoil gold grids Quantifoil R1.2/1.3, 300 mesh

FEI TF20 Electron Microscope FEI (now ThermoFisher Scientific) TF20

ThermoFisher Scientific Titan Krios Electron

Microscope

ThermoFisher Scientific Titan Krios

Gatan K3 Direct Electron Detector Gatan K3 Summit

Optical Trap Setup Magnus Andersson, PI. Umeå

University

Dahlberg et al., 20229
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Esther

Bullitt (bullitt@bu.edu).

Materials availablity
This study did not generate new unique reagents.

Data and code availability
d Cryo-EM data have been deposited at the EMDB and are publicly available as of the date of publication. Accession numbers

are listed in the key resources table.

d Protein model data have been deposited at the PDB and are publicly available as of the date of publication. PDB identification

numbers are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

d This paper does not report original code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

d CFA/I pili were expressed onEscherichia coli strain BL21-AI(pMAM2) bacteria andCS17 pili were expressed onEscherichia coli

strain LSN 03-016011/A (O8:H,LT,CS17). Bacteria were grown on Luria-Bertani agar plates with 50 mg/mL kanamycin at 37�C
without (CFA/I) or with (CS!7) the addition of 1.5g bile salt/liter for 24 h, pelleted and resuspended in 10mM Tris, 75mM NaCl

(pH 7.4). Sample was heated to 65�C for 25 min to extract the pili, and cells were removed by centrifugation at 10,000xg. To

precipitate CFA/I pili, 4MNaCl was added to a final concentration of 300mM; 0.5MMgCl 2 was added to a final concentration of

0.1 M, stirred overnight at 4C, and centrifuged at 25,000xg for 40 min. Pili were resuspended in 10mM Tris, pH 7.4 and addition

of MgCl 2 was repeated two more times. Final pellet was resuspended in and dialyzed against the buffer.

d CS20 pili were expressed on Escherichia coli strain WS7179A-2/pRA101. Bacteria were grown on Luria-Bertani agar plates

with 50 mg/mL kanamycin at 37�C for 24 h, pelleted and resuspended in PBS. Sample was heated to 65�C for 25min to extract

the pili, and cells were removed by centrifugation at 10,000xg. To precipitate CS20 pili, 0.24 g/mL ammonium sulfate was

added to the supernatant at 4C, overnight. Pili were pelleted by centrifugation at 12,000xg and resuspended in PBS. Precip-

itation and pelleting were repeated. Pili were resuspended in 10mM MOPS, pH 7 and dialyzed against this buffer.

d Bacterial strains used to express pili are listed in the key resources table, and belong to the Naval Medical Research Center.
METHOD DETAILS

Sample preparation for cryo-EM
The concentrations of each filament were optimized in order to maximize the number of individual filaments per image while mini-

mizing the amount of overlap between them. The surfactant and spreading agent, octyl b -D-glucopyranoside, was added at

12 nM to each protein sample directly before it was added to the grid. The following concentrations were used for grid freezing:

2mg/mL of CFA/I, 1.5mg/mL of CS17 and 1.8mg/mL of CS20. For the CFA/I sample, we also added the 24 amino acid-long peptide,

Histatin-5 at a concentration of 4 mM to our grid in an attempt to visualize the peptide bound to CFA/I. As noted in our later methods

section, despite further processing, no density was found. After adding the surfactant, 1.5 mL of the protein solution was applied to a

freshly glow discharged holey, UltrAuFoil R1.2/1.3 300 mesh grid (Quantifoil, Jena, Germany), blotted for 6 s, and immediately

plunge-frozen in liquid ethane using a Vitrobot Mark III system (FEI/ThermoFisher Scientific, Hillsboro, OR).

Cryo-EM data collection and processing
Freezing conditions were optimized using images from an FEI TF20 cryo-EM, and data for analysis were collected on a Titan

Krios transmission electron microscope operated at 300 kV (Thermo Fisher Scientific, Hillsboro, OR) at the Purdue Cryo-EM Facility

(West Lafayette, IN). Movies were collected on a Gatan K3 Summit direct electron detector (Gatan/AMETEK, Berwyn, PA) using Legi-

non40 at a nominal magnification of 81,000 x corresponding to a pixel size of 0.539 Å using a 20 eV energy filter with a dose rate of

17.21 e �/Å 2/s, for a total exposure of 3.12 s and an accumulated dose of 53.70 e �/Å 2. Frames were recorded every 0.08 s for a total

of 40 frames per movie, with 4,809 movies collected for CFA/I pili, 4,921 movies for CS17 pili, and 5,236 movies for CS20 pili.

For all three filaments, image reconstructions were carried out using Relion 3.1.1.Movies weremotion-corrected usingMotionCor2

with pixels binned 2x, for a final pixel size of 1.078 Å. After motion correction, the contrast transfer function (CTF) was estimated using

CtfFind 4.1.13. Initially, filaments from� 200micrographs were manually selected and extracted as overlapping segments. Segment

lengths were 216, 213, and 220 Å, for CFA/I, CS17, and CS20.
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We then performed 2D classification and 2D averaging on the manually picked particles to create templates for autopicking. After

autopicking produced 6,094,726 segments of CFA/I; 5,358,559 of CS17; and 9,590,890 of CS20, we performed 2D classification in

order to remove false positives, ice contaminated, and damaged specimen images from the autopicked images. We further curated

our three datasets by performing 2D classification, resulting in 2,411,300, 2,447,711, and 3,352,944 particles (CFA/I, CS17, CS20),

followed by a single round of 3D classification into 8 classes using a RELION tau parameter of 14. For these classifications, we

imposed the approximate helical symmetry of each filament, which had been defined from previous literature37 or a subset of manu-

ally picked filaments. The initial symmetry values used were a rise of 8.6 Å and twist of 113.3� for CFA/I, rise of 8.8 Å and twist of 108�

for CS17, and a rise of 8.9 Å and twist of 112.3� for CS20. After 25 iterations of classification, we picked the segments from the best

single class (reported resolutions of � 4.5 Å) to continue to RELION auto-refine, resulting in final datasets that contained 325,069

segments of CFA/I, 231,783 segments of CS17, and 381,251 segments of CS20.

The first refinements were performed using featureless cylinders as a reference, while subsequent refinements utilized the previous

refinement, low-pass filtered to 30 Å, as a reference. Once the first reconstruction was performed, subsequent refinements used a

solvent mask for each filament, created in RELION, that masked the central 50 % of the segment. This increased the reconstruction

resolution by focusing the refinement on the center of the filament to reduce effects from filaments that were not perfectly straight and

to reduce noise from the solvent. In addition, during these refinements, we performed helical symmetry searches to refine the sym-

metries. These symmetries converged in subsequent refinements.

Following the mask creation from our initial refinement, we then ran two iterations of CTF refinement and Bayesian polishing, after

which no improvement in resolution or reconstruction quality was seen. The resolutions of the three maps were calculated using the

gold standard FSC 0:143. The final resolution for CFA/I was 3.2 Å, CS17 was 3.3 Å, and CS20 had a final resolution of 3.4 Å.

In addition to this analysis, which allowed us to visualize the filaments with extraordinary detail, we also tried to resolve the 24 amino

acid-long peptide added to theCFA/I sample. However, after exhaustive 3D classification efforts and attempts at single-particle anal-

ysis, no density associated with the peptide was located. For this reason, we expect that the peptide was not bound to the filaments

used for reconstruction, as the backbone of our 3.2 Å CFA/I structure matched with our previous 4.3 Å resolution structure.37

Model building for the filaments
CFA/I

To model the CFA/I subunit, CfaB, into our reconstruction, we used the previously published structure of CFA/I (PDB:6NRV). Initially,

we extracted a single subunit from the 6NRV PDB file and fit it into the centrally located subunit within our reconstruction. Since our

reconstruction possessed much higher resolution features, we observed that portions of the subunit fell outside of our density. In

order to initially reposition the backbone and side-chains into our new reconstruction, we performed a single real-space refinement

in PHENIX with five macrocycles of global minimization, rigid body fitting of the full complex, and local grid search using secondary

structure and Ramachandran restraints. This produced a subunit that fit well into our density.

Following the refinement of a single subunit, we created a larger filament by fitting multiple copies of the refined subunit into the

reconstruction using the UCSFChimera fit-in-map command. Once a full filament was built, wemanually refined the centrally located

subunit in ISOLDE to reduce clashes and ensure proper map-to-model fit,43 extracted the centrally located subunit and again rebuilt

the filament model using the Chimera fit-in-map tool. This ensured that each subunit within the filament was refined with other sub-

units adjacent to it, as without this, the subunits on the edge of our model could be modelled into ‘unoccupied’ density, producing

unrealistic models. After creating our final filament reconstruction, we validated the model using phenix.validation_cryoem42 and all

relevant statistics were compiled into the cryo-EM data collection, refinement and validation tables.

CS17

By comparing our CS17 and CFA/I cryo-EM reconstructions, it became clear that there was significant structural similarity. Fitting the

CFA/I model into the CS17 map using the Chimera fit-in-map tool revealed that the backbones were nearly superimposable. Based

on this observation, we created an initial CS17 homology model of CsbA from CfaB using the SWISS_MODELLER suite of pro-

grams46 After producing a homology model of a single subunit, we placed it into our cryo-EM density using the fit-in-map command.

The backbone fit well within the reconstruction, and two additional C-terminus amino acid residues not present in CfaB, K144 and

T145, were added manually in coot.44 After this process, we began refining the structure.

To refine the filament, multiple copies of our homologymodel were fit into theCS17 reconstruction to create a filamentmodel, using

the CFA/I filament as a template. After, we performed real-space refinement in PHENIX with five macrocycles of global minimization,

rigid body fitting of the full complex, and local grid search using secondary structure and Ramachandran restraints. This created a

model that fit well to the density, but still had a high clash score. To address this, we further manually refined the centrally located

subunit in ISOLDE. After minimizing the clashscore, the central subunit was extracted from the structure file and multiple copies

were refit into the cryo-EM density using the Chimera fit-in-map tool.41 After refitting the model, we performed validation using phe-

nix.validation_cryoem and all relevant statistics were compiled into the cryo-EM data collection, refinement and validation tables.

CS20

There were no published structures of CS20 and no atomic models of pilins with high enough genetic similarity to produce a homol-

ogy model. We therefore used the de novo structure prediction program DeepTracer,38 using only the CsbA amino acid sequence

and our 3.4 Å reconstruction density map to model the backbone of the subunit5. Following the pipeline described in the original

DeepTracer paper, after the backbone prediction we used the program, SCWRL4,39 to predict the side-chain orientations. Using
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this workflow, we obtained a full model for the CS20 subunit fitted into our cryo-EMdensity. Although the backbone largely fit well into

the density, further refinements maximized the model’s fit to the map density and reduced atom clashes.

Subsequent refinements of the CS20 filament were very similar to the CS17 and CFA/I workflows. Initially, we fit multiple copies of

the de novomodel into the cryo-EM density to create a filament pdb to be passed through real-space refinement in PHENIX with five

macrocycles of global minimization, rigid body fitting of the full complex, and local grid search using secondary structure and Ram-

achandran restraints. After this refinement, wemanually refined the centrally located subunit in ISOLDE to further maximize fit to map

as well asminimize clashes. Once complete, the central subunit was extracted from the pdb andmultiple copies were used to rebuild

the filament model using the Chimera fit-in-map tool. After fitting the subunits into the filament, we performed validation using phe-

nix.validation_cryoem and all relevant statistics were compiled into the cryo-EM data collection, refinement and validation tables

Interaction energy and buried surface area calculations
Interaction energies were used to determine the strength of association between individual subunits within the pili filaments. We per-

formed this analysis to determine the strength of the interactions that must break in order for an individual subunit to begin to unwind

from the filament. These interactions primarily include the n to n+3 and to the residues from n+4 that sit in the n+3 groove in CFA/1,

CS17, and type 1 pili. However, for CS20 and P pili the staple also plays a role. Interaction energies were calculated using the NAMD

protocol in VMD32 and they include both electrostatic and van der Waals interactions. Buried surface areas were calculated using

COCOMAPS.34 Values were computed for interactions between n and n+3 and n+4 subunits for all pilus types.

Filament unwinding using optical tweezers
To measure the biophysical properties of CS17 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 (UPlanSApo60xWIR, x60/

1.2 NA; Olympus) and a 1,920x1,440 pixel CMOS camera (C11440-10C, Hamamatsu). The system design has been described pre-

viously.47 To sample force data with a high signal-to-noise ratio with a minimal amount of drift, we used the Allan variance method to

identify noise.48We used the power spectrummethod to calibrate the trap by sampling themicrosphere’s position at 131,072 Hz and

averaging 32 consecutive datasets acquired for 0.25 s each.25 To extend a pilus, we moved the piezo stage at a constant speed of

100 nm/s and sampled the force and position at 50 Hz.

In a DFS measurement a pilus that underwent constant unwinding in region II was extended for a preset distance (� 3 mm) with

velocities above the steady-state velocity.26 Prior to DFS measurement a pilus was extended at steady-state velocity (0.1 mm/s) to

identify the total length of the unwinding region as well as to reduce multi-pilus bindings to a single pilus binding to the bead. With a

known length of region II, a pilus was partially rewound to provide a 3-mm-long region for unwinding without reaching region III. The

3 mm region was then extended at five different velocities: 0.1, 0.4, 1.6, 6.4, and 25.6 mm/s. The corresponding force and position

responses were acquired at 5 kHz sampling rate. After each pull a pilus was allowed to rewind to the start position under steady-state

velocity (0.1 mm/s), and the stage was paused for 2 s before the next pull was initiated with higher velocity.

Description of the sticky-chain model
The sticky-chain model is an analytical model that describes the force-extension response of a helixlike pilus under tensile stress.24

The model is built upon elastic elongation of tandem connected subunits and rate equations for force-assisted bond-opening ac-

cording to Bells theory.30 In the model, a bond can either be in a closed state A or an open state B, and the bond opening rate of

region II under an applied force, F, is given as a rate equation according to,

dNB

�
dt = kthABe

FDxAT=kT � kthABe
ðDVAB �FDxTBÞ=kT ; (Equation 1)

where k is the Boltzmann factor, T the temperature, kthAB is the thermal bond opening rate,DxAT andDxTB are the bond lengths, i.e., the

distance from the closed and open state to the transition barrier, and DVAB is the energy difference between the two states. For high

extension velocities, the refolding rate in Equation 1 (second term on the right side) can be neglected, and the rate equation simplifies

to an expression relating the unwinding force to the extension velocity, _L, as

Fð _LÞ = kT
�
DxAT ln

�
_L
�

_L
th�

; (Equation 2)

where _Lth the thermal extension speed.49 By using Equation 2 it is thereby possible to use unwinding force data at different velocities

to assess the bond length, DxAT . Further, from the data, it is also possible to find the corner velocity, that is the transition point that

separates the steady-state and dynamic region. Thus, the corner velocity can be defined as themaximumextension velocity of a pilus

before any increase in velocity leads to an increased unwinding force.

Molecular dynamics simulations
All molecular dynamics simulations and system preparation were performed using the software Amber20/AmberTools21.45 The

ff14SB force field50 was used for protein parameters, and the TIP3P force field51 was used for water molecules. The Joung and

Cheatham parameters were used for monovalent ions.52 All modeled systems were comprised of seven pilin subunits (a 7mer sys-

tem), in addition to the complementary b-strand in the base subunit of each 7mer filament to complete the pilin fold. The structures

used for each of the systems are listed in the Supporting Information. Each system was energy minimized, heated, and equilibrated
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using the same protocol before steered molecular dynamics simulations were carried out. Steered molecular dynamics simulations

were carried out at a constant pulling speed of 1 Å/ns, and five trial runs were carried out for each system. Contacts are defined as

alpha carbons of two amino acids coming within a 0.8 nm cutoff of one another.

The Amber20/AmberTools2145 program was used to parameterize and simulate all of the systems. Each system consisted of a

7mer filament, along with a complementary b-strand inserted into the base subunit to complete its pilin fold. The initial coordinates

used for each system were: (1) CFA/I (PDB: 8EHR), (2) CS17 (PDB: 8EHS), (3) CS20 (8EHT), (4) P pilus (PDB: 5FLU)8, and (5) Type 1

pilus (PDB: 6Y7S). Systems were oriented such that the filament axis points along the z-direction, which was also the direction of

pulling in the steered molecular dynamics simulations. The force fields used to describe the interactions in the system included

the FF14SB force field50 for protein parameters and the TIP3P force field51 for the description of water. Counterions were parame-

terized using the Joung and Cheathammonovalent ion parameter set.52 All systems were placed into a rectangular box of TIP3P wa-

ter, and the boxwas constructed to include 12 Å of water in the x and y directions and 160 Å of water in the z direction. The large buffer

in the z direction allowed for large-scale unwinding of the 7mer filament under force. The CS20, P pilus, and Type 1 pilus also contain

disulfide bonds, and those were created using tLeap during system parameterization by changing cysteine amino acids names from

CYS to CYX in the input PDB coordinate files.

Preparation of each of the systems for steered molecular dynamics simulations followed the approach previously used to prepare

the P pilus system.9 Here we describe the main features of this protocol, as well as some of the specifics for the CFA/I, CS17, CS20,

and Type 1 pili. The P pilus simulation data presented in this paper is derived from the simulations conducted in 9 and therefore the

specific details of the P pilus methodology are not described again here, as they are found in that publication.

For all systems, energy minimization was carried out using a total of 5000 cycles (first 3000 steepest descent minimization steps

followed by 2000 conjugate gradient minimization steps). During minimization a force constant of 10.0 kcal mol
� 1�A

� 2
was applied to

all alpha carbons in the system, while all other atoms remained unrestrained. After minimization was completed, all systems were

gradually heated to the target temperature of 300 K. The first stage of heating was carried out at constant volume and lasted

50 ps. During that stage the systems were heated from 0 K to 100 K over 20 ps, and then the system was maintained at 100 K for

an additional 30 ps. Next, a constant pressure phase of heating was used, during which the system temperature was gradually

increased from 100 K to the final target temperature of 300 K. The same force constant of 10.0 kcal mol
� 1�A

� 2
was applied to all alpha

carbons in the systemduring the heating phase tomaintain overall protein structure. The next stage of simulation was an equilibration

in the NPT ensemble. During equilibration the temperature was held at 300 K and the pressure was set to 1 bar. The restraints on the

alpha carbons of the filament systems were gradually changed over time during equilibration as described in Table S1.

For all steered molecular dynamics simulations, the jar = 1 option was used in Amber20. Steered molecular dynamics simulations

were performed using the same temperature and pressure conditions as in equilibration described above. The collective variable for

pulling on the systemwas defined as the z-component of the center of mass distance between the alpha carbons of subunit 1 (the tip

subunit) and the alpha carbons of subunits 5, 6 and 7 (not including the alpha carbons of the N-terminal extension (NTE) b-strand of

subunit 5 to allow for its flexibility during extension, and not including the alpha carbons of the NTE b-strand inserted into subunit 7

that completes its pilin fold). The tip subunit is defined as the ‘‘pulled’’ group and the second selection at the base of the filament is

referred to as the ‘‘fixed’’ group. We apply a force constant of 0.5 kcal mol
� 1�A

� 2
to restrain the alpha carbons in the fixed group.

More detailed descriptions of the amino acids used to define the fixed and pulled groups of atoms are given below. Restraining

the fixed group of atoms allows us to unwind four of the subunits in the 7mer system while the bottom three subunits remain fixed

in space representing the bottom of the filament bound to a surface. The additional restraints also serve the purpose of overall rota-

tional and translational motion of the 7mer system while the steered molecular dynamics simulations are carried out. Systems were

extended at a constant speed of 1 Å/ns, and the pulling forcewas applied along the z-direction which coincideswith the filament axis.

The pulling spring used a spring stiffness of 10 kcal mol
� 1�A

� 2
. All stages of the simulations, including heating, equilibration, and

steeredmolecular dynamics, used a 2 fs time step which was possible due to the application of the SHAKE algorithm. Constant tem-

perature was maintained using the Langevin thermostat with a 1 ps� 1 collision frequency, and the Monte Carlo barostat was used to

keep a constant pressure of 1 bar. The particle mesh Ewald method was used for calculations of the long range electrostatic forces

and otherwise the cutoff for real space interactions was set to 8 Å.

Definitions of restrained selections during stages 6 and 7 of equilibration, and definitions of fixed and pulled groups during steered

molecular dynamics simulations:

CFA/I

d Equilibration stage 6.
– restraints on alpha carbons of residues 1–13 (NTE b-strand of base subunit 7), residues 1–146 of subunit 7, residues 1–146 of

subunit 6, and residues 16–146 of subunit 5.

d Equilibration stage 7.

– restraints on alpha carbons of residues 1–13 (NTE bstrand of base subunit 7), residues 1–146 of subunit 7, residues 1–146 of

subunit 6, residues 16–146 of subunit 5, and residues 1–146 of subunit 1.

d Steered molecular dynamics.

– restraints on alpha carbons of residues 1–13 (NTE bstrand of base subunit 7), residues 1–146 of subunit 7, residues 1–146 of

subunit 6, and residues 16–146 of subunit 5.
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– Pulled group defined as the alpha carbons of residues 14–146 of subunit 1.

– fixed group defined as the alpha carbons of residues 1–13 (NTE b-strand of base subunit 7),residues 1–146 of subunit 7,

residues 1–146 of subunit 6, and residues 16–146 of subunit 5.
CS17

d Equilibration stage 6.
– restraints on alpha carbons of residues 1–12 (NTE b-strand of base subunit 7), residues 1–145 of subunit 7, residues 1–145 of

subunit 6, and residues 16–145 of subunit 5.

d Equilibration stage 7.

– restraints on alpha carbons of residues 1–12 (NTE b-strand of base subunit 7), residues 1–145 of subunit 7, residues 1–145 of

subunit 6, residues 16–145 of subunit 5, and residues 1–145 of subunit 1.

d Steered molecular dynamics.

– restraints on alpha carbons of residues 1–12 (NTE b-strand of base subunit 7), residues 1–145 of subunit 7, residues 1–145 of

subunit 6, and residues 16–145 of subunit 5

– Pulled group defined as the alpha carbons of residues 16–145 of subunit 1.

– Fixed group defined as the alpha carbons of residues 1–12 (NTE b-strand of base subunit 7), residues 1–145 of subunit 7,

residues 1–145 of subunit 6, and residues 16–145 of subunit 5.

CS20

d Equilibration stage 6.
– restraints on alpha carbons of residues 1–19 (NTE b-strand of base subunit 7), residues 1–172 of subunit 7, residues 1–172 of

subunit 6, and residues 24–172 of subunit 5.

d Equilibration stage 7.

– restraints on alpha carbons of residues 1–19 (NTE b-strand of base subunit 7), residues 1–172 of subunit 7, residues 1–172 of

subunit 6, residues 24–172 of subunit 5, and residues 1–172 of subunit 1.

d Steered molecular dynamics.

– restraints on alpha carbons of residues 1–19 (NTE b-strand of base subunit 7), residues 1–172 of subunit 7, residues 1–172 of

subunit 6, and residues 24–172 of subunit 5

– Pulled group defined as the alpha carbons of residues 22–172 of subunit 1.

– Fixed group defined as the alpha carbons of residues 1–19 (NTE b-strand of base subunit 7), residues 1–172 of subunit 7,

residues 1–172 of subunit 6, and residues 24–172 of subunit 5.

P pilus

d Equilibration stage 6.
– restraints on alpha carbons of residues 1–20 (NTE b-strand of base subunit 7), residues 1–163 of subunit 7, residues 1–163 of

subunit 6, and residues 21–163 of subunit 5.

d Equilibration stage 7.

– restraints on alpha carbons of residues 1–20 (NTE b-strand of base subunit 7), residues 1–163 of subunit 7, residues 1–163 of

subunit 6, residues 21–163 of subunit 5, and residues 1–163 of subunit 1.

d Steered molecular dynamics.

– restraints on alpha carbons of residues 1–20 (NTE b-strand of base subunit 7), residues 1–163 of subunit 7, residues 1–163 of

subunit 6, and residues 21–163 of subunit 5.

– Pulled group defined as the alpha carbons of residues 16–163 of subunit 1.

– Fixed group defined as alpha carbons of residues 1–20 (NTE b-strand of base subunit 7), residues 1–163 of subunit 7, res-

idues 1–163 of subunit 6, and residues 21–163 of subunit 5

Type 1 pilus

d Equilibration stage 6.
– restraints on alpha carbons of residues 1–18 (NTE b-strand of base subunit 7), residues 1–159 of subunit 7, residues 1–159 of

subunit 6, and residues 20–159 of subunit 5.

d Equilibration stage 7.

– restraints on alpha carbons of residues 1–18 (NTE b-strand of base subunit 7), residues 1–159 of subunit 7, residues 1–159 of

subunit 6, residues 20–159 of subunit 5, and residues 1–159 of subunit 1.

d Steered molecular dynamics.

– restraints on alpha carbons of residues 1–18 (NTE b-strand of base subunit 7), residues 1–159 of subunit 7, residues 1–159 of

subunit 6, and residues 20–159 of subunit 5.

– Pulled group defined as the alpha carbons of residues 21–159 of subunit 1.

– Fixed group defined as alpha carbons of residues 1–18 (NTE b-strand of base subunit 7), residues 1–159 of subunit 7, res-

idues 1–159 of subunit 6, and residues 20–159 of subunit 5.
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QUANTIFICATION AND STATISTICAL ANALYSIS

d Fourier shell correlations were calculated using RELION; see Figure S2.

d PDB models were validated using PDB software; available at the PDB.

d Force extension data (n = 40) and dynamic force extension data (n = 13) were analyzed using Matlab 2021 and corresponding

figures were made in Origin 2021.

d The correlation analysis was made in Origin 2021.

d Steered molecular dynamics runs: n = 5 for each pilus.
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