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Article

Deep mutational scanning of the Neisseria
meningitidis major pilin reveals the importance of
pilus tip-mediated adhesion
Paul Kennouche1,2, Arthur Charles-Orszag1, Daiki Nishiguchi1 , Sylvie Goussard1,

Anne-Flore Imhaus1, Mathieu Dupré3, Julia Chamot-Rooke3 & Guillaume Duménil1,*

Abstract

Type IV pili (TFP) are multifunctional micrometer-long filaments
expressed at the surface of many prokaryotes. In Neisseria meningi-
tidis, TFP are crucial for virulence. Indeed, these homopolymers of
the major pilin PilE mediate interbacterial aggregation and adhe-
sion to host cells. However, the mechanisms behind these func-
tions remain unclear. Here, we simultaneously determined regions
of PilE involved in pilus display, auto-aggregation, and adhesion by
using deep mutational scanning and started mining this extensive
functional map. For auto-aggregation, pili must reach a minimum
length to allow pilus–pilus interactions through an electropositive
cluster of residues centered around Lys140. For adhesion, results
point to a key role for the tip of the pilus. Accordingly, purified pili
interacting with host cells initially bind via their tip-located major
pilin and then along their length. Overall, these results identify
functional domains of PilE and support a direct role of the major
pilin in TFP-dependent aggregation and adhesion.
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Introduction

Prokaryotes use a great variety of surface appendages in order to

interact with their environment. Type IV filaments (TFF) constitute

a class of closely related proteinaceous appendages characterized

by a conserved amino-terminal signature sequence of their major

constituent, the class III signal peptide (Berry & Pelicic, 2015).

They comprise type IV pili (TFP), the bacterial type II secretion

system (T2SS), and the archaellum (archaeal flagellum). Specifi-

cally, TFP are micrometer-long retractile and highly dynamic fila-

mentous appendages found at the surface of several pathogenic

bacteria such as Neisseria meningitidis, Neisseria gonorrhoeae,

Pseudomonas aeruginosa, and Vibrio cholerae (Berry & Pelicic,

2015). They mediate several functions including competence for

transformation (Seifert et al, 1990), interbacterial aggregation

(Blake et al, 1989), twitching motility (Merz et al, 2000), and

adhesion to host cells (Woods et al, 1980). The multiple functions

mediated by TFP place them as central components in the

pathogenicity of these bacteria.

N. meningitidis (or meningococcus), used in this study as a

model of TFP-expressing organism, is a diderm bacterium found as

a commensal in the human nasopharynx. Occasionally, the

bacterium can breach the oropharyngeal epithelial barrier and colo-

nize human blood vessels, eventually leading to sepsis and/or

meningitis (van Deuren et al, 2000). In a humanized mouse model,

this vascular colonization has been shown to be dependent on the

ability of bacteria to adhere to human endothelial cells (Melican

et al, 2013), resist shear stress through the reorganization of the

host cell plasma membrane (Mikaty et al, 2009), and form fluid

aggregates (Bonazzi et al, 2018). All these functions are dependent

on the presence of TFP, thus highlighting the importance of this

virulence factor in the pathogenesis of Neisseria meningitidis.

The mechanism behind the multiple functions carried by TFP

remains unclear, including for adhesion and auto-aggregation,

which are central to infection. Genetic approaches have pointed to

the importance of certain Pil proteins such as PilC1, PilV, and PilX.

Because pilC1 mutants fail to adhere to host cells while retaining

normal piliation levels and aggregation properties, this protein was

for a time thought to be an adhesin (Rudel et al, 1995; Morand

et al, 2004). PilV and PilX are part of a group of proteins desig-

nated as minor pilins as they all share a high degree of homology

with PilE but are expressed at much lower levels. Mutants in pilX

or pilV genes retain some level of piliation while loosing certain

functions (Winther-Larsen et al, 2001; Helaine et al, 2005; Mikaty

et al, 2009; Imhaus & Dumenil, 2014). It has been proposed that
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these minor pilins could be inserted periodically in the PilE scaf-

fold and would act as effectors, specifically mediating these func-

tions (Helaine et al, 2007; Coureuil et al, 2010). A more recent

study proposed an alternative hypothesis in which the reduced

piliation levels observed in pilV and pilX mutants, ~70 and ~30%

of wild-type levels, are sufficient to explain their phenotypes

(Imhaus & Dumenil, 2014). This hypothesis points back to PilE as

the central mediator of TFP-associated functions. This implies that

PilE is under an unusual number of functional constraints for a

17 kDa protein. First, to assemble retractile TFP, PilE must be able

to interact reversibly with several members of the piliation

machinery and itself (Georgiadou et al, 2012). Second, to support

pili bundling and aggregation, PilE must enable interactions

between TFP in a parallel and antiparallel fashion. Third, to medi-

ate adhesion, the major pilin needs a region that can interact with

components of the host cell surface.

Using a global approach as a starting point, the present study

explores the possibility that the pilin itself could directly carry out

adhesive and aggregative functions. Saturating mutagenesis

approaches have been successfully used in the past in N. gonor-

rhoeae on PorA and the N-terminus of PilE (Chen & Seifert, 2014;

Obergfell & Seifert, 2016). We decided to extend this approach by

taking advantage of the deep mutational scanning method (Fowler

& Fields, 2014) and applied it to the full-length PilE. This provided

functional maps of PilE for piliation, aggregation, and adhesion.

Mining this extensive dataset and confirming these observations

with de novo-generated mutant now provides novel insights in the

mechanisms underlying TFP-mediated interbacterial aggregation

and adhesion to human cells.

Results

Deep mutational scanning of the Neisseria meningitidis major
pilin PilE

A library of point mutants in the pilE gene (sequence type pilESB,

Nassif et al, 1993) was produced using error-prone PCR and

introduced into a strain unable to undergo antigenic variation

(guanine quartet mutant, Tan et al, 2015). Next-generation

sequencing of the genomic pilE locus of transformed bacteria

revealed that single-point mutations represented 35% of the

mutant library and only single mutants were considered for

the remainder of the analysis (Fig EV1A–C). Due to the nature of

the genetic code, single nucleotide substitutions can theoretically

generate four to seven amino acid substitutions. In this context,

the library was close to saturation levels, containing 90% of

possible amino acid variants (Fig EV1D). On average, every single

amino acid of the PilE protein sequence was mutated into 6 alter-

native amino acids.

This initial library was then submitted to three different carefully

validated selection schemes to independently assess surface pilia-

tion, auto-aggregation, and adhesion to host cells (Figs 1A and

EV1E–I). For the piliation selection, live bacteria were immunola-

beled with the 20D9 anti-pilus monoclonal antibody (Pujol et al,

1999) and sorted by FACS (Fluorescence-Activated Cell Sorting). For

the aggregation selection, bacterial suspensions from the initial

mutant library were allowed to aggregate for 2 h prior to filtration

through transwells with 5-lm pores. Finally, for the adhesion selec-

tion, human umbilical vein endothelial cells (HUVEC) were infected

with the initial mutant library for 4 h and washed extensively to

only retain adherent bacteria. Using next-generation sequencing, the

frequency of each single-point mutation in the three selected

libraries was compared to the frequency of the same mutation in the

initial library. The log2 of this ratio is indicative of whether muta-

tions are beneficial or detrimental to the function of interest and

was termed mutation score (Fig 1A). Overall, 1,147 different point

mutations distributed over the whole PilE sequence were associated

with three functional quantitative measurements, generating 3,441

data points.

Mutation scores of the stop and synonymous mutations were

used to control the validity of the resulting functional mapping. Stop

mutations are expected to induce a complete loss of piliation and

function, while synonymous mutations should be indistinguishable

from the reference strain. Indeed, the majority of stop mutations

were negatively selected as shown by their distribution at the left of

the volcano plots for the three functions (Fig 1B, blue dots). Conver-

sely, synonymous mutations were distributed evenly around the 0

value (orange dots). Overall, while a large number of mutations

affect piliation and associated functions, it is also worth noting that

a significant number of mutations have no significant effect or a

beneficial effect on pilus expression and functions. This likely

reflects the robustness of the piliation system regarding sequence

variations. We also observed that the mutation scores for each func-

tion were correlated to the mutation scores for piliation (Fig 1C).

This is consistent with the observation that piliation is a good

predictor of function (Imhaus & Dumenil, 2014) and further vali-

dates the strategy.

Mutations in the hyperconserved N-terminal region of the pilin
reveal a class of mutants with numerous but short pili that fail
to aggregate

Consequently, we first sought mutations that would affect auto-

aggregation but not piliation. To tease out such mutants, we

compared frequencies between the aggregation library and the pilia-

tion library (Fig 2A). Mutations altering auto-aggregation but not

piliation could be found all along the sequence (Fig 2A). Mutations

in the N-terminal part of the pilin are expected to have strong effects

on the piliation level since this conserved region is buried in the

core of the pilus structure (Kolappan et al, 2016), but mutants with

low aggregation and normal piliation levels are unexpected. We

thus first focused on the N-terminal part of the protein and under-

took a detailed analysis of the piliation of a subset of mutants in the

a1N region with such properties.

Neisseria meningitidis pilEL3H, pilEI4N, and pilEV9M mutants were

generated de novo and further studied (Fig 2A, inset 1). Piliation

levels of these mutants were first characterized using scanning elec-

tron microscopy and immunofluorescence on single bacteria

(Fig 2B and C). While the wild-type pilESB strain displayed a few

long pili as expected, pilEL3H, pilEI4N, and pilEV9M only expressed

numerous very short pili. The frequency of piliated bacteria also

seemed increased compared to the wild-type strain. These observa-

tions were then confirmed and quantified using flow cytometry

(Fig 2D). Analysis of the piliation level of the pilESB reference strain

revealed that, in the conditions used here, only around 7% of the
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population is piliated (Fig EV2A–D). Interestingly, conducting this

analysis on a large set of de novo-generated point mutations as well

as the underpiliated pilX and the hyperpiliated pilT mutants showed

a good correlation between the level of piliation per bacterium

assessed by flow cytometry and the percentage of piliated bacteria

(Fig 2D). In contrast, the pilEL3H, pilEI4N, and pilEV9M mutants were

outliers in this distribution with low piliation per bacterium but

with a higher percentage of piliated bacteria, reaching an average of

30% in the case of pilEL3H (Fig 2D, in green). This phenotype did

not result from a change in PilE expression levels as detected by

Western blot (Fig EV2D). Detailed analysis of the piliation of three

mutants in the a1N region of PilE thus reveals that they form a

particular class of mutants with a larger proportion of piliated

bacteria with short pili.

As expected from the mutational scanning, these de novo-generated

mutants with short pili showed a near-complete loss of ability to form

aggregates (Fig 2E). Mutating the pilT retraction ATPase was sufficient

to increase piliation of individual bacteria (Fig EV2E) and restore aggre-

gation in mutants with short pili (Fig 2E). This indicates that mutations

in these strains do not affect the intrinsic ability of the pili to form
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Figure 1. Deep mutational scanning of PilE.

A Representation of the overall work flow used in the study with the three selection schemes of pilE mutants and subsequent NGS-based analysis.
B Volcano plots of piliation, aggregation, and adhesion mutation scores for all pilE mutations. Stop and synonymous mutations are highlighted in blue and orange,

respectively.
C Adhesion and aggregation mutation scores relative to piliation. The correlation appears as a red dotted line.
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Figure 2. Implication of the amino-terminal region in aggregation.

A The level of aggregation relative to piliation level is represented as the Log2 of the ratio between the frequency of each single-point mutation in the aggregation
library relative to the frequency of the same mutation in the piliation library. Each dot represents a point mutant. Mutation type is color-coded as indicated in the
legend. Squares on the x-axis correspond to the original amino acids in the SB sequence with the protein secondary structure indicated below. Dotted lines represent
a two-fold threshold value. Bottom insets illustrate the mutations generated de novo and further analyzed in Figs 2 and 3.

B Scanning electron microscopy of single bacteria on a cellulose filter. Scale bar: 500 nm.
C Two representative immunofluorescence labeling of TFP. Scale bar: 1 lm.
D Piliation per bacterium as a function of the proportion of piliated bacteria normalized to pilESB values as measured by flow cytometry using the 20D9 monoclonal

antibody. Black dots indicate all the individual de novo-generated PilE mutants that were characterized. Blue dots indicate mutants of the piliation machinery and
green dots mutants in the a1N region. Solid lines indicate 95% confidence interval.

E Quantification of aggregation normalized to pilESB for a subset of outliers and corresponding pilT double mutants. Mean values � SEM are indicated for each strain.
N ≥ 3 independent experiments. Paired t-test. P < 0.05 (*), P < 0.01 (**).
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pili–pili interactions, and rather suggests that in these strains, pili are

too short to form stable interactions. Interestingly, mutants with short

but numerous pili not only had no defect in early adhesion, but even

had better adhesive properties thus providing further evidence for the

functionality of these pili (Fig EV2F). Together, these results support

the idea that pilus length is a critical determinant of aggregation and

highlight the importance of the N-terminal region of PilE in the balance

between pilus length and pilus number.

A patch of charged amino acids surrounding K140 in the C-
terminal part of PilE is necessary for aggregation

A second region of interest regarding auto-aggregation is the globu-

lar head domain located at the C-terminal end of the pilin. A face of

this domain is surface-exposed and has been suggested to be

involved in direct pilus–pilus interactions (Kolappan et al, 2016).

Since previous studies have indicated the importance of electrostatic

interactions between pili (Chamot-Rooke et al, 2011), we focused

on charged amino acids in this area of the protein (Fig 2A, insets 2

and 3). Mutations in three basic residues (K103, K144, and H149)

result in a decrease in aggregation, while a mutation in one acidic

residue (E99) leads to a strong increase in aggregation. Strikingly,

these four amino acids delineate a cavity in the pilus structure,

which is overhung by the bulky K140 (Fig 3A). We therefore

focused on this patch and generated de novo several mutations

around K140. Since we suspected that this region might be the

epitope recognized by the 20D9 monoclonal antibody used for pilia-

tion quantification in the screening strategy, we also used an alter-

native antibody directed against TFP (F10 nanobody) to assess the

piliation levels of these mutants (Charles-Orszag et al, 2018). While

there was an excellent agreement between the measurements made

with 20D9 and F10 (R2 = 0.94), we found two outliers in this distri-

bution, pilEQ122E and pilEK140Q (Fig 3B), showing that these two

amino acids are important constituents of the 20D9 epitope and that

these two mutants present unaffected piliation levels. This observa-

tion was confirmed by immunofluorescence (Fig 3C).
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Figure 3. Carboxy-terminal region of the pilin involved in aggregation.

A Pilus structure (PDB: 5KUA) showing a cluster of charged amino acids surrounding the protruding K140 involved in aggregation. N138 is in light blue; Q122 and K140
in orange; and E99, K103, K144, and H149 in dark blue.

B Piliation per bacterium as measured by flow cytometry using the 20D9 monoclonal antibody and the F10 nanobody.
C Visualization of type IV pili by immunofluorescence either using the 20D9 antibody or the F10 nanobody as indicated (magenta). In the case of the K140Q mutant

labeled with the 20D9 antibody, the background was made visible to convincingly show the absence of pilus labeling. Scale bar: 2 lm.
D Aggregation expressed as a function of piliation per bacterium measured with 20D9 antibody except for pilEQ122E and pilEK140Q for which the F10 nanobody value is

reported. Each dot represents values for a PilE point mutant relative to the SB strain. Hypo-aggregative mutants are highlighted in orange, while hyper-aggregative
mutants are in light blue. Solid lines indicate the 95% confidence interval.

E Quantification of PilX present in purified pili preparations sheared from the bacterial surface using Western blot. PilX levels were normalized using PilE as a reference
and normalized to pilESB values. Mean ratio � SEM is indicated. N = 3 independent experiments. Paired t-test.
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We next characterized the auto-aggregation abilities of the

mutants in the K140 region. Below a certain piliation threshold,

aggregation was lost (Fig 3D) as previously observed in the case of

the pilX mutant (Imhaus & Dumenil, 2014). Above this threshold,

aggregation increases progressively and is correlated with the pilia-

tion level. In contrast, mutations located in the K140 region formed

two outlying groups: one group with lower aggregative properties

(Fig 3D, indicated in orange) and a second with higher aggregation

levels (Fig 3D, indicated in blue). This supports the notion that local

charge and organization in this region are crucial for aggregation and

further indicates a central role of the positive charge of K140 in aggre-

gation. In addition, certain mutants with higher aggregation suggest

that the presence of hydrophobic residues on the pilus surface could

favor aggregation. Since PilX was described as a direct pilus-asso-

ciated pro-aggregative factor in some studies (Helaine et al, 2005,

2007), the possibility that mutations in the K140 region might affect

the association of PilX with pili was tested. Pili were purified by stan-

dard methods based on shearing in basic conditions followed by

ammonium sulfate precipitation (Chamot-Rooke et al, 2007) and the

levels of associated proteins evaluated by Western blot. Mutations in

the K140 area did not affect PilX copurification (Fig 3E). In addition,

this mutation did not alter pilin posttranslational modifications

(Table 1). Therefore, the electropositive region centered around K140

in the major pilin is essential for TFP-mediated aggregation.

Mutations specifically affecting adhesion but not aggregation
are found at the tip of the pilus

We then analyzed the results of the adhesion library. Various studies

have found that the ability of Neisseria meningitidis to adhere to human

cells is tightly linked to their ability to form aggregates, presumably by

allowing the accumulation of bacteria in three dimensions at the site of

adhesion (Helaine et al, 2005). A central objective of this section was

to explore whether regions of PilE specifically involved in adhesion

could be identified. The ratio of the mutation score for adhesion over

the mutation score for aggregation was thus determined for each muta-

tion (Fig 4A). Averaging the adhesion/aggregation ratio over a window

of five consecutive amino acids (magenta line) highlighted two regions

with a severe defect in adhesion centered around amino acids Y50 and

A131. Interestingly, these amino acids are located in regions of the pilin

monomer found at the tip of the pilus (heat map). In particular, the

conserved region surrounding Y50 is part of a EYYLN motif recognized

by the SM1 monoclonal antibody and has been shown to only be

exposed at the tip of the pilus when these are not under tension (Biais

et al, 2010; Brissac et al, 2012).

To confirm these observations, mutants in these two regions were

generated de novo and their ability to adhere to human endothelial cells

was assessed at 30 min after initial contact. At this early time point, the

contribution of aggregation is negligible and the adhesion of individual

bacteria remains dependent on the presence of TFP at the bacterial

surface as well as on accessory proteins such as PilC1, PilV, and PilX

(Fig EV3A–F). Plotting early adhesion levels as a function of aggrega-

tion levels highlights mutations with a specific defect in adhesion

(Fig 4B). Most interestingly, mutation H54Y showed a strong defect in

adhesion while maintaining a near-normal aggregation. Single amino

acid mutations in PilE are sufficient to induce a loss of adhesion,

thereby exhibiting more specific phenotypes than the pilV and pilC1

deletion mutants. Importantly, these phenotypes were not due to alter-

ations in pili number and length (Figs 4D and E, and EV4A). In addi-

tion, the amount of PilV associated with purified pilus fractions was

not affected by these mutations (Fig EV4B and C).

Under the hypothesis of a pilus tip-mediated adhesion, a predic-

tion would be that pilus number (i.e., number of pilus tips) is more

important than pilus length to promote efficient early adhesion. The

piliation level per bacterium as determined by flow cytometry, which

is mostly related to pilus length, would thus not correlate with early

adhesion. Accordingly, we could not find any significant correlation

between the piliation level per bacterium and early adhesion in the

mutants characterized in this study (Fig 4C). These results are in

contrast to what is observed at 4 h postinfection where aggregation,

and thus pilus length, comes into play (Fig EV4D and E).

Overall, this mutational analysis points to the possibility of a tip-

mediated adhesion mechanism. At the structural level, amino acids

that affect initial adhesion upon mutation form a patch at the pilus

tip (Fig 4F).

TFP adhere first by their tip and then along their side

The previous findings prompted us to examine microscopically

whether tip-mediated adhesion could be visualized directly. Shear

Table 1. Characterization of non-aggregative pili by mass spectrometry.

Pilin PTM M theo. M exp.
Delta
M (ppm)

Relative
abundance

PilESB Me × 1; GATDH × 1; PG × 1; Disulfide bond × 1 17,479.82 17,479.98 �9.3 100

Me × 1; GATDH × 1; PG × 2; Disulfide bond × 1 17,633.83 17,633.95 �7.0 86

PilEK140Q Me × 1; GATDH × 1; PG × 1; Disulfide bond × 1 17,479.79 17,479.95 �9.2 100

Me × 1; GATDH × 1; PG × 2; Disulfide bond × 1 17,633.79 17,633.92 �7.6 38

PilEQ122E Me × 1; × 1; PG × 1; Disulfide bond × 1 17,480.81 17,480.93 �7.1 100

Me × 1; GATGATDH DH × 1; PG × 2; Disulfide bond × 1 17,634.81 17,634.94 �7.3 76

PilE proteins from the reference strain and two non-aggregative mutants (pilEK140Q and pilEQ122E) were analyzed by liquid chromatography coupled to high-
resolution mass spectrometry. Each table summarizes the results obtained for each sample in terms of molecular weight including posttranslational modification
composition. M theo is the theoretical mass; M exp, the mass measured experimentally; Me, methyl; PG, phosphoglycerol; GATDH, glyceramido-acetamido
trideoxyhexose; DeltaM, the difference between theoretical mass and experimental mass expressed in parts per million relative to theoretical mass; Relative
abundance (relative intensity). The most abundant ion in the deconvolved spectrum has a relative abundance of 100%, and the relative abundances of all other
peaks of the same spectrum are calculated relative to that one (definition from Proteome Deconvolution 3.0, Thermo Scientific).
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generated crude pili preparations were incubated with cells,

washed, labeled with a fluorescent nanobody, and imaged by spin-

ning-disk confocal microscopy. With this approach, numerous pili

bound to the surface of endothelial cells could be visualized.

Observation of different focal planes (z1-3) provided a three-dimen-

sional view showing rigid 1- to 2-lm-long pili seemingly attached

from one end of the pilus and standing away from the cellular

surface (Fig 5A and B). Accordingly, mechanical constraints
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generated by liquid flow led to the bending of pili toward cell

surface in the direction of the flow (Fig 5A and B; Movie EV1).

Subsequently, the ability of pili to bind along their length was evalu-

ated with increasing flow rates. With shear stress levels below

~5 dyn cm�2, the bending of pili over the cellular surface was rever-

sible and pili moved back to a vertical position when flow was inter-

rupted (Fig 5B and C). In contrast, when flow was applied at a

shear stress above ~5 dyn cm�2, pili remained adherent along the

cellular surface after the flow was interrupted (Fig 5B and C). This

result is in favor of a scenario where pili initially bind to cells by an

extremity, tend to remain in a vertical position and when

constrained can bind along their side.

The occurrence of adhesion along the length of pili following

application of liquid flow could be in favor of force-dependent

conformational changes that would expose additional epitopes on

the pilus length (Biais et al, 2010; Lu et al, 2015). Yet, forces

exerted on pili in our experimental setup were evaluated (Fig 5D

and Appendix) to range between 1 and 4 pN. Such forces would

probably not be sufficient to induce the previously described confor-

mational changes that have been estimated to require forces in the

tens to hundreds of pN (Beaussart et al, 2014; Lu et al, 2015).

Microscopic observations of the behavior of adherent pili in flow

rather suggest that their vertical position is imposed by a restoring

torque. To explore whether this explanation is realistic, a physical

model was elaborated based on the following assumptions: (i) A

2-lm-long pilus can be modeled as a rigid slender rod since their

length is largely below their 5 lm persistence length (Skerker &

Berg, 2001); (ii) the rigid rod is considered attached to a plane with

a restoring torque bringing it back to its vertical position, and (iii)

the pilus rod is under thermal fluctuations (Fig 5D). In this model,

increasing shear stress results in the pilus leaning away from its

vertical position toward the cell surface (Fig 5E and Appendix).

Thermal fluctuations drive the pilus to explore around the equilib-

rium angle where shear stress and the restoring torque compensate

each other, which leads to stochastic adhesion of the pilus along its

length. This was sufficient to explain the experimental observations

and a single parameter fit reproduced the behavior of pili under flow

including the sharp change between reversion to vertical position

and adhesion along the pilus length (Fig 5C, red curve), supporting

the idea that the adhesion along pilus length is a secondary phenom-

enon following the initial tip adhesion.

In principle, the purified pili used in this experiment could be

interacting with cells through their distal tip or through their

hydrophobic proximal base. To distinguish between these two

situations, we used the SM1 monoclonal antibody, which specifi-

cally labels the distal tip of the pilus. Indeed, pili adhering on a glass

surface only showed labeling by the SM1 antibody at one extremity

of the fiber: the distal tip (Fig 5F, arrows). In contrast, on the same

fields of view, pili adhered to cells did not display any labeling by

the SM1 antibody, suggesting that TFP binding to human endothe-

lial cells masks their distal tip.

Finally, we reasoned that addition of the SM1 antibody to bacte-

ria prior to adhesion, should block the tip of the pilus, and prevent

adhesion to host cells. Bacteria were incubated with the SM1 anti-

body for 15 min prior to adhesion. A dose-dependent inhibition of

early adhesion could be observed reaching statistical significance at

20 lg ml�1 antibody (Fig 5G). Incubation of bacteria with the same

amount of the 20D9 monoclonal antibody, which binds along the

side of the pili, had no effect on early adhesion, confirming that the

effect of the SM1 antibody is not due to lateral binding along the

pilus. These data demonstrate that adhesion to human cells is initi-

ated at the tip of the pilus. Importantly, because the SM1 antibody

was raised against a sequence present only in the pilin protein,

these results strongly support the idea that PilE itself promotes

initial adhesion at the tip.

Discussion

Studying TFP functions presents specific challenges, in particular

due to their multiple interrelated functions and their highly dynamic

nature. In this study, we simultaneously explored three TFP func-

tions in an original and integrated fashion.

A first outcome of this study is the identification of regions of

the major pilin involved in bacterial auto-aggregation (Fig 6A–C), a

key property that promotes an efficient vascular colonization (Bon-

azzi et al, 2018). Because of the tight link between piliation levels

and aggregation, the introduction of a cytometry-based technique to

quantify piliation was critical to this investigation. This approach

first led to an unexpected observation related to the amino-terminal

a1N region of PilE. Mutations in this region lead to a particular

class of mutants with numerous but short pili that are deficient for

aggregation (Fig 6B). These observations suggest that: (i) a mini-

mum pilus length is necessary to enable aggregation and (ii) the

a1N region is involved in the balance between pilus length and

number. The high conservation of this region throughout diverse

type IV filaments will provide means to test this hypothesis in vari-

ous systems. Accordingly, similar mutations in the a1N region of

◀ Figure 4. Residues of the pilin localized toward the distal end of pili are involved in early adhesion.

A The ratio between the adhesion and aggregation mutation scores for each amino acid in the PilE sequence is represented as dots. Mutation type is color-coded as
indicated in the legend. The superimposed magenta line represents the average ratio averaged over a moving window of 5 amino acids (right axis). Shaded areas
highlight the two regions identified as important for adhesion. The yellow to red heat map along the pilin sequence indicates the axial position of the amino acid in
PilE as shown on the structure of PilE (distal tip in red, proximal tip in yellow).

B Early adhesion of pilE mutants as a function of aggregation. Values were normalized to that of pilESB. Each dot represents a pilE mutant and the pilV, pilD, pilX, and
pilC1 reference mutants. Mutants in the region surrounding A131 are in green and those surrounding Y50 in purple. A blown-up view of the zone of interest (lower
left quarter) is presented on the right panel. The shaded area highlights the absence of significant adhesion.

C Early adhesion of PilE mutants as a function of piliation per bacterium normalized to that of pilESB.
D Piliation length of a selection of mutants determined by immunofluorescence. Average pilus length � SEM is indicated. N = 6 experiments with at least 50 bacteria

analyzed in each experiment. Paired t-test.
E Number of pili per bacteria � SEM determined as in (E). Paired t-test. P < 0.05 (*).
F Amino acids from the two regions identified in panel (A) are highlighted in purple and green. The SM1 epitope is colored in light purple.
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the major pilin of P. aeruginosa and N. gonorrhoeae have also been

shown to lead to defects in microcolony formation (Chiang et al,

1995; Park et al, 2001). Several mechanisms could account for this

new role of the amino-terminus of PilE. This region has been

proposed to be involved in regulation of self-expression of the

major pilin PilA in P. aeruginosa (Kilmury & Burrows, 2016), but it

is not the mechanism at play here. We would favor a hypothesis

where mutations in the N-terminal part of the protein affect interac-

tion with the piliation machinery. Indeed, in N. meningitidis, PilE

has been shown to interact with several components of the machin-

ery (PilG, PilN, and PilO) at least partially through its N-terminal

domain (Georgiadou et al, 2012). These interactions of the major

pilin with the machinery are probably critical for the initiation of

pilus assembly, which would then determine the dynamics of exten-

sion and retraction.

A second region of PilE required for aggregation is located on the

pilus surface around K140. The importance of K140 for pilus bund-

ling and bacterial adhesion had been suggested based on sequence

comparison of hyper- and hypo-adherent variants (Marceau et al,

1995) and more recently by structural data (Kolappan et al, 2016)

where it appears as a hook-like structure protruding from the pilus,

perhaps allowing the interaction with another pilus. In addition, the
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limited sequence conservation of these residues among N. meningi-

tidis strains (Fig 6A) could suggest that different structural determi-

nants in this region could participate in aggregation in different

strains. The determinants of physiological or pathological protein

aggregation have been studied intensively for instance in the context

of amyloid fiber formation (De Baets et al, 2014). These studies

reveal the presence of aggregation-prone regions composed of 5–15

amino acids that tend to auto-aggregate. Similar properties could

explain how the major pilin can exhibit a high level of sequence

diversity while retaining aggregative properties. More structural and

biochemical work on these complex multimeric structures is

required to further decipher the molecular mechanism of pilus–pilus

interactions.

This study provides several arguments in favor of an adhesion

process initiated at the tip of TFP (Fig 6D). First, global mapping of

adhesion obtained through deep mutational scanning points to the

tip as a key element in early adhesion. Second, early adhesion of

pilin mutants in regions exposed at the pilus tip generated de novo

shows decreased adhesion to human cells. Third, initial adhesion of

bacterial cells is inhibited by the SM1 monoclonal antibody, which

preferentially binds the tip of the pilus. This monoclonal antibody

also binds along the pilus length when pili are under tension, but

this is unlikely to have an impact as another monoclonal antibody

(20D9), which binds along the pilus length does not inhibit adhe-

sion. Finally, direct microscopic visualization of the adhesion of

purified pili to human cells shows that they bind cells via their distal

tip. Interestingly, a tip-mediated mechanism of binding has previ-

ously been reported in P. aeruginosa by imaging fluorescently

labeled pili of live bacteria adhering to quartz (Skerker & Berg,

2001; Tala et al, 2019).

This also suggests that the pilin itself would be located at the

pilus tip and would interact with host cells. The ability of the SM1

antibody directed against a major pilin epitope to inhibit initial

bacterial adhesion is in favor of this scenario. The exact nature of

the pilus tip is currently unclear, but this result is in contradiction

with studies indicating that other proteins such as minor pilins asso-

ciate with pili and could potentially form the pilus tip. The existence

of a structurally distinct pilus tip is well characterized for other pilus

type such as the chaperone-usher pilus present in uropathogenic

E. coli (Hospenthal & Waksman, 2019). Electron microscopy images

of type I pili show a thin tip fibrillum attached to the pilus itself.

This tip contains the adhesin. In type IV pili, however, no identifi-

able structure has ever been visualized at the tip, thus providing

little information. In the case of the Neisseria spp., the PilC1 protein

was initially placed at the pilus tip although later studies were in

favor of a location in the outer membrane (Rudel et al, 1995;

Morand et al, 2004). Nevertheless, in Pseudomonas aeruginosa,

PilY1, the PilC1 ortholog copurifies with sheared pili (Nguyen et al,

2015). Structural studies in the closely related type II secretion

system also suggested that a minor pilin complex composed of

GspIJK could fit at the pseudopilus tip (Korotkov & Hol, 2008).

Transposed in the piliation system, this study suggested that the

orthologous proteins PilI, J, and K could be located at the pilus tip.

This idea is strengthened by evidence for pilus association of these

minor pilins in P. aeruginosa (Giltner et al, 2010). A third group of

proteins could also be present at the pilus tip, the non-core minor

pilin PilV, PilX, and ComP. These proteins co-purify with pili and

play a role in adhesion, aggregation, and competence (Nassif et al,

1994; Wolfgang et al, 1999; Winther-Larsen et al, 2001; Helaine

et al, 2005; Mikaty et al, 2009). Overall, evidence of tip location of

these proteins is indirect, but if such proteins fully covered the tip of

TFP, we should not observe inhibition of adhesion by the SM1 anti-

body as it specifically binds PilE. Given the multimeric nature of the

pilus structure, one cannot exclude, however, the presence of

proteins in combination with PilE at the pilus tip. Nevertheless, the

inhibitory effect of the SM1 antibody we observe opens new thera-

peutic opportunities. In the case of non-typeable Haemophilus influ-

enzae infection, antibodies directed against the major type IV pilin

triggered biofilm dispersion and immunization against the protein

offered protection in a mouse model of otitis media (Novotny et al,

2015).

Observation of purified pili incubated with host cells under flow

also revealed a second type of adhesion that occurs along the length

of the pilus (Fig 6D). Purified pili initially interact through their tips

and in the absence of flow strikingly stand away from the cell

surface. This behavior likely reflects the flexibility of the particular

interface formed by the pilus tip and its receptors at the cell surface

as well as the relative rigidity of the pilus. Consistently, the 5 lm

◀ Figure 5. Interaction of purified type IV pili with cells.

A Time-lapse of a cell-adhered pilus fluorescently labeled with the F10 nanobody at three different focal planes. Initiation of flow corresponds to t = 0. Scale bar: 1 lm.
The video presented in Movie EV1.

B Schematic representation of the experimental setup. Changes in pili position were visualized by imaging different confocal planes (z1-3) using spinning-disk confocal
microscopy.

C Quantification of side adhesion of pili to HUVEC as a function of the shear stress applied. Cell-adhered pili were subjected to gradually increasing flow rates. Each
increase was followed by flow arrest and the number of pili adherent along their sides determined. The probability for pili to newly adhere along their side at the ith

flow was then calculated as Pi ¼ 1� Ni
Ni�1

, where Ni is the number of nonadherent pili after the application of the ith flow. N = 3 independent experiments. The red
curve corresponds to the fit based on the physical model described in the Appendix. Error bars correspond to mean � SEM.

D Schematic representation of the principles of the physical model of a pilus adhering via its tip submitted to shear stress. h is the angle relative to the vertical position
that fluctuates around the equilibrium angle h0 due to thermal fluctuations (blue arrow).

E Probability for the pilus to reach the angle h during the 30-s application of shear stress s as determined by the physical model fitted to the data in panel (C). The red
line is the equilibrium angle h0 and the purple shading the thermal fluctuations.

F Spinning-disk confocal immunofluorescence of pili stained with both SM1 (magenta) and F10 (green). The thick appearance of TFP is due to the primary and
secondary reagents used to detect them as well as diffraction of light. In each field of view, a substrate- and a cell-bound pilus are shown. Upper panels: z-projection
from the stacks in the xy plane; bottom panels: side view in the z plane. Scale bar: 2 lm. White arrows correspond to SM1 staining at the tip of pili.

G Quantification of adhesion after infection of HUVEC cells for 30 min, expressed as the number of adherent bacteria over the number of cell nuclei. Prior to infection,
bacteria were incubated at 37°C with or without antibody or nanobody for 15 min. Mean values � SEM are indicated for each strain. N = 5 independent
experiments. Paired t-test. P < 0.05 (*).
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persistence length measured for P. aeruginosa TFP is longer than

the sheared pili used here that are typically 2 lm in length (Skerker

& Berg, 2001; Tala et al, 2019). It takes a liquid flow with a shear

stress of a few dyn cm�2 to bend the pilus to adhere to the cellular

surface, thus allowing a second form of adhesion. The molecular

basis for this second adhesion remains unclear. One hypothesis

could be that flow-induced shear stress could stretch pili and

uncover new cell binding sites along the length of the pilus fiber,

but calculations suggest that this is unlikely to occur (Beaussart

et al, 2014; Lu et al, 2015). Binding along the pilus fiber on the

cellular surface evidenced here supports the recently described one-

dimensional wetting process that promotes plasma membrane

remodeling (Fig 6D) and depends on adhesion along the pilus nano-

fiber (Charles-Orszag et al, 2018). The specific pilin amino acids

involved in this second interaction remain to be identified.

The approach used here provides a framework to explore the

numerous multifunctional type four filaments found in bacteria and

archaea. In the particular context of Neisseria meningitidis infection,

this approach led to the identification of the specific structural

domains of the major pilin involved in a sequence of events leading

to infection: tip-mediated adhesion, adhesion along the length of the

pili followed by bacterial proliferation associated with auto-aggrega-

tion mediated by pilus–pilus interactions.

Materials and Methods

Antibodies and chemicals

The following antibodies were used for Western blots and

immunofluorescence: (i) polyclonal serum anti-PilE (Morand et al,

2004), anti-PilV (Mikaty et al, 2009), and anti-Rmp4 (Morand et al,

2001); (ii) mouse monoclonal antibody anti-PilE, clone 20D9 (Pujol

et al, 1999) and clone SM1 (Virji et al, 1983); (iii) Camelidae

nanobody anti-PilE clone F10 (Charles-Orszag et al, 2018). The

following goat secondary antibodies were used for immunofluores-

cence, Western blot, and flow cytometry: anti-mouse or anti-rabbit

IgG (H+L) coupled to horseradish peroxidase (Jackson Immuno-

Research Laboratories) and anti-rabbit or anti-mouse IgG (H+L)

coupled to Alexa Fluor 488, 568, or 647 (Life Technologies) and

mouse anti-His tag (Biolegend). 40,6-diamidino-2-phenylindole

(DAPI) was purchased from Life Technologies and Hoechst 33342

α1 α2 β1 β2 β3 β4 β5 β6 β7 α3

PilE

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151 161 20 50 75 100

Sequence 
conservation (%)

Pilus length Adhesion Aggregation Adhesion Aggregation

A

B N-ter region mutants (short pili) C K140 region mutants

D Tip-mediated adhesion
Adhesion along the length of the pili

1
2

Figure 6. Regions of the major pilin involved in the multiple functions of TFP.

A Sequence conservation determined from the BIGSdb database of Neisseria meningitidis sequences is represented as a heat map (Jolley & Maiden, 2010). Regions of
the protein involved in different functions as defined by this study are indicated as shaded areas.

B A category of mutants in the a1N amino-terminal region of the pilin express numerous but short pili and fail to auto-aggregate.
C Pilus–pilus interactions initiating bacterial auto-aggregation fail to occur in mutations affecting the area around K140. Arrows indicate pilus retraction.
D When in contact with cells, pili can interact through their tips (1) and then along their sides (2). Adhesion of the plasma membrane along the side of the pili mediates

one-dimensional wetting and membrane protrusion formation (Charles-Orszag et al, 2018).
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from Invitrogen. Trypsin-EDTA (0.05%) was purchased from

Gibco.

Bacterial growth conditions and mutagenesis

Neisseria meningitidis
8013/clone 12 (2C43) strain expressing the SB pilin variant was

used in this study (Nassif et al, 1993). In particular, a strain contain-

ing a deletion of the guanine quartet upstream of the pilE gene (Tan

et al, 2015) was used to minimize antigenic variation (see below for

the construction of this strain). Bacteria were grown on Gonococcus

Medium Base (GCB, Difco) agar plates supplemented with Kellogg’s

supplements (Kellogg et al, 1968) and, when required, 100 lg ml�1

kanamycin, 2 lg ml�1 erythromycin, 50 lg ml�1 spectinomycin, or

5 lg ml�1 chloramphenicol, at 37°C in moist atmosphere containing

5% CO2. Before adhesion and aggregation assays, bacteria were

grown with shaking at 37°C and 5% CO2. Bacteria were inoculated

at an OD600 nm of 0.05 in Human Endothelial-SFM (Gibco) supple-

mented with 10% heat-inactivated FBS and grown for 2 h-2 h 30.

Escherichia coli XL-1 Blue was grown at 37°C on liquid or solid

Luria-Bertani medium (Difco) containing 20 lg ml�1 chlorampheni-

col, 50 lg ml�1 spectinomycin, 30 lg ml�1 kanamycin, or

200 lg ml�1 erythromycin when necessary. The guanine quartet

mutant was generated as described by Tan and colleagues (Tan

et al, 2015) using fusion PCR with primers PK-30, 31, 32, and 33

and a chloramphenicol resistance cassette (see Dataset EV1). The

insertion of the chloramphenicol resistance cassette was verified by

PCR.

PilE point mutations
In order to increase transformation efficiency in N. meningitidis, we

modified the previous vector (TOPO-SB-Kan (Imhaus & Dumenil,

2014)) used for PilE mutagenesis as follows: We amplified genomic

DNA from the strain transformed with TOPO-SB-Kan by PCR using

the primer pair PK-10/21. This fragment was then cloned in TOPO-

pCR2.1 (Invitrogen). This plasmid was named TOPO-SB2-Kan and

used for pilE mutagenesis. To generate point mutations in pilE, we

used a single-primer one-step mutagenesis process (Huang & Zhang,

2017). Briefly, a mutagenic primer (listed in Dataset EV1) was used

to amplify the plasmid TOPO-SB2-Kan by PCR using Phusion poly-

merase. The PCR product was digested with FastDigest DpnI at 37°C

for 8 h and then inactivated at 80°C for 5 min. This product was

transformed in XL1 Blue cells, which were then selected on kana-

mycin-containing LB plates. Plasmids from single colonies were

sequenced and transformed in N. meningitidis as described above.

For primers and strains used in this study see Dataset EV1.

Mutant library generation and analysis

Random mutagenesis was performed using the GeneMorph II

Random Mutagenesis Kit. Following manufacturer’s instructions,

the mutagenic PCR was run with Mutazyme II polymerase using the

modified TOPO-SB2-Kan described earlier as a template and primers

PK-13 and PK-14. Mutagenic PCR products were purified and used

as megaprimers to PCR amplify TOPO-SB-Kan with Phusion

polymerase. The PCR product was digested with FastDigest DpnI

at 37°C for 8 h and then inactivated at 80°C for 5 min. This

product was transformed in XL1 Blue cells and then selected on

Kanamycin-containing LB plates. Mixed plasmids from all the trans-

formants were purified and transformed in N. meningitidis. Trans-

formants were selected on plates containing kanamycin, collected

the next day, and kept frozen until subjected to selection.

Piliation selection
Bacteria from the library were treated as described in the flow

cytometry section. Bacterial suspensions were then sorted with

MoFlo� Astrios for 1 h and collected in warm Human Endothelial-

SFM + 10%FBS. The sorted population was then plated on kana-

mycin-containing GCB plates.

Adhesion selection
Bacteria from the library were used to run a 2-h adhesion assay

following the protocol described below at the exception that all of

the final cell suspension was plated on kanamycin GCB plates.

Aggregation selection
Bacteria from the library were allowed to aggregate at an OD600 nm of

0.6 for 2 h in Millicell Cell Culture Inserts for 24-well plates with a

5 lm pore size. Medium was flown-through several times. The

membrane was then vortexed in medium to collect the bacteria,

which were then plated. This process was repeated two times to

significantly enrich the library in aggregation-positive bacteria.

Genomic DNA was then extracted from the different libraries. DNA

from each library was amplified by two separate PCR (20 cycles)

using two reverse pairs of barcoded primers (primers PK-34 to PK-

47) to obtain a more homogeneous coverage upon sequencing. The

PCR products were purified, and concentration was normalized using

Fragment analyzer (AATI) prior to sequencing. Paired-end sequenc-

ing (2 × 300 bp) was performed using an Illumina Miseq sequencer

at the Pasteur genomics platform. Resulting Fastq files were then

assembled, filtered, and analyzed for single nucleotide variations

using CLC Genomics workbench. Reads are available in BioSample

under accession numbers SAMN08971257 to SAMN08971272. The

read counts for single amino acid variation were further analyzed

using the EdgeR-dedicated script in the SARTools package (Robinson

et al, 2010; Varet et al, 2016). Resulting P-values and log values of

the ratio were used for downstream analysis.

Each selection was done at least in triplicates on three separate

days. The whole selection process was done twice, and the two

biological replicates were sequenced twice. This means that we ran

a total of 4 sequencing-runs (two biological duplicates and two

sequencing duplicates). Exhaustive data (mutation scores and asso-

ciated P-values) are presented in Dataset EV2.

Flow cytometry

Bacteria were resuspended directly from the GCB plates in human

endothelial medium + 10% FBS to an OD600 nm of 0.1 and incubated

for 30 min at 37°C. Bacterial suspensions were vigorously vortexed,

and 1 ll of an antibody mix of 20D9 and anti-mouse IgG (H+L)

coupled to Alexa Fluor 488 or 647 each at 100 lg ml�1 or 1 ll of an
antibody mix of F10-I at 30 lg ml�1 and mouse anti-His tag at

100 lg ml�1 and anti-mouse IgG (H+L) coupled to Alexa Fluor 488

or 647 at 100 lg ml�1 was added to 10 ll of the bacterial suspen-

sion and incubated at 37°C for 15 min. 500 ll of warm medium was

added to the tubes, samples were briefly vortexed, and samples
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were analyzed using a Gallios cytometer (Beckman Coulter). A total

of 50,000 events were recorded. Signal was gated in order to exclude

cell doublets or bigger aggregates, only removing a small proportion

of bacteria.

Aggregation assays

GFP-expressing or Hoechst-labeled bacteria precultured for 2 h up to

an OD600 nm of approximately 0.2 were pelleted (14,200 ×g for

1 min), washed, and concentrated at an OD600 nm of 0.6 in Human

Endothelial-SFM + 10% FBS. 500 ll of this suspension was

dispensed in a well of a 96-well l-plate with square wells (Ibidi).

Plates were incubated for 30 min at 37°C in moist atmosphere

containing 5% CO2, and three fluorescence images per well were

captured using a 4× objective. The surface covered by bacterial aggre-

gates was quantified in each field of view using a homemade macro

in Fiji (Schindelin et al, 2012). Co-aggregation assays were performed

similarly to aggregation assays with the exception that bacteria were

concentrated to an OD600 nm of 0.3 and that 250 ll of one bacterial

suspension was mixed with 250 ll of another bacterial suspension.
Bacterial localization in co-aggregates was determined using the

Radial Profile Plot ImageJ plugin on aggregates of similar size.

Adhesion assays

Human umbilical vein endothelial cells (HUVEC, PromoCell) were

used between passages 1 and 8 and grown in Human Endothelial-

SFM (Gibco) supplemented with 10% heat-inactivated FBS (PAA

Laboratories) and 40 lg ml�1 of endothelial cell growth supplement

(Sigma-Aldrich) and passed every 2–3 days. bEnd.3 cells were

grown in DMEM (Gibco) supplemented with 10% heat-inactivated

FBS. For 2–4 h adhesion, 105 cells were seeded in Costar� 24-well

TC-Treated plates the day before infection. On the next day, cells

were rinsed once and infected with midlog-phase bacteria (multi-

plicity of infection (MOI) of 100) at 37°C/5% CO2. Inoculum was

plated and quantified by CFU count. After 30 min of infection, cells

were rinsed tree times and incubated for 90 min. Again, cells were

rinsed three times. Infection was stopped at this stage for 2-h adhe-

sion but pursued for 2 more h for the 4-h adhesion assay. Cells were

rinsed three times and incubated in trypsin-EDTA (0.05%) until

detached. Trypsin was inactivated by adding culture medium. The

infected cells were vortexed and plated at appropriate dilutions on

GCB plates. Ratio of CFU after infection over CFU from the inoculum

was compared between strains.

For early adhesion assays, 3.5 × 104 cells were seeded in Cell-

star� 96-well plates (Greiner) the day before infection. On the next

day, cells were rinsed once. Hoechst was added to the medium at a

final concentration of 1 lg ml�1, and cells were infected with

midlog-phase GFP-bacteria (MOI 500) for 30 min at 37°C and 5%

CO2. Wells were rinsed three times and then fixed with 4%

formaldehyde for 30 min at room temperature. Wells were rinsed

three times with PBS and then imaged with a 40× objective. Each

infection was run in duplicate, and 16 images were taken per well.

A homemade macro in Fiji was used to count the number of bacteria

and nuclei per field of view. These values were summed for each

well, and a ratio of the total number of bacteria over the total

number of nuclei was used to evaluate the number of bacteria per

cell.

Scanning electron microscopy of type IV pili

Hydrophilic mixed cellulose esters filters, 13 mm in diameter

containing 0.025 lm pores (MF-Millipore, VSWp01300), were

placed in 24-well plate, layered with 500 ll of a bacterial suspen-

sion at an OD600 nm of 1 in Human Endothelial-SFM + 10% FBS,

and incubated for 30 min at 37°C and 5% CO2 in a humidified

incubator. 500 ll of pre-warmed 8% PFA in 0.1 M HEPES pH 7.4

was then added to the well and incubated at room temperature for

45 min. After three washing steps in HEPES, type IV pili were

blocked for 20 min in HEPES-0.2% gelatin (HEPES-G) and incu-

bated with 2 lg ml�1 20D9 antibody followed by 10 lg ml�1 goat

anti-mouse antibody coupled to Alexa Fluor 568 in HEPES-G, each

for 1 h at room temperature. Samples were then post-fixed over-

night at 4°C with 2.5% EM-grade glutaraldehyde in HEPES,

washed in HEPES, post-fixed in 1% OsO4 in HEPES for 1 h,

washed in distilled water, dehydrated in graded series of ethanol

(25, 50, 75, 90, and 100%), critical point dried in liquid CO2 in a

Leica EM CPD300, mounted on aluminum stubs and sputter-coated

with 15-nm gold/palladium in a Gatan PEC 682 gun ionic evapora-

tor. Imaging was performed in an Auriga scanning electron micro-

scope (Carl Zeiss) operated at 7 kV with an in-lens secondary

electrons detector.

Crude pili preparation

Crude pili preparations were obtained by suspending bacteria to an

OD600 nm of 10 in cold PBS. Bacteria were vortexed for 1 min at

maximum speed and then incubated on ice for 2 min. These steps

were repeated two more times. To separate pili from debris and

bacteria, the suspension was then centrifuged for 5 min at 9,000 ×g.

This was repeated twice.

Pili under flow

40,000 HUVEC were seeded in Ibidi channels (ibiTreat l-Slide VI

0.4) 1 day before conducting the experiment. On the next day, crude

pili of the reference strain were prepared. Cells were incubated with

5 ll of these preparations for at least 1 h. Channels were washed

gently three times with cell culture medium. Pili were then labeled

by incubating cells with 20D9 at a final concentration of 2.5 lg ml�1

and goat anti-mouse secondary antibody at a final concentration of

5 lg ml�1 for at least 15 min at 37°C and 5% CO2.

Channels were then perfused using a FlowEz Fluigent pressure-

controlled pump. Pressure was computer-controlled using the

company-built automation software. Every 30 s, pressure was alter-

natively turned off or increased by steps of 30 mbar (starting from

55 mbar) for a total duration of 9 min. Flow was then stopped. Cells

were imaged every 5 s for a total duration of 10 min using a 40× oil

immersion objective. Pilus inversion could easily be monitored by

visual inspection of the resulting videos, allowing to report thresh-

old pressure values yielding to pilus immobilization.

Flow pressure was converted to shear stress by first estimating

the flow using Fluigent’s conversion tool. Flow rate was then trans-

lated into shear stress using the following equation: s = g ∙ 176.1 ∙

Φ based on Ibidi’s documentation, where s is the shear stress

(dyn cm�2), g is the dynamical viscosity of the medium

(dyns cm�2), and Φ is the flow rate (ml min�1).
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Pili purification

Pili used for Western blots and mass spectrometry were prepared as

described previously (Gault et al, 2015). Briefly, bacteria from 10 to

12 petri dishes were harvested in 5 mL of 150 mM ethanolamine at

pH 10.5. Pili were sheared by vortexing for 1 min. Bacteria were

centrifuged at 4,000 ×g for 30 min at 4°C, and the resulting super-

natant further centrifuged at 15,000 ×g for 30 min at room tempera-

ture. The supernatant was removed, pili precipitated from the

suspension by the addition of 10% (vol/vol) ammonium sulfate

saturated in 150 mM ethanolamine pH 10.5 and allowed to stand

for 1 h. The precipitate was pelleted by centrifugation at 4,000 ×g

for 1 h at 20°C. Pellets were washed twice with PBS and suspended

in 100 ll distilled water.

Mass spectrometry analysis

Samples were analyzed in LC-MS using a Dionex UltiMate 3000 RSLC

Nano System coupled to an Orbitrap Fusion Lumos mass spectrome-

ter fitted with a nano-electrospray ionization source (Thermo Scien-

tific). 5 ll of protein sample was loaded at a flow rate of 5 ll min�1

onto an in-house packed C4 (5 lm, Reprosil) trap column (0.150 mm

i.d. × 35 mm) and separated at a flow rate of 0.5 ll min�1 using a

C4 (5 lm, Reprosil) column (0.075 mm i.d. × 340 mm). The follow-

ing gradient was used: 2.0% B from 0 to 7 min; 35% B at 8 min.;

60% B at 20 min.; 99% B from 30 to 34 min.; and 2.0% B from 34.1

to 50 min. Solvent A consisted of 98% H2O, 2% ACN, and 0.1% FA,

and solvent B consisted of 20% H2O, 80% ACN, and 0.1% FA.

MS scans were acquired at 120,000 resolving power (at m/z 400)

with a scan range set to 550–1,750 m/z, five microscans (lscans)
per MS scan, an automatic gain control (AGC) target value of

5 × 105, and maximum injection time of 50 ms. All MS scans were

charge-state deconvoluted and deisotoped with XTRACT in

Proteome Deconvolution 3.0 (Thermo Scientific) (70% fit factor,

minimum S/N = 2, remainder threshold = 10%, minimum of three

detected charge states, and a charge range of + 5 to + 30). Relative

abundance was calculated using an extracted ion chromatogram

(XIC) for each protein.

Immunofluorescence

For immunofluorescence, samples were fixed with PBS containing

4% formaldehyde for 30 min at room temperature. After rinsing,

samples were blocked in PBS containing 0.2% skin fish gelatin

(PBSG) for 30 min. Samples were then incubated with appropriate

combinations of the following: 20D9 diluted in PBSG at 2.5 lg ml�1

and/or SM1 diluted at 2 lg ml�1 or F10-I diluted at 4 lg ml�1 for

1 h and subsequently incubated with the secondary antibody anti-

mouse-Alexa Fluor 491 or 568 diluted in PBSG at 10 lg ml�1 and/or

DyLight 650 (Invitrogen) conjugated mouse anti-His tag for 1 h at

room temperature or overnight at 4°C.

Quantification of piliation by microscopy

Bacteria were precultured for 2 h in endothelial cell culture

medium. Bacterial suspensions were normalized to an OD600 nm of

0.2 and dispensed in Ibidi channels (ibiTreat l-Slide VI 0.4) and

incubated for 30 min at 37°C and 5% CO2. Bacteria were then rinsed

four times with PBS to recover adherent bacteria only. Samples were

then stained with 20D9 and DAPI as described in the immunofluo-

rescence section. Over 100 images were captured for each sample

using a 100× oil immersion objective. Quantification of piliation on

individual bacteria was performed automatically using a custom-

built Fiji macro (available upon request) taking advantage of the

Ridge Detection plugin. Downstream data analysis was only

performed on piliated bacteria.

SDS–PAGE and Western blot

Protein samples preparation, SDS–PAGE separation, transfer, and

immunoblotting were performed using standard biochemistry tech-

niques (Harlow & Lane, 1976 a Laboratory Manual). Proteins were

separated by SDS–PAGE in Tris-glycine gels containing 12–15%

polyacrylamide and transferred onto PVDF membranes (Thermo

Scientific) using semi-dry electrotransfer (Bio-Rad). Membranes

were blocked with PBS + 0.1% Tween-20 + 5% milk for 30 min

and incubated for 1 h with polyclonal antibodies (anti-PilE at

1/5,000; anti-PilV at 1/1,500) diluted in blocking solution.

Membranes were then incubated with horseradish peroxidase

(HRP)-coupled anti-rabbit antibody (1/10,000) in blocking solution.

Peroxidase activity was detected by enhanced chemiluminescence

(ECL-plus, Pierce) and recorded with a G:BOX Chemi multi-purpose

imaging system from Syngene. Protein quantities were analyzed

using the Fiji software.

Statistical analysis

GraphPad was used to plot graphs and run appropriate statistical

tests. Paired t-test was used in Figs EV1G and I, and EV2C and

EV3C–F, and EV4B and C, and one-way ANOVA was used in

Figs 2E and 3E, and 4D and E, and 5G, and EV2D and F Statis-

tical significance was defined by P < 0.05 (*), P < 0.01 (**), and

P < 0.001 (***).

Expanded View for this article is available online.
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