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The number of Neisseria meningitidis type IV pili
determines host cell interaction

Anne-Flore Imhaus™? & Guillaume Duménil>>

Abstract

As mediators of adhesion, autoaggregation and bacteria-induced
plasma membrane reorganization, type IV pili are at the heart of
Neisseria meningitidis infection. Previous studies have proposed
that two minor pilins, PilV and PilX, are displayed along the pilus
structure and play a direct role in mediating these effects. In
contrast with this hypothesis, combining imaging and biochemical
approaches we found that PilV and PilX are located in the bacterial
periplasm rather than along pilus fibers. Furthermore, preventing
exit of these proteins from the periplasm by fusing them to the
mCherry protein did not alter their function. Deletion of the pilV
and pilX genes led to a decrease in the number, but not length, of
pili displayed on the bacterial surface indicating a role in the initi-
ation of pilus biogenesis. By finely regulating the expression of a
central component of the piliation machinery, we show that the
modest reductions in the number of pili are sufficient to recapitu-
late the phenotypes of the pilV and pilX mutants. We further show
that specific type IV pili-dependent functions require different
ranges of pili numbers.
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Introduction

Type IV pili are filamentous organelles found on the surface of
a large number of bacterial species including several pathogens
(Pelicic, 2008). They can be found in different groups of proteobacte-
ria in species such as Vibrio cholerae, enteropathogenic Escherichia
coli, Pseudomonas aeruginosa, and Neisseria spp. More recently,
they were also found in firmicutes such as Clostridium perfringens,
illustrating the wide distribution of these structures (Varga et al,
20006). Type IV pili are part of a larger group of bacterial machiner-
ies. It is becoming increasingly clear that type II secretion systems

share several features with type IV pili (Hobbs & Mattick, 1993;
Giltner et al, 2012). Competence systems and flagella in archaea
also appear to function through common mechanisms (Peabody
et al, 2003). Type 1V pili and related structures are thus one of the
building blocks of the archeal and bacterial world.

The diversity and importance of functions carried out by type IV
pili are illustrated by the case of Neisseria meningitidis. In 5-30% of
the total human population, N. meningitidis thrives in the nasophar-
ynx without triggering any damage (Caugant et al, 1994). Bacteria
proliferate in bacterial aggregates, referred to as microcolonies, in
tight association with the epithelial surface (Stephens et al, 1983). In
vitro studies indicate that both adhesion to epithelial cells and auto
aggregation are mostly mediated by type IV pili (Carbonnelle et al,
20006). In addition, DNA exchange between different N. meningitidis
strains occurs via the natural transformation properties mediated by
type IV pili (Weyand et al, 2013). From the throat, bacteria can occa-
sionally access the bloodstream and trigger septic shocks and menin-
gitis. In the circulation, bacteria bind to the endothelium and
proliferate, often filling the vessel lumen (Guarner et al, 2004; Mairey
et al, 2006). A recent study involving a humanized model of infection
points to the importance of type IV pili in the ability of the bacteria to
adhere to human vessels and to trigger vascular damage (Melican
et al, 2013). Following adhesion to endothelial cells an intense cros-
stalk is initiated by type IV pili that leads to the reshaping of the host
cell plasma membrane with the formation of filopodia-like protru-
sions (Eugene et al, 2002; Soyer et al, 2014). Type IV pili are there-
fore involved in numerous steps of the N. meningitidis infection
process, in particular those involving interaction with the host cells.

Type 1V pili are composed of one main component, the major
pilin, PilE in Neisseria spp. This protein is composed of two
domains, a hydrophobic alpha helix and a beta sheet head that
contains a carboxy-terminal disulfide bond. The major pilin assem-
bles into a helical fiber with the alpha helix buried inside the center
of the structure (Parge et al, 1995; Craig et al, 2006). Determining
how this fibrous organelle carries out such diverse functions
remains a central challenge and requires a better understanding of
pilus biogenesis. Genetic screens have revealed that building a fully
functional type IV pilus requires over 20 proteins (Carbonnelle et al,
2006; Brown et al, 2010) although the function of most of these
proteins remains unknown. After translocation to the periplasm via
the general secretion pathway, pilins are cleaved by the PilD pepti-
dase (Lory & Strom, 1997). Once cleaved, the major pilin, assembled
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in fibers in the periplasm, exits the outer membrane through a pore
composed of the PilQ secretin (Wolfgang et al, 2000). The system is
powered by several ATPases, which provide the energy for the
extension or retraction of the pili fibers.

A subclass of proteins referred to as ‘minor pilins’ or ‘pilin-like
proteins’ share structural features with the major pilin. These
proteins contain a hydrophobic amino-terminal alpha helix and a
carboxy-terminal disulfide bond (Winther-Larsen et al, 2005).
Although a clear homology can be detected in the first 20-30 amino
acids of the minor pilins, the rest of the primary sequence bears no
homology, either among them or with the major pilin. Among this
subclass, a triad of proteins, PilV, PilX, and ComP, displays the
unique feature of conferring specific functions to pili rather than
promoting pilus biogenesis. The corresponding mutants lose specific
functions but still display type IV pili on their surface and maintain
other functions. These three proteins and the major pilin also have
in common a similar molecular weight range (15-20 kDa). The pilV,
pilX, and comP genes are located in unrelated regions of the bacte-
rial chromosome, however. Because type IV pili are still expressed
by the corresponding mutants, these genes were qualified as ‘acces-
sory’ to pilus biogenesis (Brown et al, 2010). In the absence of PilX,
bacteria fail to aggregate, adhere to host cells, and trigger plasma
membrane reorganization although they maintain competence
(Helaine et al, 2005; Brissac et al, 2012). In the absence of the
ComP minor pilin, competence is lost but pili are otherwise func-
tional (Wolfgang et al, 1999). Finally, the pilV mutant adheres to
host cells and is competent but fails to trigger plasma membrane
reshaping upon bacterial adhesion (Mikaty et al, 2009). An attrac-
tive hypothesis is that these minor pilins are localized in the pilus
fiber to carry out their effect (Helaine et al, 2007). In this view, the
minor pilins are of central importance in pilus biology as they are
the ‘effectors’ of this complex organelle. A number of reports have
provided arguments in favor of this hypothesis. In particular, PilX
was detected by immuno-electron microscopy associated with type
IV pili (Helaine et al, 2007). The crystallographic structure of PilX
showed the presence of a hook that could explain its role in aggrega-
tion by a homodimerization process (Helaine et al, 2007). In addi-
tion, the purified globular domain of PilV coated on the surface of
beads was sulfficient to lead to the accumulation of the B2-adrenergic
receptor under the beads suggesting a direct role in triggering

Figure 1. Periplasmic localization of the minor pilins PilV and PilX.
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intracellular signals (Coureuil et al, 2010). In the case of ComP, the
purified globular domain was recently shown to directly interact
with DNA in a sequence-specific manner (Cehovin et al, 2013).

Although the genetic evidence is compelling, questions remain
concerning the mode of action of these proteins. First, in terms of
localization, pilus association was addressed by electron microscopy
in the case of PilX but not for PilV or ComP. In addition, localization
of a proportion of the protein at a given site does not necessarily
reflect the actual site of action. Furthermore, recent evidence suggests
that PilX has a global effect on the conformation of pili implying a
possible indirect impact on pilus function (Brissac et al, 2012).

Because PilV and PilX are key players in type IV pili biology, the
objective of this study was to determine how these minor pilins exert
their functions. We provide evidence that these two minor pilins are
required for efficient initiation of pilus biogenesis and that this effect
is sufficient to explain the phenotype of the corresponding mutants.

Results

The majority of PilV and PilX proteins is localized in the
periplasm rather than associated with pilus fibers

The low amounts of protein expression, together with structural
similarities among the minor pilins and the major pilin, make deter-
mination of the localization of the minor pilins difficult. To address
this technical difficulty, minor pilins were tagged with the Flag
epitope (Munro & Pelham, 1984). This strategy offers high sensitiv-
ity and specificity due to the affinity of available antibodies directed
against this peptide.

To determine the localization of PilV and PilX, strains expressing
the minor pilins with a Flag tag placed in the loop formed by the
disulfide bond (D-region) were generated. Flagged constructs were
placed under the control of the lac promoter in the mutant back-
ground (pilVpilVFlag,q and pilXpilXFlag,q strains). Bacteria were
cultured in the presence of 25 pM IPTG to mimic endogenous expres-
sion (Supplementary Fig S1). As a positive control, a Flag tag was
inserted in the same site in the major pilin, PilE, and expressed under
the control of the lac promoter (pilEpilEFlag;,q strain). Staining of the
pilEpilEFlag;,q strain immobilized on coverslips with the anti-Flag

A Immunofluorescence detection of Flag-tagged PilE (left), PilV (middle), and PilX (right). Bacteria were visualized by staining their DNA with DAPI (blue), and anti-Flag
detection appears in green. In the case of PilV and PilX, the outer membrane had to be removed thus generating spheroplasts to obtain a signal.
B Demonstration of the sensitivity of the immunofluorescence detection. Flag-tagged PilE was co-expressed with the endogenous PilE although at a low level.

Detection was done in the presence of 10 uM IPTG generating a lower level of expression for the Flag-tagged protein than endogenous PilX or PilV levels. Bacteria are
visualized in blue with DAPI, pili in red using the 20D9 monoclonal antibody, and the PilEFlag in green with the anti-Flag polyclonal antibody. Arrowheads indicate
examples of co-localization of the PilEFlag signal and type IV pili.

Ability of the Flag-tagged PilV (pilVpilVFlaging Strain) to promote plasma membrane reshaping. Bacteria were incubated with endothelial cells for a period of 2 h, and
the fraction of microcolonies with efficient plasma membrane reorganization was determined using ezrin as a marker. The amount of added inducer (IPTG, uM) is
indicated. Arrows indicate conditions mimicking wild-type levels of expression. As in all the figures, each dot represents an independent experiment.

Ability of the Flag-tagged PilX (pilXpilXFlagi,q4 strain) to promote adhesion. Bacteria were incubated with endothelial cells for a period of 4 h, and the number of cell-
associated bacteria was determined.

Pili from the wild-type strain were purified by mechanical shearing and ammonium sulfate precipitation, and the amounts of the proteins of interest were analyzed
by Western blot. A total lysate diluted 100-fold from the starting bacterial suspension assesses the total amount of proteins, inside and outside of the bacteria. A total
lysate from the corresponding mutant indicates the specificity of the detection. Different dilutions of the result of the pilus preparation were loaded (tenfold, 1/10;
threefold 1/3, and undiluted, 1).

Quantitative analysis of pilus association. Intensity of the bands on the immunoblots generated by pilus purification was analyzed, and the proportion of pilus-
associated protein was plotted relative to the total. Each dot represents one experiment.

Data information: Data represent mean + SEM; ~ P < 0.0001; ns, not significant.
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monoclonal antibody showed fibers typical of type IV pili (Fig 1A, left
panel). In contrast, in the pilVpilVFlagy,q and the pilXpilXFlagig
strain, Flag staining could not be detected despite repeated attempts
using a highly sensitive back-illuminated camera (Evolve, Photomet-
rics). Occasionally, a single bacterium on these samples showed a
strong staining around the bacterial body, and we speculated that
these bacteria may have ruptured outer membranes. Accordingly,
bacteria with experimentally lyzed outer membranes showed intense
staining around the bacterial body, indicative of a periplasmic locali-
zation of both of the tagged proteins (Fig 1A, spheroplasts). To
demonstrate the sensitivity of the technique, we co-expressed the
pilEFlag construct under the control of the lac promoter with the
endogenous pilE gene (pilEFlag;,q strain). In the presence of 10 uM of
IPTG, reflecting a lower expression level than pilX or pilV genes, the
tagged major pilin could be readily detected along type IV pili in the
form of aligned dots (Fig 1B). Importantly, in both cases, for pilV and
pilX, complementation indicated that the Flag-tagged proteins were
fully functional including at expression levels mimicking the endoge-
nous expression. The Flag-tagged PilV was able to restore bacteria-
induced plasma membrane reorganization upon adhesion to human
umbilical endothelial cells (HUVECs, Fig 1C), and the Flag-tagged
PilX construct provided normal adhesion levels on the same cells
(Fig 1D). These results indicate that a large amount of these proteins
are localized in the periplasm rather than inside the pilus fiber.

In order to determine the proportion of periplasmic versus pili-
associated minor pilins, we took advantage of a well-established
pilus purification approach based on mechanical shearing and
ammonium sulfate precipitation (Wolfgang et al, 1998). A number
of reports describe the co-purification of a certain amount of PilV
and PilX with type IV pili but the proportion of co-purified minor
pilins relative to the total amount of these proteins is unknown
(Winther-Larsen et al, 2001; Helaine et al, 2005). Pili were purified
from wild-type bacteria, and the amount of PilV, PilX and the
major pilin PilE were determined in the pilus fraction as well as in
the initial bacterial suspension (Fig 1E). Quantitative analysis of
Western blot signals determined that 5.6 = 0.7% of the total major
pilin could be purified in these conditions reflecting the purification
efficiency and the balance between periplasmic and pili-associated
PilE (Fig 1F). In contrast, in the case of PilV and PilX, the proportion
of pilus-associated protein was much lower with 0.03 4+ 0.01 and
0.9 £+ 0.3%, respectively. These results were not significantly differ-
ent from those obtained with PilU, a cytoplasmic protein not expected
to associate with pili. These results confirm that, at best, only a minute
proportion of minor pilins are associated with pili.

Figure 2. Role of PilV and PilX in pilus biogenesis.
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PilV and PilX are necessary for optimal initiation of
pilus biogenesis

The presence of the minor pilins in the periplasm suggests a role in
the pilus machinery and pilus biogenesis. In addition, given their
common pilin-like structural features, we reasoned that PilV and PilX
could exert redundant functions in pilus biogenesis. To evaluate this
possibility, we reassessed the piliation levels of the pilV and pilX
mutants and the double mutant by ELISA on whole bacteria, and the
morphology of pili was observed using immunofluorescence.

Inactivation of pilV led to a minor but reproducible defect in pili-
ation with 61 + 7% of piliation relative to the wild-type strain
(Fig 2A). PilV overexpression not only rescued the amount of pili
but increased pili levels above wild-type levels. Similar results were
obtained for pilX with the mutant displaying a more severe pheno-
type with only 27 + 4% of piliation and the complemented strain
showing higher piliation than the wild type (Fig 2B). In addition,
the pilV and pilX mutations had a synergistic effect. The double
mutant could not be distinguished from the pilE deficient strain by
ELISA (Fig 2C). These results were confirmed by quantitative
biochemical pilus preparations (Supplementary Fig S2).

Decreased steady state amount of pili can be explained by a
decreased initiation of biogenesis, slower extension, or faster retrac-
tion. In the case of slower extension or faster retraction, pili should
be shorter but with the same number per bacterium. In contrast,
lower initiation rate would be predicted to produce a lower number
of pili with the same length. To further characterize these piliation
defects, pili were visualized on individual bacteria by immunofluo-
rescence and their number and length determined (Fig 2D). While
wild-type bacteria displayed an average of 5.5 + 0.3 pili on their
surface, pilV and pilX strains displayed 2.7 + 0.08 and 1.6 + 0.003,
respectively (Fig 2E and F). Pili lengths, however, were similar with
a trend toward longer pili in the pilV and pilX strains (Fig 2G and
H). These results indicate that PilV and PilX exert their effect at the
initiation of pilus biogenesis rather than extension or retraction.

Since a role for PilV and PilX in opposing PilT-dependent pilus
retraction was previously proposed (Carbonnelle et al, 2006), we
sought an additional experimental approach to confirm the above
result. If the effect of PilV and PilX was to slow down retraction, a
prediction would be that twitching motility, a process powered by
retraction, would be higher in the pilV and pilX mutants. Motility
assays indicate that the twitching motility of the pilV mutant is
indistinguishable from that of the wild-type strain (Fig 2I and J).
The pilX mutant has a slower motility, probably due to the

A ELISA analysis of surface-exposed pilin in the pilV mutant and complemented strains. Results are presented relative to the wild-type strain, given the value of 1.

ELISA analysis of surface-exposed pilin in the pilX mutant.
ELISA analysis of surface-exposed pilin in the pilVpilX double mutant.

m o O @

included.

Immunofluorescence analysis of pili on the surface of the indicated bacterial strains. DAPI is in blue and pilus staining in green (20D9).
Quantitative determination of the number of pili detected per individual diplococcus. The results of 3 independent experiments each with over 50 bacteria are

Frequency distribution of the number of pili per diplococcus expressed by the wild-type strain (black line), the pilV strain (blue line), and the pilX strain (red line).
Pili length measurement (um). The results of 3 independent experiments each with over 50 bacteria are included.

A typical track representing bacterial movement resulting from twitching motility over a 2-min period.

F
G
H Frequency distribution of the length of pili expressed by the wild-type, pilV and the pilX strains (same color code as in F).
|
J

Frequency representation of the different speeds of bacteria for the wild-type, pilV and pilX strains (same color code as in F).

-

Data information: Data represent mean + SEM; P < 0.05; """P < 0.001.
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decreased number of pili expressed by this strain. These results PilV and PilX exert their functions from the periplasm
confirm that PilV and PilX do not participate in the control of pilus
retraction but rather play a role in the initiation phase of pilus As shown above, the PilV and PilX minor pilins are mainly localized
biogenesis. in the periplasm. This does not however rule out the possibility that
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a small proportion of the proteins located in the pilus could carry
out their functional roles, particularly in terms of interaction with
host cells. To address this point, we designed a strategy to block
these proteins in the periplasm and assessed their function under
these conditions. Based on available structures of the secretin family
of proteins (Korotkov et al, 2012), we reasoned that fusing the
bulky mCherry protein to the carboxy-terminus of the minor pilins
would prevent their exit from the periplasm through the PilQ outer-
membrane pore.

The mCherry fusion constructs with PilE, PilV, and PilX all local-
ized in the bacterial periplasm and, as expected, no evidence of
organization as pilus fibers could be seen (Fig 3A). To confirm that
the PilE-mCherry fusion was retained in the periplasm, the amount
of pili expressed at the surface of this strain was determined by
ELISA on whole bacteria (Fig 3B). As previously described, the lac
promoter was insufficiently strong to provide full complementation
of pilE (Long et al, 2003). Nevertheless, expression of the unmodi-
fied pilE gene reached a piliation value of 0.21 + 0.04 relative to
wild-type level (value of 1). Validating our experimental strategy,
expression of the pilEmCherry fusion did not lead to any detectable
pili. In striking contrast, fusion of the mCherry protein to PilV and
PilX did not have any obvious impact on the capacity of these
proteins to initiate pilus biogenesis (Fig 3C). The functionality of
the PilV-mCherry fusion protein was also tested for its ability to
provide efficient crosstalk with host cells. At the concentration of
inducer mimicking the wild-type level of PilV (25 uM, Supplemen-
tary Fig S1), the pilVmCherry construct fully complemented the
deletion strain (Fig 3D). Similar results were obtained with the
pilXmCherry construct, and full complementation was observed for
adhesion and aggregation with 17 uM of IPTG (Fig 3E and Supple-
mentary Figs S1 and S3). These results show that preventing the exit
from the outer membrane of the minor pilins PilV and PilX does not
affect their function. This demonstrates that PilV and PilX exert their
functions, both in terms of pilus biogenesis and interaction with
host cells, inside the periplasm and not from the bacterial surface.

PilV and PilX do not require assembly into a fiber to exert
their functions

To further characterize the mechanism of action of PilV and PilX,
we investigated whether assembly into a fiber was necessary to
exert their functions. Mutation of glutamate at position 5 into an
alanine (ESA) is a well-established way to block pilin-like monomer
assembly into fibers in different piliation systems (Pasloske &
Paranchych, 1988; Aas et al, 2007; Campos et al, 2010). We there-
fore generated ESA point mutations in pilV and pilX and evaluated
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the functionality of these mutants. While the pilEESA mutant did
not show any pili on its surface, the pilVE5A and pilXESA constructs
fully restored piliation (Fig 4A). Furthermore, PilVESA was func-
tional in mediating plasma membrane reshaping under microcolon-
ies in conditions mimicking the endogenous expression level
(Fig 4B). Similarly, PilXESA restored bacterial adhesion to host cells
and aggregation (Fig 4C and Supplementary Fig S3). These results
show that PilV and PilX do not require the glutamate residue in
position 5 to exert their functions. Since this residue is typically
necessary for assembly into fibers, it is likely that PilV and PilX do
not need to assemble into fibers to modulate piliation and to medi-
ate interaction with host cells.

PilV and PilX require cleavage by the PilD peptidase
to be functional

Considering the evidence described above pointing to a possible site
of action of the minor pilins PilV and PilX in the periplasm, we
considered whether cleavage by the PilD peptidase was necessary.
Point mutations in the PilD cleavage site, glycine in position —1 to
asparagine (G-1N), were thus generated. First, the impact of the
mutation on protein cleavage was checked (Fig 5A). Importantly,
the G-IN mutations only affected the cleavage of the mutated
protein but not the other minor or major pilins. As expected, the
major pilin carrying the G-1N mutation was unable to form pilus
fibers (Fig 5B). When pilVG-1N and pilXG-1N were expressed, not
only were those constructs unable to complement the mutation but
they appeared to block pilus formation. To confirm this observation,
the pilVG-1N and pilXG-1N constructs were expressed in the wild-
type background. Expression of the PilD-resistant PilV and PilX
proteins restricted pilus formation thus exhibiting a dominant-
negative effect (Fig 5C). It can be concluded that cleavage by PilD is
necessary for proper function of PilV and PilX and that, surprisingly,
the uncleaved forms are able to interact functionally with the pilia-
tion machinery and block biogenesis. These results highlight the
tight functional association of PilV and PilX with the piliation
machinery.

The number of pili displayed on the bacterial surface tightly
regulates function

The results described above can be grouped into two lines of
evidence: (i) PilV and PilX participate in the pilus machinery neces-
sary for the initiation of pilus biogenesis; (ii) PilV and PilX exert all
their functions involving interaction with host cells such as adhe-
sion and plasma membrane reshaping from the periplasm rather

Figure 3. Fusion of PilV or PilX to mCherry does not prevent PilV or PilX function.

A Fluorescence analysis of the localization of the mCherry fusions (mCherry is in red, DAPI is in blue), pilEmCherry (left), pilVmCherry (middle) and pilXmCherry (right).

B Impact of the mCherry fusion on the ability of PilE to form pilus fibers. The amount of surface-exposed pili was determined by ELISA on whole bacteria for the
indicated strains. The amount of added IPTG to induce the Lac promoter is indicated (uM). Each dot represents one experiment.

C Impact of the mCherry fusion on the ability of PilV and PilX to promote pilus biogenesis.

D Ability of the Pilv-mCherry fusion to promote plasma membrane reorganization following adhesion was determined using ezrin as a marker. Bacteria were incubated
with endothelial cells for 2 h, and the proportion of microcolonies efficiently triggering plasma membrane reorganization was determined. Arrows point to the

conditions mimicking wild-type levels of PilV.

E Ability of the PilX-mCherry fusion to promote adhesion. Bacteria were incubated with endothelial cells for a period of 4 h, and the number of cell-associated bacteria
was determined. The amount of added inducer is indicated. Arrows point to the conditions mimicking wild-type levels of PilX.

Data information: Data represent mean + SEM; P < 0.01; " 'P < 0.0001. In (B—E) each dot represents one experiment.
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Figure 4. The E5A mutation does not affect PilV or PilX function.

A Effect of the ESA mutation in pilE, pilV, and pilX on pilus biogenesis
determined by ELISA.

B Effect of the ESA mutation in PilV on its ability to promote plasma
membrane reshaping. The amount of inducer is indicated (IPTG, uM). The
arrow indicates the amount of inducer mimicking the wild-type level of
expression.

C Effect of the ESA mutation on the ability of PilX to promote bacterial
adhesion. The arrow indicates the amount of inducer mimicking the wild-
type level of expression.

Data information: Data represent mean + SEM; P < 0.0001.

than from outside of the bacteria in association with pili. A straight-
forward hypothesis that arises from the above results is that the
phenotypes displayed by the individual mutants are due to their
effect on piliation. To test this hypothesis, we designed a genetic
system that allows fine regulation of the amount of pili on the
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Figure 5. Absence of PilD cleavage in G-1N mutants blocks the function
of PilV and PilX.

A

Mobility shift due to the absence of cleavage by PilD of mutated PilE, PilV,
and PilX. Western blots with polyclonal antibodies directed against PilE
(top), PilV (middle), and PilX (bottom) are shown. Uncleaved proteins (UC)
migrate slower than cleave proteins (C).

Piliation levels determined by ELISA in the G-1N mutants.
Dominant-negative effect of the G-1N mutation. Mutant proteins were
expressed with intact endogenous protein and piliation levels were
determined by ELISA.

Data information: Data represent mean + SEM; “P < 0.01; P < 0.001;

P <0.0001.
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bacterial surface. The PilF ATPase that provides energy for pilus between 3% in the absence of inducer up to 95% in the presence of
biogenesis was expressed under the control of the lac promoter in a 100 uM IPTG (Fig 6A). Intermediate values follow a sigmoidal curve
pilF background. When expressed relative to the wild-type level of (R* = 0.89). Notably, 10 uM of inducer corresponds to the amount
piliation, the system allows to finely regulate the amount of pili of pili expressed by pilX, 20 uM to pilV, and 100 pM to the
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Figure 6. Impact of the number of pili on pilus-dependent functions.

A ELISA analysis of the piliation levels of the pilFpilFi,q4 strain. The level of piliation relative to the wild-type strain was plotted as a function of the amount of inducer
(IPTG). A sigmoidal curve fit was included.

B Number of pili per bacterium expressed by the pilFpilFi 4 strain in conditions mimicking the amount of pili present in the pilV (20 uM IPTG) and pilX (10 uM IPTG)
mutants. A total of 150 bacteria were analyzed in three independent experiments.

C Length of pili expressed by the pilFpilF;,4 strain in conditions mimicking the amount of pili present in the pilV and pilX mutants.

D Ability of the pilFpilFi,4 Strain to aggregate in the presence of different amounts of inducer. Aggregation is indicated as the percentage of bacteria involved in
aggregates relative to the total amount of bacteria. The X-axis is the amount of pili in each condition determined by ELISA.

E Ability of the pilFpilF;,4 strain to adhere to HUVEC cells in the presence of different amounts of inducer.

F  Ability of the pilFpilF;,4 strain to trigger plasma membrane reorganization upon adhesion to host cells in the presence of different amounts of inducer.

Data information: In (D-F) open squares, triangles and circles represent the values for the pilX, pilV, and wild-type strains respectively.
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wild-type strain. Beyond the amount of pili displayed on the surface,
these concentrations of inducer reproduced the average number
(Fig 6B) and length of pili expressed by individual bacteria (Fig 6C).
Using this system, the different properties mediated by type IV
pili were evaluated with variable amounts of pili: competence,
adhesion, aggregation, and bacteria-induced plasma membrane
reorganization.

To measure aggregation, bacteria grown in the presence of differ-
ent amounts of IPTG were incubated for a period of 1 h, aggregates
were visualized under a microscope, and images were analyzed
automatically with the ImageJ software package to determine the
ratio of bacteria involved in aggregates relative to the total amount
of bacteria (Chamot-Rooke et al, 2011; Schneider et al, 2012).
Results are presented as a function of the level of piliation as indi-
cated in Fig 6A. No aggregation could be detected with < 40% pilia-
tion (Fig 6D). Beyond this value, the level of aggregation increased
in a linear fashion with piliation. For adhesion, results were similar
to aggregation, with up to about 40% of piliation resulting in a low
level of adhesion corresponding to a non-piliated strain (Fig 6E). In
the range of 40-95% of piliation, adhesion increased linearly when
the log of bacterial number was plotted. The ability of the bacteria
to induce plasma membrane reorganization under microcolonies
was measured in different conditions of induction. This response
could only be evaluated in conditions where adhesion was
observed, that is, above 40% of piliation. The efficiency of the cellu-
lar response was low when piliation was lower than 70% and then
increased sharply with higher levels of piliation (Fig 6F). In the case
of competence, small amounts of piliation were sufficient and a
plateau value was reached with as low as 20% of piliation (Supple-
mentary Fig S4). Optimal levels of type IV pili are thus necessary to
foster the biologic effects carried out by this bacterial organelle.

The level of piliation thus tightly regulates the ability of the
bacteria to form aggregates, to adhere to host cells, and to induce a
host cell response. The pilV and pilX mutants were also included in
these different assays. As expected, the pilX mutant was unable to
adhere, aggregate, or trigger a cellular response (open square,
Fig 6D, E and F). Plotting the amount of pili of the pilX mutant and
its performance in the different assays showed a striking associa-
tion. The pilV mutant displayed a mild decrease in aggregation and
adhesion and was nearly completely defective in its ability to trigger
a cellular response (open triangle, Fig 6D, E and F). Taken together,
these results show that the mild effects of the minor pilins PilV and
PilX on type IV pilus biogenesis are sufficient to explain the pheno-
type of the corresponding mutants.

Discussion

An important result of our study is that the minor pilins PilV and
PilX participate in pilus biogenesis. More specifically, they partici-
pate in the initiation phase of pilus biogenesis. A first argument that
supports this idea is that deletion of these genes leads to a reduction
in the number of pili displayed by the bacteria and overexpression
of the genes leads to a higher amount of pili. The expression level of
PilV and PilX thus tightly correlates with the levels of piliation.
Three independent experimental approaches were used to demon-
strate this: (i) surface-exposed piliation was determined by an ELISA
approach; (ii) pili were counted on individual diplococci by
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immunofluorescence; (iii) the amount of pilin that could be precipi-
tated by ammonium sulfate was determined. A modest reduction in
the amount of piliation (76 % of piliation compared to the wild type)
was previously described for the pilX mutant in N. meningitidis
(Brown et al, 2010). In N. gonorrheae, a more robust reduction in
piliation was described although not precisely quantified for the pilL
mutant, which is the pilX ortholog (Winther-Larsen et al, 2005).
Although the exact value of the reduction might vary depending on
the precise experimental conditions, there is good agreement on the
reduction itself. For the pilV mutant, the subtle reduction in the
amount of pili has gone unnoticed (Winther-Larsen et al, 2001;
Mikaty et al, 2009; Brown et al, 2010).

Importantly, we were able to relate the total amount of piliation,
sometimes referred to as a piliation index, to the actual number of
pili on the bacterial surface seen in immunofluorescence. This study
indicates that a relatively limited number of pili (5.5 + 0.3) are
present on the bacterial surface. We are confident that the fibrous
structures observed by this approach are in fact individual pili
rather than pili bundles. A previous study using electron microscopy
has shown that overexpression of the pptB enzyme prevents the
formation of bundles (Chamot-Rooke et al, 2011), and in these
conditions, little effect on the number of visible fibers was observed
using the fluorescence-based assay used here (data not shown). This
approach also allowed measurement of the length of individual pili.
These measurements revealed that pili expressed by the pilV and
pilX mutants were slightly longer than those expressed by the wild-
type strain. In principle, a steady state reduction in surface piliation
as observed in pilV and pilX could be indicative of lower frequency
of initiation, slower extension, or faster retraction. We observed
fewer but longer pili in the mutants. This is in favor of a role for
PilV and PilX in the initiation phase of pilus biogenesis. If they
played a role in extension the prediction would be, they would
express the same number of pili but shorter. If PilV and PilX
proteins slowed down retraction, pili would retract faster in the
mutants and thus be shorter as well on average. In this last scenario,
motility due to retraction would be expected to be faster but it is not
the case. Taken together, these observations strongly suggest a role
of PilV and PilX in the initiation of pilus biogenesis.

Another argument in favor of a role for PilV and PilX in pilus
biogenesis relates to the localization of these proteins. Based on
previous publications, we attempted to visualize these proteins
within fibers but failed to do so. Despite using a highly sensitive
method, type IV pili-like fibers could not be detected, while PilV and
PilX could be easily detected in the periplasm when the outer
membrane was removed. An argument in favor of the association
with type IV pili is the co-purification of these proteins with pili
(Winther-Larsen et al, 2001; Helaine et al, 2005). Such approaches
are based on highly sensitive Western blot detection of proteins, but
the amount of detected protein was never related to the total
amount of protein present in the bacteria. We provide evidence that
the proportion of PilV and PilX that associates with pilus prepara-
tions is in fact very low and not significantly different from negative
controls. Our results cannot exclude that small amounts of protein
exit to the bacterial surface and localize in pili, which could explain
observation of PilX inside pilus fibers by electron microscopy (Helaine
et al, 2005). However, our results indicate that the vast majority of
the protein stays in the periplasm. Periplasmic location is coherent
with the fact that antibodies against PilV and PilX did not promote
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any bactericidal activity in the presence of complement (Cehovin
et al, 2011). The exact location inside the periplasm remains to be
determined. It is likely that PilV and PilX are mostly associated with
the inner membrane although it is also possible that a certain
proportion participate in the piliation machinery complex.

From the functional point of view, we show that the active frac-
tions of PilV and PilX are in the periplasm. Blocking these proteins
in the periplasm has strikingly little effect on type IV pili-dependent
phenotypes. Current crystal structures indicate that the secretin pore
tightly fits the pilus fiber (6 nm wide). Accordingly, fusion of the
major pilin with the mCherry protein (3 x 5 nm) prevented its exit
from the bacterial periplasm. In contrast, fusion of PilV or PilX with
mCherry had surprisingly little impact on their function. Further-
more, mutation of the glutamate residue in position 5 that is known
to be necessary for fiber assembly did not affect PilV or PilX func-
tion. This highlights the functional differences between the major
pilin and the minor pilins PilV and PilX. This result implies that PilV
and PilX participate in the pilus biogenesis machinery, likely in the
periplasmic side of the inner membrane. This is confirmed by the
fact that PilD-resistant mutations of PilV and PilX have a dominant-
negative effect on piliation.

Our results point to similarities between the minor pilins PilV
and PilX and the PilH, I, J and K proteins. The two groups of
proteins have a hydrophobic alpha helix in common that is the hall-
mark of pilin-like proteins (Winther-Larsen et al, 2005). They were
initially placed in different functional groups because PilV and PilX
were considered to have no significant effect on pilus biogenesis
(Brown et al, 2010). Although mutants of the pilH-K genes have a
stronger phenotype as they do not display pili on their surface, the
proteins could have similar modes of action. Our knowledge of the
function of PilH-K proteins largely comes from homologous proteins
in type II secretion systems. Structural work has shown that Gspl, J
and K form a complex, and it was suggested that these proteins
participate in the initiation of pseudopilus formation and subse-
quently end up in the pseudopilus fiber (Korotkov & Hol, 2008;
Cisneros et al, 2012). It is conceivable that PilV and PilX in some
way assist the PilH-K complex in performing this function. The
participation of PilV and PilX would not be absolutely required but
somehow optimizes the process in order to reach a critical amount
of pili to mediate efficient interaction with host cells. This hypothe-
sis would explain why PilV and PilX are needed in the periplasm
and occasionally end up in the extracellular pilus fiber (Korotkov
et al, 2012). The presence of the pilX gene in the same operon as
the pilH-K genes is also in favor of a functional link between these
different proteins as previously proposed in N. gonorrheae
(Winther-Larsen et al, 2005).

Perhaps, the most striking result of our study is that a relatively
modest decrease in the amount of pili on the bacterial surface leads
to a strong effect on the functions carried out by these structures
(Fig 7). The modest decrease in piliation observed in the pilV and
pilX mutants is sufficient to explain all their phenotypes. Our study
together with previous studies has shown that only low amounts of
pili are sufficient to provide efficient natural transformation (Long
et al, 2003). Competence rises with the amount of pili and quickly
reaches a plateau around 20% of piliation. Interestingly, this corre-
sponds to an average of one pilus per diplococcus (Fig 7, ii). One
pilus is thus likely sufficient to generate optimal competence. This is
analogous to competence systems that frequently display only one

© 2014 The Authors

PilV and PilX minor pilins fine-tune type IV pili biogenesis

The EMBO Journal

pilX pilv WT
Aggregation
Adhesion
Crosstalk
with host cells
Competence -
0.0 T T . . y
0.0 0.2 0.4 0.6 0.8 1.0 Piliation index
T T T T T 1
0 1 2 3 4 5 Number of pili
- e | N L. _ perdiplococcus
-7 el \ N Tl
() (i) (i)
@ % }3;
® 4y

Crosstalk
with host cells

Competence  Aggregation

Figure 7. Schematic representation of the impact of the amount of type
IV pili on the different functions mediated by these organelles.

The top part of the schematic indicates the efficiency of the different pili-
mediated properties as a function of bulk amount of pili and number of pili per
bacterium. In the bottom part of the schematic, representative situations are
depicted: (i) In the absence of pili, no related function is observed; (ii) A single
pilus is required for competence; (i) A minimum of 2 pili is necessary for
aggregation; (iv) About 5 pili per bacterium are necessary for optimal bacteria-
induced plasma membrane reshaping. Pili from neighboring bacteria are
indicated as a dotted line.

pilus per bacterium (Laurenceau et al, 2013). Adhesion and aggre-
gation require over 40% of piliation corresponding to about two pili
per bacterium (Fig 7, iii). It is easy to explain why at least two pili
are necessary for aggregation. Once two bacteria are engaged via a
first fiber, a second one is necessary to interact with a third bacte-
rium and so on and so forth. Why more than two pili per bacterium
are necessary for adhesion is unclear at this point although the
adhesion assay performed here largely depends on aggregation as
bacteria grow as three-dimensional microcolonies on the cellular
surface. Perhaps, the result most difficult to understand is the
requirement of over 70% of piliation to provide efficient plasma
membrane reshaping. This corresponds to three to five pili per
bacterium indicating that individual pili perhaps fail to trigger this
cellular response but that the functional entity is a supramolecular
organization of several pili. Considering that bacteria organize in
arrays on the cellular surface with one bacterium surrounded by
about 5 other bacteria, it is possible that pili need to be placed
between each neighboring bacterium in order to trigger a response
(Fig 7, iv). It is noteworthy that because of the aggregation pattern,
a given bacterium is also in contact with pili from the neighboring
bacteria; hence, the actual number of pili around one bacterium is
increased. Further work is needed to clarify this point.

Overall, the results described in this study indicate that optimal
numbers of pili are necessary to promote efficient interaction with
host cells. This necessity for optimal interaction with host cells has
probably generated the evolutionary pressure required for
N. meningitidis to select two proteins, PilV and PilX to optimize its
piliation level. The exquisite sensitivity on the number of pili for
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their proper functions has practical implications. In terms of devel-
oping potential drugs that would target type IV pili, these results are
encouraging, as even a partial effect on the amount or function of
pili would result in a strong effect on pathogenesis.

Materials and Methods

Antibodies and chemicals

The following antibodies were used for Western blot, immunofluo-
rescent labeling, or enzyme-linked immunosorbent assay (ELISA):
anti-ezrin rabbit polyclonal antibody (generously provided by P.
Mangeat, CNRS, UMRS5539, Montpellier, France), anti-PilE mouse
monoclonal antibody clone 20D9 (Pujol et al, 1997), anti-PilE poly-
clonal anti-serum (Morand et al, 2004), anti-PilX (Helaine et al,
2007), anti-PilV (Mikaty et al, 2009), and anti-Flag M2 monoclonal
and polyclonal antibodies (Sigma). The polyclonal anti-PilU antise-
rum was generated by injecting rabbits with two peptides:
YSQKKQSRSETPAEI (17-31) and PELLYDRVNGLNLIS (394-408).
The following goat secondary antibodies were used for immunofluo-
rescent labeling, Western blot or ELISA: 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-488 (Life Technologies). 4’,6-diamidino-2-phenylindole
(DAPI) was purchased from Life Technologies. Isopropyl B-D-1-
thiogalactopyranoside (IPTG) was purchased from Promega.

Bacterial strains and growth conditions

Growth conditions

Neisseria meningitidis strains used in this study (Table 2) were
grown on GC agar base plates (Conda Laboratorios, Spain) contain-
ing Kellogg’s supplements (Kellogg et al, 1968) and, when required,
100 pg/ml kanamycin, 2 pg/ml erythromycin, 50 pg/ml spectino-
mycin, or 5 pg/ml chloramphenicol at 37°C in moist atmosphere
containing 5% CO,. Escherichia coli transformants were grown on
liquid or solid Luria-Bertani medium (Difco) containing 20 pg/ml
chloramphenicol, 50 pg/ml spectinomycin, 30 pg/ml kanamyecin, or
200 pg/ml erythromycin when necessary.

Gene inactivation and complementation

Mutations in the pilE, pilV, and pilX genes were described elsewhere
(Nassif et al, 1993; Geoffroy et al, 2003; Helaine et al, 2005). To
generate a mutation in the pilF gene, the entire ORF was amplified
using PilF-F and PilF-R (see Table 1 for primer sequences) and
cloned into Topo-pCR2.1 (Invitrogen); a BamHI site was introduced
inside the gene by site-directed mutagenesis using the megaprimer
strategy (Ke & Madison, 1997) with primers PilF-BamHIrev and
PilF-F; this construct was then subcloned into the pBluescript plas-
mid (Stratagene) using the Sacl and Sall restriction sites; the specti-
nomycin resistance cassette (Klee et al, 2000) was introduced into
the BamHI restriction site. The same strategy was used to generate
the pilV mutant interrupted by a chloramphenicol cassette (Klee
et al, 2000) using oligos PilV5’Fw and PilV3'rev for amplification of
the pilV region and with PilV-BamHIrev and PilV5'Fw for mutagene-
sis. To delete the pilU gene, an upstream region was amplified with
PilU-NF and PilU-NR primers, and a downstream region amplified
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with PilU-CF and PilU-CR primers were restricted by the correspond-
ing enzymes and ligated in the pBluescript plasmid restricted with
Sall and Sacl (Stratagene), then the ERMAM erythromycin resis-
tance cassette (Trieu-Cuot et al, 1988) was cloned in the BamHI site.
Constructs allowing the complementation of the pilV and pilX muta-
tions were described elsewhere (Helaine et al, 2005; Mikaty et al,
2009). For the complementation of the pilE and pilF mutations
under the control of the lac promoter, ORFs were cloned into
pCR2.1 (PilF-F/PilF-R for pilF and PilE-F/PilE-R for pilE) and the
fragments were introduced into the pGCC4 vector (Mehr et al, 2000)
using Pacl and Pmel restriction.

Introduction of Flag tags

Generation of pilEFlag, pilXFlag, and pilVFlag fusions was done using
the megaprimer technique (Ke & Madison, 1997). The first amplifica-
tion for pilE (PilE-F and PilE-FlagRev), pilV (PilV-F and PilV-FlagC-
Rev), and pilX (PilX-F and PilX-FlagCRev) substituted 5 to 8 residues
found in the carboxy-terminal part of the D-region. This fragment
(Mega-primer) was then used for the complete amplification of the
vector. The mutated fragments were then subcloned in pGCC4.

Fusion with mCherry

The megaprimer strategy was used to remove the stop codons in
pilV, pilX, and pilE and to insert a Sall site. The first amplification
was done using PilV-F/PilV-mCh, PilX-F/PilX-mCh, and PilE-F/
PilE-mCh primers using the corresponding ORFs cloned in Topo-
pCR2.1 as a template. The mCherry ORF was amplified using prim-
ers mCh-F/mCh-R from the pmCherry-N1 vector (Clonetech) and
cloned into Topo-pCR2.1. The mCherry fragment was then intro-
duced carboxy-terminal of pilV, pilX, and pilE using Sall and Pmel
restriction. The three mCherry fusions were then subcloned into
the pGCC4 vector using Pacl and Pmel restriction to allow chromo-
somal insertion.

Point mutations

All point mutations were done with the megaprimer strategy (Ke &
Madison, 1997). The G-1N mutation was introduced in pilE, pilV
and pilX using the following primer pairs PilEG-IN with PilE-R,
PilVG-IN with PilV-R, and PilXG-1N with PilX-R using the corre-
sponding ORFs cloned into Topo-pCR2.1 as a template. The ESA
mutation was introduced in PilE, PilV, and PilX with the same strat-
egy using the following primer pairs: PilEESA with PilE-R, PilVESA
with PilV-R, and PilXE5SA with PilX-R. The mutated fragments were
subcloned into pGCC4.

Immunofluorescence on immobilized bacteria

A bacterial suspension at ODggp of 0.1 in PBS was placed on cover-
slips coated with Poly-L-Lysine (Sigma) and fixed in PBS containing
4% paraformaldehyde. Sample was blocked with PBS containing
0.2% gelatine (PBSG) for 10 min. Flag-tagged proteins were labeled
with either the anti-Flag M2 monoclonal antibody at a concentration
of 8 pg/ml or the anti-Flag polyclonal antiserum in PBSG. Native pili
were detected with the 20D9 monoclonal antibody diluted at 2.5 ng/
ml in PBSG. The secondary antibody was a goat anti-mouse anti-
body conjugated with Alexa Fluor 488 (Life technologies). To gener-
ate spheroplasts, bacteria were resuspended in 30 mM Tris (pH
7.5), 20% sucrose, 2 mM EDTA, 1 mg/ml lysozyme and incubated
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Table 1. Primers used in this study
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Primer Sequence® Enz
PilF-F GTCGACTTAATTAAAGCAGTAATTTTATGAGCGTAGGTTTGCTGAG Sall/Pacl
PilF-R GAGCTCGTTTAAACCTAATCGTTGGTATTTGCC Sacl/Pmel
PilV-F TTAATTAAAGGAGTAATTTTATGAAAAACGTTCAAAAAG GC Pacl
PilV-R GTTTAAACTTAGTCGAAGCCCGGGCAG Pmel
PilX-F TTAATTAAAGCAGTAATTTTATGATGAGTAATAAAATGG Pacl
PilX-R GTTTAAACCTATTTTTTACGATTAGAG Pmel
PilE-F TTAATTAAAGCAGTAATTTTATGAACACCCTTCAAAAAGGTTTTACCC TTATCGAGCTGATG Pacl
PilE-R GTTTAAACTTAGCTGGCAGATGAATCATCG Pmel
PilE-Flagrev GTTGATTTTGTCGTCGTCGTCCTTATAATCGGCGGCGACGTCGGT

PilV-FlagCrev GAAGCCGGGGCACTTATCGTCATCGTCCTTATAATCAATGGTACCGCC

PilX-FlagCrev GAAAGCTTCACACTTATCGTCATCGTCCTTATAATCCAAATGGGCTCG

mch-F CAGGTCGACGTGAGCAAGGGCGAGGAGGATAACATG Sall
mch-R CTAGTTTAAACCCTCTACAAATGTGGTATGGCTG Pmel
PilE-mCh CGCCCTTGTTTAAACGTCGACGCTGGCAGATGAATC Sall
PilV-mCh CGCCCTTGTTTAAACGTCGACGTCGAAGCCGGGGCA Sall
PilX-mCh CGCCCTTGTTTAAACGTCGACTTTTTTACGATTAGAGAA Sall
PIlEG-1N AACACCCTTCAAAAAALCTTTACCCTTATCGAG

PilVG-1N AAAAACGTTCAAAAAAACTTTACGCTGCTCGAG

PiIXG-1N AAAATGGAACAAAAAﬂTTTACATTGATTGAGATGATG

PilEESA TTTACCCTTATC%CTGATGATTGTGATTGCC

PilVESA CTTTACGCTGCTCGCACTGATGATTGCCGTC

PilXE5A GTGTTTACATTGATT%ATGATGATAGTCGTC

PilU-NF GTCGACCCATCAAAGCAAAAAATCCCTG Sall
PilU-NR GGATCCAAGATGTCGTGCAGGTTATCGG BamHI
PilU-CF GGATCCGCGATTGCACATCCAACTGC BamHI
PilU-CR GAGCTCAAGTCGGCTTTGGCTTCGAG Sacl
PilV5'Fw GTCGACCCAGGTTGGACGGCGAA Sall
PilvV3'Rev GAGCTCGCCGCAATATTCGACTTCG Sacl
PilV-BamH1rev TGATGAGCGTCAGGATCCGAGGCATGGCGACG BamHiI
PilF-BamH1rev CCTGCCGTCCTGCGGGATCCGTTTTTCGGAAATG BamHI

®Inserted regions are underlined and restriction sites in bold.

10 min at room temperature under constant agitation. Cells were
then pelleted by centrifugation at 9,000 g for 10 min and resus-
pended in an equal volume of cold 5 mM MgSO,. After a 10-min
incubation on ice, bacteria were immobilized on coverslips coated
with poly-L-lysine. Labeled bacteria were mounted in Mowiol (Val-
nes & Brandtzaeg, 1985).

Type IV pili quantification by ELISA

Bacteria were resuspended from fresh GCB plates in PBS at ODg of
0.1. Serial twofold dilutions were added to the wells of a 96-well
plate (Nunc, Germany). The plates were centrifuged for 10 min at
3,220 g, and the supernatant was carefully removed. Then, the
plates were incubated without covers at 37°C for 10 min to allow
drying. Bacteria were fixed with a solution of PBS containing 4%
paraformaldehyde. Coated plates were washed 3 times with PBS and
incubated in blocking solution (PBS containing 1% BSA and 0.1%
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Tween-20) for 10 min. The anti-PilE mouse monoclonal antibody
20D9, diluted at a concentration of 0.25 pg/ml in blocking solution,
was added to the plates and incubated for 1 h. After several washes,
a peroxidase-linked anti-mouse IgG, diluted at 1/10,000 in blocking
solution, was added to the wells for 1 h. Finally, after three washes,
the staining was revealed using TMB (3,3',5,5-tetramethylbenzi-
dine) substrate and stop solution following the manufacturer’s
instructions (BD Bioscience). The absorbance was read at 450 nm
using a microtiter plate reader (Flex station 3, Molecular Devices).

Cell culture

Human umbilical vein endothelial cells (HUVECs; PromoCell) were
used between passages 1 and 8 and grown in endothelial serum-free
medium (Endo-SFM; Gibco) supplemented with 10% heat-inacti-
vated fetal bovine serum (PAA Laboratories GmbH) and 40 pg/ml
of endothelial cell growth supplement (Sigma-Aldrich).
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Table 2. Bacterial strains used in this study

Strain Genotype References
DpilE ApilE:alphA-3 Geoffroy

et al (2003)
DIlE pilEjng ApilE:alphA-3 pLac-pilE This study
DilEpIlEFlaging ApilE::alphA-3 pLac-pilEFlag This study
DIlEFlIag;nq pLac-pilEFlag This study
DIlE pIlEE5A; 4 ApilE:alphA-3 pLac-pilEESA This study
DpilE pilEmCherrying ApilE::alphA-3 pLac-pilEmCherry This study
DilE pilEG-1IN;pq ApilE::alphA-3 pLac-pilEG-1N This study
DIlEG-1Njpy plLac-pilEG-1N This study
pilX ApilX:alphA-3 Geoffroy

et al (2003)
DpilX pilXing ApilX:alphA-3 pLac-pilX Helaine

et al (2005)
pilX pilXFlaging ApilX:alphA-3 plLac-pilXFlag This study
pilX pilXE5Ain4 ApilX::alphA-3 pLac-pilXESA This study
pilX pilXmCherry;nq ApilX::alphA-3 pLac-pilXmCherry This study
DpilX pilXG-INjnq ApilX::alphA-3 pLac-pilXG-1N This study
PilXG-INjpg plac-pilXG-1N This study
pilv ApilV::alphA-3 Geoffroy

et al (2003)
pilV pilVipg ApilV::alphA-3 pLac-pilvV Mikaty

et al (2009)
pilV pilVFlaginq ApilV::alphA-3 pLac-pilVFlag This study
DpilV pilVE5Aq ApilV::alphA-3 pLac-pilVESA This study
pilV pilvmCherry;nq ApilV::alphA-3 pLac-pilVmCherry This study
pilV pilVG-IN;nq ApilV::alphA-3 pLac-pilVG-1N This study
pilVG-IN;ng pLac-pilVG-1N This study
pilX pilv ApilX:alphA-3 ApilV:cat This study
pilu ApilU::ermam This study
DilF pilFing ApilF::spec pLac-pilF This study

Immunofluorescence of infected cells

HUVECs were plated at a density of 10° cells/cm? onto 12-mm diam-
eter glass coverslips coated with 0.01% type I collagen (Sigma).
Before the assay, bacteria grown on GCB agar plates were adjusted
to ODggp of 0.05 and then incubated for 2 h at 37°C in prewarmed
Endo-SFM supplemented with 10% FBS. Approximately 107 bacteria
in culture medium were added to 10° cells/well in a 24-well (MOI of
100) and allowed to adhere for 30 min. Unbound bacteria were
washed away, and infection was allowed to proceed for 2 h.
Infected cells were fixed for 20 min in PBS containing 4% parafor-
maldehyde, permeabilized for 5 min in PBS containing 0.1% Triton
X-100, and incubated with primary antibodies in PBS containing
0.2% gelatin (PBSG) for 1 h. After three washes with the same
buffer, cells were incubated for 1 h in PBSG-containing DAPI and
Alexa-conjugated secondary antibodies. After additional washes,
coverslips were mounted in Mowiol. The recruitment efficiency
was estimated by determining the proportion of colonies that effi-
ciently recruit ezrin in a honeycomb shape under microcolonies. A

The EMBO Journal Vol 33| No 16 | 2014

Anne-Flore Imhaus & Guillaume Duménil

minimum of 50 microcolonies was analyzed per coverslip. Each
experiment was performed in duplicates and repeated three times.

Analysis of the length and numbers of pili on individual bacteria

Bacteria were cultured for 2 h in RPMI complemented with 10%
FBS, coated on 96-well plates (u-clear, Greiner BioOne) by centrifu-
gation at 1,800 g for 10 min, fixed using 4% PFA for 20 min, and
processed for immunostaining. Pili were stained with the 20D9 anti-
body diluted at 2.5 pg/ml in PBSG for 1 h. After several washes,
samples were incubated in PBSG with anti-mouse secondary anti-
bodies conjugated with Alexa 488 (5 ng/ml) and with DAPI (20 ng/
ml). The number and the length of pili were determined on individ-
ual bacteria using the ImageJ software (Schneider et al, 2012). A
minimum of 50 bacteria was analyzed per well. Each experiment
was repeated three times.

Bacterial adhesion assay

Adhesion of meningococci to HUVECs was done as described previ-
ously (Eugene et al, 2002). In brief, monolayers of 10° cells in
24-well plates were infected with 107 bacteria (MOI of 100). The
inoculum was characterized by CFU counts. After 30 min, unbound
bacteria were removed by three washes, and the infection was
continued for 4 h. Finally, after 3 washes, adherent bacteria were
recovered by scraping the wells and counted by plating appropriate
dilutions on GCB agar plates.

Bacterial aggregation assay

Bacteria grown on GCB agar plates were adjusted to ODggo 0of 0.05
and incubated for 2 h at 37°C in RPMI containing 10% FBS. The
bacterial suspension was concentrated to ODggg of 0.3 by a centrifu-
gation at 15,000 g for 1 min followed by resuspension in medium
containing DAPI (0.1 pg/ml). Bacterial suspensions were briefly
vortexed and transferred in a glass-bottom 96-well plate. After
30 min incubation, aggregates were observed microscopically with
a 4x lens and size of aggregates and numbers of bacteria involved in
aggregates relative to the total amount of bacteria were determined
with the ImageJ software, as previously described (Chamot-Rooke
et al, 2011).

SDS—-PAGE and Western blot

Preparation of protein samples, SDS-PAGE separation, transfer to
membranes, and immunoblotting were performed using standard
biochemistry techniques (Harlow & Lane, 1988). Proteins were sepa-
rated by SDS-PAGE in Tris-glycine gels containing 12-15% acrylam-
ide, transferred onto PVDF membranes (Thermo Scientific) using
semi-dry electrotransfer (Biorad). Membranes were blocked with
5% milk in PBS 0.1% Tween-20 and incubated with the specific
antiserum (anti-PilE at 1/5,000, anti-PilX at 1/3,000, anti-PilV at
1/1,500, and anti-PilU at 1/1,000) diluted in blocking solution
except for the anti-PilU which was diluted in PBS containing 0.1%
Tween-20 and 1% BSA. Membranes were incubated horseradish
peroxidase (HRP)-coupled anti-rabbit antibody (1/20,000) in the
blocking solution. Peroxydase activity was detected by enhanced
chemiluminescence (ECL-plus, Pierce) and recorded using the
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LAS-4000 ImageQuant (GE Healthcare). Protein quantifications were
done using the ImageJ software.

Type IV pilus purification

Pili were prepared as previously described (Wolfgang et al, 1998;
Helaine et al, 2005). The contents of ten Petri dishes were harvested
in 10 ml of 150 mM ethanolamine at pH 10.5. Pili were sheared off
by vortexing for 1 min. Bacteria were centrifuged at 3,000 g during
30 min. Supernatants were centrifuged an additional 30 min at
17,000 g. Pili were then precipitated by adding saturated ammo-
nium sulfate to the supernatants to a final concentration of 10%,
and samples were allowed to stand for 60 min. Precipitates were
pelleted by centrifugation at 3,000 g for 30 min. Pellets were
washed with PBS once and resuspended in distilled water.

Twitching motility assay

Twitching motility assays of N. meningitidis were performed inside
a flow chamber (Ibidi GmbH, Miinchen, Germany). Bacteria
(2.5 x 107) were introduced into the flow chamber and incubated
for 30 min at 37°C. Unbound bacteria were removed by 3 washes.
Bacterial motility was monitored by video microscopy over a 2-min
period with the acquisition of two frames per second. Cell tracking
was then manually analyzed with the ImageJ software. Velocities of
single bacterial tracks were calculated in time intervals of 2 s.

Transformation assay

Neisseria meningitidis grown on agar plates were resuspended in
transformation medium (15 mg/ml proteose peptone, 4 mg/ml
K,HPO,, 1 mg/ml KH,PO4, 5 mg/ml NaCl, 2.5 mM MgCl, and
2.5 mM MgS0O,) at ODgoo of 1. Two hundred microliters of the
suspension were mixed with 100 ng of pBluescript SiaD:Cm plasmid
in 24-well plates. After incubation at 37°C for 30 min with 5% CO,
on an orbital shaker, transformation medium (0.8 ml) was added to
the wells and the plates were further incubated for 3 h at 37°C with
shaking. Appropriate dilutions of bacteria were plated with and
without chloramphenicol. Transformation frequency corresponds
to the ratio of the number of chloramphenicol resistant CFUs to
total CFUs.

Statistical analysis

For all quantitative measurements, mean + SEM was determined
and indicated on the figures. Statistical analysis was done by an
ordinary one-way ANOVA and the Tukey’s multiple comparisons
test; *indicates P < 0.05; **indicates P < 0.01; ***indicates
P < 0.001; ****indicates P < 0.0001.

Supplementary information for this article is available online:
http://emboj.embopress.org
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