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ABSTRACT Knowledge of the mechanisms by which bacterial pili
adhere to host cells and withstand external forces is critical to our
understanding of their functional roles and offers exciting avenues in
biomedicine for controlling the adhesion of bacterial pathogens and
probiotics. While much progress has been made in the nanoscale
characterization of pili from Gram-negative bacteria, the adhesive and
mechanical properties of Gram-positive bacterial pili remain largely
unknown. Here, we use single-molecule atomic force microscopy to unravel

the binding mechanism of pili from the probiotic Gram-positive bacterium

Lactobacillus rhamnosus GG (LGG). First, we show that SpaC, the key

adhesion protein of the LGG pilus, is a multifunctional adhesin with broad

specificity. SpaC forms homophilic trans-interactions engaged in bacterial aggregation and specifically binds mucin and collagen, two major extracellular
components of host epithelial layers. Homophilic and heterophilic interactions display similar binding strengths and dissociation rates. Next, pulling
experiments on living bacteria demonstrate that LGG pili exhibit two unique mechanical responses, that is, zipper-like adhesion involving multiple SpaC
molecules distributed along the pilus length and nanospring properties enabling pili to resist high force. These mechanical properties may represent a
generic mechanism among Gram-positive bacterial pili for strengthening adhesion and withstanding shear stresses in the natural environment. The single-
molecule experiments presented here may help us to design molecules capable of promoting or inhibiting bacterial —host interactions.
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bute to human health through several

mechanisms, including competitive ex-
clusion of pathogenic bacteria, reinforcement
of the intestinal epithelial barrier, and mod-
ulation of the immune system of the host,
particularly in the small intestine.'” Conse-
quently, probiotics have great potential in the
prevention and treatment of gastrointestinal
infections, inflammatory conditions, and aller-
gic reactions or as carrier and adjuvant in
vaccination.®® Bacterial cell surface constituents
play key roles in establishing tight interactions
between probiotics and their host.'~'2 In the
Gram-positive species Lactobacillus rham-
nosus GG (LGG), key players in promoting

P robiotic bacteria are thought to contri-
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adhesive interactions with mucus and epi-
thelial cells are the recently discovered cell
surface pili.">'* LGG cells contain multiple pili,
averaging 10 to 50 per cell, and with lengths
of up to 1 um."® Comparative genomics has
revealed the presence of a gene cluster which
encodes SpaCBA polymeric pili exhibiting an
intestinal mucus-binding capacity and which
is not present in less adherent related strains
such as L. rhamnosus Lc705."* While the ad-
hesive and mechanical properties of pili from
Gram-negative bacteria have been widely
investigated using various single-molecule
techniques,’>~ % the biophysical properties
of pili from LGG and other Gram-positive
bacteria remain largely unknown.
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LGG pili are composed of three pilin subunits. SpaA is
the major fiber component building up the pilus shaft,
while SpaB and SpaC are the minor fiber components.'?
Mass spectrometry analysis has revealed a SpaA/SpaC/
SpaB ratio of 5:2:1. SpaC has a central role in adhesion as it
is responsible for binding to human mucus and intestinal
epithelial cells.”'* This subunit is localized at the pilus tip,
but also along the length of the pilus shaft, enabling
bacteria to establish both long distance and intimate
contact with host tissues.”> The SpaC pilin subunit is
an 895 residue protein (Figure 1a, top) whose primary
structure analysis predicts the presence of a stretch of
residues similar to the type A domain of von Willebrand
factor (137—262) and three domains also present in
the collagen-binding protein of Staphylococcus aureus:
a repeat unit of collagen-binding protein domain B
(cd00222) (residues 496—551) and two Cna protein
B-type domains  (pfam05738) (621—-681 and
749—818)." These domains do not mediate binding in
the collagen-binding protein of S. aureus but rather
function as a stalk that presents the ligand-binding
domain away from the bacterial surface?* The three-
dimensional structure of SpaC is not available yet, but
some general structural features may be inferred from
the known structure of related pilins. Starting in 2007,
structural analyses of major and minor pilins from Gram-
positive bacteria have revealed a common modular
structure of tandem immunoglobulin (Ig)-like domains
joined end-on-end and stabilized by intramolecular iso-
peptide bonds.?® Ig-like domains consist of multiple
[-strands decorated with inserted helices, strands, and
loops. In the important Gram-positive model Corynebac-
terium diphtheriae, the shaft SpaA pilin is a three Ig-like
domain protein with a single CnaA-type domain inserted
between two CnaB domains.?® A unique feature of Gram-
positive bacterial pili is the presence of internal isopep-
tide bonds not known in other proteins and formed
autocatalytically between the side chains of Lys and Asn
residues. These covalent cross-links are believed to help
pili resist shear stresses while being engaged in host—cell
interactions.?’

Unlike the other pilins, minor pilins found at the pilus
tip, like SpaC, possess additional domains with spe-
cialized adhesive functions.?® The two available struc-
tures for such minor pilins (RrgA from Streptococcus
pneumoniae and Cpa from S. pyogenes) have revealed
the presence of adhesion domains that bind collagen
and show features that are characteristic of eukary-
otic adhesion proteins.?®%° For instance, RrgA from
S. pneumoniae is an elongated molecule, approxi-
mately 20 nm long, and composed of four indepen-
dent domains.®® The four domains are associated
through flexible regions, such as short linkers and
hairpins, suggesting that the full-length protein, once
associated to the RrgB backbone fiber, could display a
considerable level of domain flexibility. This modular
and flexible organization could be important for the
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recognition of different host targets during infection,
while the presence of two isopeptide bonds in the Ig
domains would guarantee stability of the individual
domains.?®

In the past years, atomic force microscopy (AFM) has
provided new insights into the specific binding forces
of a variety of microbial species, including Escherichia
coli,'” Mycobacterium tuberculosis,*° 32 S. aureus,>>*
Streptococcus mutans,*>>% and Candida albicans.>”~*°
Here, we use single-molecule AFM to explore the
adhesion and mechanics of the LGG pilus. The results
show that SpaC pilins bind with broad specificity
and fast dissociation rate, and that the LGG pilus
functions as a molecular zipper at low force and as a
nanospring at high force. Consistent with the structural
properties of Gram-positive pili, these biophysical
properties may provide a powerful mechanism to
piliated Gram-positives for strengthening adhesion
and withstanding shear stresses.

RESULTS AND DISCUSSION

SpaC Mediates Homophilic Adhesion. To address single
SpaC interactions, purified monomers were covalently
attached on AFM tips with a ~6 nm long PEG-benzal-
dehyde linker and on gold substrates modified with
10% COOH groups using NHS/EDC (Figure 1a, bottom).
AFM imaging in aqueous solution confirmed the pre-
sence of a homogeneous, ~2 nm thick SpaC mono-
layer on the substrate (Figure 1b).

As several microbial adhesins are known to
mediate cell—cell aggregation through homophilic
recognition,®'3”3° we first asked whether SpaC is
capable of forming such specific bonds. Figure 1¢,d
shows the adhesion force histogram with representa-
tive force—distance curves and the rupture length
histogram recorded at a retraction speed of
1000 nm/s between a SpaC tip and a SpaC substrate.
A substantial proportion of force curves (19%) showed
single adhesion events with a mean adhesion force of
62 £ 17 pN (mean =+ SD; total number of force curves =
600 from three different tips and substrates) and a
rupture length ranging mostly from 30 to 110 nm. As
can be seen in Figure 1e, a major reduction of adhesion
frequency was observed upon addition of free anti-
SpaC antibodies (top) or when performing the experi-
ment with a tip functionalized with an irrelevant
protein (BSA, bottom). These results demonstrate the
specificity of our force measurements, thus indicating
that the ~62 pN force originates from SpaC—SpaC
homophilic recognition.

Adhesion force peaks were well-described by the
worm-like-chain (WLC) model,*' ~*® using a persistence
length of 0.4 nm: F(x) = kg T/I,[0.25(1 — X/L) % + x/L —
0.25], where L. and [, are the contour length and
persistence length of the molecule, kg is the Boltzmann
constant, and T the absolute temperature. The mean
rupture force (~60 pN) is larger than the unfolding
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Figure 1. Force spectroscopy of the SpaC—SpaC interaction. (a) Primary structure of SpaC pilin subunit (see text for details).
To measure SpaC—SpaC binding forces, SpaC monomers were attached randomly on a gold substrate and probed using a
SpaC-tip. (b) AFM deflection image of a SpaC-coated substrate, together with a vertical cross section taken in the
corresponding height image, recorded in buffer with a silicon nitride tip. A small area was first imaged at large forces
(>10 nN) for short periods of time, followed by imaging a larger portion of the same area under normal load. Imaging at high
forces resulted in pushing the grafted material aside, thereby confirming the presence of a 2.0 + 0.5 nm thick protein
monolayer on the surface. (c,d) Adhesion force histogram together with representative force curves (c) and rupture length
histogram (d) obtained by recording force curves in buffer between a SpaC tip and a SpaC substrate. All curves were obtained
using a contact time of 100 ms, a maximum applied force of 250 pN, and approach and retraction speeds of 1000 nm/s. The
black line is a Gaussian fit to the data. Force peaks were well-described by the worm-like-chain model (red line on top curve in
c). The data shown correspond to 600 force curves obtained from three independent experiments (different tips and
substrates). (e) Control experiments showing a dramatic reduction of adhesion frequency when force measurements were
performed in the presence of free anti-SpaC antibodies (top, n = 600) or with a BSA-coated tip (bottom, n = 600). (f) Plot of the
SpaC—SpaC adhesion force as a function of the logarithm of the loading rate applied during retraction, while keeping
constant the approach speed (1000 nm/s). Each data point in this plot represents the mean + SEM (n = 200 force curves). A
similar plot was obtained in a duplicate experiment using a different tip and substrate.

forces reported for a-helical domains (25—35 pN)* but
clearly smaller than the forces needed to unfold -folds
domains, such as Ig domains (150—300 pN).*' This
indicates that SpaC Ig-like domains were not unfolded,
which is also supported by our measured rupture lengths.
Indeed, assuming that each amino acid residue contri-
butes 0.36 nm to the contour length of a fully extended
polypeptide chain and that SpaCis an 860 residue protein
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(without signal peptide), we expect that the length of a
fully extended pilin should be ca. 300 nm. This value,
added to the length of the PEG spacer (~6 nm), is much
longer than the measured rupture lengths.
Accordingly, force profiles obtained for homophilic
interactions reveal that Ig-like domains of SpaC pilins
cannot be unfolded, a finding consistent with structur-
al data showing that Gram-positive bacterial pilins are
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mechanically stabilized by internal isopeptide bonds
and with earlier AFM measurements revealing that
Spy0128 pilins from the Gram-positive bacterium
S. pyogenes are completely inextensible.** We suggest
that the characteristic elongations of 30—110 nm may
correspond, to some extent, to the straightening of the
multiple modules and flexible regions of two SpaC pilins
engaged in trans-interactions. This behavior would be
consistent with the putative three-dimensional struc-
ture of SpaC, that is, an elongated protein made of
multiple domains linked end-to-end through flexible
regions like linkers and hairpins. As the measured
SpaC—SpaC interactions are an average of forces
between randomly immobilized proteins, it would be
interesting in future research to investigate the interac-
tions between oriented pilins.

Figure 1f shows that the SpaC—SpaC adhesion
force (F) increased linearly with the logarithm of the
loading rate (), as observed for other receptor—ligand
systems,”~* including homophilic interactions between
mycobacterial adhesins®’ and between cadherins.*®
The length scale of the energy barrier, x3, was assessed
from the slope f5 (1 £ 02 x 10~ ") of the F versus In(r)
plot and found to be 04 nm, that is, in the range of
values (0.2—1 nm) typically measured by single-molecule
AFM.* Extrapolation to zero forces yielded rr—o (2.7 £
0.5 x 1079 and, in turn, the kinetic off-rate constant of
dissociation at zero force, Koff = re—oXg/ksT = 0.2 s~'.Such
an off-rate, already reported for other adhesion proteins,
such as cadherins*® or influenza virus spike proteins,*
means that individual pilins dissociate rapidly, thus that
homophilic interactions are highly dynamic. This be-
havior is in contrast with the slow dissociation (~10*
s~') measured between the Gram-negative bacterial
adhesive PapG unit localized at the distal end of the
P-pilus from E. coli and the glycolipid galabiose,'® sug-
gesting adhesion mechanisms of different nature.

We propose that SpaC—SpaC recognition plays a role
in mediating bacterial aggregation during host coloni-
zation as wild-type (WT) LGG cells readily aggregate in
solution (25 + 4 cells per aggregate), while a LGG
mutant strain impaired in pili expression shows much
lower tendency to form aggregates (see Figure 5¢). This
observation agrees well with the widely accepted notion
that Gram-positive bacterial pili are engaged not only in
bacterial—host interactions but also in bacterial aggre-
gation through pili—pili bonds.>° Also, the role of trans-
protein interactions in cell—cell adhesion has been
demonstrated at the single-molecule level in various
organisms. In M. tuberculosis®® and C. albicans*’—*°
trans-interactions between adhesins play a key role in
cell—cell aggregation. Adhesion of endothelial cells
is mediated by trans-interactions between cadherins.*®
Finally, the occurrence of SpaC homophilic recognition
could explain the ability of LGG pili to form two-
dimensional assembilies on solid surfaces.”’

TRIPATHI ET AL.

The molecular origin of the SpaC homophilic bonds
is unclear. They could result from the presence of a
stretch in the SpaC protein which is similar to the type
A domain of the VWFA factor,'® known to be involved
in the formation of supramolecular structures.> As
LGG pili might be glycosylated (work in progress) and
SpaC may contribute to weak lectin-like activity by
binding to heavily glycosylated mucus proteins,'® it
is also possible that lectin—glycan interactions take
place. Lastly, nonspecific interactions like hydrophobic
interactions could contribute, as well, as many bacterial
pili are hydrophobic®® and SpaC pilins are rich in hydro-
phobic residues."?

Molecular Details of the SpaC—Mucin Interaction. SpaC
has been shown to bind to mucins,'***** 3 family of
high molecular weight glycoconjugates with a rather
complex composition which represents the main extra-
cellular component of the intestinal mucosal layer.
Although the SpaC—mucin interaction must play a
pivotal role in establishing tight attachment between
probiotics and their host, its molecular details are poorly
understood. We therefore measured the binding forces
between single Spac pilins (attached on AFM tips) and
mucin (attached on model substrates) (Figure 2a,b).
Figure 2c,d shows the force data collected between
SpaC and mucin. In 17% of the force curves, we
observed adhesion events, either single or multiple,
that were well-described with a WLC model. They
showed a mean adhesion force of 64 £+ 20 pN (mean
=+ SD; n =600 from three different tips and substrates; in
case of multiple adhesion peaks, only the last event was
considered) and a rupture length in the 10—200 nm
range. Elongation distances are similar to those of the
SpaC—SpaCinteraction and seem rather short in view of
the large size of mucin, an observation that is likely to
originate from the multisite covalent attachment of the
glycoconjugates on the substrate. The measured forces
were specific as they were essentially abolished by
performing the same experiment in the presence of
anti-SpaC antibodies or with a BSA tip (Figure 2e). As
expected for receptor—ligand bonds, adhesion forces
increased linearly with the logarithm of the loading rate
(Figure 2f). The slope (f; = 0.7 £ 0.1 x 10°"") and
intercept (rr_o = 2.1 £+ 0.2 x 107'% enabled us to
estimate the kinetic off-rate, ko = 0.05 s~ . The slopes
and intercepts (values + errors) that we obtain for the
SpaC—SpaC and SpaC—mucin systems suggest that
these interactions have dissociation rates that are in
the same range. The rapid dissociation of pilin—mucin
bonds could be important for intestinal exploration and
colonization, enabling pili to rapidly detach and bind
new receptor sites. The mucin-binding capacity of the
SpaC adhesin, measured here for the first time at the
single-molecule level, is likely to play a role in the
adhesion of other lactobacilli expressing pili.>®

SpaC Shows Collagen-Binding Capacity. Several pilus-
associated adhesins interact with extracellular matrix
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Figure 2. Strength and dynamics of the SpaC—mucin interaction. (a) Single SpaC—mucin interactions were explored by
measuring the binding forces between a SpaC tip and mucin randomly attached on a gold substrate. (b) AFM image and
vertical cross section confirming the presence of a 2.0 & 0.4 nm thick mucin film on the surface. (c,d) Adhesion force histogram
together with representative force curves (c) and rupture length histogram (d) obtained by recording force curves in buffer
between a SpaC tip and a mucin substrate. All curves were obtained using a contact time of 100 ms, a maximum applied force
of 250 pN, and approach and retraction speeds of 1000 nm/s. The black line is a Gaussian fit to the data. Force peaks were well-
described by the worm-like-chain model (red line on top curve in c). The data shown correspond to 600 force curves obtained
from three independent experiments. (e) Control experiments showing a dramatic reduction of adhesion frequency when
force measurements were performed in the presence of free anti-SpaC antibodies (top, n = 600) or with a BSA-coated tip
(bottom, n = 600). (f) Plot of the SpaC—mucin adhesion force as a function of the logarithm of the loading rate applied during
retraction, while keeping constant the approach speed (1000 nm/s). Each data point in this plot represents the mean + SEM
(n = 200 force curves). A similar plot was obtained in a duplicate experiment using different tip and substrate.

(ECM) proteins like fibronectin and collagen,*®~*° includ-

ing those from Lactobacillus strains.®" In LGG, SpaCBA pili,
and not MabA,% appear to mediate strong ECM-binding
capacity."* Therefore, we measured the binding forces
between single SpaC pilins and collagen (Figure 3a,b). In
15% of the curves, we observed adhesion forces of 75 +
28 pN (mean =+ SD; n = 600 from three different tips and
substrates; in case of multiple adhesion peaks, only the
last event was considered) with rupture lengths in the
50—200 nm range (Figure 3cd), the adhesion peaks
being well-fitted with a WLC model. The extended

TRIPATHI ET AL.

rupture lengths may be easily explained by the fila-
mentous structure of the collagen molecule. Adhesive
forces were less frequent and smaller in the presence
of anti-SpaC antibodies (Figure 3e, top), suggesting
that a substantial fraction of the 75 pN forces were
specific. Substantial binding was observed with the BSA
tip, indicating that BSA was interacting with collagen
(Figure 3e, bottom). Consistent with specific bonds,
SpaC—collagen forces increased linearly with the loga-
rithm of the loading rate (Figure 3f). From the slope (f5 =
0.8+0.1 x 10~ ") and intercept (rro=2.44+02 x 1079
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Figure 3. Strength and dynamics of the SpaC—collagen interaction. (a) Binding forces between a SpaC tip and collagen
randomly attached on a gold substrate. (b) AFM confirmed the presence of a 2.0 &= 0.5 nm thick collagen film on the substrate.
(c,d) Adhesion force histogram together with representative force curves (c) and rupture length histogram (d) obtained by
recording force curves in buffer between a SpaC tip and a collagen substrate. All curves were obtained using a contact time of
100 ms, a maximum applied force of 250 pN, and approach and retraction speeds of 1000 nm/s. The black line is a Gaussian fit
to the data. Force peaks were well-described by the worm-like-chain model (red line on top curve in c). The data shown
correspond to 600 force curves obtained from three independent experiments. (e) Control experiments in which force
measurements were performed in the presence of free anti-SpaC antibodies (top, n = 600) or with a BSA-coated tip (bottom,
n = 600). (f) Plot of the SpaC—collagen adhesion force as a function of the logarithm of the loading rate applied during
retraction, while keeping constant the approach speed (1000 nm/s). Each data point in this plot represents the mean + SEM

(n = 200 force curves). Similar plot was obtained in a duplicate experiment using different tip and substrate.

of the plot, we found a ko value of 0.08 s~', thus in the
range of the SpaC—mucin value. Again, this suggests
that fast SpaC—collagen dissociation may help pili to
rapidly detach and rebind to host sites. The in vivo
significance of this collagen-binding capacity is not
clear yet as ECM components are thought to be
available for interaction only after disruption of the
epithelial barrier.®’

SpaC Mediates Zipper-like Adhesion. At first glance,
our finding that SpaC exhibits broad specificity and
fast dissociation seems surprising as bacterial pili are
generally considered as strong adhesion structures.

TRIPATHI ET AL.

However, we must consider that, like other Gram-
positive bacterial adhesins, SpaC is abundant and
localized not only at the pilus tip but also along its
length. Indeed, electron microscopy analyses revealed
that SpaC pilins are found randomly along the whole
pilus, at numbers nearly equaling those of SpaA, while
SpaB pilins are essentially found at the pilus base.?
This organization favors a zipper-like adhesion model
involving multiple SpaC distributed along the pilus
shaft. Such zipper mechanism has been suggested
for Gram-positive bacterial pili°® but, to our knowledge,
never demonstrated or quantified.
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Figure 4. Measuring the nanomechanics of single pili on live cells. (a—c) AFM visualizes LGG pili in air but not in liquid: (a)
deflection image of a LGG bacterium trapped in a porous membrane, recorded in buffer, showing a surface morphology
devoid of pili; (b) deflection image of LGG bacteria adsorbed on mica and recorded in air, revealing numerous pili around the
cells (arrows); (c) high-resolution image of pili showing helical spring-like structures (arrow). (d—f) LGG pili mediate zipper-like
adhesion: (d) pulling single pili with a SpaC tip leads to the sequential detachment of multiple SpaC—SpaC bonds; as a result,
(e) a notable fraction of the curves showed constant force plateaus, sometimes superimposed onto one another (see **
symbol), while (f) other curves showed multiple force peaks forming sawtooth patterns, sometimes superimposed onto
constant force plateaus (see * symbol). Dashed lines on the bottom curves represent zero force lines. (g—i) LGG pili behave as
nanosprings: (g) stretching pili into extended conformations with a SpacC tip; (h) a substantial fraction of force curves revealed
single adhesion force peaks with linear, spring-like shapes and characteristic steps; red numbers correspond to linear
segments of increasing slopes; (i) superimposition of 10 curves showing that spring-like properties are highly reproducible
and can be quantified. The k, values represent the force-dependent pilus spring constants, while the F, and L, values
correspond to the force and length of the constant force steps. The curves were obtained using a contact time of 100 ms, a
maximum applied force of 250 pN, and approach and retraction speeds of 1000 nm/s. Similar data were obtained using three
different tips and three different cell cultures.

To explore whether SpaC is engaged in zipper-like featured a helical structure with 20—50 nm repeats

adhesion, we measured the forces between an AFM tip
bearing SpaC pilins and pili on living LGG bacteria
(Figure 4). We first confirmed the presence of pili on the
cell surface by imaging WT LGG bacteria with a silicon
nitride tip (Figure 4a—c). Consistent with earlier work,>'
pili could never be observed using AFM in liquid,
indicating they were too flexible and mobile to be
visualized (Figure 4a). By contrast, bacteria imaged in
air were decorated with numerous pili displaying an
average length of 1.0 & 0.3 um and average diameter
of 5.0 £ 1 nm (Figure 4b). At high resolution, some pili

TRIPATHI ET AL.

(Figure 4c), suggesting spring-like properties. As these
structural features were repeatedly observed on some
piliand were not dependent on the scanning direction,
they are likely to reflect actual helical structures rather
than imaging artifacts.

We then recorded multiple force—distance curves
between a SpaC tip and a WT LGG cell in buffer
(Figure 4d). Three remarkable adhesion signatures were
detected, that is, constant force plateaus (3%, Figure 4e),
sawtooth patterns composed of multiple small force
peaks (36%, Figure 4f), sometimes superimposed to
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Figure 5. Control experiments demonstrate that zipper and spring force responses are specific to pili. (a,b) Representative
force—distance curves recorded in buffer between a nonfunctionalized tip and a wild-type (WT) LGG bacterium (a) and
between an LGG mutant strain impaired in pili expression and a SpaC tip (b). Both conditions lead to the complete
disappearance of plateau, sawtooth, and linear signatures. (c) Unlike WT cells (top), pili-deficient mutant cells do not

aggregate in solution (bottom).

constant force plateaus, and single large adhesion
force peaks with linear shape and characteristic hor-
izontal force steps (24%, Figure 4h). The remaining
fraction of adhesive curves showed elastic force peaks
of 30—300 pN magnitude.

Several observations suggest that the observed force
plateaus represent the mechanical response of a mo-
lecular zipper. First, the magnitude of the plateau force
was 46 £ 4 pN (mean £ SD; n = 30 plateaus) and
occasionally 98 + 4 pN (Figure 4e, bottom curve),
suggesting that each plateau force was a multiple of a
~50 pN unit force. Given the accuracy of our measure-
ments, this value is not too different from the ~60 pN
force measured for the homophilic SpaC—SpaC interac-
tion on solid substrates (Figure 1), suggesting that
plateau forces may involve the sequential rupture of
multiple SpaC—SpaC bonds. The low unbinding forces
observed for pili, compared to purified pilins, could
reflect the influence of the complex environment of
the pilus; for example, the flexible nature of pili may
lower the loading rate actually applied to the SpaC
molecules. Second, the length of the force plateaus,
488 + 168 nm, corresponds to half the length of the pili.
Third, force plateaus were never observed between a
WT cell and a bare silicon nitride tip (Figure 5a), suggest-
ing strongly that they involve specific bonds between
SpaC pilins on the tip and pili. Fourth, they were not
observed when probing cells from an LGG mutant strain
impaired in pili expression with a SpaC tip (Figure 5b),
indicating that these force responses are associated
with pili. Fifth, SpaC pilins are known to be abundant
along the full pilus length,?® an organization which
strongly favors the formation of a molecular zipper
(see cartoon in Figure 4d). Sixth, our force plateaus are
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reminiscent of the signatures measured for the mechan-
ical unzipping of B-sheet interactions in pathological®®
and functional® amyloids and for the continuous desorp-
tion of polymer chains adsorbed on solid substrates.®*
Pulling on weakly adsorbed polymer chains vyields
constant force plateaus when bond dissociation is faster
than the pulling rate.®* As the dissociation rate of the
SpaC—SpaC bond is likely to be faster than the time scale
of our experiment, stretched pili may be viewed as strings
of SpaC pilins continuously detaching from the Spac tip.
In summary, our experiments reveal that the LGG pilus
mediates zipper-like interactions involving multiple SpaC
adhesins distributed along the pilus. The term “unzip-
ping” refers to a specific pulling geometry in the single-
molecule field. The so-called “zipper mode” is exclusively
used for disrupting multiple interactions one-by-one
along the applied force such as when pulling dsDNA on
the 3’ and 5 ends.®® In contrast, in the so-called “shear
mode”, all interactions are loaded in parallel and rupture
cooperatively, like when pulling dsDNA at both 3’ ends.
Due to the very complex and dynamic environment of
pili—in terms of density, orientation, mobility, and lateral
interactions—we cannot fully control the pulling geom-
etry (zipper mode vs shear mode) in our live cell
experiments.

How about the origin of the sawtooth patterns
(Figure 4f)? We believe these multiple force peaks also
captured the sequential detachment of multiple SpaC
as (i) they were never observed with silicon nitride tips
or with pili-less mutant cells (Figure 5), and (ii) they
featured average forces (32 £ 9 pN) and rupture
lengths (704 = 110 nm) that were in the range of
those of the force plateaus (Figure 4f). Hence, each
discrete peak would correspond to the detachment of
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Figure 6. Molecular mechanism of pili-mediated adhesion. SpaC specifically binds to mucin and collagen, two major
extracellular components of host epithelial layers, and is also engaged in homophilic adhesion. While the SpaC molecular
zipper provides a powerful mechanism to strengthen bacterial—host and bacterial—bacterial adhesion, the spring properties

of pili enable the bacteria to withstand high shear stress.

a single SpaC bond. Such behavior is expected when the
number of SpaC bonds between pilus and tip is low, thus
when the density of pilins along the tip is low. In the
future, it would be interesting to confirm that the
appearance of force plateaus versus sawtooth patterns
may indeed be explained by different numbers of SpaC
bonds formed between pilus and tip by immobilizing
different amounts of SpaC to the tip through the use of
different surface chemistries. Also, further experiments
are needed to establish whether plateau and sawtooth
patterns reflect some structural heterogeneity in the pili
population. Nevertheless, these two mechanisms are
likely to fulfill the same function, that is, increasing the
strength and lifetime of bacterial cell surface interactions.

LGG Pilus Behaves as a Nanospring. Another key finding
is the presence of large adhesion force peaks with
linear shapes and constant force steps (Figure 4g—i),
sometimes preceded with constant force plateaus
(Figure 4h, bottom curve). Again, these profiles are
attributed to the specific binding and pulling of LGG
pili as they were never observed with silicon nitride tips
or with pili-less mutant cells (Figure 5). As expected,
linear regions could not be fitted with a WLC model,
indicating they did not correspond to the force-
induced unfolding of protein structures. Rather, force
was directly proportional to extension, meaning that
the stretched pili behaved as Hookean springs. Super-
imposition of multiple force profiles documented a
high reproducibility (Figure 4i), thus supporting the
notion that they reflect an intrinsic mechanical prop-
erty of single pili rather than some random, poorly
controlled processes, such as desorption of multiple
pili from the tip. Upon increasing the applied force,
up to three consecutive constant force steps were
observed (blue arrows in Figure 4i), followed by linear
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segments of increasing slopes (red lines in Figure 4i),
suggesting stiffening of the pulled filaments. These
stepwise interactions ruptured at relatively high forces
(up to 250—300 pN), clearly stronger than that of
individual SpaC—SpaC interactions. We therefore sug-
gest that, in the high force regime, a few remaining SpaC
interactions are loaded in parallel (shear mode), thus
allowing the tip to stretch the pilus up to several
hundreds of piconewton. This model does not contradict
the unzipping model occurring in the low force regime.

To further quantify the mechanical behavior of
individual pili, we estimated their spring constant in
the different loading regimes (Figure 4i). The experi-
mental system corresponds to two linear springs in
series, one being the AFM cantilever (k.) and the other
the pili spring constant (k). Using the slope (s) of the
linear portion of the raw deflection versus piezo dis-
placement curves and the following equation, k, =
(ke x s)/(1 — s), we found that the pilus spring constants
estimated for the different regimes were ky; = 4.3 +
0.5 pN nm™", kpy = 3.6 = 02 pN nm ™', kp3 = 7.1 &
0.4 pN nm™', and kps = 15.1 £ 0.9 pN nm ™. Notably,
the characteristics of the stepwise transitions were
highly reproducible, that is, step force values of F,; =
97 + 4 pN, Fpp = 124 4 11 pN, Fo3 = 252 + 26 pN, and
step length values of Ly; =39 =3 nm, [, =49 £ 4 nm,
and L3 = 37 & 1 nm. Given the high reproducibility of
these features, we suggest they reflect an intrinsic
mechanical response of the pilus, that is, force-induced
structural changes within the pilus leading to stiffer
conformations.

Our finding that the LGG pilus functions as a spring
agrees well with earlier structural and single-molecule
data. Gram-positive bacterial pili exhibit internal iso-
peptide bonds not found in other proteins and
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believed to stabilize the pilus mechanical properties.?’
At the single pilin level, AFM revealed that Gram-
positive bacterial pilins cannot be unfolded even by
large mechanical forces, meaning they are completely
inextensible.** Spring-like properties of LGG pili are also
supported by our AFM images showing that some of
them have a helical spring-like structure (Figure 4c). We
expect that the spring behavior of the LGG pilus is of
biological significance as it may help bacteria to with-
stand physiological shear forces while being engaged
in bacterial—host and bacterial—bacterial interactions.

Collectively, our results demonstrate that the LGG pilus
exhibits two striking mechanical responses (i.e., zipper-like
adhesion at low force and nanospring behavior at high
force). These biophysical properties largely differ from
those of the widely investigated Gram-negative npili.
As Gram-positive bacterial pili are formed by covalent
polymerization and are stabilized by internal isopeptide
bonds,>?% they are ideally suited to possess zipper-like
and spring-like functions. By contrast, pili from Gram-
negative bacteria are formed by noncovalent interactions
between pilin subunits,%® explaining why they readily
elongate under force as a result of the unfolding of their
helical quaternary structure.””~'®* This elongation is
believed to help bacteria to redistribute external forces
to multiple pili, thereby enabling them to withstand shear
forces. In addition, type IV pili from Gram-negative bacte-
ria like Neisseria gonorrheae are able to exert retractile
forces involved in twitching motility and host cell adhe-
sion, presumably through filament disassembly into the
inner membrane.®” Cooperative retraction of bundled pili
can generate forces in the nanonewton range that could
be critical for bacterial surface interactions.® Another
feature of Gram-negative bacterial pili is their ability
to mediate catch bonds, for example, receptor—ligand
bonds that are strengthened by mechanical force owing
to an allosteric switch2®*" A prominent example is the
fimbrial adhesive protein FimH from E. coli, which med-
iates weak adhesion at low flow but strong adhesion
at high flow.?°?! These observations suggest that pili from
Gram-negative and Gram-positive bacteria have devel-
oped very different adhesion strategies.

CONCLUSIONS

Understanding and controlling bacterial—host inter-
actions in the context of human health (probiotics,

METHODS

Microorganisms and Cultures. LGG (ATCC 53103) wild-type and
the pili-deficient mutant CMPG5357'* were grown in de Man—
Rogosa—Sharpe (MRS) broth (Difco) up to the midexponential
phase. Bacterial cells stored in MRS broth with 25% (v/v) glycerol at
—80 °C were revived by streaking on MRS agar and allowed to
grow at 37 °C for 48 h. Preculture was initiated by inoculating a
single colony of bacteria into 10 mL of MRS broth. This preculture
was used to inoculate fresh MRS broth, and the cells were kept at
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pathogens) requires elucidation of the molecular mech-
anisms by which bacteria attach to their host. In the past
years, single-molecule techniques have provided new
insights into the adhesive and mechanical properties of
Gram-negative bacterial pili, thereby explaining how
these structures are used to strengthen adhesion and
resist mechanical stress.'®"2%57%8 By contrast, little is
known about the nanomechanics of Gram-positive bac-
terial pili. Our single-molecule experiments demonstrate
that LGG pili exhibit adhesive and mechanical properties
that clearly differ from those observed in Gram-negative
bacteria. Our main findings are as follows: (i) at the single-
molecule level, SpaC mediates homophilic (SpaC—SpaC)
and heterophilic (SpaC—mucin, SpaC—collagen) interac-
tions of similar adhesive strength; (ii) the fast dissociation
rate of these interactions could be important for intestinal
colonization, enabling pili to rapidly detach and bind new
receptor sites; (i) the LGG pilus mediates SpaC zipper-
like interactions involving multiple adhesins distributed
along the pilus (zipper mode rupture at low force); (iv) it
also functions as a nanospring capable to withstand large
mechanical loads (shear mode rupture at high force)
and showing stepwise transitions presumably reflecting
structural changes.

We expect that the broad binding specificity, zipper-
like interactions, and spring-like properties of LGG pili
may have an important functional role in strengthen-
ing bacterial—host and bacterial—bacterial interac-
tions in the intestinal environment (Figure 6). Fol-
lowing initial contact, multisite attachment down the
pilus length would pull the bacteria closer to the host
cells, leading to firm and intimate contact. Then, pilus-
mediated bacterial aggregation would contribute to
strengthen colonization and biofilm formation. During
these processes, the pilus spring behavior may help the
bacteria to withstand physiological shear forces. In-
creasing the external force would lead to structural
transitions, resulting in stiffer pilus conformations.
Altogether, these mechanical properties would explain
the prolonged intestinal residency time observed for
LGG compared to that of nonpiliated lactobacilli.">?* In
addition to providing new insights into the molecular
mechanisms of pili-mediated adhesion, our experi-
ments may be of biomedical interest for the design
of molecules that promote (probiotics) or inhibit
(pathogens) bacterial adhesion.

37 °Cfor 8 h (when the culture reached optical density of 0.8—1.0
at 595 nm). Cells were harvested by centrifuging the culture at
5000g for 2 min. The supernatant was discarded, and the pellet
was resuspended in 10 mL of Tris buffer. For AFM analysis, the cell
suspension was diluted by 50% in the buffer and was filtered
under pressure through isopore membranes (Millipore, Billerica,
MA) with pore diameter comparable to cell size (1.2 um).%° The
membrane was rinsed in four baths of the buffer,and 1cm x 1 cm
pieces were cut and attached to an AFM sample puck using
double-sided adhesive tape.
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Preparation of SpaC Pilin Monomers. The spaC (LGG_00404)
gene, excluding the region encoding the N-terminal signal
peptide and the C-terminal cell wall sorting signal, was recom-
binantly expressed in E. coli and then purified as previously
described.'®

Preparation of SpaC-Modified Tips. AFM tips were functionalized
with SpaC proteins in a random orientation using ~6 nm long
PEG-benzaldehyde linkers as described by Ebner et al.”® Canti-
levers were washed in three successive baths of chloroform
followed by rinsing with ethanol. The tips were dried with N,
and placed in a UV-ozone cleaner for 30 min, immersed over-
night in an ethanolamine solution (3.3 g of ethanolamine
dissolved in 6 mL of DMSO), then washed three times with
DMSO and twice with ethanol, and dried with N,. The ethanol-
amine-coated cantilevers were immersed for 2 h in a solution
prepared by mixing 1 mg of acetal-PEG-NHS dissolved in 0.5 mL
of chloroform with 10 uL of triethylamine, then washed with
chloroform, and dried with N,. Cantilevers were then immersed
in a 1% citric acid solution for 10 min, washed in Milli-Q water,
and then covered with a 200 uL droplet of a Tris (pH 7.4) solution
containing the protein (0.1 mg/mL) to which 2 uL of a 1T M
NaCNBHj; solution was added. After 50 min, cantilevers were
incubated with 5 uL of a 1 M ethanolamine solution in order to
passivate unreacted aldehyde groups and then washed with
and stored in buffer. For storage beyond 24 h, the tips were kept
in Tris containing sodium nitride to prevent oxidation damage
to the protein. For control experiments, tips functionalized with
BSA were prepared using the same procedure.

Preparation of SpaC-, Mucin-, and Collagen-Modified Surfaces. SpaC,
mucin, and collagen were covalently immobilized, in a random
orientation, onto self-assembled monolayers (SAMs) of carboxyl-
terminated alkanethiols. Silicon wafers (Siltronix, France) were
coated by thermal evaporation with a 5 nm thick Cr layer followed
by a 30 nm thick Au layer, yielding gold surfaces with ~1 nm
roughness. Gold surfaces were immersed overnight in ethanol
solutions containing 1 mM of HS(CH,);sCOOH (16-mercaptohex-
adecanoic acid) and HS(CH,);;OH (11-mercapto-1-undecanol)
(0.1:0.9) (Sigma) and then rinsed with ethanol. Sonication was
briefly applied to remove alkanethiol aggregates that may have
been adsorbed. The SAMs were immersed for 30 min in a solution
containing 20 mg/mL N-hydroxysuccinimide (NHS) (Sigma) and
50 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(Sigma) and rinsed with water. The activated surfaces were then
incubated with 0.1 mg/mL SpaC protein, 10 mg/mL mucin (mucin
from porcine stomach, type Il, Sigma), or 25 mg/mL collagen (type |
from calf skin, Sigma) in Tris for either 2 h (SpaC, mucin) or 1 h
(collagen), followed by rinsing and storage in Tris. All surfaces were
freshly prepared and used the same day.

AFM Measurements. AFM measurements were performed at
room temperature (20 °C) in Tris buffer (pH 7.4) using a
Nanoscope V Multimode AFM from Bruker Corporation (Santa
Barbara, CA) and microfabricated SisN, cantilevers with a
nominal spring constant of ~0.01 N/m (MSCT from Bruker
Corporation). Unless stated otherwise, all force curves were
obtained using a contact time of ~100 ms, a maximum applied
force of 250 pN, and approach and retraction speeds of
1000 nm/s. For experiments on purified proteins with increasing
force loads, the retraction speed was varied between 100 and
5000 nm s~ . To account for the flexibility of the biomolecules,
loading rates (pN s~') were estimated by multiplying the tip
retraction velocity (nm s™') by the slope of the rupture peaks
(pN nm~"). Antibody blocking experiments were performed by
addition of a ~0.1 mg/mL solution of a previously produced
SpaC antiserum.”® For live cell experiments, the sample was first
scanned with a silicon nitride tip to localize a single LGG cell.
Then, the tip was changed with a functionalized tip in order to
record force maps on 500 nm x 500 nm areas over the cell
surface (for details, see ref 69). The spring constants of the
cantilevers were measured using the thermal noise method.
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