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ABSTRACT

Bacterial adhesion is the first and a significant step in establishing infection. This
adhesion normally occurs in presence of flow of fluids. Therefore, bacterial adhesins
must be able to provide high strength interactions with their target surface in order to
maintain the adhered bacteria under hydromechanical stressing conditions. In the case of
B. pertussis, a Gram-negative bacterium responsible of pertussis, a highly contagious
human respiratory tract infection, an important protein participating in the adhesion

process is a 220 KDa adhesin named Filamentous haemagglutinin (FHA), an outer
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membrane and also secreted protein that contains recognition domains to adhere to
ciliated respiratory epithelial cells and macrophages. In this work, we obtained
information of the cell-surface localization and distribution of the B. pertussis adhesin
FHA using an antibody-functionalized AFM tip. Through the analysis of specific
molecular recognition events we built a map of the spatial distribution of the adhesin
which revealed a non-homogenous pattern. Moreover, our experiments showed a force
induced reorganization of the adhesin in the surface of the cells, which could explain a
reinforced adhesive response under external forces. This single-molecule information
contributes to the understanding of basic molecular mechanisms used by bacterial
pathogens to cause infectious disease and to gain insight into the structural features by

which adhesins can act as force sensors under mechanical shear conditions.
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1. Introduction

Whooping cough or pertussis is a highly contagious human respiratory tract infection
caused principally by the Gram-negative bacterium Bordetella pertussis. Despite sustained
high vaccination coverage worldwide since 1950°s, the disease remains endemic with
infections peaks every 3-5 years. " * Interestingly, in the last two decades the reported cases
of pertussis have been increased in several countries and changes in the age of the affected
patients, from young children of less than 6 month to adolescents and adults, were reported.
A decrease in acellular vaccines effectiveness and pathogen adaptation to the immunity
conferred by vaccines has been suggested as possible causes for pertussis reemergence. This
new scenario implies the bacterial persistence in vaccinated population and represents a risk
of contagion for non-vaccinated children. A possible explanation for the continued
persistence of pertussis in the community could be associated to the ability showed by
Bordetella spp to form biofilm in the upper respiratory tract of infected animals. *> The
successful establishment of a biofilm community relies strongly in the adhesion step to the
surface; which is mediated by different adhesins exposed in the cell surface that irreversibly
interacts with the substrate. ® Bacterial adhesion is the first and a significant step in
establishing infection. In the course of colonization, adhered bacteria have to resist shear
forces that act as natural defense to remove them. Therefore, bacterial adhesins must prove
strength interactions with their target cells in order to maintain the adhered bacteria under

these hydromechanical stressing conditions. Protein and non-protein factors have been shown

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

to function as adhesins and promote biofilm formation in Bordetella pertussis.” In the case of
proteins, they interact with different components of the respiratory epithelium to allow the
attachment of the cells. Among them, the most studied proteins are Pertactine, a 69KDa
autotransporter adhesin®; Fimbriae, which is a filamentous proteins; and a 220 KDa adhesin
named Filamentous haemagglutinin (FHA). The latter is a lineal filamentous protein
belonging to the b-selenoid family, found on the outer membrane, but also secreted. FHA
contains recognition domains to adhere to ciliated respiratory epithelial cells and
macrophages, and two domains composed of tandem repeat motifs.”''" FHA has been
demonstrated to participate not only in the first adhesion step during biofilm development but
has also been proved to participate in cell-cell interactions to generate the definitive structure
of mature biofilm in vitro. Thus, the study of the spatial organization under specific
recognition forces should contribute to understand the role of FHA in the adhesion step of

biofilm formation.’ '
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The studies of the presence and distribution of adhesins on cell-surface are essential to
understand the adhesion capacity of a particular bacterium in the first steps of pathogenesis.
In this aspect, the atomic force microscopy (AFM) constitutes a powerful technique not only
by its capability to explore the surface heterogeneity of the cell envelope with nanometer
resolution, but also because it allows the possibility of mapping the distribution of particular
molecules of the cell surface. Such maps are obtained using the specificity of ligand-receptor
interactions in experiments performed in physiological conditions, using functionalized AFM
tips.”*!” In particular, the role of the spatial organization of surface adhesins has been
explored by single-molecule AFM experiments'®2°.

In this work, using atomic force microscopy we obtained information of the cell-
surface localization and distribution of B. pertussis adhesin-FHA. The quantitative evaluation
of the adhesion forces between FHA placed on the cell surface of B. pertussis and a specific
antibody-functionalized AFM tip was employed to this aim. We made use of this information
to build a map of the spatial distribution of the adhesin which revealed a non-homogenous
pattern. Moreover, our experiments showed a force induced reorganization of the adhesin in
the surface of the cells, which could explain a reinforced adhesive response under external
forces. This single-molecule information contributes to the understanding of basic molecular
mechanisms used by bacterial pathogens to cause infectious disease and to gain insight into
the structural features by which adhesins can act as force sensors under mechanical shear

conditions.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

B. pertussis Tohama I, a wild-type strain (8132 collection of Pasteur Institute, Paris,
France) and B. pertussis GR4, a Tohama I derivative mutant lacking the expression of FHA
(FHA-)*', were used throughout this study. Stock cultures were grown on Bordet-Gengou
agar (BGA; Difco Laboratories, Detroit, USA) plates supplemented with 1% w/v
Bactopeptone (Difco) and 15% v/v defibrinated sheep blood (Instituto Biologico, La Plata,
Argentina) at 37°C for 72h, and then subcultured for 48h in the same conditions. In the case
of the FHA- strain, 50 pg ml™ streptomycin (Sigma, St. Louis, MO, USA) were added to the
culture media to maintain restrictive conditions. Liquid cultures were performed by
inoculating bacteria into 100 ml Erlenmeyer flasks containing 30 ml of Stainer-Scholte (SS)

broth, adjusting the optical density at 650 nm (ODgso) to 0.20 and incubating the flasks at
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37°C under shaking conditions (160 rpm). Cells of the two strains were harvested at middle-
exponential phase (centrifugation at 8000g for 5 min) and washed twice with Phosphate
Buffered Saline (PBS) buffer.
2.2. AFM measurements
2.2.i Sample Preparation

Bacteria were electrostatically-immobilized onto polyethylenimine (PEI) pre-coated

glass slides (Sigma) according to previous protocols.”* **

Briefly, glass slides were washed
twice with 96% (v/v) ethanol and Milli-Q water and then incubated overnight at 4°C with
0.1% (w/v) aqueous PEI solution. After the incubation, PEI-coated slides were rinsed twice
with Milli-Q water. Bacteria were immobilized by depositing 50 pl of bacterial suspension at
an ODgso of 1.0 over the PEI-coated slides and they were let to attach to the substrate for 2.5
h. Afterward, the slides were washed three times with distillated water to remove non adhered
cells before AFM imaging.

Purified FHA (NIBSC, London, England) was deposited onto freshly cleaved mica’s
disks following a previously described procedure.”* Briefly, mica disks were incubated with
APTES 1% ethanol solution for 1 min, washed three times with Milli-Q water and dried with
N,. Afterwards, 50 pl of glutaraldehyde 0.5% water solution were added and incubated for 15
min. After rinsing three times with Milli-Q water, the disks were incubated with purified
FHA solution in PBS (10 ng ul'l) for 15 min. Finally the disks were washed with Milli-Q

water and were ready to be mounted on the AFM’s liquid chamber.

2.2.ii Cantilever’s tip functionalization

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

To functionalize the AFM tip we used the glutaraldehyde linking method already
published.***® After cleaning the cantilevers with Milli-Q water, 30ul of glutaraldehyde
solution (0, 5%) were added to the extreme end of the cantilever, they were incubated during
15 min. and then washed three times with Milli-Q water. Afterwards, the tip was
functionalized for 15 min with 30pl of anti-FHA IgG antibody solution (1 ng ul™ NIBSC,
London, England) in PBS. Finally, the cantilevers were washed and ready to be mounted in
the AFM’s liquid chamber.

2.2.iii AFM measurements and Force Spectroscopy assays

The interactions between the antibody-functionalized tip and purified FHA protein or
bacterial cells were performed through force-volume (FV) images using a MultiMode
Scanning Probe Microscope (Bruker, Santa Barbara, CA. USA) equipped with a Nanoscope
V controller and Nano Wizard III Bioscope (JPK, Berlin, Germany). Each sample was
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attached to a steel sample puck (Bruker, Santa Barbara, CA) using a small piece of double
side adhesive tape and immediately transferred into the AFM liquid chamber. Two hundred
pl of PBS buffer were added to AFM fluid chamber in order to keep the samples hydrated
during the course of the experiment. All the measurements were done using contact
sharpened silicon nitride probes (NP-10, Bruker) with nominal tip radius of curvature of 20-
60 nm. Clean flat muscovite mica surfaces (SPI V-1 grade) were used as rigid substrates for
photodetector sensitivity calibration. The spring constants of the cantilevers (K) were
measured using the thermal tune method and its characteristic values ranged between 0.05
and 0.08 N/m. The surfaces were scanned using the Force Volume (FV) imaging mode at a
scan rate of 1 Hz maintaining a maximal applied force of 1nN and 500 ms of surface delay.

Unbinding forces between receptors and ligands depend on the loading rate, i.e. the
rate at which the force is applied to the bond. '® *"*° To study this issue for our pair FHA-
anti-FHA we recorded 1000 Force vs Distance (FD) curves at different retraction velocities
(72,100, 500 nm/s) using a 500 nm Z range. The recorded data was analyzed to build the
Force vs. In loading rate curve. After selecting a proper pulling velocity we performed the FV
images on living B. pertussis Tohama I cells. For these experiments we used a 1000 nm Z
range in order to allow the correct detachment of the tip from the sample before starting the
next FD curve of the FV array. Two consecutives images were done on single cells, the first
image correspond to t=0 and the second to t=40 min since that was the time period separating
the acquirement of both images. Ten cells were analyzed from five independent cultures.

The specificity of the interaction events was controlled through blocking experiments.
Both, purified FHA on mica and B. pertussis Tohama I cells were incubated with a solution
of anti-FHA antibody (10 ng ul'l) for 1h before performing the Force Spectroscopy
experiments. Another assay was made by performing the Force Spectroscopy measurements
on bacterial samples of FHA- strains, which do not express the adhesin on its surface.
2.3. Force-Distance Curve’s Analysis. Determination of Specific Adhesion Events and
Young Modulus Calculation

Force vs Distance curve analysis to detect specific adhesion events between the
antibody on the tip and either, purified FHA on mica or FHA of the surface envelope of
living B. pertussis Tohama I cells was done off-line using the OpenFovea software developed

by C. Roduit et al.*

Each FD curve was analysed to quantify the magnitude of the force of
each specific rupture event and the distance from the point of contact where it occurred. The

collected data were represented in the corresponding histograms. Non-specific events
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(adhesion peaks without any length separation from the point of contact) were automatically
excluded by the software and very low adhesion events (bellow 50 pN) were also excluded as
they were considered to be outside the range of antigen-antibodies interactions forces.'® !

In the case of bacterial cells, a nanoindentation analysis was done seeking to
discriminate the presence of specific recognition events and rigid domains in the surface. The
analysis was done using an in-house developed software, following the procedure described

. . 32-34
in previous works.

The zero-force height (zy; yo) value of each force curve was manually
defined by detecting the point at which the curve begins to lift off from the non-contact
baseline when the tip approaches to the sample. >> After defining the point of contact, Force

vs. Distance curves were transformed into Force vs. Indentation depth curves *°, and the

resulting data was fitted using a Hertz model for elastic***’ samples and conical indenters. **
38,39
_ 2E tanza 2 (1)
z(l-v?)

Where F is the loading force, E is the Young modulus, a is the half opening angle of the
conical indenter (53°; based in geometrical characteristics of the tip and SEM observations),

40, 41) and J is the indentation.

v is the Poisson ratio (0,5 for cells

2.5 Force and Elasticity Maps
FD curves that presented a recognition event on the surface of single bacterium were

correlated to their (x, y) position on the FV image and plotted as a Force map. The values

ranged from 50 to 900 pN and they were represented using a black-white scale. The Young

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

modulus values calculated for B. pertussis Tohama I cells were also plotted on surface
elasticity maps. Values between 0,15 and 1,1 MPa are depicted in a cyan-blue scale, whereas
values between 1,1 and 2 MPa are in a pink-red scale.
2.6 Cluster analysis

From the construction of the force maps, we could define a matrix of forces F;; with
1<i<Lx, 1<j<Ly, where Lx and Ly represents the number of lines and columns of the force
map respectively. In a first step, we made a binarization of the force matrix, defining a
threshold value, f;. In this way, the elements of the binarized matrix can be written as:

Bij: 1if Fij zfu
B;;= 0 in the opposite case

When the images are built from the binarized matrix, they generate force maps of two
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colours. Conventionally, we could interpret each site (i, j) as “occupied” (if B;;=1) or “non-
occupied” (if Bjj =0). Each site, generically designed by their indexes (i, j), has in the
rectangular bidimensional grid four “first neighbours™ sites (whose indexes are: (i£l,)),
(i,j£1)) and “second neighbours” (whose indexes are: (i+ 1,j+ 1), (i +1, j-1), (i-1, j+1), (i-1,
j-1)). We will denote C(l)ij and C(z)ij to the numbers of coordination to first and second
neighbours of each site respectively, which are interpreted as the number of neighbours
occupied without including (in the case of C(l)ij) and including (in the case of C(z)ij) second
neighbours. Both quantities give us a measure of the “agglutination” of the sites, in the sense
that when these coordinates are bigger, there would be more connections between the
occupied sites.

Another alternative for the statistical characterization of the distribution of the
occupied sites can be done by studying the formation of “conglomerates™ or “clusters”: two
occupied sites belong to a same cluster if they can be joined together (admitting diagonal
movements and including connections to second neighbours) through occupied sites. On the
contrary, if one has to cross at least one non-occupied site, to join two occupied sites, it is
assumed that such sites belong to different clusters. Clearly, when the affinity between
occupied sites is bigger, the distribution of clusters will tend to acquire a configuration with a
relatively small number of clusters and, considering a fixed number of occupied sites in the
grid, such clusters will have a relatively important size. When the affinity between sites is

low (there is no preference for contact between the sites), clusters will have a smaller size.

3. Results and Discussion
3.1. Force-Distance Curves Analysis

An AFM cantilever’s tip functionalized with a specific antibody as indicated in
Material and Methods was used to recognize the presence of FHA adhesin on the surface of
live B. pertussis cells through Force Spectroscopy assays. Force vs. Z-piezo retraction curves
shown in Figure 1 are representative of more than 6000 curves acquired in the above
mentioned experiments. During the analysis, the non-specific interactions were automatically
excluded by the software by discarding events that did not show any length separation with
the contact point.42 Most of the recorded FD curves showed no adhesion events (Figure 1.a),
and are associated to surface areas with no expression of FHA. Other typical FD curves
showed one adhesion peak, like the one depicted in Figure 1.b, that exhibits an adhesion
event with a magnitude of 130 pN, characteristic for an antigen-antibody interaction.”® * A

fewer number of FD curves presented two events occurring at different tip-sample
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separations (Figure 1.c). In this case the absolute value of the adhesion force (F,qn) was the
double of the value (300 pN) detected for most probable single antigen-antibody interaction.
This behavior is likely to evidence the interaction of two antigen-antibody pairs at the same
time. It is important to remark that during the functionalization of the tip is not possible to
guarantee that only one antibody was attached to the tip of the cantilever. In this context
when more than one antibody interacts at the same time with proteins in the surface, the
magnitude of the interaction peak in the FD curve is typically a multiple of the single
interaction force.”® ** Other type of FD curves found in our experiments exhibited multiple
FHA-antibody interaction events, like the curve represented in Figure 1d that shows three
adhesion events that could be understood as three antibodies interacting with three epitopes
of the same FHA protein or interacting within neighboring FHA molecules in the underlying
surface. Taking a closer look into the last FD curve (Figure 1.d), it is possible to observe a
“plateau” that is associated with a different type of interaction, a “tether”- like rupture event.
* Such adhesion events were frequently observed in our experiments (10-15 %) and can be
related to the stretching of a portion of the extracellular membrane as was previously
described. *' When the tip is being pulled off from the surface, in some cases, it makes the
external membrane to detach from the structures that maintain it stuck to the cell wall,
generating a nanotube of external membrane. When the nanotube is disengaged from the tip a
tether rupture event occurs. In the case of Gram-negative bacteria, like B. pertussis, the
membrane is attached to a thin layer of peptidoglycan present in the intermembrane space

through an anchorage lipoprotein. *

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

To check the specificity of the interactions between the antibodies and FHA proteins
on the surface, we conducted a Force Spectroscopy assay using the antibody-functionalized
tip against purified FHA on mica. As it is known from previous studies, the adhesion force
increases with the logarithm of the loading rate in most receptor-ligand bonds.’' Therefore,
we decided to analyze the adhesion events between anti-FHA and the purified protein on
mica at three different retracting velocities. A linear relation was obtained between the mean
rupture forces and the logarithm of the loading rate as is shown in Figure S1.a along with the
corresponding force histogram for the retraction velocity of 500 nm s™ (see Figure S1.b). The
most probable adhesion value corresponds to 150 pN, typical for these antigen-antibody
interactions. The specificity was determined by incubating the sample with a solution of the
antibody before making the Force Spectroscopy experiments under these experimental
conditions. The total amount of adhesion events diminished in more than a half (Figure S1.c),

although the mean value did not change. This control experiment strongly suggests that the
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interaction events between the anti-FHA antibodies and FHA proteins are not artifacts and

correspond to specific interactions.
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Figure 1. Representative Force vs Z-piezo displacement measured with an anti-FHA
functionalized tip on B. pertussis Tohama [ cells supported on glass. a) nonspecific tip-
sample interactions, b) one adhesion event, c) two adhesion events in the same FD curve that
doubles the typical Fq and d), a FD curve with three specific antibody-antigen interactions
at different distances followed by a latter “tether” event (pointed by the red arrow)
characteristic of the dissociation of a membrane nanotube generated during the retraction of

the cantilever.

3.2 Specific Adhesion Events on the Surface of B. pertussis Cells through Molecular
Recognition Experiments

As it was mentioned in section 2.2.iii, two consecutives FV images were recorded on
the surface of single B. pertussis Tohama I cells with 40 min time lapse between each of
them. These studies allowed us to determine the amount as well the magnitude of the
recognition events between the antibodies adhered to the tip and the protein FHA in B.
pertussis’ surface. The histograms shown in Figure 2.a and b, represent the adhesion forces

detected on 12 individual cells for time = 0 (first scan) and time = 40 min (second scan on the

10
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same cells). In both cases, a great number of retraction curves did not show any adhesion
event, representing areas on bacterial surface where there is no expression of the adhesin
FHA. For the specific recognition events, the distributions of the histograms are very similar.
They include a range of adhesion values from 50 pN to 900 pN, although the majority of the
events correspond to low values of interaction forces. In both cases the most probable values
correspond to 150 pN, which is a typical interaction value for antigen - antibody pairs as has
been previously reported * ** *7 and the most probable value found for the interaction
between anti-FHA antibodies and purified FHA mentioned above. Nevertheless, it was
possible to differentiate in both histograms, local maximums around values such as 225 and
300 pN. These subpopulations could be associated to the rupture events between two
antibodies and one or more proteins in the surface at the same time, which would throw an
adhesion value corresponding to the double of the individual rupture event or to the
interaction of one antibody plus a Fab fragment of another antibody as it was reported by
Hinterdorfer et al.*® The histograms of recognition events on cells have a different
distribution of that observed in the Force Spectroscopy experiments for purified FHA-anti-
FHA (Figure S1.b) which shows most of the interaction events at low forces. This could be
attributed to the soft nature of the cell’s envelope allowing the indentation of the tip which
increases the probability of interaction of adhesins with the functionalized tip. This
phenomenon would not be feasible to occur in the case of a flat layer of protein deposited
onto a hard mica surface. Another parameter calculated from the FD curves was the distance

at which the rupture events occurred. These data are represented in Figure 2.c and d for the

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

two studied times. Once again, the distribution of the two populations is the same, meaning
that there was no tip contamination during experiments, which would have led to different
lengths in the rupture events. Both histograms, for time 0 and time 40 min could be fitted
using a LogNormal function; and differently than what occur for purified FHA-anti-FHA
interactions, which showed distances with most probable values around 25-50 nm and highest
values not further than 25-300 nm, the distances distributions for anti-FHA-Bp Tohama I
interactions showed a most probable distance value between 120-160 nm (Fig. 2.c). These
values are a bit higher than those expected considering that the length of the non-elongated
FHA protein is 50 nm* and the length of an antibody is 20 nm.* Nevertheless it has to be
considered that when the rupture of the interaction occurs, depending on the position of the
recognition site, the molecule could be partially or totally extended. It has been reported that

the FHA60 fraction (60 kDa N terminal of native FHA) exhibit a 256 nm extension under

11
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force induced elongation.50 Thus, in our experiments, the typical rupture lengths (120-160
nm) data indicate that the protein is moderately extended. Moreover, the histogram’s values
rise up to 800-1000 nm, which represent not only the stretching of the protein but the
stretching of the cell’s membrane during the cantilever’s retraction.

An important feature to notice is that after 40 min (in the second scan), the total
amount of recognition events increased from 1013 to 1274, indicating an increase in the
number of affinity sites detected during the second trial. In order to test the specificity of the
recognition events, Force distance curves were recorded after exposing B. pertussis cells to
the same solution of specific antibodies. As a result Force Spectroscopy measurements
presented a drastic reduction in the recognition events number (Figure S2.a). This
phenomenon can be interpreted as a demonstration of the existence of specific ligand-
receptor interactions. Moreover, we made a Force Spectroscopy assay on mutant cells not
expressing FHA observing only a few adhesion events whose distribution lacks a well-
defined maximum. The observed interactions could represent unspecific events between the
antibody and chemical structures on the surface of a cell, probably being of electrostatic

nature (Figure S2.b).

12
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Figure2. a-b) Adhesion force histograms of the interaction of an anti-FHA functionalized tip
and FHA present on the surface of 12 cells of B. pertussis Tohama I at time=0 and time=40
min. All curves were obtained using a retraction speed of 500 nm s and a surface delay time
of 500 ms. Figures ¢ and d represents the distance histogram at which the rupture events

plotted in the force histograms occurred for the two times studied.
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3.3 Dynamics of Recognition Events on Individual Bacterium. Force and Elasticity Maps
To evaluate if the increase in the number of found recognition events was
representative of each individual studied cell we constructed independent force histograms
for each bacterium for 12 cells from 6 independent cultures. Figure 3.a shows a representative
FV image of three cells of B. pertussis Tohama I strain with their associated force histograms
(Figure 3.b). The data on the force histograms can be divided into two subpopulations, in the
case of cell ii it is possible to detect a first distribution around 200 pN and a second one
around 400 pN, whereas cells i and iii, present a first population around 150 pN and a second
one around 300 pN. The most probable values for each distribution are multiple values
between them, and are in agreement with the behavior depicted by the overall data described
in section 3.2. In every individual cell, the amount of specific recognition events rose

between the first and the second scans, in cell i the percentage increased from 49% to 73%, in
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cell ii from 40 to 48% and in cell iii from 50 to 71% suggesting that the general behavior

observed for the whole population of studied cells (section 3.2) is representative of the

individual performance of the cells. Moreover, the other 9 analyzed cells also showed an

increase in the recognition events from 8 to 28% after 40 minutes (see Table S1 and Fig S6
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Figure 3-a) Force Volume image of three individual B. pertussis Tohama I cells acquired

with a functionalized tip. b) The specific recognition events between FHA-antiFHA on the

surface of cells shown in a) are represented in the corresponding histograms for the

respective time points studies (0 and 40 min). In every case the number of adhesion events

rose in the second FV image.
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To elucidate if the new recognition events on the surface of the cells are distributed
randomly or if they are organized in any special arrangement we decided to build the
associated force maps by correlating the FD curves with their (x, y) coordinates on the
corresponding FV image (Figure 4). It is possible to observe that in every case the amount of
non-null force pixels is higher in the second scan (40 min) compared to the first one (t=0)
although it is not possible to define if they are being organized in any specific way.
Nevertheless, one particular area (inside the red circle in Figure 4a) on bacterium iii drew our
attention. It corresponds to a cell to cell contact area and it has, clearly, more recognition
events clustering in the zone after the second scan with the functionalized tip (Figure 4.b,c).
Surprisingly, the neighbour cell (if) also showed a clustering or adhesion events in the contact
area after 40 min, like is shown in Figure S3. This result is very interesting since FHA is the
major adhesin of B. pertussis, responsible not only for the initial attachment to human cells,
but also as an important element of bacterium-bacterium interactions involved in the auto
agglutinogen capacity and microcolony formation. > An enhancement in the number of FHA
binding sites in the contact area between two cells would be indicating a stimulus for cell to
cell interactions. Taking into account that previously published results from our group
suggested that nanodomains of FHA on the surface of B. pertussis correlates with more rigid
areas in the envelope36, we decided to evaluate the Young modulus for this particular
bacterium and plotted it as an elasticity map of the surface. In Figure 4.d, e is possible to
observe the corresponding maps were the soft values are represented in a blue-cyan scale and

the stiffer values are represented in a pink-red scale. The circled area (red line) represents the

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

contact area between the two cells, and it is clearly observable that the elasticity of the
envelope rises from soft to rigid values in the second scan, accompanying the increase of
recognition events in the same area.

The absolute values of Young modulus calculated from the approach curves in the
present analysis are much higher (up to 2 MPa) than the values obtained from our previous
report, where the maximum value was 1 MPa.*® This issue can be explained taking into
account the difference in the Z range of the FD curves in each experiment. In the current
assays, the Z range was 1 um in order to allow a correct detachment of the interacting
molecules in the tip and the surface. This Z range, even though needed for these experiments,
represents a compromise situation for selecting correctly the nonlinear zone of the approach
curve to be fitted with the Hertz's model. In this sense, part of the linear behavior of the
curves is being incorporated to the nonlinear fit, resulting in enhanced Young modulus

values. Nevertheless, as this effect existed in every studied curve, the calculated E values can
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be compared in a relative manner.

900 pN

c) t=40min

2MPa

Figure 4- a) The circled area (red line) represents the contact zone between two bacteria (iii
and ii in Figure 3a), where it is possible to observe an increase in the recognition events after
40 min (b and c). The same contact area in the elasticity maps (d and e) is circled by red
lines. The envelope changes from soft to rigid values in the second scan (e) accompanying the

raise in the recognition events for the domain as shown in b-c.

3.4 Cluster and Nearest Neighbor’s Analysis

To clarify if the new events that appeared in the cells after 40 min of scanning the
surface with a functionalized tip are arranged in any particular manner we decided to perform
a cluster analysis using the data from the force maps. The null events were assigned to non-
cluster pixels, and each of the positive values of interaction forces in the maps were assigned
to a single cluster on the surface. Bigger clusters were defined from single no null values
connected between them through lateral and diagonal contacts. The results indicate that in
every case, the amount of clusters diminished from the first to the second force map but the
size of connected clusters markedly increases. In the case of cell i in Figure 3, the clusters
were reduced to the half (16 to 8), cell ii showed a change from 10 to 7 clusters after 40 min
and cell iii exposed the most important reduction in the clusters that went from 14 to only 3
larger clusters in the second FV (Figure 5 and Figures S4 and S5 in Supp.Inf.). We have also

calculated the mean number of first and second nearest neighbors for each non-null force
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value which in every case increases from the first to the second scan. These results indicate
that consecutive scans of a B. pertussis Tohama I bacterium with a specific antibody against
FHA, increase the binding sites of FHA protein on the surface of the cell and generates,

probably along with the existing nanodomains, bigger areas of clustered adhesins.

Figure 5: Cluster analysis for cell iii in Figure 3.a .a) t= 0. Recognition events (grey) = 95.
Clusters=14. Average coordination number: First neighbors=1.23, second neighbors=2.28.
b) t= 40 min. Recognition events = 116. Clusters = 3. Average coordination number: first

neighbors=1.94, second neighbors=3.78. Non-recognition events in black.

The above results for individual cells were obtained for 12 cells from 6 independent
cultures. Increments ranging 8-28% were obtained for the recognition events accompanied by
a decrease in the number of clusters (see Table S1 in Supp. Inf. and two representative cells

in Figures S6 and S7)

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

In light of these results the question arises about the reason for the rearrangement of
protein in the cell’s surface. One possibility, as was mentioned before, is that the chemical,
specific interaction between the protein and the antibody on the AFM tip induces the
recruitment of more FHA and its reorganization. Another interpretation could be that the
mechanical pressure exerted during the continuous scanning of the envelope could trigger the
mobilization of the adhesins non-exposed in the surface during the first scan. To answer the
latter option we have made two consecutives Force Volume images on a single bacterium
using a non-functionalized tip and we analyzed the behavior of the Young modulus in order
to determine the organization of rigid nanodomains after 40 min. The results indicated no
changes in the rigid domains between the two scans (Figure S8) leading us to think that the
mechanical stimulus is not responsible for the rearrangement of FHA. Discarding the

nonspecific pressure made by the tip we focus in the discussion of whether the consecutive
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scanning with the functionalized tip could stimulate the synthesis and exposition of more
FHA proteins and/ or adhesin diffusion from non-scanned parts of the bacterial surface or if
the increase in recognition events is a consequence of conformational changes induced by the
specific applied force. To answer these questions we performed several Force Spectroscopy
assays on individual heat-inactivated bacterium. The results shown in Table 1 indicate that
even in killed bacteria there is an increase of recognition events after 40 min along with a
reduction in the number of clusters that indicates a rearrangement of the exposed proteins into
domains as was observed in live cells. This phenomenon would not involve synthesis or
diffusion of FHA that, up to our knowledge, in bacterial metabolism are energy-dependent
processes.”’ We propose that the specific force induced to which FHA proteins are subjected
during the experiments could trigger conformational changes in the protein leading to the
exposure of homo-recognition sites (probably exposure of tandem repeats) allowing an initial
FHA-FHA interaction that latter recruits more neighboring adhesins. These interactions could
be possibly due to the length of native FHA (50 nm) which confers rotational mobility to the
macromolecules like it was suggested for Als proteins in yeasts. '8 Also in line with our
results Lecuyer et al. >* reported that mechanical stress could lead to a physical deformation
or a biological (chemical surface modification, higher density of binding sites) response of
bacteria, resulting in an increased number of bonds created between the cell and the surface.
In the same context, Thomas et al. have reported that shear forces induce conformational

changes in adhesins that result in a shear-dependent binding.>®

Table 1

Recognition events and clusters evolution in heat-killed cells

% Increase in recogqition Clusters at=0min | Clusters a t=40 min
events after 40 min

Cell 1 15 22 6
Cell I 23 5 1
Cell 111 12 9 8

As it was mentioned before, FHA is the most abundant adhesin of B. pertussis. FHA
has at least three recognition domains to attach to the host’s tissue cells. It mediates the
adhesion to epithelial cells through the recognition of heparan-sulfates molecules present in

the extracellular matrix and also mediates the adhesion to macrophages and non-ciliated
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epithelial cells."" We propose, based in our experimental results, that the specific recognition
between FHA and chemical groups in the surface of the host’s cells under shear mechanical
stress originates stretching forces in the protein that could trigger the recruitment of other
adhesins molecules, clustering them into the focal contact site to enhance the interaction.

To our knowledge this is the first time that a rearrangement of adhesins is followed at the
molecular level on the surface of single live bacterium, and it represents an important
contribution to understand the significance of its nanodomains clustering on the surface of the
cells. This mechanism would be a fast and effective manner to interact with the host’s tissues
favoring the first adhesion step, which constitutes a universally important stage in the
establishment of an infection. The shear-enhanced adhesion could contribute to the way

employed by B. pertussis to colonize surfaces under turbulent conditions.

Conclusions

The results reported in this work demonstrated a force induced clustering of an
important adhesin of Bordetella pertussis like FHA occurring when specific molecular
recognition events take place. The force induced reorganization of the adhesin in the surface
of the cells could explain a reinforced adhesive response under external forces which could
be determinant in the very first adhesion events mediated by the interaction of this protein
with the host’s tissue cells. This single-molecule information contributes to the understanding
of basic molecular mechanisms used by bacterial pathogens to cause infectious disease and to

gain insight into the structural features by which adhesins can act as force sensors under

Published on 16 September 2015. Downloaded by Central Michigan University on 16/09/2015 16:34:19.

mechanical shear conditions.
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