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Streptococcus mutans is an acidogenic
Gram-positive oral bacterium that is a
primary disease-causing agent associated
with tooth decay.1 In the oral cavity,
S. mutans colonization depends on sucrose-
dependent as well as sucrose-independent
mechanisms. Sucrose-independent adhe-
sion of S. mutans cells to tooth surfaces
involves cell surface proteins such as the cell
wall-anchored adhesin P1 (also referred to as
Ag I/II, PAc, SpaP or antigen B).2�6 P1 is a
multifunctional adhesin that contributes to S.
mutans' ability to adhere to tooth pellicles
and cause tooth decay.7�13 In addition to its
etiologic association with human dental car-
ies, S.mutans has also been linked to cases of
bacterial endocarditis andhasbeendetected
in atherosclerotic plaque.14�16 Some strains
of S. mutans have been reported to invade
human coronary endothelial cells.17,18 In the
oral environment, P1 interacts primarily with
the glycoprotein salivary agglutinin (SAG)

complex predominantly composed of
the scavenger receptor glycoprotein 340
(gp340/DMBT1), contained within the sali-
vary pellicle on tooth surfaces.2,4,5,19�23 P1
has also been shown to bind to extracellular
matrix proteins such as collagen (Coll)24�27

and fibronectin (Fn),26,28,29 and is involved in
cell�cell adhesion as well.30 The ability of P1
to promote bacterial adherence and to affect
colonization, cariogenicity and biofilm for-
mation hasmade it of interest as a therapeu-
tic target.20,31�34

The primary amino acid sequence of P1
consists of a signal sequence, an N-terminal
region, alanine-rich repeats (A1�3), an inter-
vening segment containing a variable (V)
region, proline-rich repeats (P1�3), C-terminal
region consisting of three domains (C1�3,)
and a wall-spanning region.35,36 A structural
model of P1 derived from crystal structures
demonstrates that the A-repeats form a
long R-helix that intimately intertwines into
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ABSTRACT Streptococcus mutans is a Gram-positive oral bacte-

rium that is a primary etiological agent associated with human dental

caries. In the oral cavity, S. mutans adheres to immobilized salivary

agglutinin (SAG) contained within the salivary pellicle on the tooth

surface. Binding to SAG is mediated by cell surface P1, a multifunctional

adhesin that is also capable of interacting with extracellular matrix

proteins. This may be of particular importance outside of the oral cavity

as S. mutans has been associatedwith infective endocarditis and detected in atherosclerotic plaque. Despite the biomedical importance of P1, its bindingmechanisms

are not completely understood. In this work, we use atomic force microscopy-based single-molecule and single-cell force spectroscopy to quantify the nanoscale

forces driving P1-mediated adhesion. Single-molecule experiments show that full-length P1, as well as fragments containing only the P1 globular head or C-terminal

region, binds to SAGwith relativelyweak forces (∼50 pN). In contrast, single-cell analyses reveal that adhesion of a single S. mutans cell to SAG ismediated by strong
(∼500 pN) and long-range (up to 6000 nm) forces. This is likely due to the binding of multiple P1 adhesins to self-associated gp340 glycoproteins. Such a

cooperative, long-range character of the S. mutans�SAG interaction would therefore dramatically increase the strength and duration of cell adhesion. We also

demonstrate, at single-molecule and single-cell levels, the interaction of P1 with fibronectin and collagen, as well as with hydrophobic, but not hydrophilic,

substrates. The binding mechanism (strong forces, cooperativity, broad specificity) of P1 provides a molecular basis for its multifunctional adhesion properties. Our

methodology represents a valuable approach to probe the binding forces of bacterial adhesins and offers a tractable methodology to assess anti-adhesion therapy.

KEYWORDS: Streptococcus mutans . AFM . single-cell force spectroscopy . single-molecule force spectroscopy . bacterial adhesion .
salivary agglutinin . P1 . antigen I/II

A
RTIC

LE



SULLAN ET AL. VOL. 9 ’ NO. 2 ’ 1448–1460 ’ 2015

www.acsnano.org

1449

a left-handed supercoiled structure with the helical
polyproline P-repeats to form an unusually long and
narrow stalk.37 A β-rich “globular head” domain, pre-
dicted to contain a carbohydrate-binding trench, inter-
venes the A- and P-repeats at the tip of the extended
stalk. The C-terminal region is also globular and com-
prised of three structurally related β-sandwich do-
mains stabilized by covalent isopeptide bonds.38,39

Within the context of the complete fully folded
molecule, this region resides at the opposite end of
the stalk. In addition to its unusual tertiary structure,
our recent work has demonstrated that a complex
ultrastructure of P1 also exists on the cell surface
such that a scaffold of covalently attached P1 interacts
with more loosely associated adhesive P1 fragments,
including the C-terminal fragment previously identi-
fied as Antigen II,40 to form the functional adhesive
layer.
Various techniques have been used to locate bind-

ing domains within both P1 and SAG. An earlier study
using a sandwich-type assay, identified the N-terminal
segment of P1 (PAc) as a saliva-binding region.41 A
subsequent study employing Scatchard analysis sug-
gested the presence of two binding sites within P1 (Ag
I/II).20 More recently, surface plasmon resonance (SPR)
was used to demonstrate that the apical head region
(A3VP1) and the C-terminal fragment (C1�3) each are
capable of independent and noncompetitive adher-
ence to immobilized SAG.37 The same group specifi-
cally identified the scavenger rich cysteine repeat
(SRCR) domains of gp340 as the binding sites within
SAG to which A3VP1 and C-terminal P1 fragments
adhere.22 It was further shown that calcium-dependent
adherence of P1 to SAG stems from calcium-induced
conformational changes in the SRCR domains of gp340
that increase their thermal stability.22 Though the
aforementioned studies shed light on the adhesion
of P1 to the SAG glycoprotein complex, the binding
forces involved in the interaction of P1 to SAG as well
as to other extracellular matrix proteins have yet to
be quantified and the molecular mechanisms fully
elucidated.
Atomic force microscopy (AFM) offers unprece-

dented opportunities for exploring the forces involved
inmicrobial cell adhesion and biofilm formation. Single-
molecule force spectroscopy (SMFS) with biospecific
AFM tips allows researchers to gain insight into the
localization, binding strength and elasticity of indivi-
dual adhesins, either on purified systems or on live
cells. In the pathogenesis context, examples of thor-
oughly investigated adhesins are the mycobacterial
heparin-binding hemagglutinin adhesin (HBHA),42 the
agglutinin-like sequence (Als) proteins from Candida

albicans,43 and fibronectin binding proteins (FnBPs)
from Staphylococcus aureus.44 In addition, single-cell
force spectroscopy (SCFS), in which AFM cantilevers
are functionalized with microbial cells, makes it

possible to quantify adhesive interactions on a single-
cell basis. New protocols have been developed for the
reliable SCFS analysis of microbes. One approach is
FluidFM, where hollow AFM probes with nanoscale
apertures are used for manipulating and probing
individual cells.45 Another assay for reliable single
microbial cellmanipulation uses colloidal probes coated
with bioinspired polydopamine wet adhesive.46 Cur-
rently, an exciting challenge is to combine SMFS and
SCFS to gain insight into the binding mechanisms of
adhesins. In one such study, Herman et al.47 probed the
binding strength of the SdrG adhesin from Staphylo-

coccus epidermidis, revealing that it binds to the blood
plasma protein fibrinogen with a strength equivalent to
that of a covalent bond, thusmuch larger than the force
of any adhesin investigated so far. Here, we used SMFS
and SCFS techniques to unravel the nanoscale adhesion
forces between S. mutans P1 and target receptors (SAG,
Fn and Coll) as well as to hydrophobic and hydrophilic
substrates.

RESULTS AND DISCUSSION

Strength of Single P1�SAG Bonds. SMFS was used to
understand how P1 adhesins adhere to salivary com-
ponents and extracellular matrix molecules at the
molecular level. We measured the forces between
AFM tips functionalized with complete P1 molecules
or P1 fragments (globular head, C-terminal region) and
SAG proteins randomly immobilized on solid sub-
strates (Figure 1a, inset). To ensure single-adhesin
detection, the tip was functionalized with a PEG-
benzaldehyde linker using awell-establishedprotocol.48

The adhesion force and rupture length histograms, as
well as representative retraction force curves obtained
at a pulling speed of 1000 nm s�1 for the P1�SAG
interaction, are shown in Figure 1a�c. Considerable
(∼30%) binding events were observed with adhesion
forces in the range of 30�200 pN. The most probable
force was 57 ( 30 pN (mean values and SD from five
independent experiments), a value in the range of the
forces reported for other adhesins at similar loading
rate (i.e., the rate at which the force is applied to the
complex).49 To test the specificity of binding, we
blocked the P1-tip using an anti-P1 antibody (mAb
1-6F)50 directed against the head region (Figure 1d-f).51

We observed a substantial decrease in binding
frequency (down to ∼9%) and in rupture length
(<100 nm). The same result was obtained when using
an irrelevant BSA-functionalized tip or a surface with-
out SAG proteins confirming the specificity of the
measured P1�SAG forces.

Pulling on P1�SAG bonds gave rise to rupture
lengths up to 200 nm, indicating that the mechanically
stretched molecules were elongated. While P1 has a
stiff, rod-like structure,37 SAG is a large glycoprotein
complex that is expected to readily elongate under
force. P1 is known to bind glycoprotein 340 (gp340,
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DMBT-1),5,52,53 a Mr ∼ 340-kDa glycoprotein that
contains 14 SRCR (scavenger receptor cysteine rich)
domains of about 100�110 amino acids each.5,20 Con-
sidering that each amino acid contributes 0.36 nm to
the contour length of a fully extended polypeptide
chain, and that gp340 has 2413 amino acids, full
extension of the protein would give a length of
∼868 nm. This is much larger than our measured
rupture lengths, meaning that most gp340 domains
were not unfolded, in line with the presence of disul-
fide bonds within the SRCR domains.2

Recent studies revealed that the globular head and
C-terminal regions of P1 are capable of independent
adherence to SAG.37,38 Figure 1g�l shows that the
force data obtained for each of these domains were

similar to those obtained for full-length P1. This reiter-
ates that both domains contribute to the P1�SAG
interaction. The similar force profiles obtained for these
two separate fragments suggest they share similar
binding properties. In summary our results show (i)
that the force of single P1�SAG bonds is relatively
weak, (ii) that pulling on these bonds does not lead to
the unfolding of gp340 SRCR domains, and (iii) that
both the globular head and C-terminal regions bind
SAG with the same forces as the full-length molecule.

Binding of P1 to Fibronectin and Collagen. P1 has been
reported to mediate adhesion to extracellular matrix
proteins,25,54�56 but the mechanisms involved are not
fully characterized. We quantified the binding force of
P1 with both Fn and Coll, using a constant pulling

Figure 1. Single-molecule force spectroscopy of the P1�SAG interaction. (a�l) Adhesion force histogram (a, d, g, and j),
rupture length histogram (b, e, h, and k), and typical force curves (c, f, i, and l) obtained by recording force curves (n = 1024
curves for each condition) in PBS buffer with 1 mM Ca2þ between solid substrates functionalized with SAG, and AFM tips
functionalized with full-length P1 (a�c), full-length P1 blockedwith a solution of monoclonal antibodies directed against the
P1 head (mAb 1-6F) (d�f), P1 head region (g�i), or P1 C-terminal region (j�l). The schematic representations emphasize the
oriented, rod-like structure of P1 and its main structural regions, i.e., globular head (circle), stalk (bar), and C-terminal region
(square). For each condition, similar data were obtained using at least 5 different tips and 5 different substrates.
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speed of 1000 nm s�1. Figure 2a�c shows the histo-
grams of adhesion forces and rupture lengths, with
representative force curves, recorded between P1-tips
and Fn-coated substrates. The binding frequency,
∼28%, mean adhesion force, 46 ( 27 pN, and rupture
lengths, 25�200 nm, were similar to those measured
for the P1�SAG interaction. We note that our adhesion
forces and rupture lengths are smaller than those
reported by Soell et al. (∼250 pN, 50�750 nm).26 How-
ever, the surface chemistry used in the earlier study
was different and less defined; i.e., P1 molecules were
adsorbed onto silicon nitride tips, thus favoring the
probing of multiple and loosely immobilized adhesins.
In the current study, in a few cases (<1%)multiple force
peaks of 100�300 pN were observed, suggesting that
multiple protein domains were unfolded one after
the other (Figure 2b, inset). Force peaks were well
described by the worm-like-chain model (WLC), the
change in contour length between consecutive peaks
beingΔLc = 25.0( 0.6 nm (n = 50 from 15 curves). This
value is consistent with the 28�31 nmexpected for the
∼90 amino acids of single Fn repeats.57,58 The mean
unfolding forces, 116 ( 34 and 261 ( 66 pN, are
consistent with earlier observations by Oberhauser

et al., where they showed a hierarchical unfolding of
FnIII domains.57 When the globular head fragment
of P1was used (Figure 2d�f) rather than the full-length
molecule, more binding events were observed (49% vs

28%). By contrast, binding events were significantly
reduced when we used the C-terminal domain
(Figure 2g�i). Although we cannot exclude the involve-
ment of other regions, our data strongly suggest that
the globular head is the primary Fn-binding domain.
The higher binding probability observed for the head
fragment, compared to full P1, could be due to the
better exposure of the Fn-binding region on the
AFM tip.

We next probed the binding of P1 to collagen.
Figure 3a�c shows that the force data for the P1�Coll
interaction were different from those of the P1-Fn
interaction in that they showed larger adhesion fre-
quency (∼42%), mean adhesion force (50�200 pN)
and rupture distances (up to 600 nm). The larger
adhesion forces could indicate that single P1�Coll
bonds are stronger and/or that single P1 are able to
bind to multiple sites on the Coll molecule. The longer
extensions reflect the long, fibrillar structure of
collagen. Similar to Fn, more binding events were

Figure 2. P1 binds fibronectin via the head region. (a�i) Adhesion force histogram (a, d, and g), rupture length histogram
(b, e, and h), and typical force curves (c, f, and i) obtained by recording force curves (n = 1024 curves for each condition) in PBS
buffer between solid substrates functionalizedwith fibronectin (Fn), and AFM tips functionalizedwith full-length P1 (a�c), P1
globular head (d�f), or C-terminal region (g�i). The red lines in panel (b) shows that for the Fn interaction, sawtooth force
profiles were observed andwell-described by theworm-like-chainmodel, using a persistence length lp of 0.4 nm: F(x) = kBT/lp
[0.25(1� x/Lc)

�2þ x/Lc�0.25], where Lc is the contour length of themolecule, kB is the Boltzmann constant, and T the absolute
temperature. For each condition, similar data were obtained using at least 3 different tips and 3 different substrates.
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observed with the globular head fragment than with
the full-length protein (Figure 3d�f), suggesting it is
the primary Coll-binding domain. However, substantial
binding was also observed with the C-terminal region
(Figure 3g�i), supporting the notion that both the
globular head and the C-terminal regions are Coll-
binding domains.

P1 Mediates Hydrophobic Interactions. Hydrophobic in-
teractions represent an important driving force for the
adhesion of microbial pathogens.59 Hydrophobic com-
ponents can be covalently bound to the cell wall, like
cell wall proteins, or intercalated into the outer mem-
brane, like fimbriae. In the oral cavity context, Strepto-
coccus sanguis60 and Streptococcus salivarius61 have
been shown to attach to saliva-coated hydroxylapatite
via hydrophobic interactions. Cell surface proteins of
S. mutans, including P1, are known to contribute to
S. mutans hydrophobicity;62�64 therefore, we mea-
sured the forces between single adhesins and hydro-
phobic,methyl-terminated substrates at a pulling speed
of 1000 nm s�1. As can be seen in Figure 4a�c, force
signatures differed from those associated with Fn and
Coll. Most force curves (81%) showed force peaks of
50�350 pNmagnitude and 20�100 nm rupture length.
We attribute these to hydrophobic interactions with
P1 for the following reasons. First, rupture lengths were

much shorter than for protein-coated substrates, a
finding consistent with the notion that hydrophobic
forces are short-range (<10 nm) in nature. Presumably,
the 20�100 nm ruptures correspond to the extension of
one or two P1 molecules, not surprising since P1 has
been shown to self-associate. Second, adhesive events
were substantially diminished upon blocking the P1-tip
with antibodies directed against the apical head of P1
(mAb 1-6F), suggesting that this region contributes to
hydrophobic binding (Figure 4a, inset). Third, a substan-
tial reduction of adhesion frequency was noted when
measuring forces on hydrophilic hydroxyl-terminated
substrates (Figure 4d�f). Hence, our single-molecule
data provide direct evidence that P1 mediates strong
nonspecific hydrophobic interactions, in line with the
notion that P1 is rich in hydrophobic amino acids that
are prominently exposed on the surface of the crystal
structures of the protein.37,38,65 This property is relevant
as hydrophobic forces may represent a clinically impor-
tant mechanism for S. mutans to colonize the tooth
environment. Patients with high dental caries scores
demonstrated a higher prevalence of hydrophobic bac-
teria than low caries patients.66 In addition, compounds
that diminish the surface hydrophobicity of S. mutans

are now being reported to inhibit bacterial adherence in
vitro67�69 and cariogenicity in an animal model.67

Figure 3. P1 binds collagen via both the head and C-terminal regions. (a�i) Adhesion force histogram (a, d, and g), rupture
length histogram (b, e, and h), and typical force curves (c, f, and i) obtainedby recording force curves (n= 1024 curves for each
condition) in PBS with 1 mM Ca2þ buffer between solid substrates functionalized with collagen (Coll), and AFM tips
functionalized with full-length P1 (a�c), P1 globular head (d�f), or C-terminal region (g�i). For each condition, similar data
were obtained using at least 3 different tips and 3 different substrates.
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Binding Mechanism of S. mutans: Cooperativity, Broad
Specificity. Next, SCFS was used to measure the binding
forces between whole cells and SAG. Individual
S. mutans bacteria were attached to AFM cantilevers
without altering their viability (Figure 5a, inset). Force�
distance curves were then collected between the
cellular probes and biotic and abiotic substrates. For
both SAG and Coll interactions, we used a pulling
speed of 5000 nm s�1, rather than 1000 nm s�1 as in
SMFS, because we observed that at lower pulling
speeds the cells either died or detached from the
cantilever. Figure 5 shows that the force data for the
interaction between S. mutans cells and SAG surfaces
were notably different from those of single P1�SAG
bonds. As shown in Figure 5a�i, the magnitude
(100�1500 pN) and range (500�6000 nm) of the
adhesion force profiles were substantially larger than
those observed with single-P1 molecules, implying
that the S. mutans�SAG interaction involves multiple
bonds. These interaction forces were inhibited by
anti-P1 antibodies directed against the apical head
(mAb 1-6F) (Figure 5j�l) and upon addition of EDTA
(Figure 5m�o), supporting the notion that P1 binding
to SAG is specific and calcium-dependent.19,22,38 We
conclude that the measured forces therefore originate
from cell surface-localized P1 molecules. These results
reinforce that antibodies of appropriate specificity
would be of value in immunotherapeutic approaches
to disrupt S. mutans adherence to immobilized SAG.
Secretory IgA and serum IgG present in gingival crevi-
cular fluid are both associated with active protection in
immunized and naturally sensitized animals or human
subjects.31�35 P1 has shown promise not only as a

vaccine component for active immunization, but
also as a target of passively administered monoclonal
antibodies, which appear to work by influencing the
conformation of the antigen on the cell surface.51

Comparison of the mean adhesion forces of single
P1 (50 pN) and single whole cells (500 pN) suggests
that the cell�SAG interaction involves about 10 adhe-
sins. Note that this is a rough estimate that should
be considered with caution. For technical reasons,
we used different pulling speeds, thus loading rates,
for probing P1�SAG (1000 nm s�1) and cell�SAG
(5000 nm s�1) interactions. This difference in loading
rate, although not very large, will influence the mea-
sured adhesion forces. Importantly, this straightfor-
ward calculation assumes parallel loading of all bonds
and linearly additive adhesion forces, which may not
be strictly correct for single-live cell experiments.70

When multiple bonds are exposed to increasing
external force, they establish a cooperative coupled
system. Each bond is exposed to an individual force
equal to the external force divided by the number of
bonds. As the probability distribution for rupture
forces is widely spread, it is likely that, in a multiple
binding complex, at least one of many individual
bonds ruptures at a low force. As a result, the force
acting on each of the remaining attached bonds
increases and the process of unbinding accelerates.71

Also, active rebinding may increase the lifetime of
multivalent attachments. For instance, ligand disso-
ciation from a surfacemight be strongly influenced by
receptor clustering. Hence, it is not straightforward to
link the rupture of multiple bonds to the behavior of
single bonds.

Figure 4. P1 displays strong hydrophobic properties. (a�f) Adhesion force histogram (a and d), rupture length histogram
(b and e), and typical force curves (c and f) obtained by recording force curves (n = 1024 curves for each condition) in PBS
buffer with 1 mM Ca2þ between AFM tips functionalized with full-length P1 and methyl-terminated substrates (a�c) or
hydroxyl-terminated substrates (d�f). The inset in (a) shows the adhesion force histogram obtained between P1 and
a methyl-terminated substrate following blocking with a solution of monoclonal antibodies directed against the P1 head
(mAb 1-6F). For each condition, similar data were obtained using at least 3 different tips and 3 different substrates.
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Nevertheless, a remarkable feature, not observed
with single-molecule analyses of P1, was the presence
of repeated force patterns in the curves. Superimposi-
tion ofmultiple curves indeed revealed the presence of
four main adhesion force peaks of 500�800 pN mag-
nitude (most prominent in cell 1, Figure 5c) and equally
spaced by ∼900 nm (multiple peak Gaussian fits of
the rupture distribution yielded the following peaks:
0.90( 0.1, 1.8( 0.2, 2.7( 0.1, 3.9( 0.5 μm, see inset of
Figure 5h). Our finding that the strength and spacing of

themain adhesion peaks did not varymuch, even from
one cell to another, suggests that these events result
from the rupture of laterally associated P1�gp340
complexes rather than from the synchronous breakage
of independent bonds. Therefore, we postulate that
bacterial adhesion to SAG is enhanced by cooperative
binding of multiple P1�gp340 complexes. Such a
cooperative model, reminiscent of the binding mech-
anism of cadherins,72 is strongly supported by the fact
that both the adhesin and its gp340 binding partner

Figure 5. Single-cell force spectroscopy of the S. mutans-SAG interaction. (a�i) Adhesion force histogram (a, d, and g),
rupture length histogram (b, e, and h), and typical force curves (c, f, and i) obtained by recording force curves (n = 300 curves
for each condition) in PBS buffer with 1 mM Ca2þ between three different S. mutans bacteria and solid substrates
functionalized with SAG. (j�l) Control experiment in which the bacterial cell surface was blocked with a solution of
monoclonal antibodies directed against the P1head. (m�o) Control experiment inwhich the bacterial cell surfacewas treated
with 10 mM EDTA. The fluorescence image in (a) shows a single living bacterium (in green) immobilized on a colloidal
cantilever (see text for details). The inset in (b) shows thatmost curveswith large adhesion force peakswerewell-described by
theWLCmodel (red lines). The inset in (h) is the rupture length histogramobtainedbymerging the data sets of the three cells.
A total of 8 different cells from 5 independent cultures were probed.
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contain more than one binding site. Larson and col-
leagues showed that P1 has two SAG adherence
regions adhering in a noncompetitive manner, sug-
gesting that multivalency plays an important role in
adhesion.38 The presence of repeated P1 binding
peptides in the multiple SRCR domains of gp340 has
been suggested to promote multivalent interaction
with bacterial cells.21 Our AFM data provide direct
evidence supporting this speculation. In the same vein,
compared to single SRCR domains, three tandem SRCR
domains displayed a cooperative increase in their
bacterial adherence.22

It is tempting to speculate on the molecular origin
of the ∼900 nm repeating distances in the force
profiles. This value is very close to the length expected
for a fully extended gp340, ∼868 nm, leading us to

believe that the four force peaks correspond to the
sequential unfolding of four gp340 proteins. This is in
contrast to our single molecule experiments in which
the force was insufficient to unfold gp340. That multi-
ple proteins are being stretched is not surprising as
gp340 has the ability to self-associate and form higher
order complexes, as large as 5000 kDa.22 Hence, pulling
on one protein would lead to the stretching of self-
associated gp340 aggregates. The speculated occur-
rence of such protein unfolding events is supported by
the fact that force peaks were well described with the
WLC model (Figure 5b inset). In summary, while single
P1�SAG bonds are too weak to unfold gp340 proteins,
we found that the interaction of S. mutans bacteria
with SAG involves cooperative, multivalent bonds
between multiple P1 adhesins and self-associated

Figure 6. Interaction forces between S. mutans and fibronectin/collagen. Adhesion force histogram (a, d, g, and j), rupture
length histogram (b, e, h, and k), and typical force curves (c, f, i, and l) obtained by recording force curves (n = 300 curves for
each condition) in PBS buffer with 1 mM Ca2þ between two different S. mutans bacteria and solid substrates functionalized
with either Fn (a�f) or Coll (g�l). The inset in (b) demonstrates that some Fn curves showed sawtooth patternswell-described
by the WLC model (red lines).
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gp340 proteins. When subjected to force, the cell�SAG
bond shows strong, long-range forces reflecting the
unfolding of multiple gp340 proteins. In the host envi-
ronment, we expect that the multivalent and long-
range character of the P1�SAG bonds would drama-
tically increase the strength and duration of the bac-
terial�substrate interaction, thus helping bacteria to
resist physiological shear stress and remain attached.

We also probed the interaction of whole S. mutans

cells with Fn and Coll (Figure 6). Compared to the SAG
interaction, forces higher than 1000 pN were much
frequently observed, and the rupture length shorter.
Comparison with SMFS data (Figures 2 and 3) suggests
that Fn and Coll interactions involve ∼15 and ∼30 P1
molecules, respectively. Note that for reasons explained
above these rough estimates should be consideredwith

caution. Unfolding patterns were frequently observed
for Fn, with an average unfolding force of 265 ( 78 pN
(∼12%of the force curves, inset in Figure 6b). Fitting the
peaks with the WLC model yielded a change in contour
length between consecutive peaks ofΔLc = 26.7( 2nm
(n = 120 from 20 force curves). These values, similar
to those observed by SMFS, are consistent with the
unraveling of FnIII domains from different molecular
constructs.57,58

Lastly, to confirm the involvement of hydrophobic
interactions in P1-mediated adhesion, we measured
the forces between S. mutans and a hydrophobic sur-
face (Figure 7a�f). All force curves showed force peaks
of 500�1500 pN magnitude and short (<100 nm) rup-
ture length. In the light of the SMFS data (Figure 4), we
attribute these forces to the hydrophobic interaction of

Figure 7. S. mutans adhesion involves hydrophobic interactions. Adhesion force histogram (a, d, g, and j), rupture length
histogram (b, e, h, and k), and typical force curves (c, f, i, and l) obtained by recording force curves (n = 300 curves for each
condition) in PBS buffer with 1mMCa2þ between two different S. mutans bacteria andmethyl-terminated substrates (a�f) or
hydroxyl-terminated substrates (g�l). The inset in (a) shows the adhesion force histogram obtained on a methyl-terminated
substrate following blocking with a solution of monoclonal antibodies directed against the P1 head (mAb 1-6F).
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∼10 P1 molecules. Lower adhesion forces were ob-
served upon blocking with an anti-P1 antibody (mAb
1-6F) (Figure 7a, inset), strongly suggesting the involve-
ment of P1 in hydrophobic interactions. As in SMFS, a
pronounced reduction of adhesion frequency was
noted on a hydrophilic surface (Figure 7g�l).

CONCLUSIONS

Recent SCFS experiments have revealed that micro-
bial cell adhesion molecules display a variety of me-
chanical responses that are important for cell adhesion.
Example of such mechanical properties include ligand
recognition by specific adhesins,47 unfolding ofmultifunc-
tional adhesins,73 nanospring properties of Gram-positive
pili,74 extension of Gram-negative pili,75 macromolecular
bonds in bacterial�yeast adhesion,76 and lipid tethers
in microbe�host interactions.75 By combining SMFS and
SCFS, we have shown here that the interaction of
S. mutans bacteria with SAG is mediated by strong, long-
range forces between multiple P1 adhesins and several
gp340 glycoproteins, thus favoring a model in which
cooperative binding greatly enhances bacterial adhesion.
Characterizing how P1mediates S. mutans adhesion

to salivary components and extracellular matrix mole-
cules is important to a comprehensive understanding
of the organism's ability to cause pathology. In the past
years, AFM has been a valuable method in analyzing
the interaction forces of S. mutans.26,28,77�79 However,
the complete binding mechanisms of P1 are not fully
described. An important finding of the current work is
that the mechanical response of P1�SAG bonds is
dramatically different in single-molecule and single-
cell systems. We showed that the force of single
P1�SAG bonds is weak (50 pN), involves both the
globular head and C-terminal region of P1, and does
not trigger the unfolding of the SRCR domains of
gp340 proteins. In contrast, the interaction of whole
S. mutans bacteria with SAG is mediated by strong,

long-range forces (∼500pN) betweenmultiple (up to 10)
P1 adhesins and multiple (up to 4) gp340 glycoproteins.
These results suggest that theweak unit binding force of
P1 is amplified by the lateral association of multiple
P1�gp340 complexes. The cooperative and long-range
bonds between S. mutans may therefore increase the
strength and duration of the bacterial�host interaction.
We also found that S. mutans binds to Fn and Coll
with forces stronger but shorter than those of the
S. mutans�SAG interaction. Our finding of strong bind-
ing of P1 to these extracellularmatrix (ECM) proteinsmay
also be of particular biological relevance outside of the
oral cavity as S. mutans has been associated with in-
fective endocarditis aswell as detected in atherosclerotic
plaque.14�16 The exact roles of ECM-binding proteins to
the etiology of heart disease remain to be dissected;
however, S. mutans strains that have been isolated from
cardiac lesions15,16 or that can invade human coronary
artery endothelial cells in vivo17,18 are known to produce
P1 and/or another collagen binding protein, Cnm. Lastly,
P1mediates strong, short-range interactions of S.mutans

with a hydrophobic surface, implying that hydrophobic
forces may contribute to the adhesion of S. mutans. In
addition to adhesion to salivary constituents suchas SAG,
bacterial hydrophobicity has also been reported to
correlate with adhesion of oral species, including S.

mutans, to dental biomaterials.80 The observed compo-
site binding mechanisms of P1 (strong forces, coopera-
tivity, unfolding patterns, broad specificity) helps to
explain its wide-ranging properties as a multifunctional
adhesin. There are several issues to address in future
research. In the present study, forcemeasurements were
performed at room temperature. As the temperature in
the oral cavity is higher, it would be interesting to assess
to what extent an increase in temperature would impact
the observed force behaviors. Also, varying the loading
rate in force experiments should made it possible to
determine the off-rate of specific P1 bonds.

METHODS
Bacterial Strains and Growth Conditions. Cells from S. mutans

wild-type strain NG881 were grown in Tryptic Soy Casein (TSC)
broth (Bio-Rad, France) by inoculating a single colony of bacter-
ia into 10 mL of TSC and incubating for 18�24 h at 37 �C. Cells
were harvested by centrifugation at 5000g for 10 min, washed
twice with PBS and resuspended in 5 mL of PBS. The original
suspensionwas further diluted in PBSwith 1mMCaCl2 to obtain
an optical density of 0.01 at 540 nm. The cell suspension was
gently vortexed to release cells from aggregates that form in
standing cultures before use.

Anti-P1 Monoclonal Antibodies. Monoclonal antibody 1-6F50

directed against the globular head of P151 was purified from
murine ascites fluid using Protein A affinity chromatography as
described previously.82

Preparation of Biotic and Abiotic Surfaces. SAG, Fn and Coll
proteins were covalently immobilized, in a random orientation,
onto self-assembledmonolayers (SAMs) of carboxyl-terminated
alkanethiols. Glass coverslips coated with a thin (∼30 nm) gold
layer were immersed overnight in ethanol solutions containing

1 mM 16-mercaptohexadecanoic acid (Sigma-Aldrich, Belgium)
and 11-mercapto-1-undecanol (Sigma-Aldrich) in a 1:9 ratio and
then rinsed with ethanol and dried. A brief (∼30 s) sonication was
applied to remove loosely bound alkanethiol aggregates. The
resultingmonolayerswere further immersed for30min ina solution
containing 20mg/mLN-hydroxysuccinimide (NHS) (Sigma-Aldrich)
and 50 mg/mL 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
(EDC) (Sigma-Aldrich) and subsequently rinsed with water. The
activated surfaces were then incubated with either 100 ng/mL
SAG,83 0.2 mg/mL Fn (from human plasma, Sigma-Aldrich), or
1 mg/mL collagen (Type 1 from rat tail, Sigma-Aldrich), in PBS for
at least 2 h, followed by rinsing with the same buffer.

For preparing hydrophobic and hydrophilic substrates,
gold-coated glass coverslips were immersed overnight in a
solution of 1 mM of either 1-dodecanethiol (Sigma-Aldrich) or
11-mercapto-1-undecanol (Sigma-Aldrich), then rinsed with
ethanol and dried under N2. All surfaces were freshly prepared
and used the same day.

Functionalization of AFM Tips with Full-Length P1 and P1 Fragments.
For SMFS, AFM tips were functionalized with either the
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full-length P1 adhesin, or globular head (A3VP1) or C-terminal
fragments via a 6 nm-long polyethylene glycol (PEG) linker.
MSCT cantilevers (Olympus) were first washed with chloroform
and ethanol, placed in an UV-ozone cleaner for 15 min, and
immersed overnight in 5.6 M ethanolamine hydrochloride
(in DMSO) to generate amino groups on the tip surface. The
cantilevers were then reacted with PEG linkers carrying benzal-
dehyde groups on their free-tangling end48 and further im-
mersed in 1% citric acid solution for 10 min. After a rinsing
step with Milli-Q water (ELGA LabWater), the cantilevers were
incubated in a 100�200-μL droplet of 0.2 mg/mL full-length P1
or P1 fragments in PBS containing 10mMNaCNBH3. After 1 h of
incubation, the unreacted aldehyde groups were passivated
with 5 μL of a 1 M ethanolamine hydrochloride solution (pH 9.5)
for 10 min. Finally, the cantilevers were washed with PBS and
stored in the same buffer with 1%NaN3 until use (within 7 days).

Single-Molecule Force Spectroscopy. For single-molecule experi-
ments, force�distance curves were recorded at room tem-
perature (20 �C) in PBS buffer (pH 7.4) with 1 mM CaCl2 using
a Nanoscope VIII Multimode AFM (Bruker Corporation, Santa
Barbara, CA) with the above-mentioned functionalized tips and
substrates. Protein-coated substrates (SAG, Fn, or Coll) were
gently rinsed with five baths of PBS, and attached to a steel
sample puck (Bruker Corporation) using a double-sided adhe-
sive andmounted onto the AFM liquid cell. The spring constants
of the cantilevers were typically in the range of 0.01�0.04 N/m,
as determined by thermal noise method.84 Force mapping was
performed by collecting a 32 � 32 array of force�distance
curves on a 1 � 1 μm2 area of the protein surfaces. All force
curves were recorded at ∼100 ms contact time, with a max-
imum applied force of 250 pN and 1000 nm s�1 approach and
retraction speeds.

Cell Probe Preparation. Cell probes for SCFS were prepared
using a protocol that combines colloidal probe cantilevers
and bioinspired polydopamine glue.46 With the use of a Nano-
scope VIII Multimode AFM, triangular shaped tipless cantilevers
(NPO10, Microlevers, Veeco Metrology Group) were brought
into contact with a thin (∼2 μL spread onto a 12 mm diameter
glass coverslip) layer of UV-curable glue (NOA 63, Norland
Edmund Optics), and subsequently onto a silica microsphere
(∼6.1 mm diameter, Bangs Laboratories). After ∼1 min of
contact, the colloidal probe was cured for 12�15 min under
a UV-lamp. The cantilever was then immersed for 1�4 h in
4 mg/mL of dopamine hydrochloride (99%, Sigma-Aldrich,
Belgium) in 10 mM Tris buffer (pH 8.5), rinsed and gently
mounted onto the AFM tip holder. To attach a single bacterium
onto the colloidal probe, 50 μL of the bacterial suspension
(∼107 cells/mL) was incubated on a glass-bottomed Petri dish,
which also contains the functionalized surfaces. To the bacterial
suspension was added 2 μL of a 1:1 Syto 9 (green fluorescent
nucleic acid stain)/Propidium iodide [red-fluorescent nuclear
and chromosome counterstain, Live�dead Baclight viability kit
(Invitrogen, kit L7012)]mixture at 1.5mM to confirm the viability
of the bacteria. The Petri dish was then flooded with PBS buffer
(pH 7.4) with 1 mM CaCl2. Before attaching a bacterium, the
spring constant of the cell probe, which was typically in the
range of 0.05�0.1 N/m,was determined using the thermal noise
method. The colloidal probe was then mounted into the AFM
and brought into contact with an isolated bacterium. Proper
attachment and positioning of single bacterium on the colloidal
probe was achieved using a Bioscope Catalyst (Bruker Corpora-
tion, Santa Barbara, CA) equipped with a Zeiss Axio Observer Z1
and a Hamamatsu camera C10600. After confirming proper
attachment of the bacterial cell by fluorescence imaging, the
bacterial cell probe was positioned over the functionalized
surface of interest without dewetting.

Single-Cell Force Spectroscopy. SCFS measurements were per-
formed at room temperature (20 �C) in PBS buffer (pH 7.4) with
1 mM CaCl2 using a Bioscope Catalyst AFM. With the inverted
optical microscope, the bacterial probe was engaged onto the
protein surface of interest. Force curves were recorded on 3�5
different spots. For both SAG and Coll surfaces, 250 pN of
contact force, ∼100 ms delay and 5000 nm s�1 approach and
retraction speeds were used. On Fn surfaces, 1000 nm s�1 ap-
proach and retraction speeds were applied. For each condition,

3�10 bacterial cells from independent cultures were probed.
The same procedure was used to perform SMFS and SCFS data
extraction, calculation and reporting.74
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J.; Lebeer, S.; Dufrêne, Y. F. Single-Cell Force Spectroscopy
of Pili-Mediated Adhesion. Nanoscale 2014, 6, 1134–1143.

75. Beaussart, A.; Baker, A. E.; Kuchma, S. L.; El-Kirat-Chatel, S.;
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