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Abstract
Group B streptococci (GBS) is a leading cause of sepsis and meningitis in neonates and
immunocompromised adults in western countries. GBS do not bind to fibronectin (Fn) in solution,
but will bind to Fn adsorbed onto a solid surface. The reason for the specificity of this binding is
unknown. Single molecule force spectroscopy was used to test the hypothesis that GBS, through
streptococcal C5a peptidase (ScpB) molecules present on the surface of the bacteria, binds to a motif
created by the juxtaposition of multiple adjacent Fn molecules. Atomic force microscopy (AFM)
topographical images of adsorbed Fn deposited from various Fn coating concentrations were used
to determine the Fn surface concentration. ScpB was tethered to an AFM tip with all surface
modifications characterized by X-ray photoelectron spectroscopy and time-of-flight secondary ion
mass spectrometry. At the lowest Fn coverages the probability of observing a ScpB–Fn binding event
increased linearly with Fn surface coverage. As an Fn monolayer was reached the probability of a
ScpB–Fn binding event occurring increased markedly (~50 fold), with a concomitant increase in the
rupture force from 17 pN to 33 pN. These results are consistent with the hypothesis that ScpB binds
to a motif created by the juxtaposition of multiple Fn molecules.
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1. Introduction
Group B streptococci (GBS or Streptococcus aglactae) are a leading cause of bacterial
infections among newborns and immunocompromised adults in industrialized countries [1,2].
Early-onset GBS (infants < 7 days old) accounts for 80% of the occurrence in newborns, and
late-onset GBS is characterized by infection at 8 days to 3 months [3,4]. Clinical features of
GBS in infants include sepsis, meningitis, and pneumonia. While GBS is less common in
adults, skin and soft tissue infection are the most common manifestations of the disease.
Common to both infants and adults is the occurrence of sight or hearing loss, cerebral palsy,
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and death [2,3,5–7]. Interactions of GBS with biomaterials include infections of
ventriculoperitoneal shunts [8], prosthetic heart valves [9], IV catheters [6], and artificial bone
joints [7].

Absorbed fibronectin (Fn) is targeted by bacteria as an anchoring point for adhesion and
invasion of epithelial cells [3,10–12]. Hydrogen bonding [13], electrostatic interactions [14],
specific interactions between surface proteins and extracellular matrix proteins [11,15,16], and
shear forces [17] all have been shown to mediate bacterial adhesion. GBS will only adhere to
adsorbed Fn, not soluble Fn1, 18, 19; this behavior helps GBS evade the host immune system
since soluble Fn acts as an opsonin [20]. The mechanism for specific binding of GBS to
immobilized Fn is unknown, but one hypothesis is that the adsorbed Fn undergoes
conformational changes to reveal cryptic binding sites [19]. Another hypothesis is that GBS
binds to a cluster of adsorbed Fn molecules.

The serine protease C5a peptidase (ScpB), which is present on the surface of GBS, has been
identified as an Fn adhesion [21]. ScpB has been proposed to interact with adsorbed Fn through
two binding sites [22]. One binding site has a high affinity of 4 nM and is expected to be
biologically significant. The other binding site has a low affinity in the mM range and is unlikely
to be of biological significance. Recent studies have shown that Scp does not bind Fn in solution
[19], suggesting a conformation change in Fn induced by a surface is necessary for binding.
Soluble Fn is a large dimeric glycoprotein with a radius of approximately 20 nm, while
adsorbed Fn can take on a number of different conformations ranging from globular to
elongated and cross-linked [23–25]. The binding sites on Fn are distributed along the length
of the molecule. The common anchoring point for various bacterial adhesins and the collagen
receptor are located towards the N terminus of the molecule [26].

In this study, we explore the possibility that GBS binds specifically to adsorbed Fn because
ScpB binds to a binding site created by the juxtaposition of multiple Fn molecules that is not
present on Fn monomers. Atomic force microscopy (AFM) single-molecule force spectroscopy
with a ScpB modified tip is used to address this question by measuring the binding force
between ScpB and adsorbed Fn as a function of Fn surface concentration. Fn surface coverages
from single molecules to a monolayer were investigated. X-ray photoelectron spectroscopy
(XPS) and time-of-flight secondary ion mass spectrometry (ToF–SIMS) were used to
characterize the AFM tip modification process.

2. Experimental
Atomic force microscopy

The AFM used in this study is a Molecular Imaging PicoScan (Pheonix, AZ). Protein imaging
was performed using the magnetic AC (MAC) mode or the Acoustic AC mode (AAC). Imaging
in air and liquid was carried out with Molecular Imaging type II MAC tips (MAC) or
MikroMacsh (Wilsonville, OR) NSC35 ALBS tips (AAC). Force experiments were carried
out with NP–S tips (Veeco, Santa Barbara, CA) with spring constants in the range 0.06 – 0.52
N m−1. Spring constants were measured by the thermal noise method [27]. Force curves were
carried out at a rate of 1 Hz with a force trigger of 0.25 V and a total travel distance of 1 µm.
For each experiment between 500 and 5000 force curves were acquired. The tip location was
controlled by a script written to raster the tip over the sample area. All forces curves were taken
under 1 × phosphate buffered saline solution (PBS, EMD Chemicals, Gibbstown, NJ) at a pH
of 7.4.
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Force curve analysis
Jump heights were extracted from the force curves by filtering them to exaggerate vertical
segments with a filter proposed by Kasas {−2, −5, v8, −10, 0, 5, 20}28. Once the peaks were
found, 11 points to the left and right of the peak were fit with a second degree polynomial. The
difference between the endpoints of the polynomials was taken as the jump height. This method
was proposed by Baumgartner et. al. [29]. This analysis routine was written in Java as a plugin
for ImageJ. Force distributions were calculated as empirical probability distributions as
outlined in Ref. [29]. This method of calculating the force distribution is preferred over the
histogram method because there is no need to bin the data. The functional form of the
distribution given M observations is

where hi is the binding force and σi is the standard deviation of the binding force. Averages
(μ) were calculated from this distribution as μ= ∑ihip where pi is the probability of the
observation. Since the force distributions are broad, no estimate of the variance was calculated.

X-ray photoelectron spectroscopy
The XPS measurements were performed on a Surface Science Instrument S-probe spectrometer
(Mountain View, CA) equipped with monochromatic Al Kα source (KE = 1486.6 eV),
hemispherical analyzer, and multichannel detector. The binding energy (BE) scale was
referenced by setting the hydrocarbon C1s BE to 285.0 eV. Elemental compositions were
determined from spectra acquired at an analyzer pass energy of 150 eV. High-resolution spectra
were obtained using an analyzer pass energy of 50 eV. Further details of the XPS experiments
are published elsewhere [30].

Time-of-flight secondary ion mass spectrometry
A model 7200 Physical Electronics instrument (PHI, Eden Prairie, MN) was used for ToF–
SIMS data acquisition. The instrument has an 8 KeV Cs+ ion source, a reflectron time-of-flight
mass analyzer, chevron-type multichannel plates (MCP), and a time-to-digital converter. Data
were acquired over a mass range from m/z = 0 to 500 for both positive and negative secondary
ions. The area of analysis for each spectrum was 100 µm × 100 µm. The total ion dose used
to acquire each spectrum was less than 2 × 1012 ions cm−2. At least six spots on three samples
were analyzed for each step in the modification process. Further details of the ToF-SIMS
experimental conditions used in this study are published elsewhere [31].

Protein adsorption
Human plasma fibronectin (Invitrogen, Grand Island, NY) was adsorbed onto freshly cleaved
mica (Ted Pella, Redding, CA) from solution concentrations ranging from 1 µg ml−1 to 100
µg ml−1 in PBS. Before adsorption the solution was passed through a 0.2 µm filter to remove
Fn aggregates from the solution. Adsorption time was varied between 1 and 10 minutes,
depending on the surface coverage desired. After the desired adsorption time was reached, the
liquid cell was rinsed with twenty times its volume of PBS to remove the protein solution. For
samples imaged in air, a dilution displacement technique was used to extract the substrate and
then it was immediately dried in a stream of nitrogen (AirGas, Radnor, PA). All force
spectroscopy experiments on adsorbed Fn were carried out under PBS in the AFM liquid cell.

Functionalization of AFM probes and silicon nitride chips
Silicon nitride was deposited onto silicon wafers as described previously31. Cleaned silicon
nitride blanks (1 cm × 1 cm) were treated in parallel with NP–S AFM tips. Both the blanks and
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the NP–S tips were cleaned with piranha solution, 70/30 H2SO4 (EMD San Diego, CA)/
H2O2 (J. T. Baker Phillipsburg NJ), (caution: piranha solution reacts violently with organics)
for 3 h. After this cleaning, the tips and blanks were rinsed with copious amounts of 18 MΩ
water, then initially dried in a stream of nitrogen before finally being baked dry on a hot plate
immediately before functionalization.

The procedure of Hinterdorfer et al. [32] was used to functionalize the AFM tips. First,
ethanolamine HCl (Sigma, Milwaukee, WI) was dissolved in DMSO (J.T. Baker Phillipsburg,
NJ) and reacted with the AFM tips and blanks to generate a low-density (i.e., widely spaced)
surface coverage of amine groups. Next, the substrates were incubated for four hours in a
solution of 1 mg ml−1 of either pyridyldithio poly(ethylene glycol) succinimidylpropionate
(NHS–PEG–PDP) (Polypure, Oslo, Norway) or succinimidylpropionate methoxy poly
(ethylene glycol) (mPEG) in chloroform with 1% (v/v) triethylamine (Sigma, Milwaukee, WI)
as a catalyst. This step binds the NHS group of the PEG chain to the primary amines on the
surface. Further details of this functionalization procedure have been described in Refs [31]
and [32].

Preparation and purification of ScpB
ScpB was purified as a glutathione S-tranferase (GST) fusion protein as described by Tamura
et. al. [22].

3. Results and discussion
The high spatial resolution and the force sensitivity of the AFM make it an ideal tool to study
the interactions of biological molecules. Tethering ScpB to the AFM tip with a flexible cross-
linker and using it to probe Fn in the adsorbed at systemically varied surface concentrations
allows one to measure the force interaction between the two molecules and simultaneously
quantify both the frequency and the strength of these interactions.

Fn concentration effect on surface coverage
Adsorption of Fn onto mica was controlled by keeping the adsorption time constant and varying
the solution concentration. Fig. 1 shows AFM images of Fn adsorbed onto mica from different
solution concentrations and imaged in PBS. Obtaining molecular resolution in a liquid is more
difficult than air due to dampening of the cantilever oscillations by the liquid. As the Fn solution
concentration is increased the amount of Fn on the surface increases. There are relatively few
adjacent Fn molecules below 10 µg ml−1. At 10 µg ml−1, Fn clusters are observed. An Fn
monolayer is formed at 20 µg ml−1. From thresholding the AFM images [31], the Fn surface
coverage from 1, 5, 10 and 20 µg ml−1 solutions was determined to be 8, 20, 54 and 100% of
a monolayer, respectively.

AFM tip modification
To perform binding experiments, it was necessary to covalently link the ScpB adhesin to the
AFM tip. This requires a hetereo-bifunctional cross-linker that will bind both to the GST tag
on ScpB and to the tip surface, while avoiding interactions with ScpB or the tip surface and
elevating ScpB above the functionalized tip so it is free to move within the confines of its
tether. The NHS–PEG–PDP cross-linker [33] was chosen because the PDP group will bind to
the cystine on the GST tag and the NHS group will bind to an amine on the tip surface. The
effectiveness of this cross-linker has been proven in other single molecule studies [32,34,35].

Although there are some primary amines and hydroxyl groups already present on the surface
of the AFM tips [36], ethanolamine HCl was used to introduce additional amines elevated
slightly off the tip surface to reduce the stearic hindrance for further modification. Literature
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values of the surface amine coverage obtained after ethanolamine treatment ranges from 723
to 1820 amines µm−2 [32,37]. For a tip radius of 25 nm this coverage provides roughly 1–2
functionalized sites at the tip apex, which is essential for sensing single molecule interactions.
Table 1 shows the atomic composition and the percentage contribution from each carbon
species from XPS for silicon nitride before and after the introduction of ethanolamine, and Fig.
2a, b shows the high-resolution carbon spectra scaled to the hydrocarbon peak for these two
steps. Note that the high concentration of oxygen detected on the starting silicon nitride samples
show the surface of this material is actually a silicon oxynitirde. Fig. 3 shows the intensity of
ethanolamine-related ToF–SIMS peaks scaled by the total ion counts in the spectrum for the
blank silicon nitride surface (b), silicon nitride treated with ethanolamine (a), and both surfaces
treated with PEG (ap and bp). The positive spectra fragments CH3NH3

+ and
HOCH2CH2NH3

+ can originate from ethanolamine molecules that are either adsorbed to or
covalently bound to the silicon nitride surface, while the negative spectra fragments
SiOC2H5N− and SiOC2H7N− are representative of the alcohol covalently bound to the silicon
nitride surface. All four peaks exhibit the same trend, reaching the highest intensities for
surfaces treated with ethanolamine.

Fig. 2 c and d, and Table 1, show the introduction of the NHS–PEG–PDP is verified by the
increase in the CO/CN peak, the slight increase in the total carbon concentration, and the
appearance of shake up satellites at high binding energies due to the aromatic ring in the PEG
linker. The atomic percent of carbon indicates that there are similar amounts of the cross-linker
on both surfaces, but the surface without the ethanolamine treatment has a lower CO/CN peak
in the high-resolution carbon spectrum. This is due to the absence of the ethanolamine on this
surface since the C–O and C–N bonds in ethanolamine also will contribute to this peak.
Although the silicon nitride substrates were thoroughly cleaned before any modification steps
were performed, it should be noted that the surface is not pure silicon nitride. ToF-SIMS shows
that the species introduced by the ethanolamine treatment are already present on the surface,
but to a lesser degree. Both positive and negative ToF–SIMS shows a variety of organic N
species that the cross-linker could bind to (data not shown). This raises the question as to
whether or not the PEG is binding to the ethanolamine or other organic nitrogen species on the
surface. Fig. 4 shows positive and negative ToF–SIMS fragments of the amide bond formed
by the conjugation of the NHS group to the silicon nitride surface. The negative fragments
CHCH2NHCO− and CH2NHCO− and the positive fragments CH3CH2NHCOCH3

+ and
CH3CH2NHCOCH2CH2

+ indicate that the conjugation was successful; however, they also
indicate that the binding occurs equally as well on the surface not treated with ethanolamine.
Fig. 5 shows positive ToF–SIMS fragments related to the PEG cross-linker. The C3H5O2

+ and
C4H7O2

+ fragments are from the PEG back bone and the C5H5NSH+ and the C5H4NS2
+

fragments are from the PDP moiety. Since the amount of sulfur introduced by the PDP is not
detectable by XPS, the higher sensitivity of ToF–SIMS data shows that these species are present
on the PEG modified surface.

Table 1 and Fig. 2e shows the atomic composition and high-resolution carbon spectra for the
attachment of ScpB to the AFM tip. The changes in the atomic percent of carbon, oxygen and
nitrogen, along with the attenuation of the silicon signal, show that the ScpB is attached to the
AFM tip. Although it is expected that the presence of the amide bond from the ScpB would
cause the highest BE C1s peak to shift slightly lower in BE, this is not observed due to the
complex nature of the silicon nitride surface.

Other researchers have shown that the ethanolamine treatment is not necessary for the
conjugation of the PEG cross-linker and that specific binding events are observable without
this step [37]. However, the ethanolamine treatment was shown to result in a higher percentage
of specific binding events. These data are consistent with our observation that the PEG cross-
linker binds to the silicon nitride surface that was not treated with ethanolamine.
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PEG and nonspecific adhesion
PEG is chosen as a cross-linker because it helps keep the molecule attached to the tip in its
native state [38]; however, the question remains as to whether or not the PEG linker will reduce
nonspecific interactions between the tip and the adsorbed Fn film. To access whether or not
the PEG linker decreases nonspecific adhesion, interactions measured in PBS between a
methoxy PEG covered AFM tip with a monolayer of Fn adsorbed onto mica from a 20 µg
ml−1 solution for one min were compared to interactions between a bare AFM tip and a
monolayer of Fn. Fig. 6 shows examples of force curves obtained with the PEG covered tip.
Curve (A) exhibits a small nonspecific interaction and curve (B) shows the Fn molecule is
unfolding [39–41], indicating that nonspecific interactions are not totally eliminated with the
PEG covered tip. The percentage of the curves with no interaction, nonspecific adhesion and
no detachment of the tip from the Fn surface was 71, 21 and 8%, respectively. The percentages
for nonspecific adhesion and no detachment are non-zero, but there are only 2–3 PEG chains
per tip area. The force required to remove the tip from the surface when nonspecific interactions
occurred was 15 pN. For a bare AFM tip the nonspecific binding force is 55 pN and the
percentage of force curves with no interactions, nonspecific interactions, and no detachment
from the surface are 4, 92, and 4%, respectively. Compared to the bare tip, the PEG tip
significantly reduces nonspecific adhesion. Since the bond rupture force for the methoxy PEG
tip with the Fn surface is less than the forces between Fn and ScpB observed for all Fn surface
densities (data presented in next section), this suggests that the measured forces in the Fn ScpB
interactions were between Fn and ScpB and not between PEG and Fn.

Force spectroscopy with Fn and ScpB
Single-molecule force spectroscopy is an ideal tool to study ScpB–Fn interactions. The force
measured by this technique is dependent on the rate of pulling and the energy landscape of the
system studied [42]. Generally, larger binding forces correlate to a stronger affinity. We have
recently shown that the structure and reactivity of adsorbed Fn depends on surface density of
the Fn film [31], with enhanced binding towards the N-terminus of the molecule as the surface
concentration increases. If the ScpB–Fn binding depends only on whether Fn is adsorbed or
in solution, then the binding force should not vary with surface concentration, and the frequency
of interaction should increase or decrease depending on whether or the ScpB binding site is
hidden or exposed by the structural changes of Fn film. The force distribution should be
bimodal for all surface concentrations since there are two interaction sites for the Scp/Fn system
[22]. If the ScpB–Fn binding interaction requires multiple adjacent Fn molecules there will be
minimal binding at the lowest surface concentrations when there are few clusters of Fn
molecules with a unimodal distribution corresponding to the low affinity binding site. As the
surface concentration of Fn increases, the frequency and force of binding should increase with
a bimodal force distribution corresponding to high and low affinity binding sites.

The surface concentration of Fn is systematically varied from single molecules to clusters to
a monolayer. Fig. 7 shows force curves for Fn/ScpB interactions for surface coverages of 8%
and 100% as well as the blocking experiment. Fig. 8 shows the force distribution for the ScpB/
Fn system at different Fn surface concentrations. The measured forces for the Fn ScpB
interactions were 19, 20, 22, and 34 pN for the 8, 20, 54, and 100% Fn surface coverages,
respectively. As the Fn surface density increases, both the frequency of binding events and the
rupture force increases with a sharp increase observed between Fn surface coverages of 54 and
100%, which correspond to Fn solution concentrations of 10 µg ml−1 and 20 µg ml−1. At the
highest concentration, the force distribution exhibits two broad peaks, suggesting a bimodal
distribution. To ensure that the binding of ScpB to Fn is specific, the system was flooded with
excess ScpB and probed. With excess ScpB in solution, the available binding sites on the Fn
film will be occupied and no binding to the ScpB bound to the AFM tip should be observed.
Only 8% of the force curves in this control experiment show binding interactions.
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The 55% increase in binding force observed when the Fn surface density increases from 54%
to 100% is consistent with the hypothesis that ScpB binds to a cryptic site exposed when a
critical film density is reached. The 150% increase in frequency and the bimodal force
distribution at the highest Fn surface concentration is consistent with the hypothesis that ScpB
binds to a site created by the juxtaposition of multiple Fn molecules. It should be noted that
the conformation of Fn on both cellular and inorganic surfaces can be significant different from
its conformation in solution. The conformation of Fn on cell surfaces is mediated by integrins
and other cell surface receptors [43], whereas on mica the conformation of Fn is mediated by
surface-Fn and Fn–Fn interactions. We have recently proposed for high Fn surface
concentrations on mica the N-terminus of the Fn is located towards the top of the film [31],
and Tamura et al. [1] have demonstrated that GBS does not bind to Fn on a solid phase if the
N-terminus portion of the molecule is not present. These data, taken together, suggest that it
is the proximity of the N-terminus of multiple adjacent Fn molecules that mediates ScpB
binding Fn. Thus, the low force/frequency binding observed at surface coverages below 54%
is primarily due to the low affinity binding site while the high force/frequency binding observed
at surface coverages above 54% is primarily due to the high affinity binding site.

Conclusions
The chemistry used for functionalizing the AFM tip increases primary amines on the surface,
and the NHS–PEG–PDP cross-linker covalently attaches to these amine as well as endogenous
amines. Also, the introduction of the cross-linker significantly reduces nonspecific adhesion
when compared to a bare AFM tip. As shown by the force spectroscopy experiments, both the
binding force and the frequency of binding events markedly increased as the surface
concentration of Fn approached saturation. These results are consistent with the hypothesis
that the specificity of ScpB for immobilized Fn is based upon a cryptic determinant that is
exposed at the higher coating concentration, and that ScpB binds to a site created by the
juxtaposition of the N-terminus of multiple Fn molecules.
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Figure 1.
Fn on mica imaged in PBS with the AAC mode from a solution concentration of (A) 1 µg/ml
corresponding to 8% surface coverage, (B) 5 µg/ml corresponding to 20% surface coverage,
(C) 10 µg/ml corresponding to 54% surface coverage, and (D) 20 µg/ml for one minute
corresponding to 100% surface coverage. As the solution concentration increases the surface
coverage increases. At the highest solution concentration the substrate is no longer visible.
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Figure 2.
High resolution carbon spectra calibrated and normalized to the CH peak at 285 eV. (A) blank
silicon nitride, (B) silicon nitride with ethanolamine HCl, (C) silicon nitride with ethanolamine
HCl and NHS-PEG-PDP, (D) silicon nitride with NHS-PEG-PDP, and (E) silicon nitride with
ethanolamine HCl, NHS-PEG-PDP, and ScpB. The peak at 285 eV is due to hydrocarbon C-
C/C-H, the peak at 287 eV is due to C-N/C-O, and the peak at 289 eV is due to O-C=O/N-
C=O. Shake up satellites from the pyridine ring are observed near 293.5 eV.
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Figure 3.
ToF-SIMS peak intensities scaled by total ion counts for ethanolamine fragments. (b) blank
silicon nitride, (a) silicon nitride with ethanolamine, (ap) silicon nitride with ethanolamine and
NHS-PEG-PDP, and (bp) silicon nitride with NHS-PEG-PDP.
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Figure 4.
ToF-SIMS peak intensities scaled by total ion counts for amide fragments formed from the
conjugation of the NHS-PEG-PDP. (b) blank silicon nitride, (a) silicon nitride with
ethanolamine, (ap) silicon nitride with ethanolamine and NHS-PEG-PDP, and (bp) silicon
nitride with NHS-PEG-PDP.
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Figure 5.
ToF-SIMS peak intensities scaled by total ion counts for PEG fragments from the NHS-PEG-
PDP crosslinker. (b) blank silicon nitride, (a) silicon nitride with ethanolamine, (ap) silicon
nitride with ethanolamine and NHS-PEG-PDP, and (bp) silicon nitride with NHS-PEG-PDP.
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Figure 6.
Force distance curves with a methoxy PEG functionalized AFM probing Fn on mica. (A) shows
very little nonspecific adhesion to the Fn covered surface; however (B) shows a case where an
Fn forms a bridge between the tip and the surface not allowing the tip to detach. The saw tooth
shape of (B) indicates the Fn is unfolding while being pulled.
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Figure 7.
Typical force distance curves for the force spectroscopy experiments with ScpB and Fn. (A)
Fn surface coverage of 8%, (B) Fn surface coverage of 100%, (C) Fn blocked with excess
ScpB. Note that horizontal scale bars in the plots are the same distance. The interactions lengths
for the higher concentrations is longer.

Hull et al. Page 16

Acta Biomater. Author manuscript; available in PMC 2008 June 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Force distributions for the Fn/ScpB system as a function of Fn surface coverage. As the surface
density of Fn increases, the frequency of an interaction and the rupture force both increase.
There is a large jump in the frequency and force from 54 to 100 % Fn coverage, indicating that
there is a transition where the binding becomes more favorable. The average rupture forces
were 19 pN (8% Fn coverage), 20 pN (20% Fn coverage), 22 pN (54% Fn coverage) and 34
pN (100% Fn coverage), based on calculating the distribution mean. If the peaks in the force
distribution are fit to a Gaussian distribution, the first peak is at 14 pN and the second peak is
at 29 pN.
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