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Background: The interaction between heparin and thrombin is a vital step in the blood (anti)coagulation process.
Unraveling the molecular basis of the interactions is therefore extremely important in understanding the
mechanisms of this complex biological process.

Methods: In this study, we use a combination of an efficient thiolation chemistry of heparin, a self-assembled
monolayer-based single molecule platform, and a dynamic force spectroscopy to provide new insights into the
heparin-thrombin interaction from an energy viewpoint at the molecular scale.
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Keywords: R . .
He};‘glrin Results: Well-separated single molecules of heparin covalently attached to mixed self-assembled monolayers are
Thrombin demonstrated, whereby interaction forces with thrombin can be measured via atomic force microscopy-based

spectroscopy. Further these interactions are studied at different loading rates and salt concentrations to directly
obtain kinetic parameters.

Conclusions: An increase in the loading rate shows a higher interaction force between the heparin and thrombin,
which can be directly linked to the kinetic dissociation rate constant (k). The stability of the heparin/thrombin
complex decreased with increasing NaCl concentration such that the off-rate was found to be driven primarily by
non-ionic forces.

General significance: These results contribute to understanding the role of specific and nonspecific forces that
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drive heparin-thrombin interactions under applied force or flow conditions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Pair-wise biomolecular interactions involving different proteins,
proteins and polysaccharides, or proteins and DNA, play crucial roles
in diverse biological processes [1,2]. In particular, the interactions be-
tween polysaccharides and proteins are key to a range of physiological
and pathological processes, including blood coagulation, inflammation
and tumor metastasis [3-6]. A fundamental understanding of the bio-
physical nature of these events, such as adhesion force, binding affinity
and stability in different kinds of environments, has major applied im-
portance [7,8]. Heparin, a highly sulfated glycosaminoglycan (GAG), is
widely used as an injectable anticoagulant as well as in the form of an-
ticoagulant coatings on various biomedical devices. Heparin is known to
accelerate the inactivation of blood coagulation proteinase (thrombin)
by its inhibitor antithrombin (AT) [9,10]. The mechanism of this reac-
tion reveals a classic interplay of site-specific and site-nonspecific inter-
actions. The first step involves AT binding to a specific five residue
sequence on the polymeric chain of heparin. Thrombin binds to a re-
mote site on the same heparin chain and then “walks” toward AT to
form the ternary ‘locked’ complex, which results in thrombin inhibition
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[11-14]. For optimal operation, nature has designed heparin-thrombin
interaction to be a site-nonspecific interaction [15], which enables
“walking” of thrombin on the sulfated polysaccharide chain [14]. This
is expected to be characterized by fast ‘on’ and ‘off reactions. Interest-
ingly, the formation of the ternary complex is to be achieved under
rapid blood flow conditions, which enhances the probability of throm-
bin dissociation and raises the possibility of inadvertent clot formation.
Thus, thrombin regulation is of paramount importance and understand-
ing the fundamentals of the heparin-thrombin interaction is critical.
To date, the binding interactions between heparin and thrombin
have been studied primarily at the bulk level, using approaches such
as fluorescence, affinity chromatography and surface plasmon reso-
nance (SPR). Oshima et al. [ 16] showed that the interaction of thrombin
with fluorescein-labeled heparin is affected by NaCl, implying that elec-
trostatic force is the dominating factor of the interaction. Using quanti-
tative affinity chromatography, Olson et al. [15] also demonstrated that
the strong dependence of the binding on NaCl concentration was best
accounted for by the electrostatic interactions of thrombin and heparin.
In a study conducted via SPR, a heparin-coated surface was able to bind
much more thrombin than AT I, indicating that the heparin-thrombin
interaction is less specific compared to the heparin-AT III interactions
[17]. However, these methods require large amounts of heparin/throm-
bin, and are principally applied to study the bulk scale interactions at
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their steady states. They are also unable to evaluate these weak forces in
varying media directly at the molecular level. On the other hand, most
biological processes generally occur under non-equilibrium conditions
at the molecular scale [18]. Given that the binding of thrombin and
heparin might be primarily due to weak, non-covalent forces, there
is a need to unravel the molecular mechanism of heparin-thrombin
interaction at a fundamental level from a mechanical and dynamic
perspective.

Here, we report, to the best of our knowledge, the first study of the
interactions between heparin and thrombin conducted at the molecular
level using atomic force microscopy (AFM)-based force spectroscopy
(AFM-FS). We show the contributions of the ionic and non-ionic nature
of the interaction, and the energy landscape traversed during the bind-
ing and unbinding of these molecules in the clotting cascade. Primarily
devised for high resolution imaging, AFM is a powerful and widely
used tool for investigating molecular scale processes. AFM-FS allows
the measurement of inter- and intra-molecular interaction forces with
piconewton resolution [19-21]. As the interaction forces closely depend
on the loading rates exerted on the molecular complex [22,23], dynamic
force spectroscopy (DFS), a subset of AFM-FS which allows collection of
force data over variable loading rates, has emerged as a valuable tech-
nique for the characterization of dissociation kinetics and energy profile
of the interacting molecules under varying conditions [24,25].

For force measurements using AFM-FS and DFS, the first step is to
covalently immobilize each biomolecule of the pair-wise interaction
on an AFM tip and a substrate, respectively. Together with different im-
mobilization strategies, the rupture forces between the tip-bound and
surface-bound molecules can then be measured in real-time, under
physiological conditions, as well as under controlled microenviron-
ments [26]. In this work, to attach the protein (thrombin) molecules
to a surface and to minimize non-specific tip-surface adhesion forces,
we use a well characterized mixed self-assembled monolayer (SAM)
platform, wherein lysine residues on the protein surface are conjugated
to NHS groups on a gold surface. However, for heparin, an additional
challenge in its study lies in the development of suitable tethers for
the covalent attachment of the carbohydrate. We report on the synthesis
of a versatile heparin-PEG-thiol that allows facile immobilization to gold
surfaces via an Au-S linkage. As we show below, heparin molecules can
be modified with a poly(ethylene glycol) (PEG) containing mercapto-
terminal group to enable immobilization on a gold substrate and create
a functionalized surface.

The morphology of the GAG-functionalized surface was character-
ized via non-contact mode AFM imaging. The interaction forces of single
pairs of heparin and thrombin molecules were determined in PBS buffer
using AFM-FS. Control experiments were performed to measure the in-
teraction forces between the heparin surface and bare (no attached
thrombin) cantilever. The specificity of the binding interactions was
confirmed via the blocking of binding sites on the thrombin molecule
with free heparin. Finally, using DFS, the effect of NaCl concentration
on the binding kinetics and energy landscape of the heparin and thrombin
were studied. Very little is known by way of force interactions of most
anticoagulation proteins (thrombin, factor Xa, factor Xla, antithrombin
etc.). These experiments and findings may therefore offer a new insight
into the molecular mechanism of blood (anti)coagulation under applied
force or flow conditions, useful in the design and screening of cardiovas-
cular drug candidates.

2. Materials and methods
2.1. Materials and instrumentation

(1-Mercaptoundec-11-yl) hexaethylene glycol (oligoethylene glycol
(OEG) terminated thiol), HS-C;1-(EG)gOH, and (1-mercaptohexadecanoic
acid)-N-succinimidyl ester (NHS terminated thiol), HS-C;5COO-NHS,
were purchased from Asemblon Inc. (Redmond, WA) and Nanoscience
Instruments Inc. (Phoenix, AZ) respectively. Human a-thrombin was

purchased from Hematologic Technologies (Essex Junction, VT).
Heterofunctional polyethylene glycol (PEG): HS-PEG-NH, (MW 1000)
was purchased from Laysan Bio (Arab, AL). Heparin sodium salt (H3393,
17,000-19,000 Da) was purchased from Sigma-Aldrich (St. Louis, MO).
Phosphate-buffered saline (PBS pH 7.4) (11.9 mM phosphates, 137 mM
sodium chloride and 2.7 mM potassium chloride), sodium chloride
(biological, certified crystalline) and ethanol (200-proof) were purchased
from Fisher Scientific. Ultrapure water (resistivity 18.2 MQ-cm) was
obtained from a MilliQ water purification system (Millipore Scientific,
MA). Gold surfaces were purchased from Agilent Technologies, Inc.
(Foster City, CA). Gold coated PPP-CONTCSAu cantilevers from
Nanosensors (Neuchatel, Switzerland) and AC240TS cantilevers from
Asylum Research (Santa Barbara, CA) were used for force measurement
and imaging respectively. AFM cantilevers were cleaned using an
UV/Ozone Procleaner (BioForce Nanosciences Inc. Ames, IA) before
use. All AFM imaging and force spectroscopy experiments were per-
formed using an Asylum MFP-3D atomic force microscope (Asylum
Research, Santa Barbara, CA). NMR experiments were carried out on a
Bruker 400 MHz NMR spectrometer (Bruker BioSpin, Woodlands, TX).

2.2. Synthesis of heparin-PEG-thiol

10 mg heparin sodium was dissolved in 1 ml formamide. 12 mg
HS-PEG-NH, was then added and the reaction was maintained at
50 °C for 6 h. 5 mg aqueous sodium cyanoborohydride was added and
incubated at 50 °C for an additional 24 h. The reaction mixture was
diluted with 1 ml of water and dialyzed against 1 I of water for 48 h
using a 3500 Da molecular weight cutoff dialysis membrane. The
retentate was recovered and lyophilized. The freshly prepared sample
was dissolved in D,0, and further characterized by 'H NMR at
400 MHz to verify the formation of the heparin-PEG-thiol. Signals, in
part per million (ppm), are relative to the residual peak of the solvent
(D0, & = 4.79 ppm).

2.3. Functionalized substrate and cantilever preparation

Gold surfaces were rinsed with ethanol several times prior to forma-
tion of the mixed thiol SAMs. Functionalized heparin substrates were
prepared by a two-step method: (i) incubating the freshly cleaned
gold surface in a 1 uM heparin-PEG-thiol aqueous solution for 2 h at
ambient temperature, followed by rinsing with water; (ii) immersing
the surface in a HS-C;;-(EG)gOH ethanol solution overnight (16 h)
followed by rinsing with ethanol. Gold coated cantilevers were cleaned
in UV/ozone for 15 min. Cantilevers were functionalized by an approach
as described earlier [27] — immersion in mixed thiol solution (HS-
C11-(EG)gOH and HS-C;5CO0-NHS) in ethanol for 16 h. Cantilevers
were then rinsed with ethanol, and incubated in a 100 nM solution of
thrombin in PBS buffer for 1 h at ambient temperature.

2.4. AFM imaging of surfaces and dynamic force spectroscopy

Cantilevers were cleaned using high-intensity UV light. Spring con-
stants of functionalized cantilevers were measured prior to each exper-
iment using the thermal fluctuation method [28]. AC240TS cantilevers
(k = ~2 N/m, resonance frequency f = 70 kHz) were to initially charac-
terize the heparin attached surfaces in non-contact mode. Regions con-
taining heparin molecules were identified prior to force measurements
by non-contact imaging. Subsequently, PPP-CONTCSAu cantilevers
(k ~ 0.2 N/m, f = 24 kHz) functionalized with thrombin were used for
measurement of interaction forces. Force-distance curves were collect-
ed in a liquid environment by moving the tip to different locations, hold-
ing it on the surface for 5 s and then retracting it in a repeated, cyclic
manner. Several hundred curves were collected for each experiment
at different points on the surface. The force of contact was kept at
<300 pN to avoid damaging the surface heparin and to preserve the
functionalized AFM tip. Force curves that showed binding events at
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rupture lengths between 10 and 50 nm were selected and analyzed in
IgorPro (Wavemetrics, OR). A binding probability was estimated as
the ratio of the number of analyzed curves showing binding events to
the total number of curves collected in each experiment. Control exper-
iments were conducted to measure the interaction forces using bare
cantilevers (PEG thiol/no attached protein) on heparin surface. Blocking
experiments were performed by measuring the interaction forces in the
presence of free heparin (5 pg/ml) in PBS.

By varying the loading rates of the heparin-thrombin interaction,
dynamic force spectroscopy (DFS) measurements were conducted
from ~10 to ~300 nN/s. The loading rate was accurately determined
by estimating the speed of the cantilever at the instant of contact. At
each loading rate, several hundred force-distance curves were collected
and analyzed to obtain the rupture force histogram. The effect of NaCl
on the binding and stability of the heparin/thrombin complex was fur-
ther investigated using buffers made at varying concentrations of NaCl

3. Results and discussion
3.1. Synthesis and characterization of heparin—-PEG-thiol

To measure pair-wise interaction forces, the first step is to covalently
immobilize each biomolecule on an AFM probe (cantilever) and a care-
fully prepared substrate [29]. The receptor and ligand are repeatedly
brought in contact with one another and the molecular interaction
monitored. Typically, gold-coated substrates present a wealth of possi-
ble conjugation chemistries and are widely used. In the case of throm-
bin, several strategies are available for covalently immobilizing the
protein [30]. Here, advantage is taken of surface lysines on thrombin
to attach it to a gold cantilever via an NHS linkage. On the other hand,
heparin possesses unique challenges in this regard. While heparin is a
negatively charged polysaccharide and could hypothetically be electro-
statically immobilized to a positively charged substrate, this bond is not
strong enough to prevent the molecules from being picked up by the
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probe during retraction [31]. It is therefore necessary to modify the
heparin to enable covalent attachment, while preserving its chemical
nature. Some reports have discussed the biotinylation of heparin
through its un-substituted groups [32]. Here, heparin is modified
using a hetero-bifunctional poly(ethylene glycol) (PEG) linker with
thiol and amine end group (HS-PEG-NH,). This creates a versatile
heparin conjugate that enables covalent binding to a gold surface via
an Au-S bond.

The sole reducing end of heparin was reacted with the amine group
of HS-PEG-NH; in anhydrous formamide and the imine formed was
reduced using sodium cyanoborohydride (Fig. 1A) [33]. This also al-
lows the heparin to retain its core biochemical properties after
functionalization. The heterofunctional PEG was selected for its physical
and chemical inertness as well as the availability of different terminal
functional groups. The PEG further acted as a spacer of controllable
length between the biomolecule and the underlying substrate, allowing
us to enhance bioactivity relative to direct immobilization [34]. This
modification method is advantageous because of covalent attachment
to the Au-substrate which makes them stable during force measure-
ment, and also exposes the maximum number of binding sites on the
heparin chain [35]. The selection of the reducing end preserves the
chemical nature of the heparin. To verify this and the modification of
the heparin with HS-PEG-NH,, '"H NMR was conducted. Unmodified
heparin, HS-PEG-NH, and the product were characterized by compari-
son of '"H NMR data (detailed peak information and spectra shown in
Supplemental Fig. S1).

Heparin contains a major IdoA2S-GIcNS6S repeating disaccharide
unit and minor amounts of GlcA, IdoA, GIcNAc, and GIcNS residues. 'H
NMR of PEG-labeled heparin showed characteristic peaks for heparin
(anomeric proton of IdoA2S, and methyl of acetyl in GIcNAc), as well
as the signals for PEG (2.7 ppm corresponding to —CH,-SH group and
3.7 ppm corresponding to the PEG backbone). In contrast, the newly
formed linkage leads to the reduction of NH,CH,CH,O signal at
3.19 ppm, and the increase of NHCH,CH,O signal at 2.95 ppm.
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Fig. 1. (A) Schematic and structure of thiolation of heparin to form heparin-PEG-thiol. (B) Molecular structure of thiols used to form the self-assembled monolayers used in this study:
HS-Cy1-(EG)gOH, heparin-PEG-thiol and HS-C;5CO0-NHS. (C) Self-assembled monolayers formed on the gold surface and AFM probe with corresponding adsorption of heparin-PEG-thiol

and thrombin on the functionalized substrates.
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Attachment to amine introduces a new peak at 3.42 ppm, representing
the hydrogen on the former anomeric carbon at the heparin reducing
end, verifying the conjugation.

3.2. Surface modification and heparin/thrombin immobilization

For biophysical analyses between heparin and thrombin, we used a
well-characterized mixed self-assembled monolayer (SAM) strategy
developed by our group. This platform has been demonstrated to pro-
vide an ideal surface to attach well-separated single molecules and
study single-pair interactions without the interference of non-specific
adhesion [36]. Here, we used a two-step approach to form a surface
with covalently immobilized heparin molecules. The heparin-PEG-
thiol was first immobilized on a gold surface. This was followed by
backfilling of the bare gold area with an OEG thiol (HS-Cy;-(EG)sOH)
(Fig. 1B and C). The OEG thiol resists protein adhesion and nonspecific
tip—surface interaction, while the sparsely distributed heparins act as
reactive sites for thrombin on AFM tips. By carefully regulating the
ratio of heparin-thiol to OEG thiol, the heparin density on the substrate
is easily controllable.

Fig. 2A shows a non-contact AFM image of a surface with a typical
concentration of immobilized heparin. The morphology of the heparin
surface was homogeneous and stable after repeated AFM imaging. The
80 nm line profile across the heparin immobilized surface showed
height values for the surface features that correspond well with the
cross-section diameter obtained from small-angle X-ray scattering
(0.9 nm) and the maximum transversal dimensions (1 nm) in the
three-dimensional NMR structure of a heparin fragment [37,38]. It
may be noted that the well-separated single heparins demonstrated
that the “backfilling” method provided the heparin with appropriate
distribution and orientation. Analyzing the length of the features from
the AFM images showed that most of the heparin molecules have a
length of 25-35 nm (average length of 34.1 4+ 7.1 nm), consistent
with the length estimated from the X-ray scattering data (32 nm con-
tour length for a heparin with 17,800 Da and 22 nm for a flexible and
mildly bent heparin with 19,000 Da) [37,39]. The different sizes of the
features may result from the heterogeneous length of heparin [40]. As
a control, imaging an OEG thiol surface without the heparin-thiol
expectedly did not show similar features.

Force (pN)
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3.3. Measurement of heparin and thrombin interaction forces

Subsequent to the imaging, force measurements were conducted
with AFM tips functionalized with thrombin on the heparin-attached
surface at a loading rate of ~50 nN/s in PBS buffer. Several hundreds of
force curves were collected: two sets of experiments (~300 force curves
per set) were conducted on two different samples using two different
tips. Of these, 19.7 £ 2.0% force curves showing a specific binding
event were analyzed to construct the force distribution histogram.
These curves classified as specific binding events are manifested in a
cantilever deflection observed as a non-linear delayed retraction curve
with a different slope as that of the contact region. The typical
force-distance curve is shown in Fig. 2B. In contrast, the force curves
with non-specific adhesion show a linear retraction curve with invari-
able slope [41]. As our group has previously demonstrated, some force
curves showing a small tip-surface adhesion were also analyzed be-
cause of clearly discernible interaction events [42]. Approximately 20%
of force curves with large non-specific adhesion peaks (>200 pN)
were discarded. Overall, the low binding probability and percentage of
non-specific adhesion events indicate that the mixed SAM platform is
successfully able to modulate the orientation and density of heparin
on the substrate, as well as decrease the nonspecific tip-surface interac-
tions, critical for the accurate determination of rupture forces of individual
heparin-thrombin binding pairs.

The force distribution histogram for heparin and thrombin rupture
force at a loading rate of ~50 nN/s is shown in Fig. 3. The distribution
of the rupture force between the heparin and thrombin shows a clear,
single peak at 102.3 4 1.3 pN. A few force curves (<4%) showed higher
rupture forces, indicating that multiple molecules may be interacting.
However, due to the low concentration of heparin and thrombin
coupled with the mixed SAM strategy used, we can infer that most of
the binding events are due to the single pair of heparin and thrombin.
On increasing the concentration of heparin-PEG-thiol, the force distri-
bution histograms showed multiple force peaks at ~100 pN, 200 pN
and 300 pN (data not shown), implying that multiple pair interactions
are likely to dominate with the increase of heparin density because
each thrombin functionalized tip could interact with multiple heparin
molecules simultaneously.

Structurally, the heparin binding site on thrombin is fairly big and al-
most circular. The co-crystal structure shows a hexasaccharide bound to
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Fig. 2. (A) AFM topography images recorded in PBS of mixed SAM consisting of heparin-PEG-thiol and OH-PEG-thiol; (below) a line profile across an 80 nm section showing the height
of heparin observed on the surface. (B) Typical AFM force-distance curves obtained in the experiments: (i) typical selected retract trace indicating a specific molecular recognition event;
(i) no tip-surface sticking when using the bare AFM tip (no thrombin attached); (iii) in the presence of free heparin in the PBS solution, the force drops to zero.
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Fig. 3. (A) Comparison of binding percentages for heparin/thrombin interactions with different control experiments: a: heparin on substrate and thrombin on AFM tip; b: heparin on
substrate and thrombin on AFM tip in the presence of free heparin; c: heparin on substrate and bare AFM tip (no thrombin attached). (B) Histogram showing unbinding force distributions
of heparin interaction with thrombin with a Gaussian fit of the data (solid line). The Y axis represents the count number of interaction (data are from two sets of experiments, n ~600). The

loading rate was maintained at ~50 nN/s.

thrombin but it is likely that the site of binding is longer than a
hexasaccharide because key residues known to contribute to binding
are spread out over distances greater than the hexasaccharide [12,39,
43]. The minimal chain length that is known to bind thrombin is a trisac-
charide but the typical chain length that recognizes thrombin remains
unknown. In these experiments, we further tabulated the rupture dis-
tances of all collected force curves and conducted an autocorrelation
analysis using a custom MATLAB program, revealing a periodicity of
5.7 nm (data shown in Supplemental Fig. S4). Thus the periodicity, cor-
responding to the length of heparin chain binding to thrombin, implies
that the typical chain of heparin engaging thrombin is likely to be deca
to dodecasaccharide (5 to 6 nm) [38]. This is also approximately the
end-to-end length of anion-binding exosite II of thrombin. As heparin
can bind to thrombin in multiple orientations, and because the affinities
of these different modes of binding are similar, thrombin can “walk” on
the heparin surface. Considering a periodicity of 5.7 nm, we may there-
fore posit that, at a time a discrete walk step may represent a movement
of 5 to 6 nm along the chain to form the ternary locked complex.

Two different control experiments were carried out to verify that the
measured forces were indeed those of the heparin/thrombin interac-
tion. First, a bare Au-cantilever (without attached thrombin) was used
to detect the heparin-attached surface. In this experiment, most of the
force curves showed zero interaction (Fig. 2B) with no specific binding
events detected. Second, blocking experiments were conducted by
measuring the interaction forces in the presence of free heparin. The
thrombin-attached tip was first incubated in heparin PBS solution for
30 min. Then force curves were collected on heparin-attached surface
in the same medium. The binding probability dropped to 6.2 + 1.9%
as shown in Fig. 3. Thus we can postulate that the binding sites on the
tip-attached thrombin are blocked by the free heparin in liquid. The
significant decrease of binding probability of these two control experi-
ments compared with heparin/thrombin system in PBS solution dem-
onstrates that the observed interactions between the functionalized
cantilever and the surface are likely caused by specific binding between
the heparin and thrombin.

3.4. Dynamic force spectroscopy (DFS) of heparin and thrombin in PBS

It is widely acknowledged that the specific unbinding forces rely on
the intrinsic interactions of molecules as well as on the loading rates.
Using DFS, it is therefore possible to transform the AFM to determine
useful thermodynamic and kinetic parameters [44]. By evaluating the

most probable rupture forces at different loading rates, details of the
dissociation dynamics of the heparin-thrombin interaction as well as
the energy barriers through dissociation can be calculated. In our analy-
sis of this system, we considered three cases — a single energy barrier, a
double energy barrier model with a potential well trough between two
interaction barriers, and the recently developed model by Friddle et al.
that interpolates between kinetic and equilibrium regimes [44,45].
The double barrier Bell-Evans model is optimal at high loading rates
and is therefore not rightly applicable to the lower loading rate regime,
which contains the most interesting information in this study. Many
biological systems that show “double-barriers” can be described by a
single energy barrier, and the presumed “outer barrier” region simply
represents near-equilibrium unbinding regime where the force does
not depend on the loading rate. In our experiments as well, the rupture
forces were found to be linearly dependent on the logarithm of loading
rates (Fig. 4A) over the range investigated implying a single energy
barrier. It is important to note that the small range of loading rates
was chosen keeping in mind physiologically relevant fluid environ-
ments, such as during hemodialysis, that are relevant to the clotting cas-
cade [46]. For the loading rate range investigated in this study, a simple
linear dependence therefore precluded the need to use the model pro-
posed by Friddle et al. [45]. However, as an internal reference, we inves-
tigated higher loading rates to 400 nN/s, wherein the force-loading rate
dependence is no longer linear. Over this larger range, this model fits
the data well (complete analysis shown in the Supplementary informa-
tion Fig. S3). For this heparin-thrombin system however, we posit that a
single barrier approach can describe the relevant interactions.

Based on this fit, kinetic parameters can be extracted using the
following Bell-Evans equations described earlier [47]:

_ kgT Xg
= (kBTkDﬁ> O
£ =" (siope) 2)
Xp
.
by =2 3)

where F is the most probable rupture force, kg is the Boltzmann con-
stant, Tis the absolute temperature, r is the loading rate, ry is the loading
rate at zero force, and xj is the distance between bound state and un-
bound state for the transition state, which can be calculated from the
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shows a linear fit with a slope of 4.57, which corresponds very well with the earlier reported fit of 4.8 [15].

slope of fitting curve. k. is the dissociation rate of bond at zero applied
force, which can be calculated as the intercept of the fit. In the case of
heparin and thrombin, both kg and xz are important for evaluating
the susceptibility of the bond dissociation to applied force or under
flow conditions [48]. Once ko5 has been determined, the height of the
energy barrier, AG can be deduced using the following equation according
to the transition state theory [49,50]:

kogh

AG = —ky Ting2l (4)

where h is Planck's constant and kT is the thermal energy. The linear fit to
the data points in Fig. 4A indicates that the heparin-thrombin complex
overcomes one energy barrier during its dissociation under applied
force with a height of 32.80 kgT. The corresponding k for the heparin-
thrombin interaction in PBS was found to be 0.04 s~ . The low Ko indi-
cates the formation of a highly stable complex between heparin and
thrombin.

3.5. Binding as a function of NaCl concentration

Finally, we investigated the binding kinetics of the heparin-thrombin
interaction in the presence of salt. This served two purposes — to observe
the heparin-thrombin energy landscape, and provide an internal refer-
ence for this system. Previous study has shown that NaCl has a strong
influence on the interactions of heparin-thrombin and the binding of
heparin and thrombin can be described by the relationship [15]:

IOg Kd. obs = lOg Kd(non—ionic) +Q IOg [Na+]: (5)

where « is related to the number of Na™ ions released upon charge-
neutralization reaction between heparin and thrombin. The negatively
charged sulfo/carboxyl groups on the heparin chains can form ion pairs
with positively charged residues on thrombin. Initially, the repulsive
energy of multiple negatively charged groups in heparin promotes the
binding of Na™ to minimize these forces. When heparin binds thrombin,
the positively charged residues interact at the anionic sites to result in the
entropically favorable release of Na* ions. However, there can also be a
significant influence to the binding via H-bonding [51]. The energy of
interaction therefore has contributions from the polyelectrolyte effect,
H-bonding and hydrophobic interactions. To uncover the specific effect
of NaCl on heparin-thrombin interaction at the molecular scale, we ap-
plied DFS to study the dissociation kinetics and energy profile under dif-
ferent NaCl concentrations (300 mM, 450 mM and 600 mM). The high

salt concentration is used to demonstrate this polyelectrolyte effect. As
previously shown in PBS (137 mM Nadl), rupture forces were acquired
over a range of loading rates between ~10 nN/s and ~200 nN/s at differ-
ent NaCl concentrations and plotted as a function of loading rates. It can
be seen that increasing the NaCl concentration resulted in decreased rup-
ture forces (raw data shown in Supplementary information Table S1).
The strength of the heparin/thrombin complex therefore becomes
weaker with an increase of salt concentration. Fitting the forces vs. load-
ing rates reveals that the interactions are compatible with the single
energy barrier model. The fitted dissociation kinetic parameters of the
model are tabulated in Table 1 and the sketch of energy profile at differ-
ent NaCl concentrations is shown in Fig. 5.

The force-spectroscopy results show the predicted (Eq. (5)) linear
log-dependence in the off-rates vs. [Na™]. The logarithm of the observed
ko for the heparin-thrombin interaction is directly proportional to log
[Na*] in buffer (Fig. 4B). Remarkably, the linear fit of the data reveals
a slope of 4.6, which is very close to the earlier reported regression fit
of 4.8 obtained via fluorescence titrations [15]. This implies that 4-5
ionic interactions are involved in the heparin-thrombin interaction. It
can be seen that as the [Na™] increases, the contribution of the polyelec-
trolyte decreases. Extrapolating this dependence indicates that the
binding reflects complete contribution of the non-polyelectrolyte bind-
ing at 1.1 M salts, which is close to the ideal value of 1 M according to
Eq. (1). Indeed, as observed from the energy barrier, an increase in salt
concentration is manifested by a shift in the energy landscape (decrease
inx; and AG, Fig. 5). As the double log k.-[Na*] profile is linear, it must
imply that the k,, is invariant across the range of [Na™]. This result is
similar to an earlier DFS study of integrin/fibronectin interactions [52].
As shown, the energy barrier operates at lower, physiologically relevant
forces, which make them more sensitive to the molecular structure or
environmental changes.

The energy barrier AG decreases as expected with an increase in
[Na*], implying that, at a sufficiently high salt concentration, the

Table 1
Dissociation kinetic parameters and energy profile of heparin/thrombin complex under
different conditions.

NaCl concentration Kogr (s~ 1 xp (nm) AG (kgT)
PBS (137 mM) 0.04 0.46 32.8
300 mM 0.37 0.42 30.45
450 mM 7.6 0.28 27.42
600 mM 22.96 0.23 26.32
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Fig. 5. Sketches of energy landscapes show intermolecular potential of the heparin/thrombin
interactions in PBS with increasing NaCl concentration. The positions of energy barrier to-
gether with the height of thermal energies are derived from the linear fit of the dynamic
force spectroscopy data. For example, in PBS (black), the x and the AG are calculated to be
4.6 A and 32.8 kgT. These parameters characterizing energy landscapes under different con-
ditions are also summarized in Table 1. The energy landscapes showed that both the position
(Inset) and the height of the interaction energy barrier shifted toward lower values with the
increase in NaCl concentration.

off-rate is driven by non-ionic interaction. The energy barrier of the hep-
arin-thrombin reaction is kinetically invisible but mechanistically signif-
icant. From a loading rate perspective, a shift to lower x, and AG is also
observed at faster loading rates. These results therefore show that at
higher loading, the nonionic forces between heparin and thrombin,
which are highly directional in comparison to ionic forces, can be expect-
ed to “orient” the thrombin molecule on the heparin chain. Once initiat-
ed and established at higher flows, electrostatic forces facilitate the
movement of thrombin toward antithrombin along the heparin chain.
One can predict that the initial “orientation” is such that it favors the for-
mation of the (eventual) productive antithrombin-thrombin complex. A
recent computational analysis predicts the occurrence of weak nonionic
forces in heparin-thrombin interaction supporting the above conclusion
[53].

This analysis revealed that the stability of the heparin/thrombin
complex is suppressed by higher salt concentration. This conclusion is
consistent with the theory of protein-polyelectrolyte interactions, in
which the binding of the complex is reduced with increase ionic
strength, due to the screening of electrostatic attractions [54]. Within
this framework, the binding of thrombin to heparin in the presence of
monovalent cation can be regarded as an ion exchange-type process in-
volving the stoichiometric release of bound counter-ions from negative-
ly charged groups on the heparin polyelectrolyte chain. The binding of
thrombin to heparin is therefore not favored when the Na* concentra-
tion is elevated due to the unfavorable release of Na™ ions from the
polysaccharide into a salt solution [55]. Earlier molecular simulations
of heparin-FX06 interaction showed that the electrostatic interaction
between heparin and the positively charged FX06 residues was the
main contributor for lowering the Gibbs free energy and stabilizing
the complex [56]. FX06 is a peptide fragment from fibrin, and its inter-
action with heparin is closely related to endothelial cell adhesion,
spreading and proliferation [57]. Such detailed information can typically
not be extracted from bulk kinetic measurements. The single-molecule
force spectroscopy study therefore uncovers the nature of the biophys-
ical interactions and helps explains the operation of this fundamental
biochemical process.

4. Conclusions

In this work, for the first time we show a molecular approach to in-
vestigate the nature of the heparin-thrombin interaction using AFM-
based force spectroscopy and uncover the contributions of the electro-
static and non-ionic contributors to this interaction. As critical compo-
nents of the blood coagulation cascade, it is important to elucidate
these interactions. Here, we focused on developing a protein-resistant
and GAG-functionalized surface for measuring interactions in different
liquid environments using dynamic force spectroscopy. The versatile
heparin conjugate synthesized here is a key to covalent immobilization
to Au surfaces and can be widely applied to several types of interaction
analyses and investigations. By changing the NaCl concentration, we
further showed that the heparin-thrombin complexes are less stable
with increase of NaCl concentration, implying that electrostatic compo-
nents are the primary contributor to the energy landscape of the hepa-
rin/thrombin interaction. In AFM-FS, the dependence of binding on the
interaction time (time of thrombin-attached tip contacting with a hep-
arin functionalized-surface) could be used to roughly estimate the asso-
ciation rate constant k,,, whereby the dissociation constant Ko (Kog/kon)
could be determined [46]. Future efforts can therefore study the change
in dissociation constant K,ywith [Na*] and further quantitatively corre-
late with conventional equilibrium approaches. The platform developed
in this study coupled with heparin-modified tip (heparin-PEG-SH on
gold coated cantilever) also shows the potential to detect interactions
with multiple coagulation related proteins (including factor Xa,
factor Xla and antithrombin) and elucidate molecular mechanism
of blood (anti)coagulation. These insights into the heparin-throm-
bin interaction from a force and energy viewpoint at the single mole-
cule scale can provide better understanding of the mechanisms of
blood (anti)coagulation under applied force or flow conditions.
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