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Abstract

We recently reported a real-time method to measure heparin in human whole blood based on the
photoacoustic change of methylene blue (MB). Intriguingly, the MB behaved unlike other “turn
on” photoacoustic probes—the absorbance decreased as the photoacoustic signal increased. The
underlying mechanism was not clear and motivated this study. We studied the binding mechanism
of MB and heparin in water and phosphate buffer saline (PBS) with both experimental and
computational methods. We found that the photoacoustic enhancement of the MB-heparin mixture
was a result of MB-heparin aggregation due to charge neutralization and resulting sequestration of
MB in these aggregates. The sequestration of MB in the MB-heparin aggregates led to decreased
absorbance—there was simply less free dye in solution to absorb light. The highest photoacoustic
signal and aggregation occurred when the number of negatively charged sulfate groups on heparin
was approximately equal to the number of positively charged MB molecule. The MB-heparin
aggregates dissociated when there were more sulfated groups from heparin than MB molecules
because of the electrostatic repulsion between negatively charged sulfate groups. PBS facilitated
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MB dimer formation regardless of heparin concentration and reprecipitated free MB in aggregates
due to ionic strength and ionic shielding. Further molecular dynamics experiments found that
binding of heparin occurred at the sulfates and glucosamines in heparin. Phosphate ions could
interact with the heparin via sodium ions to impair the MB-heparin binding. Finally, our model
found 3.7-fold more MB dimerization upon addition of heparin in MB solution confirming that
heparin facilitates MB aggregation. We conclude that the addition of heparin in MB decreases the
absorbance of the sample because of MB-heparin aggregation leading to fewer MB molecules in
solution; however, the aggregation also /ncreases the PA intensity because the MB molecules in
the MB-heparin aggregate have reduced degrees of freedom and poor heat transfer to solvent.

Graphical Abstract

160k
140k
120k
100k
80k
60k
40k
20k

)
o

02 04 06 08 0
Heparin i0

il W

0 020406081012141618
Heparin:MB Ratio Heparin:MB Ratio

b=
o

£y
o

L
o

(‘'n"e) Aysusiul vd

“+ % Dye in particles

|_— Average PA intensity _0
00 04 08 1.2 16 2.0

o

Amount of MB in Aggregate (%)

INTRODUCTION

Methylene blue (MB) is a phenothiazinium dye with diverse biomedical applications. It is a
photosensitizer used in photodynamic therapy and as a contrast agent in photoacoustic (PA)
imaging.18 Moreover, MB is US Food & Drug Administration-approved for managing
methemoglobinemia® and can treat malaria.1?

MB has also been used in monitoring heparin.11-13 Heparin is a highly sulfated anionic
glycosaminoglycan that activates antithrombin, which silences the clotting factors thrombin
and Factor Xa.1# Intriguingly, mixing heparin and MB decreases the MB absorption!® and
increases the resonant Rayleigh scattering® of MB; thus, MB can monitor heparin. MB can
also measure heparin electrochemically because heparin reduces the peak current of MB in
cyclic voltammetry.11 More recently, we reported a real-time PA method to monitor heparin
in blood using MB—the PA intensity of MB significantly increased upon the addition of
heparin.13 In PA imaging, the signal is proportional to absorption;17-19 however, we were
surprised to find that the absorbance of MB decreased with increasing heparin dose yet the
PA signal increased—this is in contrast to most other “turn on” PA probes whereby
increased absorption facilitates increased PA signal. That observation motivates this work.

Mechanistic studies of the MB/heparin interaction are rare and mainly limited to
spectroscopic studies in water. Previous research found that 610 and 660 nm are
characteristic peaks of the MB dimer and monomer, respectively.29 Upon addition of
heparin, the absorbance of MB shifted from 660 to 610 and eventually to 570 nm, which
indicated the formation of MB dimers and MB self-aggregates (i.e., H-type aggregates).21.22
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This shift is caused by the coupling between MB molecules that splits an excited singlet
state of MB into two excitonic states. The absorption from ground state and to upper
excitonic state blue-shifts the absorbance spectrum.23:24 However, these studies lacked
deeper mechanistic detail and only investigated the interaction in water, which disregards the
key role of pH and ionic strength—our interest lies in measuring heparin with PA in whole
blood and motivates this mechanistic study of the interaction between heparin and MB in
more biologically relevant solvents.

Here, we describe MB-heparin interactions in water and phosphate buffer saline (PBS)
including the identification of MB-heparin aggregation. We found that formation of MB—
heparin aggregate was responsible for the absorbance reduction and PA enhancement of MB
upon addition of heparin. PBS could impair the MB-heparin binding by shielding the MB
and heparin. We also include simulation results that further detail the heparin binding
residues and identify the intramolecular interactions that stabilized the MB-heparin
aggregation.

RESULTS AND DISCUSSION

We used nuclear magnetic resonance (NMR), dynamic light scattering (DLS), and optical
absorbance spectroscopy to study the binding between heparin and MB as well as the
change in the PA signal. We then characterized the impact of PBS and solvent ionic strength
on the binding and finally performed molecular simulations to support the experimental
observations.

MB-Heparin Aggregation Induces PA Enhancement.

The PA enhancement of MB in the presence of heparin reverses when heparin is above a
certain concentration.13 Therefore, we hypothesize that MB electrostatically binds to
heparin, and the binding kinetics varies as a function of heparin concentration. Heparin is a
highly sulfated and negatively charged polysaccharide, and thus we estimate the number of
sulfate groups on heparin for MB binding to characterize the effect of heparin concentration
as follows: Heparin has an antithrombin binding pentasaccharide site as minor repeat units
and two trisulfated disaccharide units as major repeat units in its backbone?® (Figure S1).
The molecular weight of commercial heparin varies, but the number of sulfate in heparin can
be estimated via the number of the major trisulfated disaccharide repeat units. Each major
repeat unit has 3 sulfate groups for 3 MB molecules to bind with, and the molecular weight
of each repeat unit is 591.4 g/mol, which is used to estimate the number of sulfate group of
heparin per unit weight. To study the effect of heparin concentration on PA signal, we
prepared 0.90 mg/mL MB and varied the amount of heparin in the MB solution from 0.09 to
0.85 mg/mL. Thus, the ratio of MB to the sulfate groups on heparin was 1:0.2-1:1.8.

We studied these samples with NMR. The chemical shift and relaxation time of MB are
sensitive to the microenvironment and distance between MB molecules. Therefore, the NMR
spectra of aqueous solutions containing different ratios of heparin to MB were studied to
characterize the binding of MB to heparin. First, the MB concentration was optimized to 0.9
mg/mL to achieve sufficient signal-to-noise ratio in IH NMR. MB is a positively charged
dye and has three types of aromatic protons at the phenothiazinium central ring and two sets
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of identical protons at the dimethylamino groups corresponding to 7.40, 7.11, 6.87, and 3.14
ppm in the NMR spectrum (Figure 1A inset).26:27 Proton 1 changed the most upon addition
of heparin. The NMR signal at 7.40 ppm decreased by 75.7% with a downshift of 0.1 ppm
when the heparin:MB ratio increased from 0.2 to 1.0 (Figure 1A). The decrease in NMR
intensity suggested precipitation of the MB-heparin aggregates because the protons of MB
sequestered in the aggregates should have reduced NMR signal due to concentration
quenching.?’

DLS analysis revealed that the size of MB-heparin aggregate increased as a function of MB
concentration. At a constant heparin concentration (0.00625 mg/mL), increasing the
MB:heparin ratio from 0.31 to 0.93 increased the size of the MB-heparin aggregate by 4.9-
fold (Figure 1B). However, increasing the heparin:MB ratio from 0.08 to 0.64 had only 1.5-
fold increase on the aggregate size (Figure S2). The more significant increase governed by
the MB concentration than the heparin concentration suggests that the MB-heparin
aggregation and precipitation results from charge neutralization between MB and heparin
and interactions between MB molecules such dimerization that could facilitate aggregation
of different MB-bound heparins.

The absorbance of samples with 0.9 mg/mL MB with heparin to MB ratio from 0.2 to 1.8
were found to correlate with the amount of MB in the MB-heparin aggregates. Despite a
constant MB concentration across all mixtures, the absorbance of MB at 660 and 610 nm
decreased 4.0-fold and 4.5-fold when heparin:MB was equal to 1.0:1.0 (Figure 1C),
respectively. Concurrently, 85% of the MB was sequestered in the MB—heparin aggregates at
heparin to MB ratio of 1.0 (Figure 1D). This indicated that the decrease of absorbance at the
610 and 660 nm was a result of MB—-heparin aggregation that decreased the amount of free
MB dimer and monomers and therefore the absorbance in the solution.

Higher heparin concentrations beyond a 1:1 ratio of heparin to MB led to MB se/f
aggregation rather than MB-heparin aggregation as indicated by the absorbance peak at 570
nm.22 Meanwhile, the amount of MB in the MB-heparin aggregates decreased by 2.0-fold
(Figure 1F). The initial color change of MB at heparin:MB ratio below 1.0 as well as the
reversal at heparin:MB over 1.0 also indicate the aggregation and dispersion of MB-heparin
(Figure 1D). This is analogous to the precipitation of other dyes such as rhodamine 6G in
aqueous sodium dodecyl sulfate.28 The dispersion of MB-heparin aggregate was likely due
to the electrostatic repulsion between the heparin chains. Therefore, MB neutralized heparin
and formed MB-heparin aggregates when the heparin:MB ratio was between 0 and 1.0.
Higher doses of heparin dispersed the MB-heparin aggregates likely because of the
electrostatic repulsion between negative heparin chains.

The PA enhancement of the MB-heparin mixture was also a function of heparin to MB ratio.
The PA intensity of the MB at heparin:MB ratio of 1.0 measured at 680 hm was 26.7-fold
higher than MB alone, but it decreased 15.6-fold when the heparin:MB ratio was 1.8 (Figure
1D and F). This was very similar to the trend seen for the amount of MB in the MB-heparin
aggregates (Figure 1F). We also found that the MB-heparin aggregates contributed most of
the PA intensity of the MB—-heparin mixtures. We separated the aggregates and soluble
fractions and found that the PA intensity of the precipitate was 43.1-fold higher than the
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supernatant suggesting that the PA enhancement was a result of MB—heparin aggregation
(Figure 1E). Therefore, the formation of MB-heparin aggregates contributes to the
photoacoustic increase. The enhanced PA intensity caused by the MB-heparin aggregation
was likely a result of the reduced degrees of freedom of the MB (its molecular motions are
restricted relative to free MB). This led to poor heat transfer from the aggregate to the
solvent and increased the thermal gradient between the aggregate and solution.2?

Impact of PBS.—Next, we prepared the MB—heparin samples in PBS using heparin:MB
ratio of 0.8 and 1.8 to study the impact of PBS on MB-heparin aggregation and MB self-
aggregation. At a heparin:MB ratio of 0.8 and MB concentration at 0.15 mM, PBS had
minimal influence on absorption wavelength but increased the absorbance by 24% and 9% at
610 and 660 nm, respectively, compared to the MB-heparin sample in water (Figure 2A
Hep:MB = 0.8 in water and Hep:MB = 0.8 1 x PBS). This led to a 22% PA increase at 680
nm excitation (Figure 2B 0.8 H,0 and 0.8 PBS). PBS had an even more pronounced impact
at heparin:MB of 1.8 (MB still at 0.15 mM): PBS red-shifted the absorbance of the sample
from 570 to 610 nm (Figure 2A Heparin:MB = 1.8 1 x PBS) indicating disassociation of
MB self-aggregates to MB dimer. The PBS also increased the PA intensity of the sample by
2.8-fold (Figure 2B 1.8 PBS). We hypothesized that this spectral shift and PA enhancement
was due to the ionic strength rather than the pH of the PBS.

To test this hypothesis, we performed a control experiment using 137 mM NaCl because
PBS contains 137 mM NaCl and is much more concentrated than other buffer ions (i.e., 13.7
times higher than phosphate buffer and 50.7 times higher than potassium chloride). Adding
137 mM NaCl reversed the absorbance of MB-heparin mixture in water from 570 to 610 nm
with a spectral profile very similar to the effect of adding 1 x PBS (Figure 2A Hep:MB = 1.8
137 mM NaCl). To further verify that the ionic strength is responsible for the spectral shift,
we increased the MB concentration to 2.4 mM and maintained the heparin:MB ratio at 1.0—
it should take more PBS and NaCl to shift the absorbance from 570 to 610 nm. Indeed, we
had to double the PBS or NaCl concentration to completely shift the absorbance of the
sample from 570 to 610 nm (Figure 2C). This result suggests that the ions in PBS can
disassociate the MB self-aggregate via ionic shielding leading to an absorbance redshift.

We further tested the influence of ionic strength on PA intensity of MB—heparin mixture at a
heparin:MB ratio of 1.8 using 137 mM NacCl. The addition of 137 mM NaCl in the MB-
heparin sample had a 2.0-fold higher PA signal than the sample in water (Figure 2B 1.8
NaCl) and increased the number of aggregates. Compared to the MB—heparin sample with
heparin:MB at 0.8, the sample with heparin:MB ratio at 1.8 has more heparin that uses more
NaCl as counterions—this minimizes the shielding effect and leads to more heparin-MB
aggregates.

Molecular Modeling of MB—Heparin Binding.

Finally, we used molecular modeling to study the binding details of MB and heparin (repeat
unit used in the simulation shown in Figure 3A) as well as the role of heparin in MB self-
aggregation. To study the impact of PBS in the MB-heparin binding, simulations were first
performed using 0.154 M NaCl without phosphate ions to balance the charge of MB and
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heparin. The binding process of MB and heparin were dynamic in both 0.154 M NaCl and
1X PBS with rapid association and dissociation of the MB with heparin (Video 1 and Video
2 for NaCl and PBS, respectively). We found that the PBS ions shielded MB and the heparin
because phosphates associated with heparin via multiple Na*(Figure S4).

We also compared the number of MB dimers formed between the system with MB alone and
the system with MB and heparin. Dimer formation was defined as a distance of less than 4.8
A between the centers of mass between two MB molecules. Dimer formation for three trials
of the system containing 14 MB molecules with and without heparin present were analyzed.
The addition of heparin increased MB dimer formation by 3.7-fold compared to MB alone
(p<0.03, Figure 3B). All other variables, including the placement of MB within the
solvation box, were kept constant. These results suggested that the presence of heparin
increases the frequency of MB dimer formation and facilitates MB—heparin aggregation.

We also studied the mechanism by which MB dimer formation depends on heparin. This
analysis aimed to determine if z—r interactions were a plausible explanation for dimer
formation. We defined a MB-MB binding event as a distance less than 9.5 A between the
center of mass of MB molecules because this distance is the length of MB from terminal C
to terminal C and accounts for all angles of MB binding other than a perpendicular binding
event (no perpendicular events were noted in any of the simulations). The frequency of
binding events at 9.5 A was compared to the frequency of binding events at 4.0 A, which is
the widely accepted upper limit of 7z—r interactions® (Figure 3C). This comparison
revealed that of the dimers that were formed without heparin, only 17.6% had an orientation
and distance indicative of a 7— interaction (Figure 3D). With heparin, 31.3% of the dimers
had an orientation and distance suggestive of 7—r interactions. These differences were
statistically significant (0 < 0.01), and this result indicates that heparin enhances MB r—r
stacking to facilitate MB precipitation into the MB-heparin aggregate.

To understand the heparin binding sites, we evaluated each monosaccharide unit in the
simulated heparin structure for its energetic contribution to a MB binding event using
Molecular Mechanics—Poisson—-Boltzmann Surface Area (MMPBSA) decomposition
analysis.3! Figure 4A showed that the spontaneity of a binding event was mostly due to the
glucosamine (GIcN) and sulfate groups; thus, these residues were likely stable MB binding
sites. The sulfate groups were distributed throughout the structure and underlie the anionic
nature of heparin, and they strongly contributed to the overall energetics of a MB binding
event. The interaction between MB and binding residues in heparin are electrostatic (Figure
4B), and this electrostatic interaction neutralizes the charge of both the heparin residue and
MB upon binding.

CONCLUSIONS

In summary, we studied the binding of MB and heparin in experiments and simulations. In
water, MB aggregates with heparin via charge neutralization, resulting in MB sequestration
in these aggregates. Therefore, the MB—-heparin aggregation reduces the absorbance of the
sample because there are fewer MB molecules in solution; however, this aggregation also
Increases the PA intensity because the MB molecules in the MB—-heparin aggregate have
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reduced degrees of freedom and poor heat transfer to the solvent. Higher heparin
concentrations disperse the MB-heparin aggregate because of the electrostatic repulsion
between heparin chains—this forms MB-self-aggregates. PBS can disassociate the MB self-
aggregates into dimers because of the ionic shielding of chloride ions. Decomposition
analysis indicated that the stable binding sites were the sulfate groups and the glucosamine
groups of the heparin. The addition of heparin to MB increases the frequency of MB dimer
formation. A significant portion of dimers had an orientation suggestive of 7z—r stacking.
These trends confirmed our experimental observation that MB neutralized by heparin tended
to aggregate via r—r stacking.

MATERIALS AND METHODS

Reagents.

MB (98%) and PBS tablets were purchased from Fisher. Dissolving one PBS tablet in 200
mL deionized water should result in 0.01 M phosphate buffer, 0.0027 M potassium chloride,
0.137 M NaCl, and pH 7.4 at 25 °C. Heparin sodium salt from porcine intestinal mucosa
(grade I-A, = 180 U/mg) and protamine sulfate salt from salmon were purchased from
Sigma. Heparin (sodium injection, 1000 United States Pharmacopeia (USP) U/mL) was
purchased from SAGENT pharmaceuticals. Deuterium oxide (D, 99.9%) was purchased
from Cambrige Isotope Laboratories, Inc. Enoxaparin sodium (LMWH) injection was
purchased from Winthrop. Laboratory polyethylene tubing (OD: 1.27 mm, ID: 0.85 mm)
was purchased from Harvard Apparatus.

Preparation of MB—Heparin Mixtures.

Stock MB solution MB was prepared by dissolving 1.898 mM MB in (M.W., 373.90 g/mol)
deuterated water (D,0) with sonication at 40 °C for 30 min. The final MB concentration was
4.8 mM. The molecular weight of the trisulfated disaccharide repeat units in heparin
backbone was 591.4 g/mol.32 The final heparin concentration was tuned based on the sulfate
equivalence togeta 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, and 2.0 equivalence of heparin
with respect to MB (final concentration of 2.4 mM). This was accomplished by mixing 0.6
mL of 4.8 mM MB solution with 0 to 540 wL of 1.898 mg/ mL heparin solution. Additional
D,0 was added into the sample to keep the total volume at 1.2 mL.

To characterize the influence of MB on the aggregate size, 500 yL of 0.2, 0.3, 0.4, and 0.6
mM MB was added into 500 £ of 0.0125 mg/mL heparin solution. The influence of heparin
concentration on the MB-heparin aggregate size was measured by mixing 500 /L of 0.4
mM MB with 500 zL of 0.0625, 0.125, 0.25, and 0.5 mg/mL heparin.

To study the effect of PBS, PBS tablet was crushed into powders. MB-heparin sample with
2.4 mM MB and 1 x PBS was prepared by mixing 0.6 mL of 1.8 mg/mL (i.e., 4.8 mM) MB
solution with 0.6 mL heparin (0.94 mg/mL for heparin:MB ratio at 1.0 or 1.70 mg/mL for
heparin:MB ratio at 1.8) that contains 12 mg PBS powder. In the sample with 2 x PBS, the
amount of PBS was increased to 24 mg. MB-heparin sample with 0.15 mM MB and 1 x
PBS was prepared by mixing 0.6 mL 0.1125 mg/mL (i.e., 0.3 mM) MB with 0.6 mL heparin
(0.047 mg/mL for heparin:MB ratio at 0.8 and 0.106 mg/mL for heparin:MB ratio at 1.8)
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that contains 12 mg PBS powder. The influence of NaCl was characterized by dissolving 9.6
(i.e., 137 mM) or 19.2 (i.e., 274 mM) mg NaCl powder in the MB-heparin solution.

NMR Characterization.

The NMR spectra of 2.4 mM MB with 0.2, 0.4, 0.6, 0.8, 1.0, 1.4, and 1.8 equivalence of
heparin were measured using a Bruker AVA 300 MHz NMR spectrometer to study the
aggregation of MB in the presence of heparin. The number of scans used was kept constant
at 32 scans to compare the NMR peak intensity between different mixtures.

Characterization Using Absorbance Spectroscopy.

The solutions were mixed by vertexing and transferred into a 4 4L well plates for absorbance
measurement. The amount of dye sequestered in the MB—heparin aggregates was estimated
by measuring the absorbance of the supernatant of the samples that had been centrifuged at
10 000 rpm for 5 min. Then the area under the peak between 400 and 800 nm was used to
calculate the relative amounts of MB sequestered in the precipitate formed after addition of
heparin. All absorbance spectra were measured by SpectraMax M5 spectrophotometer.

PA Characterization.

About 17 gL of MB-heparin mixtures used for absorbance and NMR studies were
transferred into the polyethylene tubing. The PA image of these tubes were acquired on PA
imaging system (Visualsonics) with analysis and parameters described previously.13 The 3D
images acquired were processed using ImageJ software to estimate the pixel intensities.33

Computational Methodology.

The structure of heparin was constructed via GLYCAM Carbohydrate Builder software.34
Specifically, the four monosaccharide units that were used in this study were YZB, WYS,
YUA, and QY. This pattern was repeated six times to construct the heparin polysaccharide.
Each monosaccharide and MB was parametrized using Gaussian HF/6-31G*3% through the
WebMO interface.3¢ The surface of heparin was evaluated as a potential binding surface for
MB using the VMD software.3” MB was docked to heparin using AutoDock Vina38 placing
MB within each of the possible binding sites, then simulating only the 14 most favorable
docking conformations.

Heparin—MB interactions were characterized /n silico using molecular dynamics
simulations. Simulations were performed on heparin with 0, 1, 4, 7, 10, and 14 MB docked
in the presence of either a PBS solvent system or a 0.154 M NaCl solvent system that
closely reflected experimental conditions. The simulation of the 0.154 M NaCl and PBS
systems were performed in six MB concentrations (0, 1, 4, 7, 10, 14 MBs) for 3 trials per
concentration, resulting in 36 systems. Each system was minimized in seven restrained steps
to eliminate bad contacts, heated in one step to 300 K, and equilibrated in seven steps, with
each step reducing the imposed restraints on the systems. These preparatory operations and
the unrestrained simulations were all completed using Amber 1639 with the 14580 and
GAFF force fields,! while also utilizing additional parameters provided by GLYCAM. All
unrestrained simulations were run for a minimum of 100 ns, with a time step of 2 fs, and at
constant temperature and pressure of 300 K and 1 atm, respectively. Binding events of MB
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to heparin were measured using a 9.47 A distance between the center of mass of MB and the
nearest heparin residue. We evaluated the frequency of dimer formation per every 10 ns of
simulated time. A dimer that could have 7—r interactions was defined as a distance of less
than 4.0 A between the two centers of mass. Visualization and distance analyses were
completed using VMD and the coptraj module of Amber, respectively.#? Free energy
analysis was performed on each simulation using the MMPBSA.py3! module of Amber.

Data Analysis and Statistical Treatment.

The average and standard deviation of the integrated density were calculated using Microsoft
excel functions “AVERAGE” and “STDEV”. Pvalue of the number of MB dimer formation
was calculated via the one-tailed test using Microsoft Excel functions “TTest”.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
MB aggregation upon addition of heparin. Panel A plots the NMR spectra of MB at the

heparin:MB ratios of 0 to 1.0. Peaks 1, 2, 3, and 4 in the spectrum correspond to the protons
shown on the structure of MB (inset). The NMR intensity of both proton 1 and proton 4
(Figure S3) decreased the most (i.e., 76%) when the heparin:MB ratio approaches 1.0,
suggesting the precipitation of MB-heparin aggregates. Panel B shows the DLS result of
MB-heparin aggregates as a function of MB concentration. The size of the aggregates
increased from 335 to 1632 nm when the MB:heparin ratio increased from 0.31 to 0.93. The
absorbance spectra of the samples in panel A are shown in panel C. The absorbance intensity
at 610 nm decreased 4.5-fold when heparin:MB ratio equals 1.0. A higher heparin:MB ratio
from 1.2-1.8 blue-shifts the absorbance peak to 570 nm suggesting the formation of MB
self-aggregates (i.e., H-type aggregates). A control experiment using 0.95 mg/mL protamine
(i.e., antagonist of heparin) reverses the spectral change. Panel D shows the color and PA
image of the samples of panel C. In the sample with heparin:MB at 1.0, the MB-heparin
aggregates were collected by centrifugation—these aggregates cause most of the PA signal
in the mixture (panel E). Panel F quantifies the PA intensity of the samples in panel D and
the amount of MB in the MB-heparin aggregates. The similar trend indicates that the MB—
heparin aggregation increases PA intensity. The error bars in panel F represent the standard
deviation of 8 regions-of-interest in the sample.
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Figure2.
Impact of PBS in the MB-heparin binding. Panel A compares the spectral change of MB-

heparin complex in water and PBS. The MB-heparin sample with heparin:MB at 0.8 in PBS
(red) had 24% and 9% higher absorbance at 610 and 660 nm than the sample prepared in
water (black). The addition of 1XPBS to a mixture with heparin:MB of 1.8 in water (blue)
shifted the absorbance from 570 nm to 610 nm (green). A similar effect was observed upon
the addition of 137 mM NaCl (purple) Panel B shows the PA intensity (black) and the
amount of MB in the MB-heparin aggregates (blue) of the samples in Panel A. At
heparin:MB of 0.8, PBS (0.8 PBS) increased the PA signal of the sample in water (0.8 H,0)
by 22%. At heparin:MB of 1.8, adding PBS (1.8 PBS) and 137 mM NaCl (1.8 NaCl) in the
sample prepared in water (1.8 H,0) resulted in 2.8- and 2.0-fold increase in PA intensity as
well as 1.5- and 1.6-fold in the amount of MB in MB-heparin aggregate. Panel C is the
absorbance of 2.4 mM MB with heparin:MB ratio at 1.0 (blue) and 1.8 (red). Adding 1 x
PBS (orange) or 137 mM NaCl (purple) only red-shifted the absorbance to 590 and 600 nm.
Doubling the PBS (green) or NaCl concentration (black) in the sample could shift the
absorbance to 610 nm, like the absorbance of sample with Heparin:MB ratio at 1.0. This
indicates that the ionic strength governs the disassociation of MB self-aggregates to MB
dimer.
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Figure 3.
Simulated binding kinetics of MB and heparin. Panel A shows one of the 6 repeating units

of heparin simulated in solvent NaCl and PBS systems. Panel B shows that the MB system
with heparin had on average 5.67 + 2.06 dimer formations per 10 ns, which is significantly
more MB dimer formation than the system without heparin (1.53 £+ 1.10 dimer formations
per 10 ns (p < 0.03)). Panel C shows the 7—r stacked MB dimer bound on the sulfate and
glucosamine. The fraction of MB dimers formed by —r stacking (distance between two
MB molecules was less than 4.0 A) among the total number of MB dimers (distance
between two MB molecules was less than 9.5 A) is shown in panel D. In the pure MB
system, the 7—r stacked MB dimer is 17.6% of the total dimers. The percentage increased
to 31.3% upon addition of heparin. Error bars in B represent three replicate simulations runs.
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Figure 4.
Decomposition analysis of the binding energy. The energy decomposition results of heparin

residues in the system of 7 MB molecules with 1 heparin are plotted in panel A. Here,
positive values indicate a destabilizing effect, and negative values represent stabilizing
residues with respect to a binding event. The glucosamine and sulfate residues were the
largest contributors to the spontaneity of the MB binding event. The GIcA, GIcN, IdoA,
SO3, and OH represent glucuronic acid, glucosamine, iduronic acid, sulfate, and the
hydroxide terminals that are not associated with other residues, respectively. The X-axis
represents different residues on the heparin. These monosaccharides are presented in the
order that they appear in the polysaccharide; the sulfates are presented as a group although
they are scattered throughout the structure. Panel B further details the energetic contributions
of van der Waals forces, electrostatic interactions, the solvation free energy upon binding of
the ligand to the receptor, and the nonpolar contribution of the surface, respectively.
Electrostatic interactions were the greatest stabilizing force to the energetics of binding,
while solvation effects were found to be the most destabilizing force.
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