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ARTICLE INFO ABSTRACT

Keywords: Cholesteryl sulfate (CS) was quantitatively synthesized by microwave-assisted sulfonation of
Cholesteryl sulfate cholesterol followed by sodium exchange chromatography. In vitro effects of CS on human
Clotting

thrombin and other serine proteases of the coagulation and fibrinolysis processes were investi-

::in?:zs gated using a series of biochemical and biophysical techniques. CS was found to inhibit thrombin
Thrombin with an ICsp value of 140.8 + 21.8 pM at pH 7.4 and 25 °C. Michaelis-Menten kinetics indicated

that thrombin inhibition by CS is non-competitive (allosteric) in nature. Fluorescence-based
binding studies indicated that CS binds to thrombin with a Kp value of 180.9 + 18.9 puM.
Given the lack of competition with heparins and a hirudin peptide in competitive inhibition as-
says, it appears that CS does not bind to thrombin’s exosites 1 or 2 and it rather recognizes a
different allosteric exosite. CS was found to partially inhibit thrombin-mediated fibrinogen
activation with an ICsp value of 175.5 + 17.5 pM and efficacy of ~26.0 + 6.6%. Likewise, CS
selectively doubled the activated partial thromboplastin time with EC, of 521 uM. Interestingly,
CS was found to also inhibit factors Xa and XIa as well as plasmin with ICs values of ~85-250 pM
and efficacy of 94-100%. Nevertheless, CS most potently inhibited factor XIla with an IC5y Value
of ~17 pM and efficacy of 60%. Surprisingly, CS did not inhibit factor IXa. These results
encourage further in vitro and in vivo investigation of CS to better understand its (patho-) phys-
iological roles in coagulation and hemostasis.

Factor XIla

1. Introduction

Cholesterol sulfate (CS) is the most abundant steroidal sulfo-conjugate in human plasma. The sulfate moiety of CS has a pKa of
~3.3, indicating that it is predominantly ionized under physiologic conditions. Thus, CS has also been detected in many other bio-
logical fluids such as urine, bile, and seminal plasma as well as in many tissues. Recent advances have revealed important roles for CS in
cellular membranes, lipid metabolism, inflammation, immune response, and signaling pathways [1-6]. Importantly, CS regulates the
activity of a variety of enzymes. For example, it was reported that CS inhibits bovine thrombin and human plasmin, two serine
proteases involved in coagulation and fibrinolysis, respectively [7]. It also suppressed sterol synthesis in cultured human fibroblasts by
acting as an inhibitor of HMG CoA reductase, the rate-limiting enzyme in cholesterol biosynthesis [8]. CS was also found to modulate
the specificity of phosphatidylinositol-3-kinase [9]. CS has also been reported to inhibit the pancreatic serine proteases trypsin and
chymotrypsin [10,11] as well as yeast pronase [10]. It also inhibited DNase I [12] and pancreatic elastase [13].
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Accordingly, CS (and other sulfated oxysterol) appears to be a key player in many biological pathways affecting human health and
disease. Recessive X-linked ichthyosis has been linked to cholesterol sulfatase deficiency resulting in the accumulation of CS, which
was found to inhibit serine proteases involved in cell dissociation during skin development. Furthermore, the ability of CS to inhibit
thrombin and plasmin suggested that CS can act as an endogenous modulator of hemostasis [7]. Moreover, CS has been found to
promote divalent cation-independent adhesion of both activated and inactivated platelets [14].

In this study, we employed a series of biochemical and biophysical techniques to further investigate the in vitro effects of CS on
human thrombin and other serine proteases of the coagulation and fibrinolysis processes. Results indicate that CS does not only inhibit
human thrombin, but it also inhibits factors Xa, XIa, and XIIa in the intrinsic coagulation pathway as well as plasmin of the fibrinolysis
process. The inhibition of thrombin amidolytic activity by CS is uniquely noncompetitive and it translates into partial inhibition of
thrombin-mediated activation of fibrinogen as well as into prolongation of the activated partial thromboplastin clotting time (APTT) of
human plasma. These results encourage further in vitro (for example using thrombo-elastography) and in vivo (for example using
animal models of venous and arterial thrombosis) investigation of CS to better understand its (patho)physiological roles in coagulation
and hemostasis.

2. Materials and methods

Materials. Cholesterol, anhydrous acetonitrile, DMSO-dg for NMR, and sulfur trioxide:trimethylamine (SO3:N(CH3)3) were from
Millipore-Sigma (St. Louis, MO, USA). Human plasma clotting enzymes and plasmin as well as fibrinogen were purchased from
Haematologic Technologies (Essex Junction, VT). Factor XIla was from Enzyme Research Laboratories (South Bend, Indiana). The
chromogenic substrates for thrombin, factor Xa, factor IXa, factor XIla, and plasmin were purchased from Biomedica Diagnostics
(Windsor, NS Canada). Factor XIa chromogenic substrate (S-2366) was purchased from Diapharma (West Chester, OH). Reagents for
clotting assays including thromboplastin-D, APTT reagent, and thrombin time reagent were all from Fisher Scientific (Pittsburgh, PA,
USA). Human plasma was from George King Bio-Medical, Inc. (Overland Park, KS, USA). Bovine unfractionated heparin (UFH) was
from Sigma Aldrich, hirudin peptide (HirP, [5 F]-Hir-(54-65)-(SO3)) was from Anaspec (Fremont, CA). Stock solutions of thrombin,
factor XIa, factor XIIa, and plasmin were all prepared in 50 mM Tris-HCI buffer, pH 7.4, containing 0.1% PEG8000, and 150 mM NaCl.
A stock solution of factor IXa was prepared in 20 mM Tris-HCl buffer, pH 7.4, containing 0.1% PEG8000, 2.5 mM CaCl, 100 mM NaCl,
and 33% v/v ethylene glycol. A stock solution of factor Xa was prepared in 20 mM Tris-HCI buffer, pH 7.4, containing 100 mM NaCl,
2.5 mM CaCl,, and 0.1% PEGS8000.

A Bruker-400 MHz spectrometer was used to record the 'H and 13C NMR in DMSO-de. Signals, in part per million (ppm), are relative
to the residual peak of the solvent. The NMR data are reported as chemical shift (ppm), integration, multiplicity of signal (s = singlet, d
= doublet, t = triplet, ¢ = quartet, dd = doublet of doublet, m = multiplet), and coupling constants (Hz). CS was purified using
Sephadex G10 size exclusion chromatography. The quaternary ammonium counter ion of sulfate groups present was exchanged for
sodium ion using SP Sephadex-Na cation exchange chromatography. Sephadex G10 and SP Sephadex-Na chromatographies were
performed using Flex columns (KIMBLE/KONTES, Vineland, NJ) of dimensions 170 x 1.5 cm and 75 x 1.5 cm, respectively. For
regeneration of the cation exchange column, 1 L of 2 M NaCl solution was used. Water was used as an eluent in the two chroma-
tographies [15].

Chemical preparation of sodium cholesteryl sulfate (CS). The sulfonation reaction was performed in CEM® microwave by
modifying reported conditions [16,17]. To a solution of cholesterol (50 mg, 0.13 mmol) in CH3CN (2 mL), SO3:N(CH3)3 (90 mg, 0.65
mmol) was added under a flow of nitrogen gas in an 8 mL-microwave tube. The tube was then sealed and put in a CEM® microwave
reactor. Microwave-assisted sulfonation was carried out at 100 °C for 1 h. The reaction was allowed to cool down before the organic
solvent was removed under vacuum by a rotary evaporator. The organic residue was suspended in HyO:CH3OH (1:2) mixture and
loaded into the short pad of G-10 size exclusion matrix to remove the excess of SO3:N(CHgs)s as well as unreacted cholesterol, if any.
Fractions containing the trimethylammonium salt of cholesteryl sulfate were collected into a 10-mL centrifuge tube. The salt was then
frozen at —80 °C for 2 h and lyophilized overnight to afford a white-yellowish solid salt of mono-sulfonated cholesterol in about 92%
yield. To obtain the sodium form (sodium cholesteryl sulfate, CS), the solid was suspended in HyO:CH3OH (1:2) and passed through as
a short column of sodium exchange matrix. Turbid fractions were collected and lyophilized to afford a white solid of CS in a quan-
titative yield.

Characterization of CS salts. Trimethylammonium salt. 'H NMR (400 MHz, DMSO-dg): 5.28 (d, J = 4.96 Hz, 1 H), 3.89-3.81
(m, 1 H), 2.79 (s, 9 H), 2.40-2.36 (dd, J = 13.08 Hz, J = 2.84 Hz, 1 H), 2.18-2.11 (m, 1 H), 1.97-1.87 (m, 3 H), 1.81-1.74 (m, 2 H),
1.55-0.97 (m, 21 H), 0.95 (s, 3 H), 0.88 (d, J = 6.32 Hz, 3 H), 0.85 (d, J = 1.8 Hz, 3 H), 0.83 (d, J = 1.8 Hz, 3 H), 0.65 (s, 3 H). 13C NMR
(100 MHz, DMSO-dg): 140.67, 121.08, 75.36, 56.13, 55.58, 49.56, 44.23, 41.85, 36.86, 36.06, 35.63, 35.13, 31.43, 31.35, 28.78,
27.73,27.33,23.83, 23.15, 22.62, 22.36, 20.56, 19.02, 18.54, 11.65. Sodium salt. 'HNMR (400 MHz, DMSO-dg): 5.29 (t, J = 2.44 Hz,
1 H), 3.88-3.80 (m, 1 H), 2.40-2.36 (dd, J = 13.24 Hz, J = 4.76 Hz, J = 2.04 Hz, 1 H), 2.18-2.11 (m, 1 H), 1.98-1.91 (m, 3 H),
1.90-1.78 (m, 2 H), 1.55-1.03 (m, 21 H), 0.96 (s, 3 H), 0.89 (d, J = 6.30 Hz, 3 H), 0.86 (d, J = 1.84 Hz, 3 H), 0.85 (d, J = 1.84 Hz, 3 H),
0.66 (s, 3 H)-'3C NMR (100 MHz, DMSO-de): 140.76, 121.01, 75.20, 56.14, 55.59, 49.58, 41.86, 36.89, 36.08, 35.64, 35.15, 31.45,
31.37, 28.79, 27.74, 27.34, 23.84, 23.17, 22.62, 22.36, 20.56, 19.02, 18.54, 11.66.

Inhibition of human thrombin by CS under different conditions. Direct thrombin inhibition was measured using a chromo-
genic substrate hydrolysis assay using a microplate reader (FlexStation III, Molecular Devices), as reported earlier [18-20]. These
studies were performed using a 20 mM TrisHCI buffer, pH 7.4, containing 100 mM NaCl, 2.5 mM CaCl,, and 0.1% PEG 8000 at 25 °C or
37 °C in the presence or absence of 0.02% Tween80. Generally, 185 pL of pH 7.4 buffer was added to the wells, and 5 pL of CS (or
DMSO) and 5 pL of thrombin (6 nM final concentration) were sequentially added. After 10 min incubation (or no incubation), 5 pL of
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thrombin substrate (Spectrozyme® TH, 50 pM final concentration) was rapidly added and the residual thrombin activity was measured
from the initial rate of increase in absorbance at 405 nm. Relative residual thrombin activity at each concentration of the inhibitor was
calculated from the ratio of thrombin activity in the presence and absence of CS. Logistic Equation (1) was used to fit the dose
dependence of residual protease activity to obtain the potency (ICsp) and efficacy (AY%) of inhibition.

Yum — Yo
1+ 10(tog [1ly—log 1Cso ) (HS)

Y=Y, + )

In the above equation, Y is the ratio of residual thrombin activity in the presence of CS to that in its absence, Yy and Y are the
maximum and minimum possible values of the fractional residual human thrombin activity, ICsy is the concentration of the inhibitor
that leads to 50 % inhibition of enzyme activity, and HS is the Hill slope. Yy, Yo, ICs0, and HS values are determined by nonlinear curve
fitting of the data.

Michaelis-Menten kinetics of thrombin inhibition by CS. The initial rate of the tripeptide chromogenic substrate (Spec-
trozyme® TH) hydrolysis by human thrombin (6 nM) was obtained from the linear increase in A495 nm relevant to the consumption of
less than 10% of the chromogenic substrate, as documented previously [20-22]. The initial rate was measured as a function of different
concentrations of the substrate (0-125 pM) in the presence of a fixed concentration of CS in 20 mM TrisHCI buffer, pH 7.4, containing
100 mM Nacl, 2.5 mM CacCl,, and 0.1% PEG 8000 at 25 °C with no incubation. The experiment was conducted at four concentrations of
CS (0, 17, 125, and 490 pM). The data were fitted using the standard Michaelis-Menten Equation (2) to determine the Vyax (the
maximum hydrolysis reaction velocity; y-axis) and the Ky (the affinity of the substrate to the active site of thrombin; x-axis).

~ Vmax [S]

V*KM+[S]

)

CS binding to thrombin. The thrombin - CS dissociation constant was calculated by measuring the change in intrinsic fluores-
cence emission of thrombin as a function of the concentration of CS in 20 mM Tris Buffer pH 7.4, containing 100 mM NaCl, 2.5 mM
CaCly, and 0.1% PEG 8000 at 25 °C, as previously described using a QM4 fluorimeter (Photon Technology International, Birmingham,
NJ) [19-22]. CS solution was titrated into a 200 pL solution of thrombin (300 nM) and the change in the fluorescence at 348 nm (Agx =
280 nm) was monitored, with the excitation and emission slit width set to 1-1.5 mm. Using the quadratic equilibrium binding Equation
(3), the saturable change in the fluorescence signal was fitted to obtain the Kp of interaction. In this equation, AF is the change in
fluorescence due to the formation of the complex following each addition of CS from the initial fluorescence F,, AF,, represents the
maximum change in fluorescence observed on saturation of thrombin and Hill coefficient (n) is a measure for the cooperativity of
binding.

AF
Fo

[CS]"

AFmax X 2
(KD-app) + [CS]

3)

Competition studies with UFH and HirP. Thrombin inhibition by CS was studied in the presence of the exosite 1 competitor
hirudine peptide (HirP) and exosite 2 competitor (UFH), in a manner similar to that described for direct thrombin inhibition [18,20].
Briefly, to a solution of thrombin (6 nM final concentration) in 20 mM TrisHCI buffer, pH 7.4, containing 100 mM NacCl, 2.5 mM CaCls,
and 0.1% PEG 8000 at 25 °C, was added HirP (75 nM) or UFH (50 and 250 pM). Then, different concentrations of CS were added and
after adding the substrate Spectrozyme® TH, the residual thrombin activity was measured using the chromogenic substrate hydrolysis
protocol. The dose dependence of the fractional residual thrombin activity at each concentration of CS was fitted using Equation (1) to
obtain the apparent ICsg, HS, Yo, and Y.

Inhibition of thrombin-mediated fibrinogen activation by CS. Direct thrombin-mediated fibrinogen activation inhibition by CS
was measured using a turbidity assay in a microplate reader. The study was performed using a 20 mM TrisHCI buffer, pH 7.4, con-
taining 100 mM NacCl, 2.5 mM CacCly, and 0.1% PEG 8000. Generally, 88 pL of pH 7.4 buffer was added to the wells, and 5 pL of CS (or
DMSO) and 5 pL of thrombin (240 nM) were sequentially added. After 10 min incubation (or no incubation), 2 pL of fibrinogen (5 mg/
mL) was rapidly added and the residual thrombin activity was measured from the initial rate of increase in absorbance at 600 nm.
Relative residual thrombin activity at each concentration of the inhibitor was calculated from the ratio of thrombin activity in the
presence and absence of CS. Logistic Equation (1) was used to fit the dose dependence of residual protease activity to obtain the
potency (ICso) and efficacy (AY%) of inhibition.

Effect of CS on clotting times of human plasma. Plasma clotting assays of APTT and PT are commonly used to investigate the
effects of enzyme inhibitors on human clotting times. In this study, APTT assay is used to measure the effect of CS on the contact/
intrinsic pathway-driven clotting which involves factor IXa, factor XIa, and factor XIIa. PT assay is used to measure the effect of CS on
the extrinsic pathway of coagulation which involves factor VIIa. These experiments were conducted using the BBL Fibrosystem
fibrometer (Becton—Dickinson, Sparles, MD, USA), as reported by our earlier studies [23-26]. In the APTT assay, 90 pL of human
plasma was mixed with 10 pL of CS solution (or DMSO) and 100 pL of prewarmed 0.2% ellagic acid. After incubation for 4 min at 37 °C,
clotting was initiated by adding 100 pL of prewarmed 0.025 M CaCly, and the time to clotting was noted. In the PT assay, 90 pL of
human plasma was mixed with 10 pL of CS solution (or DMSO) and was subsequently incubated for 30 s at 37 °C. Following the
addition of 200 pL of prewarmed thromboplastin-D reagent, the time to clotting was noted. In the two assays, several concentrations of
CS were used to construct concentration vs. effect profiles. The data were plotted to a quadratic trendline, which was used to estimate
the concentration needed to double the clotting time.

Inhibition of other serine proteases including clotting factors by CS. The inhibition potential of CS toward factors [Xa, Xa, XIa,
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XlIIa, and plasmin were also evaluated using the corresponding chromogenic substrate hydrolysis assays as reported in our recent
studies [23-26]. For example, to each well of a 96-well microplate containing 85 pL or 185 pL of 20-50 mM Tris-HCl buffer, pH 7.4,
containing 100-150 mM NaCl, 0.1% PEG8000, and 0.02% Tween80 at either 25 °C or 37 °C was added 5 pL of CS (or DMSO) and 5 pL
of the enzyme. The final concentrations of the enzymes were: 89 nM for factor IXa, 1.09 nM for factor Xa, 0.77 nM for factor XIa, 5 nM
for factor XIIa, and 20 nM for plasmin. Following 5-10 min incubation, 5 pL of the corresponding substrate was rapidly added and the
residual enzyme activity was measured from the initial rate of increase in absorbance at 1495 nm. The effective concentrations of
substrates in microplate cells were: 850 uM for factor IXa, 125 pM for factor Xa, 125 pM for factor XIla, and 50 pM for plasmin. Relative
residual enzyme activity as a function of the concentration of CS was calculated. Data were plotted using Equation (1) above to obtain
the corresponding ICsy values and other inhibition parameters.

3. Results and discussion

Chemical synthesis and characterization of sodium cholesteryl sulfate (CS). CS was synthesized using a microwave-assisted
synthesis, as reported before for the sulfonation of aliphatic and aromatic alcohols [16,17]. Briefly, cholesterol was dissolved in
acetonitrile and 5 equivalents of the sulfonating agent sulfur trioxide:trimethylamine (SO3:N(CH3)3) (Fig. 1). The reaction was carried
out in a microwave tube at 100 °C for 1 h. The resulting trimethylammonium salt of sulfonated cholesterol was isolated and passed
through a sodium exchange column to afford the corresponding CS, which was subsequently desalted and lyophilized. It was then
dissolved in DMSO-dg and characterized by proton and carbon NMR.

Inhibition of human thrombin by CS under different conditions. CS was evaluated for its potential to inhibit thrombin hy-
drolysis of Spectrozyme® TH, a chromogenic small peptide substrate (H-D-CHA-Ala-Arg-pNA.2AcOH), at 25 °C and pH 7.4, as re-
ported in our previous studies [18,20] The presence of CS resulted in a dose-dependent reduction in thrombin activity (Fig. 2A). The
dose-dependence inhibition of thrombin activity could be fitted using the logistic Equation (1), which resulted in an IC5y value of 140.8
=+ 21.8 pM with an efficacy of ~83.5 + 5.1% and a Hill slope of 1.6 + 0.3 (Table 1), at a salt concentration of 100 mM. The inhibition
potency did not significantly change when inhibition was evaluated at 37 °C. The presence of 0.02% Tween80 led to a 2-fold loss of
inhibition potency (ICsp = 279.9 £+ 7.1 pM, HS = 2.8 £ 0.4, and efficacy = 76.9 + 3.3%), suggesting the significance of hydrophobic
interactions for the inhibition. Lastly, 10-min incubation of CS with thrombin resulted in a marginal increase in potency (IC59 = 228.6
+10.2 uM, HS = 3.3 £ 1.2, and efficacy = 71.3 + 4.2%) in the presence of 0.02% Tween80. Given the limited effect of temperature
and incubation, we chose to perform subsequent experiments without incubation at 25 °C and with no Tween80.

CS is an allosteric inhibitor of human thrombin. To identify the mechanistic basis of inhibition, Michaelis-Menten kinetics of H-
D-CHA-L-Ala-L-Arg-p-nitroaniline diacetate (SPECTROZYME TH®) hydrolysis by thrombin was performed in the presence of CS at pH
7.4. Fig. 2B shows the initial rate profiles in the presence of CS (0-490 pM). Each curve shows a characteristic rectangular hyperbolic
dependence, which could be fitted using the Michaelis—-Menten equation (Equation (2)) to obtain the apparent Ky; and Vyax (Table 2).
The Ky for the substrate remained essentially unchanged in the presence or absence of CS, whilst the Vyax decreased steadily from
39.4 + 3.2 mAU/min in the absence of CS to 10.5 & 0.8 mAU/min at 490 pM of CS (~4-fold decrease). Therefore, CS appears to bring
about structural changes in the active site of thrombin, which does not affect the formation of the Michaelis complex, but induces a
significant dysfunction in the catalytic apparatus. This indicates that CS is an allosteric inhibitor of human thrombin using a chro-
mogenic substrate that is more specific to thrombin. A previous study provided similar results using thrombin from bovine plasma and
using the substrate t-butyloxycarbonyl-[(2S)-2-amino-3-(benzyloxycarbonyl) propionyl]-L-Pro-L-Arg-MCA [7].

CS binds human thrombin inducing a protein conformational change. To investigate the interaction between CS and human
thrombin, the intrinsic fluorescence of thrombin was monitored as a function of CS concentration. Fig. 3A shows a characteristic
sigmoidal dependence of thrombin’s intrinsic fluorescence on the concentration of CS. The profile can be fitted well by the standard,
three-parameter Hill equation, which gives the maximal fluorescence change (AFyax), the Hill coefficient (n) and the apparent

SO4:N(CHy),

CH.CN
_
Microwave/ ® O o
100 °C, 1 hr Na O.g
g ©
Cholesterol Sodium Cholesteryl Sulfate (CS)

Fig. 1. Microwave-assisted chemical synthesis of CS.
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Fig. 2. A) Direct inhibition of human thrombin by CS. The inhibition studies were performed using the corresponding chromogenic substrate
hydrolysis assays as described in the experimental part. Solid lines represent sigmoidal dose—response fits (Equation (1)) of the data to obtain the
values of ICso, HS, and AY. B) Michaelis—Menten kinetics of Spectrozyme® TH hydrolysis by human thrombin in the presence of CS. The initial rate
of hydrolysis at various substrate concentrations was measured in pH 7.4 buffer as described in the experimental part using thrombin. CS con-
centrations are 0 (l), 17 ((J), 125 (@), 490 pM (o). Solid lines represent nonlinear regressional fits to the data using the standard Michaelis-Menten
equation to calculate the Vyax and Ky.

Table 1
Inhibition of human thrombin by CS under different conditions.”
Inhibitor ICs0 (1M) HS AY (%)
CS 140.8 + 21.8° 1.6 £0.3 83.5+5.1
No Tween
0 Incubation
25°C
Cs 143.6 + 20.2 1.3+ 0.5 83.3 £10.2
No Tween
0 Incubation
37 °C
CS 2799+ 7.1 2.8+ 0.4 76.9 £ 3.3

0.02% Tween80
0 Incubation
25 °C
CS 228.6 +10.2 3.3+1.2 71.3 £ 4.2
0.02% Tween80
10 min Incubation
25°C

@ The values of ICsp, HS, and AY were obtained following non-linear regression analysis of direct inhibition of human thrombin in
appropriate Tris—HCI buffers of pH 7.4. Inhibition was monitored by spectrophotometric measurement of residual enzyme activity.” Errors
represent +1 S E.

Table 2
Michaelis-Menten kinetics of chromogenic substrate hydrolysis by thrombin in the presence of
cs.*

CS (pM) Ky (mM) Vmax (mAU/min)

0 0.020 + 0.004" 39.4 £3.2

17 0.030 + 0.004 31.3+1.8

125 0.024 + 0.005 19.5+1.3

490 0.021 + 0.005 10.5+ 0.8

@ Ky and Vyax values of the chromogenic substrate hydrolysis by thrombin were measured as
described under (Materials and Methods). mAU indicates milliabsorbance units.
b Error represents +1 S E.

dissociation constant (Kp) of binding. Using this equation, CS was found to bind with an affinity of 180.9 + 18.9 uM, which compares
favorably with the IC5p measured above. The Hill coefficient was calculated to be 1.7 + 0.3, which supports a positive cooperative
interaction. Similar to cooperativity in proteins containing multiple ligand-binding sites or multiple domains or subunits, cooperativity
in monomeric single-site enzymes is often linked to protein conformational changes [22]. Fig. 3B shows the emission profile of
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Fig. 3. A) Spectrofluorometric measurement of the affinity of human thrombin for CS at pH 7.4 and 25 °C using the intrinsic tryptophan fluo-
rescence (Agy = 348 nm, Agx = 280 nm). Solid lines represent the nonlinear fit using Equation (3) to derive Kp. B) Thrombin emission scan in the
presence and absence of CS. The binding study was repeated with the catalytically inactive thrombin (S195A) resulting in similar outcomes.

thrombin in the presence and absence of a saturating concentration of CS of 800 pM. While there was no change in the Ay.x of emission
(332 nm), there was a decrease in the intensity of the fluorescence by 29.6 + 1.8%.

CS does not compete with unfractionated heparin (UFH) or HirP for binding to thrombin. Given the allosteric nature of CS
inhibition of thrombin, we studied its potential to recognize the two known allosteric sites of thrombin: exosite 1 and exosite 2. Exosite
1 is the site for interaction with fibrinogen, which propagates the clotting signal. It is also the site where hirudin and bivalirudin bind
and inhibit thrombin. Exosite 2 is the site where UFH, y-fibrinogen, and glycoprotein Iba bind [20]. We performed competitive in-
hibition studies using prototypical ligands, hirugen (exosite 1) and heparin (exosite 2). On one hand, HirP, a hirudin-based dodeca-
peptide, that binds to exosite 1 with a Kp value of 28 nM [21], did not affect the apparent ICs5p of thrombin inhibition by CS at a
concentration nearly 3 times higher than the affinity (Table 3). Likewise, when thrombin inhibition was studied in the presence of both
CS and UFH (50 and 250 pM), the apparent ICs values of thrombin inhibition by CS also did not change (Table 3). These results imply
that CS does not engage exosites 1 or 2 of thrombin, and it potentially recognizes a third allosteric exosite.

CS partially inhibits thrombin-mediated fibrinogen activation. Thrombin is a pivotal enzyme in the coagulation process with
multiple physiological substrates, including fibrinogen, factor XI, and factor XIII among others. Therefore, to determine whether the
inhibition of the amidolytic activity of thrombin using the chromogenic substrate translates into inhibition of thrombin’s physiological
proteolytic activity, we assessed the inhibition potential of CS toward thrombin-mediated fibrinogen activation. Activation of
fibrinogen by thrombin generally results in the formation of fibrin, which is a less soluble protein, resulting in a more turbid solution.
As exhibited by Fig. 4A, CS inhibited thrombin-mediated fibrinogen activation dose-dependently with an ICsy value of 175.5 &+ 17.5
pM, albeit partially with an efficacy of 26.0 + 6.6%. This indicates that CS inhibition of thrombin is physiologically relevant.

CS prolongs the APTT of human plasma. Given its effect on thrombin activity, we next evaluated the potential effect of CS on
clotting times of normal human plasma: activated partial thromboplastin time (APTT) and prothrombin time (PT). The former time is
measured under conditions similar to those that provoke the intrinsic coagulation pathway via the use of ellagic acid, whereas the
latter is measured under conditions similar to those that initiate the extrinsic coagulation pathway via the use of thromboplastin-D.
Interestingly, CS was found to dose-dependently prolong the APTT (Fig. 4B). The concentration of CS needed to double the APTT
was found to be about 521 pM. Nevertheless, CS did not double the PT at the highest concentration tested of 3000 pM. These results
suggest that CS can be a physiologically relevant molecule.

Inhibition of other human clotting factors by CS. All human clotting factors, except factor XIlIIa, are serine proteases. Therefore,
we attempted to identify the effect of CS on other clotting factors via the use of the corresponding chromogenic substrate hydrolysis

Table 3
Inhibition of human thrombin by CS in the presence of UFH and HirP.*
Competitor Conc. (M) ICs0 (UM) HS AY (%)
UFH 0 140.8 + 21.8" 1.6 £0.3 83.5+5.1
50 135.5+ 5.3 2.6 +0.4 69.8 + 3.1
250 140.5 £ 5.1 2.0+0.3 87.5+ 3.1
Competitor Conc. (nM) ICsp (M) HS AY (%)
HirP 0 166.7 + 18.9 1.9+0.7 83.94+9.2
75 143.6 + 20.3 1.3+0.5 83.3 £10.2

& MICg values for inhibition of thrombin in the presence of different potential competitors.
> Error represents +1 S E.
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Fig. 4. A) CS inhibition of thrombin-mediated fibrinogen activation. The inhibition study was performed using a turbidity assay at an absorbance
wavelength of 600 nm, as described in the experimental part. Solid lines represent sigmoidal dose—response fits (Equation (1)) of the data to obtain
the values of ICsp, HS, and AY. B) Effect of CS on human plasma clotting times. The time to clot was measured in either the APTT assay (ll) or the PT
assay ([J) in the presence of varying concentrations of CS. Solid lines are trend lines, which were used to calculate the concentration of CS to
double APTT.

assays. Interestingly, we found that CS also inhibited other factors with variable potencies and efficacies (Fig. 5 and Table 4). For
example, CS inhibited factors Xa and XIa with IC5¢ values of 249.3 + 36.3 pM and 227.4 + 28.1, respectively, and efficacies of 94.0
11.9% and 99.0 + 17.3%, respectively. However, CS did not inhibit factor IXa at the highest concentration tested. Surprisingly, we
found that CS most potently inhibited factor XIIa with an ICs5p value of 16.5 + 1.0 uM and efficacy of 60.3 + 3.6%. Factor XIIa is the
topmost clotting factor that belongs to the intrinsic pathway of coagulation, or more accurately the contact activation system. Besides
itsrole in clotting, factor XIIa contributes to inflammation through the activation of the inflammatory bradykinin-producing kallikrein-
kinin system. In addition to the clotting factors, we also found that CS inhibited plasmin, a fibrinolytic enzyme, with an ICs¢ value of
84.9 + 15.6 pM and efficacy of 95.6 + 11.3%. Previously, CS was reported to inhibit plasmin hydrolysis of t-butyloxycarbonyl-L-valyl-
L-leucyl-1-lysine 4-methyl coumaryl-7-amide (Boc-Val-Leu-Lys-MCA) [7].

4. Conclusion

This study is the first to report a microwave-assisted protocol for the synthesis of a sterol sulfate, which can be used to promote the
commercial availability of novel oxysterol sulfates to be used as standards. Furthermore, this study has also offered a better under-
standing of thrombin inhibition by CS. Inhibition was independent of temperature or incubation time (Table 1). Michaelis-Menten
kinetics indicated that CS inhibition of thrombin is noncompetitive (allosteric) in nature and exhibits a positive cooperativity
which is indicative of conformational change-related allostery (Table 2 and Fig. 2). Moreover, fluorescence spectroscopy studies
indicated that CS binds to thrombin in a manner that changes its intrinsic fluorescence and the intensity of its fluorescence emission
profile (Fig. 3). Remarkably, competitive inhibition studies, in the presence of UFH and HirP, revealed that CS recognizes a different
allosteric site, different from exosites 1 and 2 (Table 3).

While the inhibitory potential of CS toward a range of serine proteases including trypsin, chymotrypsin, thrombin, and plasmin was
reported before, this is the first study that reports on the inhibition potential of CS towards other clotting factors of Xa, IXa, XIa, and
XlIla (Table 4 and Fig. 5). To our surprise, CS did not inhibit factor IXa at the highest concentration tested which indicates that the
inhibitory activity of CS is unlikely to be nonspecific. In fact, we tried sodium dodecyl sulfate and found that it did not inhibit thrombin
at the highest concentration tested of 600 uM (4-fold of CS ICs¢ of thrombin, data not shown), suggesting that both the sulfate group as
well as the cholesterol alicyclic backbone are essential for CS’s inhibitory activity. Furthermore, CS potently inhibited factor XIIa with
an ICsq value of 17 puM which makes it even more (patho-)physiologically relevant given that CS becomes elevated under the path-
ological conditions of cirrhosis [27], hypercholesterolemia [27], and hypothyroidism [28]. In addition, plasma cholesterol sulfate is
significantly increased during the course of normal pregnancy, an increase associated with its elevated placental production [29].
Previously, it was reported that CS was found to trigger the activation of factor XII and prekallikrein in the presence of high molecular
weight kininogen [30]. It is very interesting that CS acts as an activator for the zymogen i.e., factor XII, and as an inhibitor for the
enzyme i.e., factor Xlla.

Interestingly, we also found that CS partially inhibits the physiological function of thrombin and that is activation of fibrinogen to
fibrin. Not only that but it also selectively prolonged the APTT which promotes clotting via the intrinsic coagulation pathway that
involves both factor XIa and factor XIla (Fig. 4). Given the results of this study, we strongly recommend further in vitro (for example,
thrombo-elastography) and in vivo (for example, animal models of venous and arterial thrombosis) investigation of CS to better un-
derstand its (patho-)physiological roles in coagulation and hemostasis which may intersect with the other reported biological effects of
CS [31-39].
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Fig. 5. Direct inhibition of human clotting factors by CS. The inhibition profiles of (@) factor Xa, (o) factor XIIa, (4¢) plasmin, () factor XIa, and
(a) factor IXa were studied using the corresponding chromogenic substrate hydrolysis assays as described in the experimental part. Solid lines
represent sigmoidal dose—response fits (Equation (1)) of the data to obtain the values of IC5y, HS, and AY.

Table 4

Inhibition of other clotting enzymes by CS."
Enzyme 1Cso (1M) HS AY (%)
Thrombin 140.8 + 21.8" 1.6 £ 0.33 83.5+£5.1
Factor Xa 249.3 + 36.3 1.02 + 0.27 94.0 £11.9
Factor XIa 227.4 £ 28.1 1.71 + 0.52 99.0 £17.3
Factor IXa >3224 ND* ND
Factor XIla 16.5 £ 1.0 2.6 +£0.9 60.3 + 3.6
Plasmin 84.9 +£15.6 1.4+09 95.6 £11.3

& ™ [Csp values for inhibition of other clotting enzymes.
b Error represents +1 S E.
¢ Not determined.
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