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Abstract

Human factor XIa (FXIa) is a serine protease in the intrinsic coagulation pathway. FXIa has 

been actively targeted to develop new anticoagulants that are associated with a reduced risk 

of bleeding. Thousands of FXIa inhibitors have been reported, yet none has reached the clinic 

thus far. We describe here a novel class of sulfonated molecules that allosterically inhibit FXIa 

with moderate potency. A library of 18 sulfonated molecules was evaluated for the inhibition of 

FXIa using a chromogenic substrate hydrolysis assay. Only six molecules inhibited FXIa with 

IC50 values of 4.6–29.5 μM. Michaelis–Menten kinetics indicated that sulfonated molecules are 

allosteric inhibitors of FXIa. Inhibition of FXIa by these molecules was reversed by protamine. 

The molecules also showed moderate anticoagulant effects in human plasma with preference to 

prolong activated partial thromboplastin time. Their binding to an allosteric site in the catalytic 

domain of FXIa was modeled to illustrate potential binding mode and potential important Arg/Lys 

residues. Particularly, inhibitor 16 (IC50 = 4.6 μM) demonstrated good selectivity over a panel 

of serine proteases including those in the coagulation process. Inhibitor 16 did not significantly 

compromise the viability of three cell lines. Overall, the reported sulfonated molecules serve 

as a new platform to design selective, potent, and allosteric inhibitors of FXIa for therapeutic 

applications.
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1 | INTRODUCTION

Anticoagulants are the keystone of the treatment and prevention of thromboembolic 

diseases, yet agents in clinics are linked to a significant risk of bleeding. This complicates 

their effective use in high-risk patients such as patients with atrial fibrillation or chronic 

kidney disease among others (Alamneh et al., 2016; Barra et al., 2016; Black-Maier & 

Piccini, 2017; Heine & Brandenburg, 2017; Hughes et al., 2014; Lutz et al., 2017). Heparin-

based anticoagulants indirectly inhibit factor IIa (FIIa, also known thrombin) and/or factor 

Xa (FXa) via activating their endogenous serpin inhibitor, that is, antithrombin. Heparin-

based anticoagulants have been used for decades; nevertheless, their multi-dimensional side 

effects including the risk of bleeding have always been a concern (Garcia et al., 2012). The 

indirect oral anticoagulant warfarin has also been used for years, yet it suffers from a narrow 

therapeutic window which demands permanent monitoring and frequent dose adjustment 

to lessen the risk of bleeding besides its other side effects (Jun et al., 2017; Kimachi et 

al., 2017; Larsen et al., 2016). Newer small molecule anticoagulants, including argatroban, 

dabigatran, rivaroxaban, apixaban, edoxaban, and betrixaban, directly inhibit thrombin or 

FXa (Ageno et al., 2012; Chan & Weitz, 2019; Garcia et al., 2012). They have been found to 

be effective with a relatively lesser bleeding risk than heparins and warfarin (Deitelzweig et 

al., 2018; Hellenbart et al., 2017; Jun et al., 2017). Nevertheless, additional decrease in the 

bleeding risk continues to be a necessity.

A promising drug target in the coagulation cascade to address the bleeding problem is 

factor XIa (FXIa). FXIa amplifies FIIa generation and contributes to the stabilization of 

fibrin by the progressive activation of factor IX and factor X (Al-Horani, 2020a, 2020b; 

Al-Horani & Afosah, 2018). Importantly, FXIa significantly contributes to the pathological 

clot formation, that is, thrombosis but plays only a minor role in the physiological blood clot 

formation, that is, hemostasis (Gailani et al., 2015; Mohammed et al., 2018). This suggested 

that inhibiting FXIa is likely to result in effective protection against thrombosis and is less 

likely to lead to bleeding complications. In fact, human epidemiological and animal data 

have supported such notion. Individuals with hemophilia C [congenital deficiency of factor 

XI (FXI)] appear to be less predisposed to venous thromboembolism and ischemic stroke 

and exhibit no elevated bleeding risk (Duga & Salomon, 2013; Salomon et al., 2008, 2011). 

Moreover, other studies have indicated that increased FXI activity correlates with a higher 

prevalence of venous thromboembolism and ischemic stroke (Gomez & Bolton-Maggs, 

2008; Meijers et al., 2000; Suri et al., 2010; Undas et al., 2011, 2012).

In animal studies, reducing FXI level in knockout species, or by the use of antisense 

oligonucleotides that inhibit the hepatic biosynthesis of FXI or by the use of monoclonal 

antibodies that inhibit FXI(a) activity or activation has protected the animals against 

venous and arterial thrombosis without leading to an increased risk of bleeding (Al-Horani, 

2020a, 2020b; Al-Horani & Afosah, 2018; Crosby et al., 2013; Ely et al., 2018; Wang 

et al., 2006). The antisense oligonucleotide IONIS FXIRx was the first FXI(a)-targeting 

agent to be studied for venous thromboembolism prevention in patients during total knee 

arthroplasty procedure (Büller et al., 2015). Reducing FXI level by IONIS FXIRx decreased 

the postoperative risk of venous thromboembolism compared with enoxaparin, a heparin - 

based anticoagulant, without substantially increasing bleeding risk (Büller et al., 2015).
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Orthosteric small molecule inhibitors of FXIa have also been developed (Al-Horani, 2020a, 

2020b; Al-Horani & Afosah, 2018; Beale et al., 2021; Dilger et al., 2022; Kubitza et 

al., 2022; Wong et al., 2022). In fact, the reporting of X-ray crystal structures of FXI(a) 

has contributed to structure- and ligand-based drug design (Fradera et al., 2012; Jin et 

al., 2005). FXI is a homodimer of two 80,000 Da subunits, each of which contains four 

apple (A) domains and a trypsin-like catalytic domain (Emsley et al., 2010; McMullen 

et al., 1991; Meijers et al., 1992). On the one hand, the four apple domains (A1–A4) 

contain binding sites for other proteins: thrombin in A1 domain, high-molecular-weight 

kininogen in A2 domain, the physiological substrate FIX, heparin, and glycoprotein Ib in 

A3 domain, and factor XIIa (FXIIa) in A4 domain. On the other hand, the active site of the 

catalytic domain contains the catalytic triad of H413, D462, and S557, as well as several 

substrate selectivity subsites. Furthermore, the catalytic domain contains an anion-binding 

site, via which glycosaminoglycans such as heparins can allosterically inhibit FXIa. FXIa 

is produced from its zymogen FXI by the action of thrombin and FXIIa (Al-Horani, 2020a, 

2020b; Al-Horani & Afosah, 2018; Emsley et al., 2010; Gailani & Smith, 2009). While there 

is no currently approved FXIa inhibitor in clinical use, recent reports of milvexian (Figure 

1a) appear to be very promising (Dilger et al., 2022; Goodwin, 2022; Perera et al., 2022; 

Weitz et al., 2021; Wong et al., 2022). Milvexian is a competitive inhibitor that compromises 

the catalytic activity of FXIa by targeting its active site.

Another approach that has been actively researched is to target FXIa’s allosteric anion-

binding site(s) on the catalytic domain and/or on the A3 domain. In this arena, sulfated 

pentagalloyl glucopyranoside (SPGG; Al-Horani et al., 2015), sulfated chiro-inositol (SCI; 

Al-Horani, Abdelfadiel, et al., 2019), lignosulfonic acid sodium (LSAS; Kar et al., 2021), 

and benzyl tetraphosphonate (BTP; Kar et al., 2020) (Figure 1b) were reported as allosteric 

inhibitors of FXIa, potentially by targeting the allosteric anion-binding site in the catalytic 

domain. In previous studies, it was shown that this site is recruited by SPGG, SCI, BTP, 

LSAS, and heparin, all are negatively charged molecules, to allosterically inhibit FXIa 

which resulted in a significant anticoagulant effect (Al-Horani, Abdelfadiel, et al., 2019; 

Al-Horani et al., 2015; Kar et al., 2020, 2021). Importantly, given that this site is not 

conserved among the different clotting serine proteases, that is, thrombin and FXa among 

others, targeting this site led to a significantly selective anticoagulant effect, and thus, better 

margin of safety as well as less likelihood of bleeding complications.

Accordingly, the aim of this study was to advance BTP by investigating the anticoagulant 

potential of its chemical space using sulfonated molecules. We have decided to replace 

the phosphonate group with sulfonate groups as the latter better resembles heparin, a 

sulfated glycosaminoglycan that was previously reported as an allosteric inhibitor of FXIa 

(Al-Horani, Abdelfadiel, et al., 2019; Al-Horani et al., 2015; Kar et al., 2020, 2021), yet 

with much greater chemical stability as the sulfate group is not susceptible to hydrolysis 

by heparanase or heparinase, sulfatase, or phosphatase. In the current study, we report the 

discovery of an allosteric sulfonated molecule (inhibitor 16) that is more potent and effective 

than BTP. We strongly believe sulfonated molecules represented by inhibitor 16 serves as 

an interesting platform for developing anticoagulants that are less likely to cause bleeding 

complications than the current standard of care.
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2 | MATERIALS AND METHODS

2.1 | Materials

Molecules 1–5 and 11 were obtained from Sigma-Aldrich and Fisher Scientific. Other 

molecules were obtained following modified reported synthetic protocols (Al-Horani et al., 

2021; Kassack et al., 2004; McCain et al., 2004; Trapp et al., 2007). For instance, the pure 

sodium salts were produced by SP Sephadex-Na cation exchange chromatography and then 

by Sephadex G10 size exclusion chromatography. Final products were obtained following 

24 h-drying process. The molecules were characterized by 1H-NMR and 13C-NMR, and 

the chemical shifts were similar to reported values (Kassack et al., 2004; McCain et al., 

2004; Trapp et al., 2007). NMR was recorded in DMSO-d6 on Bruker 600 MHz NMR 

spectrometer. The molecules’ purity was more than 95%. See Supplementary Information 

for representative synthetic schemes and characterization data.

Enzymes for the kinetics studies were obtained from multiple companies. Their activities 

were verified as instructed by the supplying vendor. Human plasma proteins including 

FXIIIa, FXIa, FXa, FIXa, FIIa (thrombin), and plasmin were purchased from Haematologic 

Technologies. Bovine α-chymotrypsin and bovine trypsin were purchased from Sigma-

Aldrich. Human neutrophil elastase (HNE) was purchased from Elastin Products Company. 

Proteinase 3 and cathepsin G were purchased from Fisher Scientific. The chromogenic 

substrates including Spectrozymes PL, FIXa, FXa, and TH were purchased from Biomedica 

Diagnostics. Trypsin chromogenic substrate (S-2222) and FXIa chromogenic substrate 

(S-2366) were purchased from Diapharma. Other chromogenic substrates: S-7388 for 

cathepsin G, S-1384 for HNE, M4765 for proteinase 3, and N-succinyl Ala-Ala-Pro-Phe-

p-nitroanilide for chymotrypsin were from Sigma-Aldrich. Dimethylcasein, dithiothreitol, 

and dansyl-cadaverine were purchased from Sigma-Aldrich. Stock solutions of thrombin, 

FXIa, plasmin, proteinase 3, cathepsin G, chymotrypsin, and trypsin were all prepared in 

50 mM Tris-HCl buffer, pH 7.4, containing 0.1% PEG8000, 150 mM sodium chloride, and 

0.02% Tween80. Stock solution of FXa was prepared in 20 mM Tris-HCl buffer, pH 7.4, 

containing 100 mM sodium chloride, 2.5 mM CaCl2, 0.1% PEG8000, and 0.02% Tween80. 

Stock solution of FIXa was prepared in 20 mM Tris-HCl buffer, pH 7.4, containing 100 

mM NaCl, 2.5 mM CaCl2, 0.1% PEG8000, 0.02% Tween80, and 33% v/v ethyleneglycol. 

Stock solution of HNE was prepared by reconstituting 1 mg with 100 μl of 1:1 glycerol:0.2 

M sodium acetate buffer with pH 5, which was then diluted using HEPES buffer, pH 7.4, 

containing 125 mM HEPES, 100 mM sodium chloride, and 0.125% Triton-X 100. FXIIIa’s 

stock solution was prepared in 50 mM Tris-HCl, 1 mM CaCl2, 100 mM sodium chloride, 

0.02% Tween80, 0.1% PEG8000, and 2 mg/ml dimethylcasein.

Human plasma for coagulation assays was obtained from George King Bio-Medica for the 

clotting assays. Thromboplastin–D (PT reagent), APTT reagent containing ellagic acid, and 

0.025 M solution of CaCl2 were obtained from Thermo Fisher Scientific. Results were 

reproduced at least two times.
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2.2 | Inhibition of FXIa in chromogenic substrate hydrolysis assay by sulfonated 
molecules

Direct inhibition of human FXIa was measured by the corresponding chromogenic substrate 

hydrolysis assay, as reported previously (Al-Horani, Abdelfadiel, et al., 2019; Al-Horani, 

Clemons, et al., 2019; Al-Horani et al., 2015; Kar et al., 2020, 2021), at 37° and pH 7.4. 

Each well of the microplate had 85 μl of the buffer to which 5 μl of sulfonated molecules 

and 5 μl of FXIa (~0.8 nM) were successively added. Following incubation, 5 μl of FXIa 

substrate (~350 μM) was then added and the residual FXIa activity was measured from the 

initial rate of increase in absorbance at λ405 nm. Relative residual FXIa activity at each 

concentration of the sulfonated molecule was calculated from the ratio of FXIa activity in its 

absence and presence. Logistic Equation 1 was used to fit the concentration dependence of 

residual FXIa activity to calculate IC50 (x-axis, the potency) and ΔY% (y-axis, the efficacy) 

of inhibition.

Y  = Y 0  + Y M  −  Y 0

1 + 10(log[I]0‐logIC50)(HS) (1)

In Equation 1, IC50 is the concentration of the molecule that inhibits 50% of the enzyme 

activity, Y is the ratio of residual FXIa activity in the presence of inhibitor to that in its 

absence, Y0 and YM are the minimum and maximum possible values of the fractional 

residual FXIa activity, and HS is the Hill slope. Y0, YM, IC50, and HS are calculated by the 

non-linear curve fitting of the data.

2.3 | Michaelis–Menten kinetics for the FXIa-mediated hydrolysis of the chromogenic 
substrate S-2366 in the presence of inhibitor 14

The initial rate of S-2366 hydrolysis by pure human plasma FXIa was deduced from the 

linear increase in absorbance at λ405 nm corresponding to hydrolyzing less than 10% of 

S-2366, as indicated in earlier studies (Al-Horani, Abdelfadiel, et al., 2019; Al-Horani, 

Clemons, et al., 2019; Al-Horani et al., 2015; Kar et al., 2020, 2021). At 37°C, the initial 

rate was measured as a function of different concentrations of S-2366 (0–1500 μM) in the 

presence of a fixed concentration of inhibitor 14 in 20 mM Tris-HCl buffer of pH 7.4, 

containing 0.1% PEG8000, 0.15 M sodium chloride, and 0.02% Tween80. The study was 

performed in the presence of four concentrations of the inhibitor: 0, 4, 40, and 200 μM. The 

measurements were fitted using Michaelis–Menten Equation 2 to calculate KM (x-axis, the 

affinity of the substrate to FXIa active site) and VMAX (y-axis, the ceiling reaction velocity).

V  =  V MAX[S]
KM + [S] (2)

2.4 | Selectivity studies against other serine proteases

The inhibition potential of several sulfonated molecules against thrombin, FXa, FIXa, 

plasmin, trypsin, chymotrypsin, cathepsin G, HNE, and proteinase 3 was also investigated 

using previously reported chromogenic substrate hydrolysis assays (Al-Horani, Abdelfadiel, 
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et al., 2019; Al-Horani, Clemons, et al., 2019; Al-Horani et al., 2015, 2021; Kar et al., 2020, 

2021). For example, to each well of a 96-well microplate containing 85 μl or 185 μl 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 μl of the inhibitor (or high pure water) 

and 5 μl of the enzyme. The final concentrations of the enzymes were 6 nM (thrombin), 

89 nM (FIXa), and 1.09 nM (FXa). Following 10-min incubation, 5 μl of Spectrozyme TH 

(final conc. 0.050 mM), Spectrozyme FXa (0.125 mM), or Spectrozyme FIXa (0.85 mM) 

was rapidly added and the residual enzyme activity was measured from the initial rate of 

increase in absorbance at λ405 nm. Relative residual enzyme activity as a function of the 

concentration of the inhibitor was calculated. If 50% or more of the enzyme was inhibited, 

results were then plotted using Equation 1 to calculate the corresponding IC50 values.

2.5 | Selectivity study against FXIIIa

To measure the effect of sulfonated molecules on human FXIIIa, a previously reported 

fluorescence-based trans-glutamination assay was used (Al-Horani et al., 2016; Kar et al., 

2020, 2021). In general, 1 μl of the inhibitor was added to 87 μl of 50 mM Tris-HCl buffer 

of pH 7.4, containing 100 mM sodium chloride, 1 mM CaCl2, and 2 mg/ml dimethylcasein 

at 37°C. Afterward, 5 μl of dithiothreitol (0.02 M) and 2 μl of human FXIIIa (0.3 μM) 

were added, and the resulting mixture was incubated for 10 min. Following the addition 

of 5 μl of dansylcadaverine (2 mM), FXIIIa activity was obtained by measuring the initial 

rate of increase in fluorescence emission (excitation wavelength is 360 nm, and emission 

wavelength is 490 nm). The relative residual activity of FXIIIa was then calculated as a 

function of the inhibitor concentration. If 50% or more of the enzyme was inhibited, results 

were then plotted using Equation 1 to calculate the corresponding IC50 values.

2.6 | Reversibility studies

To evaluate the in vitro reversibility of inhibitory effects of this class of molecules, the 

profiles of restored FXIa activity were obtained using an increasing concentration of 

protamine in the presence of inhibitor 13 (80 μM) or inhibitor 14 (120 μM), as reported 

previously (Al-Horani et al., 2015). At pH 7.4 and 37°C, the measurement was performed 

by the S-2366 hydrolysis assay using the 96-well microplate reading platform. In general, 

each well of the microplate had 80 μl of 50 mM Tris-HCl buffer of pH 7.4 containing 0.1% 

PEG8000, 0.15 M sodium chloride, and 0.02% Tweeen80 to which 5 μl of the inhibitor 

(or vehicle), 5 μl of FXIa (~0.8 nM), and 5 μl of protamine were sequentially added. After 

incubation, 5 μl of S-2366 (~0.35 mM) was added and the restored activity of FXIa was 

obtained from the initial rate of increase in absorbance at λ405 nm. The relative restored 

activity of FXIa at each protamine concentration was calculated from the ratio of FXIa 

activity in the absence and presence of protamine. Logistic equation 3 was used to fit the 

data so as to obtain the effective concentration of protamine needed to restore 50% of 

the enzyme activity at certain inhibitor concentration (EC50) and the efficacy (ΔY) of the 

activity restoration process.

Y  = Y 0  + Y M  −  Y 0

1 + 10(log[R]0‐logEC50)(HS) (3)
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2.7 | Effect of sulfonated molecules on the clotting of normal human plasma

Clotting times (APTT and PT) in normal human plasma were measured using the 

BBL Fibrosystem fibrometer (Becton–Dickinson), as previously reported (Al-Horani, 

Abdelfadiel, et al., 2019; Al-Horani, Clemons, et al., 2019; Al-Horani et al., 2015, 2021; 

Kar et al., 2020, 2021). For the APTT assay, 10 μl of the inhibitor was mixed with 90 μl of 

citrated human plasma and 100 μl of prewarmed APTT reagent (0.2% ellagic acid). After 

incubation for 240 s at 37°C, clotting was initiated by adding 100 μl of prewarmed 0.025 

M CaCl2, and the time to clotting was recorded. For the PT assay, thromboplastin-D was 

dissolved in 4 ml of highly purified water, and the resulting mixture was then warmed to 

37°C. A 10 μl of the inhibitor was then added to 90 μl of normal human plasma and was next 

incubated for 30 s. After the addition of 200 μl of prewarmed PT reagent, the time to clotting 

was noted. Several concentrations of the inhibitor were used in the two assays to construct 

a concentration vs effect curve. The data were fitted to a quadratic trend line, which was 

ultimately used to calculate the concentration of the inhibitor needed to prolong the plasma 

clotting time by 1.5-fold. Using 10 μl of deionized water, clotting times of normal human 

plasma in the absence of an anticoagulant were determined to be 32.4 ± 0.2 s for APTT and 

12.4 ± 1.0 s for PT.

2.8 | The cellular toxicity of inhibitor 16 (effect on cell viability)

CaCo-2 heterogeneous human epithelial colorectal adenocarcinoma cells (Lea, 2015), 

HEK-293 human embryonic kidney cells (Lin et al., 2014), and MCF-7 human breast 

carcinoma cells (Comşa et al., 2015) were treated as described previously (Burow et al., 

2001; Liu et al., 2015). The test was performed by the CMB core of the XULA’s RCMI 

Program via a modified procedure using Alamar Blue (resazurin) fluorescent dye (Burow 

et al., 2001; Liu et al., 2015). Briefly, CaCo-2, HEK-293, and MCF-7 cells were seeded 

in a 96-well plate at an optimized conditions to achieve the log growth phase. The plates 

were kept covered during the experiment to guarantee their sterility. Alamar Blue dye was 

added to each well, and then, the plates were incubated for 2 h at 37°C. Th plates were 

read in a fluorescence mode (excitation wavelength 560 nm and emission wavelength 590 

nm) on the Synergy H1 multiplate reader (BioTek) to determine the number of cells in the 

absence (distilled water was used as control) or the presence of inhibitor 16 (90 μM; 3 

days incubation). Distilled water control was used to ensure that the observed effect was 

because of the inhibitors. The measurements were repeated four times to obtain the standard 

deviations.

2.9 | Molecular modeling studies of inhibitors 13, 15, and 16 and human FXIa

The studies were performed using Glide of Schrodinger Suite 2017–1 (Schrödinger, 2017). 

FXIa coordinates were obtained from the crystal structure of α-ketothiazole arginine-based 

ligand—FXIa complex (PDB: 2FDA; Deng et al., 2006). The protein was prepared by 

eliminating the crystal ligand and the crystallographic water molecules, and by introducing 

H atoms in harmony with pH 7.0 using Schrodinger Suite Maestro 11.1. The protein 

structure was energetically minimized with 0.3 Å as the cutoff value of RMSD for all heavy 

atoms. Likewise, the coordinates of the inhibitors were built and energetically minimized. 

The ligand-binding site was defined to include the basic residues K179, K175, R173, R171, 
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K170, N165, and T164 (chymotrypsin numbering) in the catalytic domain and their vicinity. 

The protein grids were produced by the OPLS3 forcefield (Harder et al., 2016). The center 

of the grid was determined to be the centroid of the above residues, with a grid box of 10 

Å on each side. No constraints were used in the grid generations. The calculations were 

performed using the default values in the standard precision mode. The resulting poses 

were also minimized. The best-docked structure, that is, best score was chosen for further 

analysis.

3 | RESULTS AND DISCUSSION

3.1 | Direct inhibition of human FXIa by sulfonated molecules (1–18)

A library of 18 sulfonated molecules (Figure 2) was evaluated for FXIa inhibition using 

the corresponding tripeptide chromogenic substrate (S-2366) hydrolysis assay in pH 7.4 

Tris-HCl buffer at 37°C, as reported previously (Al-Horani, Abdelfadiel, et al., 2019; 

Al-Horani, Clemons, et al., 2019; Al-Horani et al., 2015; Kar et al., 2020, 2021). The 

structures of molecules are diverse considering the size, shape, and number of sulfonate 

groups. They include aminobenzene sulfonic acid (1) and its N-benzoyl derivatives (6 and 

7), amino-naphthalene sulfonic acid derivatives (2–5) and their N-benzoyl derivatives (8–

10), di-sulfonated dinaphthyl urea derivative (11), and variably sulfonated diphenyl urea 

derivatives (12–18). The molecules have different number of sulfonate groups: one group 

(1, 2, 6, and 7), two (3, 4, and 11), three (5 and 8–10), four (12 and 17), six (13–16), and 

eight (18). The dinaphthyl urea derivative (11) and all diphenyl urea derivatives (12–18) 

are symmetrical with either a linear shape (11–16) or a globular shape (17 and 18). The 

extended diphenyl-urea derivatives have either short linker (12 and 13) or longer linker (14–

16). Such diversity is important in exploring the chemical space surrounding the previously 

published inhibitor BTP.

In the used assay, the catalytic activity of FXIa is determined by measuring the initial 

hydrolysis rate of S-2366 as provided by the absorbance at λ405 nm. The fractional decrease 

in the initial hydrolysis rate of the chromogenic substrate S-2366 in the presence of an 

inhibitor is examined using the logistic Equation 1 to determine its potency (x-axis, IC50) 

and efficacy (y-axis, ΔY%) (see Section 2). Figure 3 shows representative semilog inhibition 

curves observed for inhibitors 14–17. Only six molecules concentration-dependently 

inhibited FXIa. Other molecules did not inhibit FXIa at the highest concentrations studied. 

The range of inhibitory potency was found to be relatively mediocre (4.6–29.5 μM), whereas 

the efficacy for all inhibitors was superior (>87%; Table 1).

Critical structure–activity relationship points can be obtained from this exercise. First, the 

number of sulfonates appears to be marginally important although the sulfonate group 

itself appears to be inherently essential for FXIa inhibition. Even though the most potent 

inhibitor is the hexa-sulfonated derivative 16 (IC50 = 4.6 μM), substantial inhibition is 

also obtained by di -and tetra -sulfonated derivatives 11 and 17 (IC50 values are 24.5 and 

29.5 μM, respectively). Second, sulfonated diphenyl-urea derivatives with shorter linkers 

are less potent than related molecules with extended linkers (inhibitors 13 is ~twofold 

less potent than inhibitors 14 and 15). Third, globular molecules appear to have better 
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inhibition potency than linear molecules with the same number of sulfonate groups. For 

example, the globular tetra-sulfonated inhibitor 17 is >17-fold more potent than the linear 

tetra-sulfonated molecule 12. Interestingly, there appear to be a maximally favorable number 

of sulfonate groups on a globular molecule to bring about a meaningful inhibition of 

FXIa as evidently demonstrated by molecules 17 (tetra-sulfonated; IC50 = 29.5 μM) and 

18 (octa-sulfonated; IC50 > 500 μM). Furthermore, replacement of methyl substituents 

with fluorine substituents increases the potency by ~twofold, as exhibited by inhibitors 14 
and 15. This is likely because the fluorine substituents de-solvate the sulfonate groups 

on the same molecules, and thus, make them available to bind to the corresponding 

amino acid on FXIa. Lastly, by comparing the potency of inhibitors 14 and 15 with 

that of inhibitor 16, it becomes obvious that the optimal position for the tri-sulfonated 

naphthalene-4-formamido(benzamido) moiety, with respect to the urea group, is the para-

position. Indeed, inhibitor 16 is ~twofold and ~fourfold more potent than inhibitors 14 and 

15, respectively, although all three inhibitors are hexa-sulfonated derivatives. Together, the 

most potent inhibitor discovered in this study is the hexa-sulfonated molecule 16 which 

100% inhibited FXIa with potency of 4.6 μM. These numbers are much better than those of 

BTP which only 68% inhibited FXIa with potency of 7.4 μM (Kar et al., 2020).

3.2 | Michaelis–Menten kinetics of the hydrolysis of the chromogenic substrate S-2366 by 
FXIa in the presence of inhibitor 14

To shed light on the mechanistic aspects of FXIa inhibition by sulfonated molecules, 

Michaelis–Menten kinetics of S-2366 hydrolysis by FXIa was done in the presence of 

inhibitor 14 under physiological conditions. Figure 4 exhibits the initial rate profiles in the 

presence of inhibitor 14 (0–200 μM). The profiles show characteristic rectangular hyperbolic 

trends, which could be fitted using Equation 2 to obtain the apparent KM (substrate apparent 

affinity) and VMAX (maximum velocity) (Table 2). The KM value for S-2366 did not 

significantly change (0.31 ± 0.03 mM–0.32 ± 0.11 mM) in the absence or presence of 

inhibitor 14. However, the VMAX decreased from 40.0 ± 1.3 mAU/min in the absence of 

inhibitor 14 to 12.9 ± 1.6 mAU/min at 200 μM of inhibitor 14. Thus, the inhibitor appears 

not to affect the formation of Michaelis complex; however, it may cause conformational 

changes in the active site of FXIa that disrupts its catalytic activity. This indicates that 

molecule 14 inhibits FXIa in allosteric fashion.

3.3 | Selectivity studies: inhibition of coagulation, inflammation, fibrinolysis and 
digestive proteins by sulfonated molecules

To study the selectivity of the sulfonated inhibitors of FXIa, we first tested all active 

ones against thrombin and FXa, the two serine proteases that are being targeted by the 

current anticoagulants. The activity of sulfonated molecules toward thrombin and FXa was 

studied using appropriate chromogenic substrate hydrolysis assays, as reported previously 

(Al-Horani, Abdelfadiel, et al., 2019; Al-Horani, Clemons, et al., 2019; Al-Horani et al., 

2015, 2021; Kar et al., 2020, 2021). In these assays, the inhibition potential was determined 

by spectrophotometric measurement of the residual protease activity in the presence of 

varying concentrations of sulfonated molecules (Table 3). In this arena, inhibitor 11 was 

found not to inhibit thrombin or FXa at the highest concentration tested of 100 μM, 
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demonstrating at least fourfold of selectivity. Inhibitor 13 demonstrated a selectivity index of 

at least 20-fold over thrombin and ~3.5-fold over FXa, although it only inhibited the latter 

by ~52% at the highest concentration tested of 500 μM. Although molecule 14 inhibited 

thrombin and FXa, but its efficacy was only ~53% against thrombin and ~77% against FXa, 

where it was more effective inhibitor against FXIa with efficacy of ~90%. Molecule 15 
inhibited FXIa with twofold (albeit with low efficacy of ~40%) and 20-fold selectivity over 

thrombin and FXa, respectively. The most promising case was demonstrated by inhibitor 

16 which exhibited >22-fold selectivity toward FXIa over thrombin and ~11-fold selectivity 

toward FXIa over FXa (Figure 5). Inhibitor 17 demonstrated a selectivity index of at least 

threefold over the two proteins.

Furthermore, inhibitors 13, 14, and 16 were also evaluated against one or more of the 

following enzymes: Factor IXa (FIXa), factor XIIIa (FXIIIa), HNE, proteinase 3, cathepsin 

G, plasmin, chymotrypsin, and trypsin. Except for FXIIIa, all other enzymes are serine 

proteases, and thus, the activity of sulfonated molecules toward any one of them was 

performed using previously reported chromogenic substrate hydrolysis assays (Al-Horani et 

al., 2015, 2021; Al-Horani, Abdelfadiel, et al., 2019; Al-Horani, Clemons, et al., 2019; 

Kar et al., 2020, 2021). In the above assays, the inhibition potential was investigated 

by spectrophotometrically measuring the residual activity of the protease in the presence 

of different concentrations of inhibitors 13, 14, or 16 (Tables 4 and 5). For FXIIIa, the 

molecules’ activity was investigated using a previously reported fluorescence-based trans-

glutamination test (Al-Horani et al., 2016; Kar et al., 2020, 2021). The above assays with 

the other enzymes indicated that the three molecules demonstrated selectivity indices of 

6.5-fold, 4.5-fold, and 18-fold, respectively, toward FXIa over FXIIIa. Inhibitor 16 also 

exhibited a selectivity index of 76-fold toward FXIa over FIXa (Figure 5). The three 

molecules also demonstrated substantial selectivity over plasmin, trypsin, and chymotrypsin 

(Table 5). Interestingly, all three molecules inhibited HNE, although with variable potency. 

In fact, molecule 16 potently inhibited the inflammatory enzyme HNE with a potency of 

0.22 μM. Not only that, but it also inhibited two other inflammatory enzymes cathepsin G 

and proteinase 3 with IC50 values of 0.57 and 34.2 μM, respectively (Table 5).

Overall, it appears that the most potent and selective molecule in the library is inhibitor 

16. Using the highest concentration tested of inhibitor 16 against the above enzymes, 

the calculated IC50 values were determined to be >350 μM for FIXa, ~49 μM for 

FXa, >100 μM for FIIa, and ~84 μM for FXIIIa (Table 4), and by considering the 

FXIa IC50 of 4.6 μM, inhibitor 16 is associated with selectivity indices of >22-fold, ~11-

fold, >76-fold, and ~18-fold, respectively, over coagulation proteins. Also, it did exhibit 

selectivity indices of >39-fold over the fibrinolysis enzyme plasmin as well as the digestive 

enzymes trypsin and chymotrypsin. Interestingly, however, molecule 16 potently inhibited 

the inflammatory proteins alluding to the potential of developing a dual-acting molecule 

possessing anticoagulant and anti-inflammatory properties.

3.4 | Reversibility by cationic polymer, protamine

An important consideration while developing new anticoagulants is reversibility. To 

determine whether FXIa inhibition by sulfonated molecules can be reversed, we considered 

Al-Horani et al. Page 10

Chem Biol Drug Des. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protamine which is a clinically used arginine-rich polypeptide that reverses the anticoagulant 

activity of unfractionated heparin and low molecular weight heparins (Al-Horani et al., 

2015). FXIa was first treated with inhibitor 13 (80 μM) or inhibitor 14 (120 μM), and 

the restoration of FXIa activity by protamine studied spectrophotometrically through the 

hydrolysis of S-2366 (Figure 6). The efficacy and the effective concentration of protamine 

to restore 50% of enzyme activity (EC50) were found to be ~72% and 289.3 μg/ml, 

respectively, for inhibitor 13 and ~74% and 599 μg/ml, respectively, for inhibitor 14. An 

important aspect that can be inferred from this exercise is that the interactions between these 

inhibitors and FXIa are ionic or polar (H-bond) in nature and stem from the interactions 

between the negative charged groups on the molecules, that is, sulfonate groups and the 

positively charged amino acids of the binding site on FXIa, potentially Lys and Arg residues 

in the anion-binding site of the catalytic domain as reported for other allosteric inhibitors 

(Al-Horani, Abdelfadiel, et al., 2019; Al-Horani, Clemons, et al., 2019; Al-Horani et al., 

2015; Kar et al., 2021).

3.5 | Effects on activated partial thromboplastin time (APTT) and prothrombin time (PT) in 
normal human plasma

Plasma clotting assays are commonly used to study the antithrombotic potential of new 

clotting enzyme inhibitors. The APTT evaluates the effect of potential anticoagulants on the 

contact/intrinsic pathway-mediated clotting which involves factors XIIa, XIa, and IXa. The 

PT evaluates the effect of potential anticoagulant on the extrinsic pathway of coagulation 

which mainly involves FVIIa. Thus, we evaluated the effect of the sulfonated molecules 

on APTT and PT of human plasma, as reported previously (Al-Horani et al., 2015, 2021; 

Al-Horani, Abdelfadiel, et al., 2019; Al-Horani, Clemons, et al., 2019; Kar et al., 2020, 

2021). Reported in Table 6 are the concentrations of inhibitors 13–17 that are required to 

increase each time by 1.5-fold. Although the activity of molecules appears to be mediocre of 

micro-molar concentration range, results suggest a preferential effect on APTT which entails 

FXIa.

3.6 | The cellular toxicity of inhibitor 16

To evaluate the cellular toxicity of inhibitor 16, its anti-proliferative properties were studied 

in three cell lines of intestine (CaCo-2), breast (MCF-7), and kidney (HEK-293), as 

described earlier (Burow et al., 2001; Liu et al., 2015). Results suggested that 90 μM of the 

inhibitor (~20-fold of the IC50) does not substantially affect the proliferation of the above 

cell lines. Overall, inhibitor 16 is a promising lead for further development as a selective, 

allosteric, and nontoxic inhibitor of FXIa. As a proof-of-concept, 300 μM of inhibitor 17 
does not affect the proliferation of any of the three cell lines.

3.7 | Molecular modeling studies

To devise plausible binding mode(s) for sulfonated molecules, we conducted molecular 

docking studies considering the anion-binding site on the catalytic domain of FXIa. The 

justification for targeting this site is that its Arg and Lys residues are involved in FXI(a) 

interactions with the negatively charged functional groups of several macromolecules 

including the phosphates of inorganic polyphosphates (Yang et al., 2009) and the sulfates of 
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heparins (Geng et al., 2013). The same site is also involved in the action of SCI and that 

of SPGG, two glycosaminoglycan mimetics that were reported as allosteric FXIa inhibitors 

(Al-Horani, Abdelfadiel, et al., 2019; Al-Horani et al., 2015). The docking studies of three 

sulfonated molecules, namely 13, 15, and 16, onto the anion-binding site were performed 

using Glide (Schrödinger, 2017). Coordinates for FXIa’s catalytic domain were obtained 

from the protein databank (PDB ID: 2FDA; Deng et al., 2006). The docking exercises 

indicated that the three molecules adopted different binding modes, with similar interactions 

on one naphthalene end of the symmetrical structures, and distinct ones for the linkers 

and the other naphthalene ends of the molecules. In particular, the studies revealed that 

two sulfonate groups on one naphthalene end of all three inhibitor structures interact via 

electrostatic/H-bond with K170 and R185 (Figure 7a–c). Nevertheless, one of the amide 

linkers of inhibitor 13 H-bonds with T164 while the carbonyl oxygen of its urea central 

domain H-bonds with the backbone amine of E166 (Figure 7a). For inhibitor 15, one of 

the amide linkers H-bonds with the backbone amine of L162 (Figure 7b). In inhibitor 16, 

one of the amide linkers H-bonds with the guanidine group of R173 (Figure 7c), which is 

very substantial. Subtle differences are exhibited by interactions of the other naphthalene 

end of the symmetrical molecules 13, 15, and 16. Inhibitor 13 is shorter molecule, and 

thus, one sulfonate interacts with K175 via electrostatic/H-bond. Inhibitor 15, however, 

reaches further and one of its sulfonate groups interacts with H178 and K179 while 

another sulfonate H-bonds with Y101. More importantly, the most potent inhibitor, which is 

molecule 16, showed more interactions. One of its sulfonate groups interacts with H178 and 

K179 while another sulfonate H-bonds with Q93 and Y101.

Together, inhibitor 13 interacts with T164, E166, K170, K175, and R185; inhibitor 15 
interacts with Y101, L162, K175, H178, K179, and R185; and lastly, inhibitor 16 interacts 

with Q93, Y101, R173, K175, H178, K179, and R185. This pattern of interactions is in line 

with the measured potency of the three molecules; inhibitor 16 is more potent than inhibitor 

15, which is in turn more potent than inhibitor 13. It is worth to mention here that several 

of the above residues are involved in heparin-facilitated inhibition of FXIa by antithrombin 

(Geng et al., 2013) and in polyphosphate-facilitated activation of FXI by thrombin and 

FXIIa (Yang et al., 2009) which explains the potency of the above inhibitors, particularly 

inhibitor 16. Furthermore, several of those residues are involved in FXIa inhibition by BTP 

(Kar et al., 2020). Importantly, these results highlight that at least four sulfonate groups 

are needed to substantially inhibit FXIa. Although the above results are to be confirmed by 

mutagenesis studies and/or crystallography experiments, they are important as the identified 

binding modes can be exploited to direct future efforts to optimize the selectivity and the 

potency of inhibitor 16.

4 | CONCLUSION AND FUTURE DIRECTIONS

We identified a new class of allosteric and sulfonated inhibitors of human FXIa. We 

previously identified BTP as a tetraphosphonated allosteric inhibitor of FXIa with potency 

of ~7.4 μM and an efficacy of ~68% (Kar et al., 2020). In this study, we identified 

sulfonated inhibitor 16 as selective, allosteric, and sulfonated inhibitor of FXIa with potency 

of ~4.6 μM and near complete efficacy (Table 1; Figure 3). The molecule exhibited 
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significant selectivity over other coagulation, fibrinolysis, and digestive enzymes. We 

expect that this inhibitor will serve as an excellent lead to guide future development of 

sulfonated allosteric inhibitors of FXIa as a new generation of anticoagulants that are 

not associated with hemorrhage risk. Such chemotype of inhibitors is expected to offer 

the following advantages: (1) they are homogeneous molecules that are potentially less 

susceptible to hydrolytic enzymes that target similar allosteric inhibitors, including sulfatase 

and heparanase; (2) they are unlikely to pass through the placenta or blood–brain barrier 

given their anionic nature, and this further demonstrates their safety; (3) they do not impact 

the proliferation of various cell lines suggesting a higher index of safety; and (4) they 

can be developed as prodrugs to increase their oral bioavailability (Yan & Müller, 2004). 

Furthermore, these inhibitors will be very suitable for in-hospital use as well as emergency 

use given their amenability to parenteral administration owing to their high solubility in 

water.

Given the low risk of bleeding, FXIa inhibitors are set to serve a wider range of thrombotic 

patients, especially patients at a higher risk of both thrombosis and bleeding such as patients 

with atrial fibrillation and those with chronic kidney diseases (Alamneh et al., 2016; Barra 

et al., 2016; Black-Maier & Piccini, 2017; Heine & Brandenburg, 2017; Hughes et al., 2014; 

Lutz et al., 2017). Interestingly, inhibitor 16 was also found to potently inhibit cathepsin G 

and HNE, and to moderately inhibit proteinase 3 (Table 5). Therefore, inhibitor 16 can serve 

as a novel platform to develop dual-acting agents with anticoagulant and anti-inflammatory 

properties, without disrupting normal hemostasis. These agents may be proved beneficial in 

treating complex pathologies, in which coagulation and inflammation play major roles such 

as sepsis, disseminated intravascular coagulation, colitis, pneumonitis, arthritis, ischemic 

stroke, and diabetic nephropathy (Foley & Conway, 2016). Lastly, inflammation and 

coagulation are important driving forces in exacerbating infectious diseases as demonstrated 

by the ongoing pandemic of COVID-19 (Al-Horani, 2020a, 2020b; Aliter & Al-Horani, 

2021a, 2021b). Thus, inhibitor 16 and similar molecules may hold a potential in treating the 

severe cases of COVID-19 infection. This remains to be tested.
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FIGURE 1. 
(a) The chemical structure of active site inhibitor of human FXIa that is in advanced clinical 

trials. (b) The chemical structures of previously reported allosteric inhibitors of human FXIa
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FIGURE 2. 
Chemical structures of sulfonated molecules (1–18) that were investigated as inhibitors of 

human FXIa in this study
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FIGURE 3. 
Direct inhibition of FXIa by sulfonated molecules (14–17). The inhibition potential was 

investigated using S-2366 hydrolysis assay. The solid traces are the sigmoidal data fits using 

Equation 1 to obtain the values of IC50, HS, and ΔY%
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FIGURE 4. 
Michaelis–Menten kinetics of FXIa-mediated hydrolysis of S-2366 in the presence of 

inhibitor 14. The initial rate of hydrolysis at different concentrations of the substrate was 

measured using wild-type human FXIa in pH 7.4 buffer. [Inhibitor 14] were 0 (●), 4 (●), 40 

(●), 200 μM (○). The solid traces are the non-linear regressional fits to the data by Equation 

2
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FIGURE 5. 
Direct inhibition of multiple proteases by inhibitor 16. Inhibition profiles of FXIa (○), 

FXIIIa (♦), FXa (◊), thrombin (▲), FIXa (Δ), and plasmin (■) are presented. The inhibition 

potential was studied using previously reported chromogenic substrate hydrolysis assays. 

The solid traces are the sigmoidal data fits using Equation 1 to obtain the values of IC50, HS, 

and ΔY%
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FIGURE 6. 
Reversibility of sulfonated molecules’ interaction with FXIa by protamine sulfate. Shown is 

the in vitro restored FXIa activity (%) inhibited by molecule 13 (80 μM) (a) or molecule 14 
(120 μM) (b) in the presence of increasing concentration of protamine sulfate. The restored 

activity profiles were constructed spectrophotometrically at 37°C and pH 7.4. The solid 

traces are the data fits by equation 3 to obtain the EC50 as described in Materials and 

Methods
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FIGURE 7. 
Non-conserved anion-binding site in FXIa’s catalytic domain is depicted as a putative 

binding site for inhibitors 13, 15, and 16. In this molecular docking exercise, we attempted 

to identify potential interactions with Arg/Lys residues that are involved in heparin and 

polyphosphate recognition of FXI(a) during its inhibition and activation, respectively
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TABLE 1

Human FXIa inhibition by sulfonated molecules (1–18)
a

Inhibitors IC50 (μM) HS ΔY (%)

1–10 >50
b NA 

c NA

11 24.5 ± 2.5
d 1.5 ± 0.2 98.6 ± 4.2

12 >500 NA NA

13 25.9 ± 4.9 0.7 ± 0.1 90.4 ± 6.1

14 18.7 ± 2.9 0.9 ± 0.1 89.6 ± 5.2

15 9.5 ± 1.0 1.2 ± 0.2 87.3 ± 3.4

16 4.6 ± 0.4 2.3 ± 0.4 101.8 ± 4.0

17 29.5 ± 4.6 1.2 ± 0.2 90.9 ± 5.8

18 >500 NA NA

BTP 7.4 ± 0.9
e

1.9 ± 0.5 68.0 ± 3.7

a
The IC50, HS, and ΔY were obtained via the non-linear regression analysis of FXIa direct inhibition in Tris–HCl buffer. Inhibition was followed 

by the spectrophotometric measurement of residual FXIa activity.

b
Estimated measurement based on the highest concentration used in the study.

c
Not available.

d
Errors represent ±1 S.E.

e
From reference (Kar et al., 2020).
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TABLE 2

Michaelis–Menten kinetics of FXIa-mediated hydrolysis of S-2366 in the presence of inhibitors 14
a

[14] (μM) S-2366 KM (mM) VMAX(mAU/min)

0 0.31 ± 0.03
b 40.0 ± 1.3

4 0.21 ± 0.04 28.1 ± 1.5

40 0.30 ± 0.07 20.4 ± 1.7

200 0.32 ± 0.11 12.9 ± 1.6

a
KM and VMAX values of S-2366 hydrolysis by FXIa were measured as detailed in Materials and Methods. mAU depicts milliabsorbance units.

b
Error represents ±1 S.E.
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TABLE 6

Effects of sulfonated molecules on the clotting times of human plasma
a

Inhibitors APTT1.5x (μM) PT1.5x (μM)

13 392.9 ± 19.6
b 481.4 ± 24.1

14 337.7 ± 16.9 446.7 ± 22.3

15 307.6 ± 15.4 402.3 ± 20.1

16 354.3 ± 17.7 419.5 ± 21.0

17 459.1 ± 23.0 511 ± 25.6

a
Presented are the concentrations of each sulfonated molecule that are required to prolong the APTT or the PT of normal human plasma by 

1.5-fold.

b
Estimated errors of ~1 S.E.
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