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Abstract 

Previously, we described weak coumarin inhibitors of factor XIIa, a promising target for 
artificial surface-induced thrombosis and various inflammatory diseases. In this work, we 
used fragment-based drug discovery approach to improve our coumarin series. First, we 
screened about 200 fragments for the S1 pocket. The S1 pocket of trypsin-like serine 
proteases, such as factor XIIa, is highly conserved and is known to drive a major part of the 
association energy.  From the screening, we selected fragments displaying a micromolar 
activity and studied their selectivity on other serine proteases. Then, these fragments were 
merged to our coumarin templates, leading to the generation of nanomolar inhibitors. The 
mechanism of inhibition was further studied by mass spectrometry demonstrating the 
covalent binding through the formation of an acyl enzyme complex. The most potent 
compound was tested in plasma to evaluate its stability and efficacy on coagulation assays. 
It exhibited a plasmatic half-life of 1.9 h and a good selectivity for the intrinsic coagulation 
pathway over the extrinsic one. 
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▪ Introduction 

Cardiovascular diseases and cancers are the leading causes of death worldwide.1 The 
treatment of cardiovascular diseases widely uses blood-contacting devices. Heart surgeries 
also involve the use of extracorporeal circuits. In cancer patients, venous access and drug 
delivery strongly rely on indwelling medical devices.2,3 Overall, millions of these devices are 
employed every year and their common cause of failure is thrombus formation.3 Contrary to 
healthy endothelium, synthetic biomaterials do not actively resist thrombosis and trigger 
clotting through a complex series of interconnected mechanisms.3,4 Despite improvements in 
their blood-compatibility, systemic administration of anticoagulants (such as heparin and 
warfarin), antiplatelet agents, or both is needed to mitigate the thrombotic risk induced by 
blood-contacting devices.2–4 However, these therapies are not systematically effective and 
are associated with an increased bleeding risk of the patient.3 
 

In this context, FXIIa inhibition rises as a promising strategy to prevent medical device-
induced thrombosis more safely than the current pharmacotherapies. Indeed, FXII adsorption 
and autoactivation on artificial surfaces are the initial events leading to contact-mediated 
thrombosis induced by blood-contacting devices. FXIIa also activates the kallikrein-kinin and 
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complement systems that generate the inflammation at the medical device site. Because 
FXIIa is dispensable for hemostasis, FXIIa inhibitors have been proposed as a safe 
alternative to current therapies.2,5–7 Several animal studies and a monoclonal antibody in 
phase II clinical trials support this indication.8–10 Beside its role in artificial surface-induced 
thrombosis, the pathophysiological role of FXIIa has been highlighted in diverse inflammatory 
disorders.8,11–13 Garadacimab, an anti-FXIIa monoclonal antibody, is in phase III clinical trial 
for the prophylactic treatment of hereditary angioedema attacks.14 FXIIa inhibition is also a 
promising therapeutic strategy in Alzheimer’s disease since the discovery that beta-amyloid 
activates the contact system in a FXII-dependent manner. FXIIa was also proposed as a 
potential target in multiple sclerosis.8  
 
FXIIa inhibitors under development are mainly peptides and proteins, including monoclonal 
antibodies, and, to a lesser extent, small-molecular weight inhibitors.7,8 N-acylated azoles 
and peptidomimetics were recently described as potent and selective FXIIa inhibitors.7,15–17 
D. Kalinin’s group15–17 intensively produced analogs of a virtual HTS hit reported in the 
literature18. Their best acylated 1H-1,2,4-triazol-5-amines selectively inhibit FXIIa through the 
formation of an acyl-enzyme complex and were active in the nanomolar range.15–17 Beside 
these, our laboratory developed FXIIa inhibitors based on the coumarin scaffold.19–21 The 
best compound of the series, 4-carbamimidamidophenyl 6-(chloromethyl)-2-oxo-2H-
chromene-3-carboxylate (RF1), is a micromolar FXIIa inhibitor and its activity as a contact 
inhibitor was demonstrated in clotting time assays and whole blood21, encouraging further 
modulations. In traditional medicinal chemistry, the hit-to-lead phase usually requires 
extensive chemical synthesis to obtain an appropriate lead compound, as illustrated by D. 
Kalinin’s work15–17 Alternatively, growing evidence highlight a synergistic effect when 
fragment-based drug discovery (FBDD) is used in tandem with another drug discovery 
approach.22 Indeed, the FBDD strategy does not require extensive synthesis efforts and is a 
well-implemented approach to discover fragments that can be employed to construct lead 
compounds. Since fragments have a small size (molecular weight of less than 300 Da) and a 
low complexity, they are more susceptible to interact efficiently with the target. Consequently, 
the protein chemical space can be explored with a small library of less than thousands of 
compounds.23,24 
 
In order to facilitate the chemical exploration of FXIIa active site and reduce the synthesis 
efforts, we thus applied a FBDD strategy. This article describes the optimization of our 
previous micromolar hit, RF1, into nanomolar inhibitors using a fragment approach. 

▪ Results and discussion 

Identification of hit fragments 

FXIIa is a trypsin-like serine protease of the S1 family. This class of proteases is 
characterized by a deep, well-defined S1 pocket with Asp189 (chymotrypsin numbering 
scheme) at its base. The S1 site of these proteases recognizes an extended Arg residue 
through hydrogen-bonded salt-bridges with Asp189 and hydrophobic interactions with its 
walls. The S1 pocket is known to drive the major part of the association energy and most 
inhibitors of trypsin-like serine proteases include a S1-binding fragment to achieve high 
potency.8,25 Regarding our scaffold, we hypothesized that the phenylguanidine moiety of RF1 
is the S1-binding element (Figure 1). We determined the IC50 of the phenylguanidine 
fragment at 16.9 [15.5 – 18.4] mM (ligand efficiency (LE) of 0.32). We also evaluated 25 
coumarins without the side chain at position 3. All of them were inactive, corroborating that 
this chain is crucial for the activity in our series.  Our objective was thus to optimize the side 
chain interacting in S1. To spare chemical efforts, we decided first to explore the S1 pocket 
using a FBDD strategy and then to merge the best S1-binding fragments with the coumarin 
scaffold. 
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Herein, we report the approach that led to a nanomolar inhibitor of FXIIa with a 100-fold 
improvement compared to our initial hit. 

 

 
Figure 1. Structure of RF1, the initial hit of our series. EC2x, aPTT: concentration required to 
prolong aPTT twice, IC50: half maximal inhibitory concentration. 
 
Biochemical assay optimization. Biochemical assays remain the most frequently used 
method for fragment-hit identification.26 While an enzyme chromogenic assay was already 
developed for FXIIa in our laboratory20,21, we observed an aberrant Hill slope when 
measuring the inhibitory potency (IC50) of p-aminobenzamidine (PABZM), a weak affinity 
fragment. This result was attributed to an insufficient buffering capacity that was problematic, 
especially when mM range inhibitor concentrations are required. The buffer was further 
optimized to improve its buffering capacity by maintaining ionic strength and pH close to 
physiological conditions. The temperature was set to 37°C to maximize the enzyme activity. 
Assay linearity and DMSO tolerance were assessed with these new conditions. The assay 
was then validated according to the requirements described by the National Center for 
Advancing Translational Sciences.27 In an orthogonal assay, we discovered that our 
screening assay was sensitive to low-level metallic impurities such as zinc and copper.28 
Consequently, all the hits from the biochemical assay were confirmed by performing the 
assay in the presence of 1 mM EDTA. 

Library elaboration. In FBDD, the elaboration of the screening library is an important step to 
ensure the success. The selection of the fragments was based on three pillars. The first one 
is a knowledge-based approach in which we selected chemical motifs (amidine, guanidine, 
aminomethyl, amides, chloroaryl) known to interact with the S1 pocket on related serine 
proteases. The second pillar is a computer-based approach. We first extracted and virtually 
fragmented ligands present in complex with thrombin, factor Xa (FXa), and urokinase-type 
plasminogen activator. Then, we used the fragment subset of the MolPort Database29 which 
contains over 239 000 fragments. A docking was done on the virtual library and the 
fragments with the higher glide efficient score and higher docking score were manually 
inspected to select the ones to incorporate. Finally, to increase the chemical diversity, we 
also decided to select fragments from our in-house compound library. As recommended for 
fragment elaboration30, we limited the increase in size to 6 heavy atoms compared to 
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phenylguanidine moiety (heavy atom count ≤ 16), our starting fragment hit.  At the end of the 
process, we selected 187 fragments and tested them with our biochemical assay.  

Fragment screening. Table 1 summarizes the composition of the library in terms of 
functional motifs as well as the percentage of hits obtained. Most active compounds possess 
a basic functional group directly attached to an aromatic ring. The guanidine series was less 
potent than the amidine one. In the benzamidine series, different substitution patterns on 
benzene attached to an amidine were examined (see Supplemental Information – Table S1). 
Regarding the aromatic ring attached to the amidine, it appears that fused bicyclic aromatic 
ring such as naphthalene and quinoline were the most potent. 

Table 1. Summary of the fragment screening. Nb.: number. 

Functional motifs 
Nb. of 
tested 

fragments 

Nb. of 
fragments (%) 
with inhibition 
>30% at 1 mM 

Nb. of fragments 
(%) 

with inhibition 
>60% at 1 mM 

Amidine 30 11 (36%) 4 (13%) 
Guanidine 7 0 (0%) 0 (0%) 
Aminomethyl 
group 

18 1 (5%) 0 (0%) 

Aminopyridine and 
analogs 

19 2 (10%) 1 (5%) 

Amide 20 0 (0%) 0 (0%) 
Halogenophenyl 26 0 (0%) 0 (0%) 
Others 67 1 (1%) 0 (0%) 

Total 187 15 (8%) 5 (3%) 

Most of the compounds belonging to the other families were found to be inactive. 
Surprisingly, 1-aminoisoquinoline (Fragment 5) was among the most potent (Figures 2 and 
3). 1-Aminoisoquinoline was initially reported as a benzamidine (BZM) isostere with reduced 
basicity in the design of thrombin and FXa inhibitor.31,32 In contrast with the previous 
reports31,32, 1-aminoisoquinoline (LE = 0.52) was more efficient on FXIIa than benzamidine 
(LE = 0.45) (Figures 2 and 3). We also discovered a weakly active fragment, a 
benzothiazolidine (Fragment 6, LE = 0.36), that was not previously described as a S1 binder 
(Figure 2). This fragment was highlighted by our virtual approach and confirmed during the 
screening. We also verified experimentally by Yonetani–Theorell analysis that this fragment 
is a S1 binder (see Supplemental Information – Figure S1). 

 
Figure 2. Structure of the fragment hits compared to benzamidine. CI: confidence 
interval at 95%, IC50: half maximal inhibitory concentration, LE: ligand efficiency. 
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To further guide the selection of the fragments to be merged, we evaluated the selectivity of 
several fragments over several plasmatic trypsin-like serine proteases (Figure 3). We also 
tested bovine chymotrypsin as non-member of the trypsin-like serine protease group. To 
directly compare the IC50 of the fragments, the assays of others proteases were developed to 
maintain the same [S]/Km ratio (ratio of the substrate concentration to the Michaelis-Menten 
constant) as in the FXIIa assay. The assays’ parameters, the determined Km, and calculated 
Ki of BZM are available in the Supplemental Information (Tables S2 and S3). 
Phenylguanidine showed activity on FXIa, plasmin, and, to a lesser extent, kallikrein. This 
finding is consistent with the fact that RF1 was potent on kallikrein and FXIa in addition to 
FXIIa.21 All amidines were active on all the trypsin-like serine proteases. However, large 
differences were observed in their potency. BZM was ≥ 5 times more potent on kallikrein, 
FXa, and plasmin than FXIIa. The two most potent fragments on FXIIa were 6-hydroxy-2-
naphthimidamide (Fragment 2) and 1-aminoisoquinoline (Fragment 5).  Fragment 2 was 
potent on all the trypsin-like serine proteases with a preference on kallikrein and plasmin. 
Fragment 5 was the most selective fragment for FXIIa (Figure 2 and 3). 

 

Figure 3. Selectivity profile of phenylguanidine (PhGu), benzamidine (BZM), fragment 2 
(6-hydroxy-2-naphthimidamide), and fragment 5 (1-aminoisoquinoline) on plasmatic 
serine proteases and chymotrypsin. The values obtained are described in Table S4 (see 
Supplemental Information). Chymo: chymotrypsin, FXa: factor Xa, FXIa: factor XIa, FXIIa: 
factor XIIa, Kall.: kallikrein, THR: thrombin, tPA: tissue plasminogen activator. 

Chemistry 

Based on our fragment study, we selected Fragment 2 and Fragment 5 to be merged with 
our coumarin scaffold. Coumarins 12-22 and thiocoumarins 29-31 were obtained using the 
strategy depicted in Scheme 1and 2.33–36 To synthesize 3-carboxycoumarins 9a-e, 
salicylaldehyde derivatives 7 or 2,4,5-trimethoxybenzaldehyde  10g were used according to 
their commercial availability. When starting with 7, 3-carboxyethylestercoumarins 8a-g were 
achieved by Knoevenagel condensation with diethyl malonate and then hydrolyzed to obtain 
9a-g. 9h was obtained by protecting the alcohol of 9b with a tert-butyldiphenylsilyl (TBDPS) 
group. When starting with 10g, Meldrum’s acid was used and the reaction yielded arylidene 
derivatives 11g of Meldrum’s acid through a Knoevenagel condensation. The cyclization of 
11g was realized by polyphosphoric acid dehydration. After dehydration, a mixture of 3-
carboxycoumarin 9g and 3-carboxymethylestercoumarins was obtained and was completely 
transformed into 9g by hydrolysis.  
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To synthesize 3-carboxythiocoumarins 28a-b (scheme 2), 2-nitrobenzaldehyde derivatives 
23 were converted into 2-(tert-butylsulfanyl)benzaldehyde derivatives 24 using tert-butylthiol 
through a nucleophilic aromatic substitution reaction. This reaction was initially performed in 
the presence of potassium carbonate (conditions of Meth-Cohn and Tarnowski37). However, 
when starting with 6-nitroveratraldehyde 23b, the reaction required seven days to reach 
completion. Changing potassium carbonate by cesium carbonate reduced the reaction time 
for completion to 5 hours. A Knoevenagel condensation of 24 with ethyl 2-cyanoacetate or 
Meldrum’s acid gave, respectively, 25 and 27, which were further dehydrated and hydrolyzed 
to obtain 28. 3-Carboxy(thio)coumarins 9 and 28 (scheme 1 and 2) were esterified via the 
formation of an acid chloride using thionyl chloride. The synthesis of 17 was performed by 
esterification of 9h using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) followed by 
TBDPS deprotection. Indeed, the TBDPS protective group of the benzoylalcohol was highly 
sensitive to acid. The deprotection occurred during the acid chloride formation even at 
stoichiometric amount of thionyl chloride in the presence of a neutralizing base. 

 

 
Scheme 1. Synthesis of the coumarin acid ester derivatives of Fragment 2 and 
Fragment 5. Reagents and conditions: (i) diethylmalonate, piperidine, AcOH, EtOH, reflux, 
17 h; (ii) 1.10% NaOH, MW 140 °C, 11 min, 2.6 M HCl; (iii) Meldrum's acid, MeOH, rt, 1h; (iv) 
polyphosphoric acid, 100 °C, 3h; (v) Method A: 1. SOCl2, reflux, 3 h, 2. R3OH, pyridine, 
dioxane, DMF, 0 °C → rt, overnight, Method B: R3OH, EDC, DMAP, CH2Cl2, DMF, 0 °C → 
rt, overnight. 
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Scheme 2. Synthesis of the thiocoumarin acid ester derivatives of Fragment 2 and 
Fragment 5. Reagents and conditions: (i) Method A: tert-butylthiol, K2CO3, DMF, 100 °C, 30 
h, Method B: tert-butylthiol, Ce2CO3, DMF, 80 °C, 5 h; (ii) ethyl 2-cyanoacetate, sodium 
ethanolate, EtOH, rt, 1.5 h; (iii) polyphosphoric acid, 100 °C, 40 min; (iv) 1.10% NaOH, MW 
140 °C, 11 min, 2.6 M HCl; (v) Meldrum's acid, MeOH, rt, 24 h; (vi) polyphosphoric acid, 100 
°C, 3h; (vii) 1. SOCl2, reflux, 3 h, 2. R3OH, pyridine, dioxane, DMF, 0 °C → rt, overnight. 
 

The synthesis of 1-aminoisoquinolin-6-ol 36, the required building block for the incorporation 
of Fragment 5 in our series, was achieved using the strategy depicted in Scheme 3. 6-
Methoxyisoquinoline 2-oxide 33 was obtained by oxidation of 6-methoxyisoquinoline 32 using 
3-chloroperoxybenzoic acid. We performed the amination of 33 using the conditions 
developed by Yin et al.38, yielding 6-methoxyisoquinolin-1-amine 35 as a crude product. 1-
Aminoisoquinolin-6-ol 36 was obtained by demethylation of crude product 35 using 
pyridinium chloride. 

 
Scheme 2. Synthesis of 1-aminoisoquinolin-6-ol. Reagents and conditions: (i) mCPBA, 
CH2Cl2, rt, 3 h; (ii) tert-butylamine, Ts2O, CHCl3, 0°C, 1 h; (iii) 2M HCl (reduced pressure), 
60°C, 30 min; (iv) pyridinium chloride, MW 200°C, 2.5h. 
 
The synthetic pathway yielding N-(1-aminoisoquinolin-6-yl)-7-methoxy-2-oxo-2H-chromene-
3-sulfonamide (42), the sulfonamide analog of 20, is depicted in Scheme 4. From ethyl 2-
chloroacetate (37), ethyl 2-(chlorosulfonyl)acetate (39) was obtained after reaction with 
Na2SO3 followed by chlorination according to a literature protocol.39 7-Methoxy-2-oxo-2H-
chromene-3-sulfonamide (41) was synthesized from 39 as reported in the literature.40 A 
Buchwald-Hartwig cross-coupling (conditions derived from Hickey et al.41) between 41 and 
the Boc-protected 6-bromoisoquinolin-1-amine followed by a Boc deprotection gave 42.  
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Scheme 3. Synthesis of N-(1-aminoisoquinolin-6-yl)-7-methoxy-2-oxo-2H-chromene-3-
sulfonamide. Reagents and conditions: (i) Na2SO3, EtOH, H2O, reflux, 18 h; (ii) (COCl)2, 
DMF, CH2Cl2, rt, 16 h; (iii) 1. HN(TMS)2, CH2Cl2, 0°C → rt, 1 h, 2. EtOH, rt, 45 min; (iv) 4-
methoxysalicylaldehyde, piperidine, MW 130°C, 1 h; (v) 1. tert-butyl (6-bromoisoquinolin-1-
yl)(tert-butoxycarbonyl)carbamate, tBuBrettPhos Pd G3, K3PO4, dry toluene, 100°C, 72 h, 2. 
2M HCl in diethyl ether, MeOH, rt, 48h. 

Biological evaluation 

Enzymatic evaluation. The IC50 of the newly synthesized compounds was determined on 
FXIIa (Table 2). The replacement of the phenylguanidine moiety of RF1 by a 
naphthimidamide (14) results in a 7.5-fold increase in potency, confirming the validity of our 
FBDD strategy. To prevent unwanted off-target alkylation, we investigated the replacement 
of the chloromethyl group with various modulations on the coumarin ring. In contrary to what 
was observed with other proteases33, the removal of the chloromethyl group did not totally 
suppress the inhibitory potency. Indeed, while a loss of activity was observed, coumarins 
without substituent (12, 13) or with a methyl on the 6-position (16), had still a potency in the 
low µM ranges such as RF1. In the naphthimidamide series, we observed that the 
introduction of a hydroxymethyl (17), or a bromo (15) on the 6-position slightly increased the 
activity (between 1.3 and 2-fold increase). A moderate increase (between 2 and 5-fold 
increase) was observed with the chloromethyl group (14) and the methoxy group (18) in the 
same position. The best results (> 5-fold increase in activity) was obtained when a methoxy 
group is present on the 7-position (19, 21). The most potent inhibitors were the one 
combining a methoxy group on both 6- and 7-position (21) with a IC50 value of about 60 nM. 

The replacement of the naphthimidamide moiety by the isoquinoline one induced a slight (< 
2-fold) decrease in potency (13, 20, 22, 31 vs 12, 19, 21, 30). Changing the coumarin ring by 
a thiocoumarin one did not improve the activity. As observed in the coumarin series, the 
introduction of 6,7-dimethoxy on the thiocoumarin ring (30, 31) had a strong effect, but the 
potencies did not reach the ones obtained with 21 and 22.  
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Table 2. In Vitro FXIIa potency of Esters Derivatives. Ki
app: apparent inhibitory constant, 

IC50: half maximal inhibitory concentration, Id.: identifier. 

 

Id. R1 
R2 

Y 
Ki

app FXIIa (nM)a 

(n=1) 

12 H H O 
4980 

[4180 – 5770] 

13 H H O 
6600 

[4710 - 8480] 

14 CH2Cl H O 
802 

[754 – 850] 

15 Br H O 
3610 

[3070 – 4160] 

16 CH3 H O 
5190 

[4450 – 5930] 

17 CH2OH H O 
3950 

[3600 – 4300] 

18 OCH3 H O 
1480 

[1330 – 1630] 

19 H OCH3 O 
147 

[138 – 157] 

20 H OCH3 O 
248 

[224 – 272] 

21 OCH3 OCH3 O 
62.2 

[51.5 – 75.2] 

22 OCH3 OCH3 O 
97.8 

[76.3 – 126] 

29 H H S 
2230 

[1950 – 2520] 

30 6,7-O-CH3 OCH3 S 
506 

[464 – 547] 

31 6,7-O-CH3 OCH3 S 
529 

[470 – 588] 
a Ki

app is equal to the IC50 if the IC50 is above 10-fold the FXIIa concentration (> 131 nM).42 If the 
IC50 is below 10-fold the FXIIa concentration, the data were treated using the Morrison equation to 
obtain the Ki

app (see Experimental Section). The confidence interval at 95% is mentioned in 
brackets. 

 
Selectivity profile. The selectivity profile of the two most potent compounds (21, 22) was 
investigated (Table 3). By comparison with the potency on FXIIa, we can classify the 
selectivity as inexistent (< 1.3-fold decrease), slight (between 1.3 and 2-fold decrease), 
moderate (between 2 and 10-fold decrease), strong (between 10 and 100-fold decrease), 
and very strong (> 100-fold decrease). The selectivity of compound 21 is slight towards 
plasmin (1.7-fold), strong towards thrombin and kallikrein (16- and 40-fold, respectively), and 
very strong towards the other serine proteases (chymotrypsin, FXa, tPA, and FXIa). 
Compound 22 exhibited a moderate selectivity towards thrombin (9-fold), a strong selectivity 
towards plasmin (22-fold), and a very strong selectivity towards the other serine proteases 
(chymotrypsin, kallikrein, FXa, tPA, and FXIa).  Overall, 22 was more selective for FXIIa than 
21, which was expected since Fragment 5 was found more selective than Fragment 2. 
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Table 3. Selectivity profile of the two most potent compounds (25, 26). Chymo.: 
chymotrypsin, FXa: factor Xa, FXIa: factor XIa, FXIIa: factor XIIa, Ki

app: apparent inhibitory 
constant, IC50: half maximal inhibitory concentration, Id.: identifier, Kall.: kallikrein, THR: 
thrombin, tPA: tissue plasminogen activator. 

 
Ki

app (nM)a 
(n=1) 

Id. 21 22 

FXIIa 
62.2 

[51.5 – 75.2] 
97.8 

[76.3 – 126] 

Chymo. >50000 >50000 

THR 
1000 

[890 – 1120] 
895 

[797 – 992] 

Kall. 
2480 

[1850 – 3100] 
>50000 

FXa 
13200 

[10200 – 16200] 
>50000 

 

tPA >50000 >50000 

FXIa 
8640 

[5110 – 12200] 
>50000 

Plasmin 
106 

[84.4 – 133] 
2140 

[1740 – 2530] 
a Ki

app is equal to the IC50 if the IC50 is above 10-fold the enzyme concentration.42 If the IC50 is 
below 10-fold the enzyme concentration, the data were treated using the Morrison equation 
to obtain the Ki

app (see Experimental Section). The confidence interval at 95% is mentioned 
in brackets. 

 

Mechanism of inhibition.  The 6-chloromethyl-scaffold has been designed as a 
mechanism-based inhibitor of serine proteases.33,35,36,43,44 The proposed mechanism involves 
a nucleophilic attack by the serine on the lactone ring and the formation of an acyl-enzyme 
with p-hydroxybenzyl halide that could alkylate a nucleophilic residue in the active site. 
However, the behavior depends on the targeted enzyme. For chymotrypsin and thrombin, we 
observed the formation of an irreversible complex with a loss of the chlorine atom.33,43 With 
human leucocyte elastase, we obtained a transient inhibition with the formation of a slowly-
reversible enzyme inhibitor complex. With this enzyme, the chlorine atom from the 6-
chloromethyl group could be replaced by a non-leaving group.35  

A similar behavior was observed with FXIIa indicating that the alkylation step did not occur. 
Indeed, RF1 was found slowly reversible in jump-dilution experiment (see Supplemental 
Information – Figure S2). This suggests a reversible covalent inhibition with the formation of 
an acyl-enzyme. We performed intact mass protein analysis of FXIIa in the presence and 
absence of the two most potent inhibitors (21, 22). In our experiment, we obtained a mass of 
29497.4 Da for FXIIa, which is close to the mass reported in the literature.15 In the presence 
of the inhibitors 21 and 22, we obtained a mass shift for the enzyme-inhibitor complex of 
232.0 Da (see Supplemental Information – Figure S3). These values agree with a 
mechanism that operates through acylation on the exocyclic ester (Figure 4). 
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Figure 4. Theoretical masses for the studied compounds and the mass-shift of the 
related acylated enzyme. Enz: enzyme. 

Biological activity. The routine laboratory tests for exploring the intrinsic and extrinsic 
coagulation pathways in plasma are the activated partial thromboplastin time (aPTT) and the 
prothrombin time (PT), respectively. A selective FXIIa inhibitor is expected to prolong the 
aPTT without affecting the PT.21 We included rivaroxaban, a selective FXa inhibitor, as a 
positive control to verify if the collected pooled plasma behaved normally during aPTT and 
PT tests. In accordance with literature15–17,45, rivaroxaban prolonged both aPTT and PT with a 
stronger effect on PT (Figure 5 and Table S5). Regarding the coumarin compounds, 21 
strongly prolonged the aPTT while the PT was only slightly modified (Figure 5 and Table S5). 
Compound 22 also prolonged the aPTT but in a significantly lesser extent. The PT time with 
22 did not increase. If we compare these results with those obtained with RF1 in the previous 
study21, 21 is far more potent in plasma than RF1 which increases the aPTT only by a factor 
1.7 at 500 µM. The concentration required to 2-fold increase the aPTT-clotting time (EC2x, 

aPTT) was determined at 26.1 [19.5 – 34.2] µM for 21 (see Supplemental Information – Figure 
S4). 

 
Figure 5. Effect of compounds 25, 26, and controls on aPTT and PT. The tested 
concentration is mentioned in brackets. The error bars correspond to the standard deviation 
(n=3). aPTT: activated partial thromboplastin time, PT: prothrombin time, Riva.: rivaroxaban. 
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Aqueous and plasmatic stabilities. Aqueous and plasmatic stabilities are important 
parameters to evaluate when developing new drugs. This is particularly true when the 
structures possess a hydrolytically labile function such as an ester.46 To evaluate the stability 
of the two most potent compounds of our series (21, 22), we determined their half-life (t1/2) in 
phosphate-buffered saline (PBS) and platelet poor plasma using their fluorescence 
properties. Modulations of the coumarin ring with an electron-withdrawing element at 3-
position (such as an ester) in combination with an electron-donating element at 7-position 
(such as a methoxy group) is known to produce high fluorescence quantum yields.47 We 
observed that the excitation spectra of the esters and the corresponding acid was sufficiently 
different to allow the selective excitation of the esters (see Supplemental Information – 
Figure S5). So, the degradation of our compounds can be followed in real-time using their 
fluorescence properties, even in plasma (see Supplemental Information – Figure S6). In 
PBS, we determined the t1/2 of 21 and 22 at 15.5 ± 0.3 h and 8.6 ± 0.1 h, respectively. In 
plasma, the t1/2 of 21 and 22 were 1.9 ± 0.2 h and 0.7 ± 0.1 h, respectively (see 
Supplemental Information – Figure S7). Overall, 21 was less stable than 22, which could 
explain the difference in potency during biological activity tests.  

In an attempt to improve the stability, we modified the ester bond by a sulfonamide (Scheme 
3). We did not investigate an amide linker since we previously observed that an amide link 
suppresses the inhibitory potency in our design on other serine proteases (chymotrypsin, 
human leukocyte elastase, thrombin, and FXa).33,48 The amide function stabilizes an anti-
conformation (carbonyl groups in opposite directions) through an intramolecular H bond.48 
The substitution of the ester bond (20) by the sulfonamide (42) induced a loss of potency (> 
400-fold, FXIIa inhibition = 26.8% at 100 µM). 

▪ Conclusion 
In this article, we efficiently applied a FBDD strategy to improve the potency and selectivity of 
our coumarin series directed against FXIIa. Such strategy for optimizing hits is now widely 
used.22 Fragments guide the optimization process without requiring the synthesis of complex 
chemical entities that can be difficult to produce. In our case, we were able to improve 
drastically the activity while synthesizing less than 15 compounds. Moreover, we found that 
even if the S1 pocket of trypsin-like serine proteases share a high homology, an optimization 
of the S1-binding element can exploit the small differences and bring selectivity. Overall, our 
best compounds 21, 22 prove to be selective over various serine protases. Interestingly, 
compounds 21 is highly potent on the contact phase (EC2x aPTT 26.1 µM) with only moderate 
effect on the extrinsic coagulation pathway.  

▪ Experimental section 

Material and reagents 

All chemical reagents and solvents were used as obtained by the chemical suppliers. 1H 
NMR spectrum was recorded on a Jeol JNM EX 400 MHz or Jeol JNM-ECZR 500 MHz 
spectrometer with acetone-d6 (residual internal acetone δH = 2.05 ppm), CDCl3 (residual 
internal CHCl3 δH = 7.26 ppm), or DMSO-d6 (residual internal DMSO δH = 2.50 ppm) as 
solvent. All coupling constants are measured in Hertz (Hz), and the chemical shifts (δH) are 
quoted in parts per million (ppm) relative to tetramethylsilane (δ0), which was used as the 
internal standard. Data are presented as follows: chemical shift, multiplicity (s = singlet, d = 
doublet, t = triplet, br = broad, m = multiplet), coupling constant (Hz), and integration. 
Automated flash chromatography was completed on a SP1 (Biotage, Uppsala, Sweden) or 
PuriFlash® 5.125 (Advion Interchim Scientific, Montluçon, France) system equipped with 
prepacked silica cartridges (FlashPure®, Buchi, Hendrik-Ido-Ambacht, Netherlands and 
PuriFlash®, Advion Interchim Scientific, Montluçon, France). For microwave-assisted 
synthesis, we used a Discover 2.0 apparatus (CEM, Matthews, NC, USA). Liquid 
Chromatography–mass spectra (LC–MS) were obtained using an Agilent 1100 LC/MSD trap 
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(Agilent Technologies, Santa Clara, CA, USA) with electrospray ionization (ESI) operating in 
positive ion mode, an autosampler, and a diode array detector. Purity evaluations were 
carried out with a C18 reverse-phase column (Zorbax SB-C18, 3.0 x 100 mm, particle size 
3.5 µm, at 30 °C) using the following gradient of ultrapure water in acetonitrile (both modified 
with 0.1% formic acid, flow rate 0.5 mL/min): 0 min, 95% of water; 2 min, 95% of water; 12 
min, 10% of water; 12.3 min, 10% of water; 13.3 min, 95% water; 16 min, 95% of water. All 
the final compounds are ≥95% pure by HPLC analysis. Confirmatory HPLC traces are 
included in the Supporting Information. Activity assays, biological evaluations, and stability 
experiments were performed on a multi-mode microplate reader SpectraMax iD3 (Molecular 
Devices, San Jose, CA, USA) operated by SoftMax Pro version 7.0.3 (Molecular Devices, 
San Jose, CA, USA). The instrument is equipped with plate shaking, injectors, and 
temperature control system (5°C above the ambient temperature to 66°C ± 1.0°C). 
Transparent 96-well flat-bottom polystyrene NBS microplates (Product No. 3641) were used 
for chromogenic assays and provided by Corning (New York, USA). Transparent 96-well flat-
bottom polystyrene (used for biological assays) and black 96-well clear flat-bottom 
polystyrene microplates were sourced by Thermo ScientificTM (Waltham, MA, USA). Human 
plasma β-FXIIa, human Lys-plasmin, human factor XIa, human factor Xa, and human 
kallikrein were purchased from Innovative Research (Novi, MI, USA). Human thrombin was 
sourced from Roche (Mannheim, Germany). Bovine α-chymotrypsin, human tissue 
plasminogen activator human, and N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide were obtained 
from Merck KGaA (Darmstadt, Germany). The substrates S-2302 and S-2366 was 
purchased from Werfen (Breda, Nederlands). The substrates pNAPEP-8503 and pNAPEP-
9101 were purchased from Cryopep (Montpellier, France). Ultrapure water was produced by 
a Milli-Q equipment (Millipore, Bedford, MA, USA). Acrodisc® GHP syringe filters (0.2 µm) 
were obtained from Pall (Port Washington, NY, USA). Physico-chemical properties, such as 
aqueous solubility and pKa, were computed by MarvinSketch 19.27 (ChemAxon Ltd., 
Budapest, Hungary). 

Chemistry 

The syntheses of ethyl 2-oxo-2H-thiochromene-3-carboxylate (26)37, 2,2-dimethyl-5-[(2,4,5-
trimethoxyphenyl)methylidene]-1,3-dioxane-4,6-dione (11g)49, 2-oxo-2H-chromene-3-
carboxylic acid (9a)35, 6-(hydroxymethyl)-2-oxo-2H-chromene-3-carboxylic acid (9b)34, 6-
bromo-2-oxo-2H-chromene-3-carboxylic acid (9c)19, 6-methyl-2-oxo-2H-chromene-3-
carboxylic acid (9d)19, 6-methoxy-2-oxo-2H-chromene-3-carboxylic acid (9e)50, 7-methoxy-2-
oxo-2H-chromene-3-carboxylic acid (9f)19, ethyl 2-(chlorosulfonyl)acetate (39)39, ethyl 2-
sulfamoylacetate (40)40, 7-methoxy-2-oxo-2H-chromene-3-sulfonamide (41)40, and tert-butyl 
(6-bromoisoquinolin-1-yl)(tert-butoxycarbonyl)carbamate51 were previously described. 

General procedure A for the hydrolysis of (thio)coumarin-3-carboxylate Esters 

NaOH 10% (2 mL/mmol) was added to the appropriate coumarin-3-carboxylate ester and 
heated at 140°C (microwave, 11 min). The solution was neutralized with HCl 6M (10 
mL/mmol). The precipitate was filtrated, washed with water (10 mL/mmol, 3 times), and dried 
to afford the corresponding coumarin-3-carboxylic acid. 

General procedure B for the synthesis of coumarin-3-carboxylate acid esters of Fragment 2 
(12, 14-16, 18, 19, 21, 29, and 30) 

Thionyl chloride (7.5 mL/mmol) was poured into a flask containing the appropriate coumarin-
3-carboxylic acid (1.875 equiv). The solution was stirred and refluxed for 3 h. After cooling, 
the mixture was evaporated under reduced pressure. The residue was suspended in 
anhydrous toluene (7.5 mL/mmol) and then evaporated under reduced pressure. This step 
was repeated three times. The resulting acyl chloride was suspended in anhydrous dioxane. 
The 6-amidino-2-naphthol methanesulfonate (1 equiv) and dry pyridine (1.1 equiv) were 
dissolved in anhydrous DMF (6.8 mL/mmol) and cooled on ice under an argon atmosphere. 
To this solution, the suspension of acyl chloride was added portion wise (1 mL fraction). The 
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mixture was stirred overnight under an argon atmosphere and allowed to return at room 
temperature. 

General procedure C for the synthesis of (thio)coumarin-3-carboxylate acid esters of 
Fragment 5 (13, 20, 22, 31) 

The procedure was similar to the general procedure B, except that 1 equivalent of the 
appropriate coumarin-3-carboxylic acid (instead of 1.875 equiv) and 1-aminoisoquinolin-6-ol 
hydrochloride 34 (instead of 6-amidino-2-naphthol methanesulfonate) were used. 

General procedure D for the purification of (thio)coumarin-3-carboxylate acid esters of 
Fragment 2 by flash chromatography 

The product was isolated using an automated flash chromatography equipped with a silica 
cartridge. The flow rate recommended for the column was used. The following gradient of 
isopropanol in acetonitrile (both modified with 0.1% formic acid) was applied: the elution 
started with an isopropanol/acetonitrile ratio of 30%/70% for 4 column volumes, then the ratio 
increased to 55%/45% over 3 column volumes and hold for 8 column volumes. The product 
detection was followed by UV absorption at 254, 280, 260, 232, and 200-400 nm. The 
collection was threshold-based using the UV signal at 200-400 nm. The collected fractions 
containing the product were combined. 

General procedure E for the counter-ion exchange of (thio)coumarin-3-carboxylate acid 
esters 

After evaporation, the appropriate coumarin-3-carboxylate esters was dissolved in 
methanol:acetonitrile (70:30). The solution was acidified by 5 mL methanolic HCl (3M). After 
evaporation of 80 % of the volume, the precipitate was collected, washed with acetone (5 
mL, 3 times), and dried. 

6,7-Dimethoxy-2-oxo-2H-chromene-3-carboxylic acid (9g) 

11g (5.9 mmol, 1.9 g) was mixed with polyphosphoric acid (22 g) at 80°C during 20 min. 
Crushed ice (150 mL) was added. The precipitate was filtrated and washed with water (1 mL, 
3 times). Due to the presence of methyl 6,7-dimethoxy-2-oxo-2H-chromene-3-carboxylate, a 
hydrolysis was performed on the crude product. The general procedure A afforded 9g as a 
yellow powder (1.19 g, 81%). The structural features were in accordance with previously 
published data.52 

2-Oxo-2H-thiochromene-3-carboxylic acid (28a) 

26 (4.3 mmol, 1g) was dissolved into ethanol: HCl 3M (1:75, 100 mL) and refluxed for 3h. 
After cooling, the precipitate was filtrated, washed with water, and crystallized in acetonitrile 
to afford 2-oxo-2H-thiochromene-3-carboxylic acid as a white powder (555 mg, 63%). 
Spectral data were in accordance with previously published data.53 

6,7-Dimethoxy-2-oxo-2H-thiochromene-3-carboxylic acid (28b) 

tert-Butylthiol (13.3 mmol, 1.5 mL, 1.1 equiv.) was poured at room temperature into a flask 
containing a solution of 6-nitroveratraldehyde (11.8 mmol, 2.5 g) and cesium carbonate (14.4 
mmol, 4.6 g, 1.2 equiv) dissolved in DMF (18 mL). The solution was stirred and heated at 80°C 
for 5h. The mixture was cooled at room temperature, H2O (72 mL) was added, and the mixture 
was extracted with di-isopropylether:ethylacetate (9:1, 100 mL, 3 times). The organic layers 
were washed with aq. sat. NH4Cl solution and brine, dried with MgSO4, and the solvents were 
evaporated under reduced pressure. Meldrum’s acid (14.4 mmol, 2.1 g) and methanol (10 mL) 
was added to the crude product containing mainly 2-(tert-butylsulfanyl)-4,5-
dimethoxybenzaldehyde. The resulting solution was stirred at room temperature for 24h. 
Polyphosphoric acid (~45 g) was added and heated at 100°C for 3h. Crushed ice (200 mL) 
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was added. The precipitate was filtrated, washed with water (50 mL, 3 times), and dried. 28b 
was isolated using the automated flash chromatography. The flowrate was fixed at 32 mL/min 
and a FlashPure EcoFlex Silica 24g column was used. The following gradient of ethyl acetate 
in acetonitrile was applied: the elution started with ethyl acetate for 10 column volumes, then 
the acetonitrile increased to 100% over 30 column volumes and hold for 8 column volumes.  
The product detection was followed by UV absorption at 254, 280, 260, 232, and 200-400 nm. 
The collection was threshold-based using the UV signal at 200-400 nm.  The collected fractions 
containing 28b were combined. After evaporation, the pure product was collected as a yellow 
powder (250 mg, 28%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 8.63 (s, 1H, HC=C), 7.72 (s, 
1H, ArH), 7.35 (s, 1H, ArH), 3.91 (s, 3H, O-CH3), 3.85 (s, 3H, O-CH3). LC–MS (ESI) m/z: 267.1 
(MS calcld for C12H11O5S [M+H]+, 267.0), tR = 9.9 min, purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 2-oxo-2H-chromene-3-carboxylate methanesulfonate 
(12) 

Following the general procedure B, 9a and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 12 as a crude mixture. The mixture was cooled. The precipitate was 
filtrated and washed four times with cooled DMF:dioxane (50:50, 500 µL). 12 was isolated from 
the precipitate using the automated flash chromatography (PuriFlash® 5.125) with the 
FlashPure EcoFlex Silica Solid Loader 20g column (general procedure D). The pure product 
was collected as an off-white solid (102 mg, 34%).1H NMR (500 MHz, DMSO-d6): δH (ppm) 
9.56 (s, 2H, NH2), 9.29 (s, 2H, NH2), 9.20 (s, 1H, HC=C), 8.60 (d, J = 1.7 Hz, 1H, ArH), 8.19-
8.25 (m, 2H, ArH), 8.02-8.05 (m, 2H, ArH), 7.88-7.91 (m, 1H, ArH), 7.83 (td, J = 7.7, 1.5 Hz, 
1H, ArH), 7.66 (dd, J = 8.6, 2.3 Hz, 1H, ArH), 7.47-7.54 (m, 2H, ArH), 2.32 (s, 3H, H3C-SO3

-). 
LC–MS (ESI) m/z: 359.2 (MS calcld for C21H15N2O4 [M+H]+, 359.1), tR = 9.1 min, purity > 95% 
(UV). 

1-Aminoisoquinolin-6-yl 2-oxo-2H-chromene-3-carboxylate hydrochloride (13) 

Following the general procedure C, 9a and 36 (0.375 mmol, 60 mg) gave 13 as a crude mixture. 
The dioxane was evaporated under reduced pressure. The precipitate was filtrated. 13 was 
isolated from the precipitate using the automated flash chromatography (PuriFlash) with the 
FlashPure EcoFlex Silica 12g column. The flow rate was fixed at 25 mL/min. The following 
gradient of isopropanol in acetonitrile (both modified with 0.1% formic acid) was applied: the 
elution started with an isopropanol/acetonitrile ratio of 40%/60% for 2 column volumes, then 
the ratio increased to 50%/50% over 6 column volumes and hold for 7 column volumes. The 
product detection was followed by UV absorption at 254, 280, 260, 232, and 200-400 nm. The 
collection was threshold-based using the UV signal at 200-400 nm. The collected fractions 
containing the product were combined. The pure product was collected as an off-white solid 
(15.5 mg, 11%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.20 (s, 1H, HC=C), 8.93 (brs, 2H, 
NH2), 8.69 (d, J = 9.2 Hz, 1H, ArH), 8.03 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 7.90 (d, J = 2.3 Hz, 
1H, ArH), 7.81-7.86 (m, 1H, ArH), 7.70-7.77 (m, 2H, ArH), 7.47-7.54 (m, 2H, ArH), 7.23 (d, J = 
6.9 Hz, 1H, ArH). LC–MS (ESI) m/z: 332.2 (MS calcld for C19H12N2O4 [M+H]+, 332.1), tR = 8.6 
min, purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 6-(chloromethyl)-2-oxo-2H-chromene-3-carboxylate 
hydrochloride (14) 

Following the general procedure B, 9b and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 14 as a crude mixture. The dioxane was evaporated. Water adjusted at 
pH 2 with fuming HCl was added. The precipitate was filtrated and washed three times with 
acetone to give 14 as an orangish solid (54 mg, 20%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 
9.57 (s, 2H, NH2), 9.29 (s, 2H, NH2), 9.18 (s, 1H, HC=C), 8.59 (s, 1H, ArH), 8.25-7.87 (m, 6H, 
ArH), 7.67-7.53 (m, 2H, ArH), 4.90 (s, 2H, Ar-CH2-Cl). LC–MS (ESI) m/z: 407.2 (MS calcld for 
C22H16ClN2O4 [M+H]+, 407.1), tR = 9.8 min, purity > 95% (UV). 
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6-Carbamimidoylnaphthalen-2-yl 6-bromo-2-oxo-2H-chromene-3-carboxylate 
hydrochloride (15) 

Following the general procedure B, 9c and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 15 as a crude mixture. The precipitate was filtrated.  15 was isolated from 
the precipitate using the automated flash chromatography (PuriFlash® 5.125) with the 
FlashPure EcoFlex Silica 12g column (general procedure D). After evaporation, the counter-
ion of the amidine was completely exchanged to hydrochloride following the general procedure 
E. The pure product was collected as an off-white solid (13.6 mg, off-white, 4%). 1H NMR (400 
MHz, DMSO-d6): δH (ppm) 9.55 (s, 2H, NH2), 9.26 (s, 2H, NH2), 9.13 (s, 1H, HC=C), 8.59 (s, 
1H, ArH), 8.30 (d, J = 2.3 Hz, 1H, ArH), 8.23 (t, J = 9.8 Hz, 2H, ArH), 7.96-8.02 (m, 2H, ArH), 
7.90 (d, J = 8.5 Hz, 1H, ArH), 7.65 (dd, J = 8.9, 1.6 Hz, 1H, ArH), 7.51 (d, J = 8.9 Hz, 1H, ArH). 
LC–MS (ESI) m/z: 437.4 (MS calcld for C21H14BrN2O4 [M+H]+, 437.0), tR = 9.8 min, purity > 
95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 6-methyl-2-oxo-2H-chromene-3-carboxylate 
hydrochloride (16) 

Following the general procedure B, 9d and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 16 as a crude mixture. The precipitate was filtrated. 16 was isolated from 
the precipitate using the automated flash chromatography (PuriFlash) with the FlashPure 
EcoFlex Silica 12g column (general procedure D). After evaporation, the counter-ion of the 
amidine was completely exchanged to hydrochloride following the general procedure E. The 
pure product was collected as a yellowish solid (73.8 mg, 27%). 1H NMR (400 MHz, DMSO-
d6): δH (ppm) 9.53 (s, 2H, NH2), 9.20 (s, 2H, NH2), 9.11 (s, 1H, HC=C), 8.58 (s, 1H, ArH), 8.23 
(dd, J = 11.7, 8.9 Hz, 2H, ArH), 8.02 (d, J = 2.1 Hz, 1H, ArH), 7.89 (dd, J = 8.6, 1.5 Hz, 1H, 
ArH), 7.81 (s, 1H, ArH), 7.66 (dd, J = 8.8, 1.7 Hz, 2H, ArH), 7.44 (d, J = 8.7 Hz, 1H, ArH), 2.42 
(s, 3H, -CH3). LC–MS (ESI) m/z: 373.2 (MS calcld for C22H17N2O4 [M+H]+, 373.1), tR = 9.4 min, 
purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 6-(hydroxymethyl)-2-oxo-2H-chromene-3-carboxylate 
hydrochloride (17) 

Imidazole (10.3 mmol, 700 mg, 2.2 equiv) and 9b (4.5 mmol, 1 g, 1 equiv) were dissolved in 
DMF (7 mL). tert-Butyl(chloro)diphenylsilane (4.9 mmol, 1.35 g, 1.1 equiv) was added to the 
stirred solution. Stirring was maintained for 4 h at rt. The solution was chilled and the 
precipitate was filtrated, washed with methanol (3 times, 10 mL), and dried. The crude 
product containing 6-{[(tert-butyldiphenylsilyl)oxy]methyl}-2-oxo-2H-chromene-3-carboxylic 
acid (9h LC-MS: 87%, 459.3, MS calcld for C27H27O5Si [M+H]+: 459.2) was used without 
further purification.  
The crude product 9h (0.664 mmol, 350 mg, 1 equiv) and EDC hydrochloride (1.992 mmol, 
381 mg, 3 equiv) were dissolved in dry CH2Cl2 (4.5 mL) and cooled to 0°C. A solution of 6-
amidino-2-naphthol methanesulfonate (1.992 mmol, 562 mg, 3 equiv) and DMAP (0.100 
mmol, 12 mg, 0.15 equiv) in dry DMF (4.5 mL) was added to the latter. The resulting solution 
was stirred overnight. Dichloromethane was evaporated under reduced pressure. DMF was 
acidified with 6M HCl (200 µL) and the solution was stirred for 30 min. 0.45 M HCl in water 
(20 mL) was added. The precipitate was harvested by filtration. 17 was isolated from the 
precipitate using the automated flash chromatography (PuriFlash® 5.125) with the FlashPure 
EcoFlex Silica 12g column. The flow rate was fixed at 25 mL/min. The following gradient of 
isopropanol in acetonitrile (both modified with 0.1% formic acid) was applied: the elution 
started with an isopropanol/acetonitrile ratio of 25%/85% for 3 column volumes, then the ratio 
increased to 40%/60% over 5 column volumes, hold for 8 column volumes, then the ratio 
increased to 60%/40% over 12 column volumes, and hold for 6 column volumes. The product 
detection was followed by UV absorption at 254, 280, 260, 232, and 200-400 nm. The 
collection was threshold-based using the UV signal at 200-400 nm. The collected fractions 
containing the product were combined. The pure product was collected as an off-white solid 
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(2.0 mg, 1%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.53 (s, 2H, NH2), 9.20 (s, 2H, NH2), 
9.18 (s, 1H, HC=C), 8.58 (s, 1H, ArH), 8.23 (dd, J = 11.6, 9.0 Hz, 2H, ArH), 8.03 (s, 1H, ArH), 
7.88-7.94 (m, 2H, ArH), 7.66-7.77 (m, 2H, ArH), 7.48-7.52 (m, 1H, ArH), 5.49 (t, J = 5.6 Hz, 
1H, -OH), 4.60 (d, J = 5.7 Hz, 2H, -CH2-O). LC–MS (ESI) m/z: 389.2 (MS calcld for 
C22H17N2O4 [M+H]+, 389.1), tR = 8.5 min, purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 6-methoxy-2-oxo-2H-chromene-3-carboxylate 
methanesulfonate (18) 

Following the general procedure B, 9e and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 18 as a crude mixture. The precipitate was discarded and diisopropylether 
was added to the filtrate. The resulting precipitate was filtrated and washed three times with 
diisopropylether to give 18 as a yellow solid (11.6 mg, 4%). 1H NMR (400 MHz, DMSO-d6): δH 
(ppm) 9.50 (s, 2H, NH2), 9.13 (s, 2H, NH2), 9.11 (s, 1H, HC=C), 8.57 (s, 1H, ArH), 8.23 (t, J = 
10.3 Hz, 2H, ArH), 7.88-8.02 (m, 2H, ArH), 7.61-7.73 (m, 2H, ArH), 7.42-7.50 (m, 2H, ArH), 
3.85 (s, 3H, O-CH3), 2.32 (s, 3H, H3C-SO3

-). LC–MS (ESI) m/z: 389.2 (MS calcld for 
C22H17N2O5 [M+H]+, 389.1), tR = 9.4 min, purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 7-methoxy-2-oxo-2H-chromene-3-carboxylate 
hydrochloride (19) 

Following the general procedure B, 9f and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 19 as an impure mixture. The precipitate was filtrated, washed six times 
with cold dioxane:DMF (50:50, 500 µL), and dried to give 19 as an off-white solid (47 mg, 17%). 
1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.53 (s, 2H, NH2), 9.20 (s, 2H, NH2), 9.14 (s, 1H, 
HC=C), 8.57 (s, 1H, ArH), 8.21 (t, J = 10.2 Hz, 2H, ArH), 7.87-7.99 (m, 3H, ArH), 7.64 (d, J = 
8.9 Hz, 1H, ArH), 7.07-7.13 (m, 2H, ArH), 3.93 (s, 3H, O-CH3). LC–MS (ESI) m/z: 389.2 (MS 
calcld for C22H17N2O5 [M+H]+, 389.1), tR = 9.3 min, purity > 95% (UV). 

1-Aminoisoquinolin-6-yl 7-methoxy-2-oxo-2H-chromene-3-carboxylate hydrochloride (20) 

Following the general procedure C, 9f and 36 (0.661 mmol, 130 mg) gave 20 as a crude 
mixture. The precipitate was eliminated by filtration. Acetone was added to the filtrate. The 
resulting precipitate was filtrated and washed three times with acetone to give 20 as a yellowish 
solid (24.2 mg, 9%). 1H NMR (500 MHz, DMSO-d6): δH (ppm) 9.14 (s, 1H, HC=C), 9.05 (brs, 
2H, NH2), 8.72 (d, J = 9.2 Hz,1H, ArH), 7.90-8.00 (m, 2H, ArH), 7.72-7.76 (m, 2H, ArH), 7.24 
(d, J = 6.9 Hz, 1H, ArH), 7.15 (dd, J = 17.2, 2.3 Hz, 1H, ArH), 7.05-7.10 (m, 1H, ArH), 3.94 (s, 
3H, O-CH3). LC–MS (ESI) m/z: 363.2 (MS calcld for C20H15N2O5 [M+H]+, 363.1), tR = 9.3 min, 
purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 6,7-dimethoxy-2-oxo-2H-chromene-3-carboxylate 
hydrochloride (21) 

Following the general procedure B, 9g and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 21 as a crude mixture. The dioxane was evaporated under reduced 
pressure. The solution was acidified by 6M HCl (100 µL). The addition of 0.45M HCl in water 
(20 mL) generated a precipitate. 21 was isolated from the precipitate using the automated flash 
chromatography (PuriFlash) with the FlashPure EcoFlex Silica 24g column (general procedure 
D). After evaporation, the counter-ion of the amidine was completely exchanged to 
hydrochloride following the general procedure E. The pure product was collected as a yellow 
solid (18.5 mg, 6%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.55 (s, 2H, NH2), 9.25 (s, 2H, 
NH2), 9.10 (s, 1H, HC=C), 8.58 (s, 1H, ArH), 8.21 (dd, J = 11.4, 8.9 Hz, 2H, ArH), 8.00 (d, J = 
2.1 Hz, 1H, ArH), 7.89 (dd, J = 8.6, 1.7 Hz, 1H, ArH), 7.64 (dd, J = 8.8, 2.2 Hz, 1H, ArH), 7.57 
(s, 1H, ArH), 7.21 (s, 1H, ArH), 3.93 (s, 3H, O-CH3), 3.84 (s, 3H, O-CH3). LC–MS (ESI) m/z: 
419.2 (MS calcld for C23H19N2O6 [M+H]+, 419.1), tR = 9.1 min, purity > 95% (UV). 
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1-Aminoisoquinolin-6-yl 6,7-dimethoxy-2-oxo-2H-chromene-3-carboxylate hydrochloride 
(22) 

Following the general procedure C, 9g and 36 (0.661 mmol, 130 mg) gave 22 as a crude 
mixture. The dioxane was evaporated under reduced pressure. The precipitate was filtrated. 
22 was isolated from the precipitate using the automated flash chromatography (PuriFlash) 
with the FlashPure EcoFlex Silica 25g column. The flow rate was 21 mL/min. The following 
gradient of isopropanol in acetonitrile (both modified with 0.1% formic acid) was applied: the 
elution started with an isopropanol/acetonitrile ratio of 25%/75% for 6 column volumes, then 
the ratio increased to 40%/60% over 4 column volumes, then the ratio increased to 70%/30% 
over 2 column volume, and hold for 4 column volumes. The product detection was followed 
by UV absorption at 254, 280, 260, 232, and 200-400 nm. The collection was threshold-
based using the UV signal at 200-400 nm. The collected fractions containing the product 
were combined. The pure product was collected as an orange solid (64.6 mg, 23%). 1H NMR 
(500 MHz, DMSO-d6): δH (ppm) 9.21 (brs, 2H, NH2), 9.09 (s, 1H, HC=C), 8.72 (d, J = 9.2 Hz, 
1H, ArH), 7.90 (d, J = 1.7 Hz, 1H, ArH), 7.72-7.76 (m, 2H, ArH), 7.56 (s, 1H, ArH), 7.24-7.28 
(m, 1H, ArH), 7.20 (s, 1H, ArH), 3.96 (s, 3H, O-CH3), 3.82 (s, 3H, O-CH3). LC–MS (ESI) m/z: 
393.2 (MS calcld for C21H17N2O6 [M+H]+, 393.1), tR = 8.9 min, purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 2-oxo-2H-thiochromene-3-carboxylate methanesulfonate 
(29) 

Following the general procedure B, 28a and 6-amidino-2-naphthol methanesulfonate (0.664 
mmol, 187 mg) gave 29 as a crude mixture. The crude mixture was cooled. The precipitate 
was filtrated, washed with cooled DMF:dioxane (50:50, 750 µL, 8 times) and cyclohexane (750 
µL, 8 times), and dried. 29 was isolated from the precipitate using the automated flash 
chromatography (Biotage) with the PuriFlash® 12g SI-HC 15 µm (spherical silica of 15 µm) 
column. The flow rate was fixed at 20 mL/min. The separation was performed in isocratic mode 
using methanol/acetonitrile 10:90 (both modified with 0.1% formic acid). The product detection 
was followed by UV absorption at 254 and 300 nm. All fractions were collected. The fractions 
containing 27 were combined. After evaporation, the pure product was collected as an orangish 
solid (40.6 mg, 13%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.48 (s, 2H, NH2), 9.07 (s, 2H, 
NH2), 9.06 (s, 1H, HC=C), 8.56 (s, 1H, ArH), 8.19-8.26 (m, 3H, ArH), 8.03 (d, J = 1.8 Hz, 1H, 
ArH), 7.88 (d, J = 8.5 Hz, 1H), 7.77-7.81 (m, 2H, ArH), 7.60-7.68 (m, 2H, ArH), 2.32 (s, 3H, 
H3C-SO3

-). LC–MS (ESI) m/z: 375.2 (MS calcd for C21H15N2O3S [M+H]+, 375.1), tR = 9.8 min, 
purity > 95% (UV). 

6-Carbamimidoylnaphthalen-2-yl 6,7-dimethoxy-2-oxo-2H-thiochromene-3-carboxylate 
hydrochloride (30) 

Following the general procedure B, 28b and 6-amidino-2-naphthol methanesulfonate (0.332 
mmol, 94 mg) gave 30 as a crude mixture. The precipitate was filtrated. 30 was isolated from 
the precipitate using the automated flash chromatography (PuriFlash) with the PuriFlash® 
12g SI-HC 15 µm (spherical silica of 15 µm) column (general procedure D). After 
evaporation, the counter-ion of the amidine was completely exchanged to hydrochloride 
following the general procedure E. The pure product was collected as a yellow solid (17.1 
mg, 11%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.52 (s, 2H, NH2), 9.16 (s, 2H, NH2), 9.00 
(s, 1H, HC=C), 8.57 (s, 1H, ArH), 8.22 (dd, J = 11.9, 8.9 Hz, 2H, ArH), 8.00 (d, J = 2.3 Hz, 
1H, ArH), 7.88 (dd, J = 8.6, 1.7 Hz, 1H, ArH), 7.82 (s, 1H, ArH), 7.65 (dd, J = 8.9, 2.3 Hz, 1H, 
ArH), 7.42 (s, 1H, ArH), 3.95 (s, 3H, O-CH3), 3.87 (s, 3H, O-CH3). LC–MS (ESI) m/z: 435.2 
(MS calcd for C23H19N2O5S [M+H]+, 435.1), tR = 9.6 min, purity > 95% (UV). 

1-Aminoisoquinolin-6-yl 6,7-dimethoxy-2-oxo-2H-thiochromene-3-carboxylate 
hydrochloride (31) 

Following the general procedure C, 28b and 36 (0.661 mmol, 130 mg) gave 31 as a crude 
mixture. The precipitate was filtrated. 31 was isolated from the precipitate using the 
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automated flash chromatography (PuriFlash) with the FlashPure EcoFlex Silica 12g column. 
The flow rate was 25 mL/min. The following gradient of isopropanol in acetonitrile (both 
modified with 0.1% formic acid) was applied: the elution started with an 
isopropanol/acetonitrile ratio of 40%/60% for 2 column volumes, then the ratio increased to 
50%/50% over 6 column volumes, and hold for 7 column volumes. The product detection 
was followed by UV absorption at 254, 280, 260, 232, and 200-400 nm. The collection was 
threshold-based using the UV signal at 200-400 nm. The collected fractions containing the 
product were combined. The pure product was collected as a brown-yellow solid (26.6 mg, 
9%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 9.15 (brs, 2H, NH2), 9.01 (s, 1H, HC=C), 8.72 
(d, J = 8.9 Hz, 1H, ArH), 7.91 (d, J = 2.1 Hz, 1H, ArH), 7.82 (s, 1H,  ArH), 7.70-7.76 (m, 2H, 
ArH), 7.42 (s, 1H, ArH), 7.22-7.26 (m, 1H, ArH), 3.95 (s, 3H, O-CH3), 3.86 (s, 3H O-CH3). 
LC–MS (ESI) m/z: 409.2 (MS calcd for C21H17N2O5S [M+H]+, 409.1), tR = 9.3 min, purity > 
95% (UV). 

6-Methoxy-isoquinoline-N-oxide hydrochloride (33) 

6-Methoxyisoquinoline (32, 25.9 mmol, 3.75 mL) was dissolved in dichloromethane (67 mL). 
3-Chloroperoxybenzoic acid (39.9 mmol, 7.18 g, 1.5 equiv) was added by portions to the stirred 
solution. The stirring was maintained for 3 hours. Methanol (54 mL) was added and 2/3 of 
solvent was evaporated under reduced pressure. 2M HCl in diethyl ether (44 mL) was added. 
After the addition of diethyl ether (81 mL), a precipitate was obtained, filtrated, washed with 
chilled diethyl ether (30 mL, 3 times), and dried to afford 31 as a white powder (5.27 g, 96%). 
1H NMR (500 MHz, DMSO-d6): δH (ppm) 9.63 (d, J = 2.3 Hz, 1H, ArH), 8.56 (dd, J = 7.2, 2.0 
Hz, 1H, ArH), 8.22 (t, J = 7.7 Hz, 2H, ArH), 7.68 (d, J = 2.3 Hz, 1H, ArH), 7.57 (dd, J = 9.2, 2.3 
Hz, 1H, ArH), 3.99 (s, 3H, O-CH3). LC–MS (ESI) m/z: 176.1 (MS calcld for C10H10NO2 [M+H]+, 
176.1), tR = 8.7 min, purity > 95% (UV). 

1-Aminoisoquinolin-6-ol hydrochloride (36) 

To a stirred solution of 33 (2.259 mmol, 478.2 mg) and tert-butylamine (17.13 mmol, 1.253 g, 
7.6 equiv) in chloroform (22 mL), p-toluenesulfonic anhydride (5.718 mmol, 1.866 g, 2.5 
equiv) was added by portions on ice under argon atmosphere. Stirring was maintained during 
one hour at 0°C. Chloroform was evaporated and the residue was dissolved in 4% NaHCO3 
(volume necessary to obtain pH 8). The aqueous phase was extracted by ethyl acetate (50 
mL, 3 times). The organic phase was extracted by 2M HCl in water (50 mL, 8 times). The 
acidic aqueous phase was evaporated under reduced pressure. Methanol was added (10 
mL), salts precipitated, and were discarded by filtration. The filtrate was evaporated under 
reduce pressure, and dried to afford the crude product 35 as a brown viscous liquid (357.6 
mg). Pyridinium chloride (3.273 mmol, 378.2 mg) was added to the crude product 33. The 
mixture was heated by microwave irradiation at 200°C for 2.5h. 4% NaHCO3 (8 mL) was 
added (pH 8) and the resulting solution was diluted with water until complete dissolution. The 
aqueous layer was extracted by butanol (20 mL, 3 times). The organic layers were pooled, 
washed with brine, and the solvent was evaporated under reduced pressure. The residue 
was dissolved in 3M HCl in methanol (5 mL). Ethyl acetate was added (70 mL) generating a 
precipitate. The precipitate was filtrated, washed with ethyl acetate (10 mL), and dried to 
afford 36 as a brownish powder (239.4 mg, 71%). 1H NMR (400 MHz, DMSO-d6): δH (ppm) 
8.36 (s, 1H, ArH), 8.34 (s, 2H, NH2), 7.58 (d, J = 6.9 Hz, 1H, ArH), 7.18 (dd, J = 8.9, 2.3 Hz, 
1H, ArH), 7.10 (d, J = 2.3 Hz, 1H, ArH), 6.98 (d, J = 6.9 Hz, 1H, ArH). LC–MS (ESI) m/z: 
161.1 (MS calcld for C9H9N2O [M+H]+, 161.1), tR = 4.6 min, purity > 95% (UV). 

N-(1-aminoisoquinolin-6-yl)-7-methoxy-2-oxo-2H-chromene-3-sulfonamide hydrochloride 
(42) 

tert-Butyl (6-bromoisoquinolin-1-yl)(tert-butoxycarbonyl)carbamate (0.118 mmol, 50 mg), 41 
(0.142 mmol, 36.2 mg, 1.2 equiv), K3PO4 (0.236 mmol, 50.2 mg, 2 equiv), and tBuBrettPhos 
Pd G3 (0.002 mmol, 2 mg, 0.02 equiv) were poured into an oven-dried flask and put under 
inert atmosphere. Dry toluene (307 µL) was added and the resulting solution was heated at 
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100°C for 72h. 2M HCl in diethyl ether (6 mL) and methanol (3 mL) were added. The solution 
was stirred for 48h. 42 was isolated using the automated flash chromatography (Biotage) 
with the FlashPure EcoFlex Silica 12g column. The flow rate was fixed at 20 mL/min. The 
following gradient of methanol in ethylacetate was applied: the elution started with ethyl 
acetate, then the methanol/ethyl acetate ratio increased to 10%/90% over 10 column 
volumes and hold for 3 column volumes.  The product detection was followed by UV 
absorption at 254 and 300 nm. All fractions were collected. The fractions containing 42 were 
combined. After evaporation, the pure product was collected as a yellow solid (4.1 mg, 8%). 
1H NMR (400 MHz, DMSO-d6): δH (ppm) 8.96 (s, 1H, HC=C), 8.15 (s, 1H, ArH), 8.06 (d, J = 
8.9 Hz, 1H, ArH), 7.91 (d, J = 8.9 Hz, 1H, ArH), 7.64 (d, J = 6.0 Hz, 1H, ArH), 7.31 (d, J = 1.8 
Hz, 1H, ArH), 7.24 (dd, J = 8.9, 2.3 Hz, 1H, ArH), 7.02-7.04 (m, 2H, ArH), 6.90 (brs, 2H, 
NH2), 6.76 (d, J = 6.2 Hz, 1H, (SO2)NH), 3.86 (s, 3H, O-CH3). LC–MS (ESI) m/z: 398.1 (MS 
calcd for C19H16N3O5S [M+H]+, 398.1), tR = 8.9 min, purity > 95% (UV). 

Virtual fragment screening 

The structure-based virtual fragment screening was achieved using Schrödinger Maestro 
2019-2 software package (LLC, New York, NY). The Fragment screening compound 
database of Molport (Riga, Latvia) was optimized and energetically minimized via OPLS3 
force field algorithm implemented in the LigPrep module of Schrödinger suite. The ionization 
states of the ligands at pH 7 ± 2 and the tautomers were generated by the Epik tool. The 
removal of the salts and the generation of all stereoisomers were then performed, leading to 
a maestro file including the prepared 3D structures of the fragments. The protein was 
prepared as previously described.28 GLIDE v8.3 in standard precision (SP) mode docked the 
fragments and reported the 5000 best compounds in terms of docking score. 

Chromogenic assays 

The FXIIa screening assay and its data treatment were previously reported.28,54 The FXIIa 
assay for confirmation and IC50 determination was similar; the only difference is the addition 
of 1 mM EDTA in the buffer. The following general procedure was used for all enzymes. 
Tested compounds were dissolved in DMSO and diluted to the desired concentration. The 
kinetic buffer consisted of 30 mM HEPES, 150 mM NaCl, and 0.005% Triton-X-100, adjusted 
at pH 7.4 with 1 M NaOH (5 mM CaCl2 was added for thrombin and FXa assays). 6 µL of 
tested compound in DMSO (or DMSO alone), 10 µL of enzyme (20-fold the concentration 
mentioned in Table 4.S2), and 164 µL of the kinetic buffer were mixed for 5 sec and 
incubated for 10 min at 37°C. 20 µL of the appropriate substrate (10-fold the concentration 
mentioned in Table 4.S2) were then injected in each well to start the reaction. The release of 
p-nitroaniline was monitored for 3.5 minutes at 405 nm. Between each absorbance reading, 
the plate was shaken for 1 sec. Regarding the data treatment, the case of compounds 
exhibiting an IC50 below 10-fold the enzyme concentration was observed in this study. 
Therefore, an effect of the enzyme concentration was present. Because the enzyme 
concentration was not the same for each enzyme, the IC50 cannot be compared and a 
correction of this effect is required.42 The apparent inhibitory constant (Ki

app) of tight-binding 
inhibitors were determined using the Morrison equation (Equation 1).55,56 

𝑣𝑖 =  𝑣0

[𝐸] − [𝐼] − 𝐾𝑖
𝑎𝑝𝑝

+ √([𝐸] − [𝐼] − 𝐾𝑖
𝑎𝑝𝑝

)
2

+ 4[𝐸]𝐾𝑖
𝑎𝑝𝑝

2[𝐸]
        (𝐸𝑞. 1) 

 
where vi is the initial reaction velocity observed at inhibitor concentration [I], v0 is the control 
velocity observed in the absence of inhibitor ([I] = 0), [E] is the active enzyme concentration, 
and Ki

app is the apparent inhibition constant. The nonlinear regression was performed using 
GraphPad Prism 9.5.0 (730) (San Diego, CA, USA).  
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Intact mass protein analysis 

Intact mass protein experiments were performed an Agilent 1290 Infinity II UPHLC System 
coupled to an Agilent 6560 IM-Q-TOF (Agilent Technologies, Santa Clara, CA, USA) with 
electrospray ionization (Dual Agilent Jet Stream ESI) operating in positive ion mode and an 
autosampler. Mass spectra were obtained using a bioZenTM 3.6 µm Intact XB-C8 (2.1 x 50 
mm, flow rate 0.5 mL/min, at 70°C – Phenomenex, Torrance, CA, USA) using the following 
gradient of the binary solvent system of mobile phase A (DMSO/water/formic acid, 3:94.5:0.5 
v/v%) and mobile phase B (DMSO/isopropanol/acetonitrile/water/formic acid, 3:80:10:6.5:0.5 
v/v%): 0 min, 78% of A; 0.5 min, 78% of A; 6 min, 68% of A; 7 min, 40% of A; 9 min, 40% of 
A. Before sample preparation, FXIIa commercial solution was buffer exchanged with 100 mM 
ammonium acetate pH 7 and concentrated 1.75 times using a Amicon® Ultra-0.5 Centrifugal 
Filter Unit (Merck KGaA, Darmstadt, Germany). The samples were prepared as follows: (1) 
10 µL of 65 µM FXIIa was diluted with 14.5 µL of 100 mM ammonium acetate buffer pH 7, (2) 
1 µL of 2.8 mM tested compound (or DMSO alone) was added and, after mixing, the solution 
was incubated for 10 min, (3) the reaction was quenched by 6 µL of 2.8% formic acid in 
isopropanol. 3 µL of sample was injected. Instrumental parameters were as follows: capillary 
voltage 4.5 kV, nozzle voltage 2 kV, nebulizer pressure 40 psi, drying gas flow 8 L/min, 
sheath gas temperature 300 °C, sheath gas flow 11 L/min, Quad AMU 310, acquisition rate 
1.0 spectre/s, reference mass 322.048121 & 2421.91399, scan mode Standard (High 
Sensivity – 4GHz High resolution), and scan range 100 to 3200 m/z. The deconvolution was 
performed using the Agilent MassHunter BioConfirm Software and pMod algorithm. 

Biological testing 

Preparation of normal pooled plasma 

The study protocol was in accordance with the Declaration of Helsinki and the recruitment of 
the healthy volunteers has been approved by the Ethical Committee of the CHU UCL Namur, 
Yvoir, Belgium (approval number: B03920096633). After a written informed consent, a total 
of 48 healthy volunteers were recruited at University of Namur (Namur, Belgium) in October 
2021. The exclusion criteria were thrombotic and/or hemorrhagic events, antiplatelet and/or 
anticoagulant medication, pregnancy, and uptake of drugs that can affect the platelet and/or 
coagulation factor functions during the two weeks prior to the blood donation. The population 
study had the following characteristics: 17 males and 31 females aged from 18–57 years 
(mean age = 24 years) with BMI (body mass index) ranging from 16.6 – 42.1 kg.m-2 (mean 
BMI = 22.5 kg/m2). Three and two individuals possessed the prothrombin G20210A 
(heterozygote) and factor V Leiden mutations, respectively. Blood was taken by venipuncture 
in the antecubital vein using a 21‐gauge needle and collected into 0.109 M sodium citrate 

tubes (9:1 v/v) (Vacuette, Greiner bio‐one). The supernatant fraction of blood tubes after 
double centrifugation for 15 min at 2500 × g at room temperature gave the platelet poor 
plasma. The platelet poor plasma of the 48 individuals were then pooled to obtain the normal 
pooled plasma (NPP). NPP was frozen at -80°C. Frozen plasma samples were thawed, 
heated at 25°C for 10 min, and gently mixed just before the experiment. 

Activated partial thromboplastin time (aPTT) procedure 

The aPTT was performed using the SynthasIL® reagent (silica activator plus phospholipids) 
(Werfen, Breda, Nederlands). Plasma samples were mixed with the aPTT reagent and the 
reaction was triggered with the addition of 20 mM CaCl2, according to the manufacturer's 
recommendations. 

Prothrombin time (PT) procedure 

The PT assay was performed with the FibEx methodology, using a mixture of phospholipids 
(PL) and 20 pM tissue factor (TF). For the FibEx methodology57, 80 µL of plasma samples 
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were mixed with 20 µL of the TF + PL. The coagulation was triggered by the addition of 20 
µL of a 100 mM CaCl2 solution. 

Stability assays 

Tested compounds were dissolved in DMSO and diluted to the desired concentration. 2 µL of 
tested compound in DMSO (or DMSO alone), 99 µL of PBS (without Ca2+ or Mg2+), and 99 
µL of PBS or normal pooled plasma were sealed by an adhesive aluminum foil (VWR, 
Leuven, Belgium) and then gently mixed for 30 min at 37°C to homogenize the solution and 
stabilize the temperature. The fluorescence was then recorded every 195 s for 72h (aqueous 
stability) or 10h (plasmatic stability) at 510 (Ex. 425), 525 (Ex. 425), and 530 (Ex. 430). 
Between fluorescence readings, the plate was shaken for 1 sec. The fluorescence was 
normalized by dividing the values with the value of the first point. The fluorescence in plasma 
increased over time. This effect was corrected by dividing the values with the ratio of 
increase of the blank. The progress curves were then fitted to the exponential one-phase 
decay implemented in GraphPad Prism 9.5.0 (730) (San Diego, CA, USA). 
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