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Chapter 7

Abstract

Direct factor Xa inhibiting oral anticoagulants are widely used as alternatives to 
conventional vitamin K antagonists in the management of venous thromboembolism 
and nonvalvular atrial fibrillation. Unfortunately, bleeding-related adverse effects 
remain a major safety concern in clinical practice. In case of bleeding or emergency 
surgery, rapid-onset reversal agents may be required to counteract the anticoagulant 
activity and restore normal hemostasis. Here we show the ability of F174-substituted 
human factor X variants to rapidly restore thrombin generation in the presence of 
direct factor Xa inhibitors (apixaban, rivaroxaban, edoxaban). Their ability to bypass the 
anticoagulant effects relies on a decreased sensitivity for the direct factor Xa inhibitors 
due to a disrupted factor Xa-inhibitor binding stability. Furthermore, modification of 
F174 resulted in a partial loss of inhibition by tissue factor pathway inhibitor, adding 
to the procoagulant effect of F174-substituted factor X. Consequently, our F174-
substituted factor X variant effectively counteracted the anticoagulant effects of 
apixaban and rivaxoraban in plasma of atrial fibrillation and venous thromboembolism 
patients. As such, these variants have the potential to serve as a rescue reversal 
strategy to overcome the effect of direct factor Xa inhibitors in case of life-threatening 
bleeding events or emergency surgical interventions.
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Introduction

Thromboembolic events contribute significantly to morbidity with a global incidence 
rate of 2.000 cases per 100.000 and have been estimated to account for 1 in 4 deaths, 
representing the leading cause of mortality worldwide1. Individuals with a heightened 
tendency to form thrombi are at increased risk for ischemic heart disease and stroke, 
deep-vein thrombosis, pulmonary embolism, and other cardiovascular disorders. 
The direct oral anticoagulants (DOACs) targeting the key proteases factor Xa (FXa)2-

5 or thrombin6 are widely used in the management and prevention of thrombotic 
events7. However, major bleeding complications are observed in 1-5% of the patients 
receiving DOACs8-10. Considering that these anticoagulants are prescribed to millions of 
people worldwide, anticoagulant-associated bleeding will remain a prominent clinical 
concern11,12. Life-threatening or uncontrollable bleeding requires the use of agents that 
enable rapid reversal of the anticoagulant activity13,14. With the direct FXa inhibitors 
representing the vast majority of DOAC prescription15,16, access to an effective reversal 
agent for the direct FXa inhibitors is of critical importance. Currently, andexanet alfa 
(andexanet)17, is the only US Food and Drug Administration and European Medicines 
Agency approved specific reversal agent for the direct FXa inhibitors. While clinical 
guidelines state that andexanet can be useful for the reversal of rivaroxaban and 
apixaban, the drug is not readily available at many centers and patient selection is 
critical18-21. In the absence of a specific reversal agent, the guidelines instead recommend 
administration of 4-factor prothrombin complex concentrate (PCC; 50U/kg) or activated 
PCC (50U/kg)18-20.

The development of agents specific for FXa inhibitor reversal is mostly based on 
recombinant modification of FXa and its inactive zymogen FX22. Zymogen FX is 
composed of a heavy and light chain that are covalently linked via a disulfide bond. The 
N-terminal light chain consists of a gamma-carboxyglutamic acid (Gla) domain and two 
epidermal growth factor-like domains that are responsible for anionic phospholipid-
binding and have been implicated in macromolecular interactions, respectively23. 
The C-terminal heavy chain comprises an activation peptide that is proteolytically 
removed upon activation and the serine protease domain that includes the active site, 
hallmarked by the catalytic triad residues His95, Asp102, and Ser195 (chymotrypsinogen 
numbering). FX is converted into FXa upon proteolytic activation by the extrinsic factor 
VIIa (FVIIa) and tissue factor (TF) complex or the intrinsic factor IXa (FIXa) and factor 
VIIIa (FVIIIa) complex. The newly-formed FXa assembles with its cofactor factor Va (FVa) 
into the prothrombinase complex that is responsible for the conversion of prothrombin 
to the active protease thrombin. The spatiotemporal assembly of this complex occurs 
exclusively on the surface of anionic membranes in the presence of calcium ions. 
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Downregulation of FXa activity proceeds via inactivation by the endogenous Kunitz-
type inhibitor tissue factor pathway inhibitor (TFPI) and serpin antithrombin (AT).

At present, bioengineering of FXa has generated several FXa-based reversal agents 
that function either by sequestering or bypassing the direct FXa inhibitors. The 
currently approved antidote andexanet is a catalytically inactive Gla-domainless FXa 
that functions as a decoy by stoichiometric binding of the inhibitors in order to restore 
endogenous thrombin generation24. Yet, the active site and exosites remain available 
for potential interactions with pro- and anticoagulant proteins25-28. To prevent such 
macromolecular interactions, Jourdi et al. generated a Gla-domainless FXa sequestered 
by α2-macroglobulin (GDFXa-α2M), which retains its affinity for the direct FXa inhibitors29. 
Alternatively, several prohemostatic bypassing agents have been proposed such as a 
zymogen-like FXa variant (FXa-I16L) exhibiting impaired binding of FXa inhibitors30,31. In 
addition, we recently reported a FX variant comprising an extended 99-loop (FX-C) that 
sterically prevents interactions with the direct FXa inhibitors32. Herein, we showed that 
the S4 subsite region in the FXa active site, formed by residues Y99, F174, and W215, 
stabilizes the binding of the FXa inhibitor apixaban. We further demonstrated that 
disruption of the S4 subsite through alanine-substitution of Y99 and/or F174 resulted 
in a moderate loss of apixaban sensitivity32.

In this study, we explored the ability of F174-substituted FX variants to support 
thrombin generation in the presence of the direct FXa inhibitors. Our data demonstrate 
that these FX variants exhibit a reduced sensitivity for the natural inhibitor TFPI and for 
the direct FXa inhibitors due to the destabilization of inhibitor binding. Furthermore, 
our FX variants were able to restore thrombin generation in plasma derived from atrial 
fibrillation and venous thrombosis patients treated with apixaban or rivaroxaban. As 
such, these FX variants have the potential to serve as an alternative therapeutic option 
to counteract bleeding induced by direct FXa inhibitors.

Material and Methods

Materials: Apixaban (Adooq Bioscience, Irvine, CA, USA) was dissolved to 5 mg/mL 

in vehicle (10% EtOH, 10% glycerol, 10% PEG400, 3.5% dextrose (v/v)). Rivaroxaban 
and edoxaban (10 mM in dimethyl sulfoxide (DMSO) were from Hölzel Diagnostika 
(Cologne, Germany). The peptidyl substrate methoxycarbonylcyclohexylglycylg
lycyl-Arg-pNA (SpecXa) was from Sekisui Diagnostics (Stamford, CT, USA), and N-α-
benzyloxycarbonyl-D-Arg-Gly-Arg-pNA (S2765) and H-D-Phe-Pip-Arg-pNA (S2238) 
were from Instrumentation Laboratories (Bedford, MA, USA). All tissue culture reagents 
were from Life Technologies (Carlsbad, CA, USA). Calibrator and fluorescent substrate 
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(FluCa) were from Thrombinoscope (Maastricht, the Netherlands). FX-depleted 
human plasma, prothrombin time (PT) reagent (Neoplastine CI Plus), and activated 
partial thromboplastin time (aPTT) reagent (Triniclot) were from Stago (Asnière-Sur-
Seine, France). Normal pooled plasma (NPP) was from Sanquin (Amsterdam, the 
Netherlands). Unfractionated heparin (UFH) was from LEO Pharma (Ballerup, Denmark). 
Small unilamellar phospholipid vesicles (PCPS) composed of 75% (wt/wt) hen egg 
L-phosphatidylcholine (PC) and 25% (wt/wt) porcine brain L-phosphatidylserine (PS) 
(Avanti Polar Lipids, Alabaster, AL, USA) were prepared and characterized as described33. 
All functional assays were performed in HEPES-buffered saline (HBS: 20 mM HEPES, 
0.15 M NaCl, pH 7.5) supplemented with 5 mM CaCl2, 0.1% PEG8000 filtered over an 
0.2 µm filter (assay buffer).

Patient Plasma: Blood samples from 89 patients (male/female, 56/44%; mean age, 
62 ± 8 years) treated with direct FXa inhibitors were collected from Cochin and 
Lariboisière University Hospitals (Assistance Publique – Hôpitaux de Paris (AP-HP), 
Paris, France). Forty-seven patients were treated for non-valvular atrial fibrillation 
(AF) (23 with apixaban; 24 with rivaroxaban) and 54 for venous thromboembolic 
(VTE) disease (27 with apixaban; 27 with rivaroxaban). Patients gave their written 
informed consent, and the investigation was conducted according to the Declaration 
of Helsinki. Blood was collected in 0.109 M buffered trisodium citrate (9:1 v/v) (Greiner 
Bio One, Courtaboeuf, France), and platelet-poor plasma (PPP) was prepared following 
two sequential centrifugation steps at 2500 g for 15 min at room temperature and 
stored at −80°C. Plasma was briefly thawed at 37°C immediately prior to analysis; all 
assays were performed in a blinded manner and according to the manufacturers’ 
instructions. Plasma concentrations of direct FXa inhibitors were assessed using a 
specific anti-Xa assay (STA Liquid Anti-Xa, Stago) on STAR analysers using dedicated 
calibrators and controls with a lower limit of quantification of 18 ng/mL. Fibrinogen 
levels were measured by Clauss method (Dade Thrombin, Siemens, Munich, Germany). 
Prothrombin time results were expressed as international normalized ratio (INR).

Proteins: Human plasma-derived factor V (FV), FVIIa, FIXa, prothrombin, α-thrombin, 
AT, and the inhibitor dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide (DAPA), RVV-X 
activator, and corn trypsin inhibitor (CTI) were from Haematologic Technologies (Essex 
Junction, VT). TFPI) was a generous gift from dr. Cornelis van ‘t Veer (Amsterdam UMC, 
The Netherlands). Inhibitory antibodies against the TFPI Kunitz 1 domain, the TFPI 
Kunitz 2 domain or a mix of anti-Kunitz 1 domain, anti-Kunitz domain 2, and anti-TFPI 
C-terminus were obtained from Sanquin (Amsterdam, the Netherlands). Human TF 
(Innovin) was obtained from Siemens (Newark, NY, USA), recombinant factor VIII (FVIII, 
NovoEight) was from NovoNordisk (Plainsboro, NJ, USA). Recombinant constitutively 
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active B-domainless human factor V (FV-810; hFV)34 was large-scale expressed in BHK 
cells and conditioned media was collected and purified as described32.

Construction and Purification of Factor X Variants: DNA constructs encoding FX 
variants comprising the Phe174Ala (FX-F174A), or Phe174Ser (FX-F174S) were prepared 
from the pCMV4 vector carrying wild-type (wt) human FX35 by site-directed mutagenesis 
using the Q5-mutagenesis kit (New England Biolabs; Ipswich, MA, USA). Transfection 
of the plasmids encoding the FX constructs into HEK293 cells, the selection of stable 
clones, and the expression and purification of the FX variants were performed as 
described previously32. Partially purified FXa variants were obtained by expanding the 
stable cell line into three 175 cm2 cell flasks and conditioning for 24 h in FX-specific 
expression media. Conditioned media was collected for three consecutive days, 
centrifuged at 4000 g, filtered over an 0.45 μm polyethersulfone membrane, and 
supplemented with 1mM benzamidine prior to storage at −20 °C. Following thawing 
of the conditioned media, the media was ultrafiltrated employing Amicon Ultra-15 
centrifugal filter units with 30 kDa molecular weight cutoff to ~2 mL in HBS, 50% (v/v) 
glycerol, and stored at −20 °C.

Purification of Factor Xa: Purified recombinant FX (r-FX) was activated with RVV-X (1.15 
µg/mL FX), applied to a benzamidine sepharose 6B column (GE Healthcare) equilibrated 
in HBS and eluted using HBS supplemented with 4 mM benzamidine. Fractions were 
analyzed for FXa activity employing peptidyl substrate hydrolysis (SpecXa). Fractions 
containing FXa activity were pooled and precipitated using ammonium sulphate (Sigma 
Aldrich, St Louis, Mo, USA). Precipitate was dissolved to ~3 mg/mL in HBS containing 
50% (v/v) glycerol and stored at −20°C. Purified products were visualized by SDS-PAGE 
employing Coomassie Brilliant Blue staining.

Specific Factor X Activity: The specific extrinsic clotting activity was determined using 
a modified FX-specific PT-based assay. FX-depleted plasma (45 μL) was mixed with 5 
μL FX sample, followed by a 60 s incubation period at 37°C. Coagulation was initiated 
with the addition of 50 μL PT reagent, and the coagulation time was monitored using 
a Start4 coagulation instrument (Stago). The specific intrinsic clotting activity was 
determined using a modified FX-specific aPTT-based assay. FX-depleted plasma (45 
μL) was mixed with FX sample (5 μL) and aPTT reagent (50 μL), followed by an 180 s 
incubation period at 37°C. Coagulation was initiated with the addition of 50 μL of 25 mM 
CaCl2, upon which the coagulation time was monitored. Reference curves consisted of 
serial dilutions of NPP. Clotting times were converted to U/mg via the reference curves, 
assuming 1U FX equals 9 μg/mL.
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Macromolecular Substrate Activation: Steady-state initial velocities of macromolecular 
substrate cleavage were determined discontinuously at 25°C in assay buffer as 
described36,37. Briefly, progress curves of prothrombin activation were obtained by 
incubating PCPS (50 μM), DAPA (10 µM), and prothrombin (1.4 µM) with recombinant 
FV-810 (20 nM), and the reaction was initiated with 0.1–0.4 nM of r-FXa, FXa-F174A 
or FXa-F174S upon which the rate of prothrombin conversion was measured. The 
kinetic parameters and equilibrium binding constants for prothrombin and cofactor 
Va (FV-810) were determined using increasing concentration of respective proteins36. 
Prothrombin conversion was assayed in the absence or presence of the direct FXa 
inhibitors apixaban, rivaroxaban or edoxaban (1 pM–100 μM) in order to determine 
IC50 concentrations for each prothrombinase-assembled FXa variant.

Inhibition by TFPI was assessed using 0-10 nM TFPI incubated with PCPS (50 μM), DAPA 
(10 µM), prothrombin (1.4 µM) and FV-810 (2 nM). Reactions were initiated with 0.05 
nM FXa and at selected time points (5-60 min), aliquots were taken and quenched 
in HBS supplemented with 50 mM EDTA (EDTA-buffer). The rate of prothrombin 
conversion was measured as described above and corrected for substrate consumption 
according to a previously established model system38. Inhibitory constant values were 
determined using normalized thrombin values at 30 min and subsequent analysis by 
linear regression.

The rate of FX (9.1–2,500nM) activation by the TF-FVIIa complex (TF, 0.1 nM; FVIIa, 
0.5 nM) was determined in the presence of PCPS (50 μM) in assay buffer at 25°C. At 
selected time points (0.5-4 min), aliquots were taken and quenched in EDTA-buffer. The 
amidolytic activity of each sample was determined by SpecXa conversion (250 μM) and 
the initial rates of chromogenic substrate hydrolysis were converted to nanomolar of 
product by reference to a standard curve. The apparent KM and kcat values for substrate 
activation were calculated from the Michaelis-Menten equation. For FX activation by 
the FVIIIa-FIXa complex (FVIIIa 5 nM; FIXa 0.5 nM; PCPS 50 μM) a similar approach was 
used. FVIII (NovoEight; 40nM) was activated by thrombin (100 nM) for 30 s at 25°C and 
the reaction was stopped by the addition of a 10-fold molar excess of hirudin. FXa 
formation was assessed as described above.

Chromogenic Substrate Hydrolysis. The kinetics of peptidyl substrate hydrolysis 
were measured in assay buffer using increasing concentrations of SpecXa (10–600 
μM) or S2765 (1.2–1200 μM) and initiated with 5 nM of the FXa variants. Chromogenic 
conversion was assayed in the absence or presence of the direct FXa inhibitors 
apixaban, rivaroxaban or edoxaban (0.0001–100 μM; SpecXa 250 μM) in order to 
determine IC50 concentrations for each free FXa variant.

7
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Inhibition of Factor Xa by Antithrombin. The rate of inactivation of FXa by AT was 
measured in assay buffer under pseudo-first-order rate conditions at ambient 
temperatures. Uncatalyzed reactions were prepared in assay buffer containing 0.1–0.8 
μM AT and 7.5 nM FXa. At 0–110 min residual enzyme activity was determined with 
the addition of 250 μM SpecXa. Catalyzed reactions were prepared in assay buffer 
containing 0.5–6 mIE/mL UFH, 0.5 μM AT, initiated with 5nM FXa. At 0.5–10 min residual 
enzyme activity was determined with the addition of 250 μM SpecXa. The rate of AT 
inhibition was determined by fitting the obtained values to an exponential decay 
function (k1) and subsequent analysis by linear regression (k2) using GraphPad Prism 
software suite.

Calibrated Automated Thrombography. Thrombin generation curves were obtained 
by supplementing NPP with TF (2 or 6 pM), CTI (70 μg/mL), PCPS (20 μM), and 15–45 
μg/mL FX variant in the absence or presence of the direct FXa inhibitors apixaban, 
rivaroxaban or edoxaban. Thrombin formation was initiated by addition of substrate 
buffer (FluCa) to the plasma. The final reaction volume was 120 μL, of which 80 μL was 
plasma. Thrombin formation was determined every 15 s for 30–60 min and corrected 
for the calibrator using Thrombinoscope software. The lag time, mean endogenous 
thrombin potential (ETP), thrombin peak height, and velocity index were calculated 
from at least three individual experiments.

Molecular Dynamics Simulations. Molecular Dynamics (MD) simulations of FXa-F174A 
and FXa-F174S in complex with apixaban were performed using GROMACS version 
5.1.439, starting from the crystal structure with PDB ID 2P165 in which F174 was mutated 
in silico into alanine or serine, respectively. Starting from these structures, energy 
minimization and four independent MD simulations were performed per system 
(starting from different randomly assigned atomic velocities), using identical set-up 
and settings as previously described for FXa simulations32. Each production MD run as 
used for further analysis was 500 ns long, and root-mean-square deviations (RMSDs) 
during simulation of apixaban atomic positions were calculated after conformational 
fitting on the MD starting structure with respect to backbone atoms of the protein. 
Averaging over 10 ns intervals generated block-averaged time series for the analyzed 
data, and subsequently standard deviations were computed.

Statistical Analysis: All statistical analyses were computed using the GraphPad Prizm 
software. Kinetic data were analyzed by nonlinear regression using a three-parameter 
logistic function. Coefficients of determination (R2) were given by linear regression. 
Parameters of calibrated automated thrombography in patient plasma and in the 
absence versus presence of TFPI-inhibiting antibodies were compared by one-way 
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ANOVA. Statistical significance was accepted for p-value of <0.05. All data are presented 
as mean ± 1 standard deviation and are the result of at least two-three experiments, 
unless stated otherwise.

Results

Characterization of F174-substituted Factor X Variants. Previously we reported 
that partially purified F174A-substituted FXa demonstrates a moderate loss of 
sensitivity for the direct FXa inhibitor apixaban (9-fold enhanced IC50) while retaining 
procoagulant activity32. In addition to an alanine replacement, the S4 subsite Phe174 
was also substituted by a similarly hydrophobic Ile residue and a hydrophilic Ser, 
thereby generating FX-F174I and FX-F174S, respectively. Following stable FX expression 
in HEK293 cells, initial analysis of partially purified FXa variants revealed a reduced 
apixaban inhibition (10-16-fold enhanced IC50) (Figure S1), consistent with earlier 
observations32. Given that all F174-substituted variants displayed similar IC50 values 
for apixaban inhibition, we next subjected the FX variants with the most significant 
change in the S4 subsite (FX-F174A and FX-F174S) to further characterization following 
purification. SDS-PAGE analysis showed each FX(a) variant to migrate similar to 
recombinant wild-type FXa (r-FXa) (Figures 1A,B; S2). Analysis of PT- or APTT-based 
fibrin clot formation initiated by the extrinsic (Figure 1C) or intrinsic coagulation 
pathway (Figure 1D) revealed FX-specific clotting activities similar to that of r-FX, 
indicating that substitution of F174 by either alanine or serine does not affect FXa 
procoagulant function.

F174 Substitution in Factor X Reduces the Sensitivity for the Direct Factor Xa 
Inhibitors. In concordance with a reduced apixaban inhibition in partially purified FXa 
variants (Figure S1), assessing the inhibitory constant of the direct FXa inhibitors in a 
purified system demonstrated a ~2-5-fold reduced sensitivity for purified free FXa-F174 
variants relative to r-FXa. Assembly of FXa-F174 variants into prothrombinase resulted 
in a 5-10-fold decreased sensitivity for inhibition by either apixaban, rivaroxaban or 
edoxaban compared to r-FXa (Table 1). These results confirm our initial observations 
and suggest that F174-substituted FXa variants might support thrombin generation in 
the presence of the direct FXa inhibitors.

To determine the capacity of the purified F174-substituted FX variants to overcome 
inhibition by the direct FXa inhibitors, their thrombin-forming potential was assessed 
using a high TF-trigger (6 pM) resulting in direct FX activation by TF-FVIIa. Following 
supplementation of NPP with r-FX at three-fold the FX plasma concentration (30 µg/mL), 
apixaban dose-dependently decreased thrombin peak with half-maximum inhibition 
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at 0.1µM (Figure 2A; Table S1). The latter was markedly higher than the values of 
free FXa inhibition in a purified system (Table 2)5, which may be due to the plasma setting and 
supraphysiologic amounts of FX in this system. Conversely, supplementation with FX-
F174A or FX-F174S resulted in a 15-35-fold reduction in apixaban sensitivity relative to 
r-FX (Figure 2A; Table S1). In a similar fashion, addition of F174-substituted FX variants 
demonstrated a 10-15-fold reduced sensitivity to inhibition by rivaroxaban or edoxaban 
compared with r-FX (Figure 2B,C; Table S1). Next, the ability of the FX variants to 
support thrombin generation was explored under conditions when FX activation is 
mainly driven by FIXa40,41, via the so-called Josso loop using a low amount of TF (2 pM). 
Similar to previous observations, supplementation with either FX-F174A or FX-F174S 
demonstrated a 10-40-fold reduced sensitivity for apixaban, rivaroxaban, or edoxaban 
relative to r-FX (Figure S3; Table S1).

S4 Subsite Displacement of Apixaban in Complex with F174-substituted Factor Xa. 
To gain insight into the molecular mechanism underpinning the reduced sensitivity of 
the F174-substituted FXa variants for the FXa inhibitors, we performed MD simulations 
of the FXa variants in complex with apixaban. The F174A and F174S substitutions were 
modelled into apixaban-bound FXa (PDB ID 2P16)5, and four 500 ns MD simulations 
of each FXa–apixaban complex were independently performed. Each simulation was 
initiated from an identical conformation but with different atomic starting velocities. 
As we previously described32, MD simulations with wild-type FXa produced little if any 
shifts in apixaban positioning, which is indicative of a high binding stability of apixaban 
in the FXa active site (Figure 3A). In contrast, substantial movement of the apixaban 
molecule was observed in the MD trajectories of at least two out of the four simulations 
of the FXa-F174A and FXa-F174S apixaban complexes (Figure 3B,C). This was reflected 
by root-mean-square deviation (RMSD) values of >0.1 nm, as well as by displacement of 
apixaban from either the S4 subsite alone or in combination with displacement from 
the S1 subsite. As such, these findings indicate an enhanced mobility of apixaban in 
the FXa active site and a loss of apixaban binding stability following F174-substitution.

Reduced TFPI Inhibition of F174-substituted Factor Xa Augments the Direct 
Factor Xa Inhibitor Bypassing Effect. We next assessed the kinetic parameters of 
the FXa-F174 variants to examine the effects of F174 substitution on the FXa active site. 
Evaluation of the ability of the FXa variants to hydrolyze the FXa-specific chromogenic 
substrates SpecXa and S2765 revealed no differences in kcat relative to r-FXa (Table 
2). Conversely, the binding affinities of both substrates were significantly altered in 
the FXa-F174 variants (Table 2), indicative of a modified substrate binding cleft. This 
would imply that either the chromogenic substrates engage the FXa S4 subsite42 
or that F174 substitution induces conformational changes in the substrate binding 
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region. Importantly, the kinetic parameters of prothrombin conversion by the FXa-
F174 variants, as well as the apparent binding affinity for the FVa-like cofactor FV-810, 
were similar to those of r-FXa (Table 2). This demonstrates that F174 modification does 
not significantly impact the assembly of the prothrombinase complex or the catalytic 
efficiency of FXa’s natural substrate prothrombin.

To examine the effects of F174 substitution on FXa inhibition, we assessed the second-
order rate constants of the natural active site inhibitor AT. Inhibition of FXa-F174 
variants proceeded at an identical rate relative to r-FXa in the absence or presence 
of UFH (Table 1), consistent with previous reports32,43,44. These observations might 
reflect the interaction of AT with the FXa S1 subsite rather than the S4 subsite, as 
shown by X-ray structures45,46. On the other hand, assessment of prothrombinase-
assembled FXa inhibition by the natural active site inhibitor TFPI revealed that FXa-
F174A and FXa-F174S displayed a 1.3- and 4.5-fold reduced TFPI sensitivity relative 
to r-FXa, respectively (Figure 4, Table 1). To gain more insight in the TFPI resistance, 
we next explored the thrombin-forming potential of FX-F174 variants using calibrated 
automated thrombography in plasma supplemented with antibodies that specifically 
block the function of individual TFPI domains. In the absence of TFPI antibodies, FX-F174 
variants displayed a two-fold increased thrombin peak height relative to r-FX (Figure 
S4). In contrast, similar thrombin peak heights were observed in the presence of TFPI-
inhibiting antibodies (Figure S4). This indicates that the initial increased thrombin-
forming potential of FX-F174 variants is induced by a partial loss of inhibition by TFPI. As 
such, these results suggest an additional mode of action by which the F174-substituted 
FX variants bypass the direct FXa inhibitors.

F174-substituted Factor X Variants Bypass the Direct FXa Inhibitors and Restore 
Thrombin Generation. The reduced sensitivity for the direct FXa inhibitors and TFPI 
(Table 1, S1) might enable FX-F174 variants to reverse the anticoagulant effect of the 
direct FXa inhibitors. We therefore studied the ability of our FX-F174 variants to overcome 
therapeutic peak inhibitor levels47-49 using calibrated automated thrombography in 
response to a high TF-trigger (6 pM). Following supplementation of NPP with apixaban, 
rivaroxaban, or edoxaban (1 µM), r-FX (60 µg/mL) only minimally improved the thrombin 
generation (up to 20% of NPP peak height; Figure 5A). In contrast, supplementation 
with 30 µg/mL FX-F174A or FX-F174S fully restored the thrombin generation in the 
presence of apixaban, whereas 15 µg/mL improved the thrombin peak height to 75% 
of NPP (Figure 5B). Similarly, the anticoagulant activity of rivaroxaban was completely 
reversed by the FX-F174 variants (Figure 5C) and improved up to 60-75% of NPP in 
edoxaban-spiked plasma (Figure 5D). This is consistent with the initially observed ~11-
fold increase in IC50 for edoxaban compared to the 15-35-fold increase for apixaban or 
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rivaroxaban (Table S1). Of note, supplementation with the FX-F174 variants prolonged 
both the lag time and time to peak by 1.3-2-fold in the presence but not in the absence 
of an inhibitor (Figure S5). However, this delay in thrombin generation was not induced 
by a diminished FX activation considering the steady-state kinetics for activation by the 
intrinsic or extrinsic tenase complexes were unperturbed (Table S2). Furthermore, no 
delay in the activation of FV was observed since FXa-F174A activated FV in an identical 
manner to r-FXa (Figure S6). In addition, assessment of the thrombin-forming potential 
under conditions of a limited TF-trigger (2 pM) revealed that the anticoagulant activity 
of the direct FXa inhibitors was largely reversed via supplementation of 15-30 µg/mL 
FX-F174A or FX-F174S (Figure S7). Consistent with previous results in the presence of 
a high TF-trigger, the FX-F174 variants maintained an increased lag time relative to NPP 
in the absence of an inhibitor.

F174-substituted Factor X Reverses the Anticoagulant Activity of Apixaban and 
Rivaroxaban in Atrial Fibrillation and Venous Thromboembolism Patient Plasma. 
Since both FX-F174 variants behaved in a similar fashion, we selected FX-F174A for 
assessment in patient plasma. The ability of FX-F174A to bypass the direct FXa inhibitors 
was validated in plasma derived from AF and VTE patients who were treated with 
apixaban or rivaroxaban (Table S3) using calibrated automated thrombography in 
response to a high TF-trigger (6 pM). Assessment of the thrombin-forming potential 
demonstrated that supplementation of patient plasma with FX-F174A increased the 
thrombin peak height in all individual patient samples (Figure 6A,B). In AF patient 
plasma, the thrombin peak height was increased to near-NPP conditions (290-330 
nM). In addition to the thrombin peak height, AF and VTE patient plasma displayed a 
significant prolonged lag time relative to NPP (Figure 6C). Supplementation with FX-
F174A markedly shortened the lag time in all individual patients samples (Figures 6C,D). 
Additional assessment revealed that FX-F174A reversed the anticoagulant effect on the 
thrombin generation velocity in similar fashion as the thrombin peak height and lag time 
(Figures S8A,B). In contrast, the ETP in AF and VTE patient plasma was only modestly 
reduced in the absence of FX-F174A relative to NPP (Figures S8C,D) as a result of the 
inhibitor-induced extension of the thrombin generation curves over time. Still, FX-F174A 
significantly elevated the ETP in all patient groups. As such, these results demonstrate 
that F174-substituted FX variants have the ability to reverse the anticoagulant activity 
of the direct FXa inhibitors in patient plasma.
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Discussion

In this study, we present FX variants that could act as prohemostatic bypassing agents 
by initiating coagulation in the presence of direct FXa inhibitors. We showed that a FX 
variant comprising a single substitution in the S4 subsite effectively counteracted the 
anticoagulant effects of apixaban or rivaroxaban in plasma from AF and VTE patients. 
While FX-F174A is inhibited by rivaroxaban and apixaban to some extent (Figure S9), 
FX-F174A is nonetheless capable of promoting thrombin formation in the presence of 
therapeutic concentrations of FXa inhibitor. Unfortunately, we were unable to obtain 
plasma samples from the same individual patients before treatment initiation. As 
thrombin generation profiles of individual plasmas can vary substantially, such samples 
would provide valuable information on the level of anticoagulant reversal in these 
patients 50. Nevertheless, our FX variant successfully restored the thrombin-forming 
potential within the therapeutically useful inhibitor range (>100 nM), at which patients 
are likely at an increased risk for bleeding49.

In the presence of therapeutic peak inhibitor levels we were able to restore thrombin 
generation using 15-45 µg/mL of our F174-substituted FX variants. The increased 
amounts of FX-F174 variant that are required to bypass the direct FXa inhibitors relative 
to the FX plasma concentration51 could reflect the competition for activation by the 
intrinsic and extrinsic tenase complexes with endogenous FX. Furthermore, FX-F174 
variants displayed a 1.3-2-fold increase in lag time compared to r-FX. However, the 
kinetic constants for the activation of FX by the intrinsic or extrinsic tenase complexes 
were unperturbed. Moreover, a delay in the FXa-mediated activation of FV is known 
to specifically prolong the thrombin generation lag time52, yet the activation of FV was 
identical between FXa-F174A and r-FXa. An alternative explanation might be a delay 
in FV activation in the presence of the direct FXa inhibitors. The small amounts of FXa 
that are being generated during the initial phase of coagulation are likely targeted by 
direct FXa inhibitors. Minor differences in the affinity of these inhibitors for FXa might 
therefore induce the observed inhibitor-dependent prolongation in lag time.

Interestingly, we observed a reduced sensitivity of FXa-F174 variants for the natural 
inhibitor TFPI. Previous studies have shown that the inhibition or sequestration of TFPI 
could restore hemostasis in hemophilic plasma and patients25,26,53-55, thus providing 
evidence for an additional mode of action by which our FX-F174 variants are able to 
bypass direct FXa inhibitors. Despite the three-fold reduction in TFPI sensitivity of FXa-
F174S relative to FXa-F174A (Figures 4,S4, Table 2), their minor functional differences 
might be explained by the relatively low plasma concentration of free TFPIα (~0.3nM)56,57. 
The partial resistance for TFPI might also explain the augmented IC50 values of FX-F174 
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variants for the direct FXa inhibitors observed in plasma relative to the inhibition of 
free or prothrombinase-assembled FXa. Collectively, our findings reveal that FX-F174 
variants bypass direct FXa inhibitors via an unique mechanism compared to previously 
described reversal agents and indicate that modulation of FXa inhibition by TFPI might 
be a viable strategy to overcome the anticoagulant effects of direct FXa inhibitors.

To get further insights into the mechanistic principles of our FX-F174 variants, we 
examined the impaired FXa-apixaban interaction using MD simulations. Although 
the active site of FXa is able to accommodate the inhibitor, the increased mobility 
of apixaban following F174 substitution indicates a loss of binding stability. Previous 
studies suggested an important role for the S4 subsite in the stabilization of apixaban 
binding5,32. In line with our MD simulations the S4 subsite is confirmed to be less compact 
due to the substitution of the large aromatic phenylalanine by the relatively small 
alanine or serine (Figure S10), resulting in decreased binding stability. Interestingly, Qu 
et al. recently performed similar MD simulations (with lengths of 200-500 ns) using a 
modelled FXa-F174A variant based on the FXa-rivaroxaban X-ray structure58. In contrast 
to our results using apixaban, the slightly smaller and more flexible rivaroxaban ligand 
was completely released into the solvent within 100 ns in three out of five simulations. 
In the two other trajectories, the P4 moiety of rivaroxaban shifted into the S1′ pocket 
between residues F41, Q61, and Q192. These differential effects suggest that the binding 
stability of rivaroxaban is even more impacted upon F174 substitution compared to 
apixaban. Substitution of F174 for alanine or serine induces minor conformational 
modifications in the FXa active site, as shown by the reduced catalytic activity towards 
FXa-specific chromogenic substrates. However, plasma clotting and kinetic assays 
demonstrated that the conversion of the natural substrate prothrombin remained 
unaltered, suggesting that prothrombin does not engage in productive interactions 
with the S4 subsite of FXa. Alternatively, these results might suggest that exosites in FXa 
and prothrombin drive the proteolytic cleavage at the prothrombin activation residues 
R271 and R32059,60. Although our data does not provide any indication, it should be 
noted that the FXa-F174 variants might have potential off-target interactions that have 
not been uncovered by the in vitro experimental systems.

A limitation of our approach may be the use of a recombinant protein variant that could 
elicit an immunogenic response, thereby limiting the efficacy of repeated use. Since 
our FX variants comprise a single amino acid substitution, the risk for immunogenicity 
might be minimal. Thus far, neutralizing antibody responses against andexanet alfa have 
not been reported and neither have antibodies with cross-reactivity to factor X(a) been 
detected17,61. Non-neutralizing antibodies have been developed albeit with generally 
low antibody titers61. Importantly, only a few cases of patients with acquired inhibitors 
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against FX have been reported62, suggesting that either FX or its derived variants have 
little immunogenic potential. It is also important to note that prohemostatic bypassing 
agents may significantly increase the risk for thrombotic complications and therefore 
require intensive evaluation in clinical practice. For safety purposes, we employed F174-
substituted FX variants in an inactive zymogen form, which would prevent potential 
macromolecular interactions. Upon the initiation of secondary hemostasis, FX-F174 
variants are activated through the intrinsic and extrinsic pathways in a similar manner 
as endogenous FX. As such, major disturbances that could fail to stop bleeding or 
otherwise induce pathological thrombosis might be prevented.

In conclusion, our findings show that via a single residue substitution we have created 
a FX variant that exhibits a decreased sensitivity for direct FXa inhibitors and is partially 
resistant to inhibition by TFPI. We further demonstrated the ability of F174-substituted 
FX variants to reverse the anticoagulant activity of apixaban and rivaroxaban in plasma 
of AF and VTE patients. As such, these variants have the potential to serve as a rapid-
onset prohemostatic bypassing strategy to counteract life-threatening bleeding 
complications as a result of direct FXa inhibitors.
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Figure 1. Characterization of F174-substituted factor X(a) variants. (A-B) SDS-PAGE analysis of 
purified recombinant FX (A) or FXa (B) variants (2 µg/lane) under reducing conditions and visual-
ized by staining with Coomassie Brilliant Blue R-250. Lane 1, wild-type FX(a); lane 2, FX(a)-F174A; 
lane 3, FX(a)-F174S. The protein bands corresponding to the FX heavy chain (HC), the heavy chain 
derived from α or β FXa (α or β), the FX(a) light chain (LC), and the apparent molecular weights (kDa) 
of the standards are indicated. The purified FXa products migrate as a mixture of α and β FXa, 
with the latter resulting from autoproteolytic excision of the C-terminal portion of FXa-α (residues 
436–447). Both α and β FXa isoforms are functionally similar with respect to prothrombinase 
assembly, prothrombin activation, antithrombin recognition, and peptidyl substrate conversion63. 
(C-D) The specific clotting activity of wild-type FX (r-FX), FX-F174A (F174A), or FX-F174S (F174S) 
initiated by the extrinsic (C) or intrinsic (D) pathway using a prothrombin time (PT)-based or ac-
tivated partial thromboplastin time (aPTT)-based assay as described in ‘Materials and Methods’. 
Mean values are given ± 1 S.D. Data are representative of three independent experiments.
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Figure 2. F174-substituted factor X variants facilitate thrombin generation in the presence of 
the direct factor Xa inhibitors. Thrombin generation was measured for 60 min at 37°C in normal 
pooled plasma supplemented with 30 µg/mL of r-FX (grey diamonds), FX-F174A (blue triangles), or 
FX-F174S (orange squares) and increasing concentrations (1 nM-100 μM) of apixaban (A), rivarox-
aban (B), or edoxaban (C). Thrombin formation was triggered by the addition of 6 pM TF in the 
presence of 20 μM PCPS and initiated with CaCl2 and a thrombin fluorogenic substrate as detailed 
in ‘Materials and Methods’. The thrombin peak height was normalized to the peak height in the 
absence of inhibitor, and the lines were drawn by fitting the data to a three-parameter logistic 
function upon which the IC50 ± 1 standard deviation of the induced fit were obtained (Table S1), 
which are shown in the insert. The grey dotted areas represent therapeutic peak inhibitor levels 
(apixaban, 0.35-1.5 μM; rivaroxaban, 0.5-2 μM; edoxaban, 0.25-0.9 μM). Data are representative 
of three independent experiments.

A
0.6

0 100 200 300 400 500
0.0

0.1

0.2

0.3

0.4

0.5

Simulation time (ns)

R
M

SD
(n

m
)

#1
#2
#3
#4

B
0.6

Simulation time (ns)
0 100 200 300 400 500

0.0

0.1

0.2

0.3

0.4

0.5

R
M

SD
(n

m
)

#1

#2
#3
#4

C

#1
#2
#3

#4

0 100 200 300 400 500
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Simulation time (ns)

R
M

SD
(n

m
)

FXa-F174SFXa-F174AFXa

Figure 3. Molecular Dynamics of apixaban bound to factor Xa variants. MD simulations were 
performed using the X-ray structure of apixaban-bound factor Xa (PDB ID: 2P16)5. (A, data from 
reference32). Substitutions of phenylalanine 174 were modelled in order to generate FXa-F174A 
(B) or FXa-F174S (C) and were used here for respective simulations. Root-mean-square deviations 
(RMSDs, with respect to 2P16) of atomic positions of the apixaban ligand during four independent 
500 ns simulations are presented as block averages over 10 ns intervals (#1-#4). The correspond-
ing single standard deviation intervals are indicated (gray density).
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Figure 4. Inhibition of factor Xa variants by tissue factor pathway inhibitor (TFPI). The inhibi-
tion of factor Xa by TFPI was assessed by measuring the prothrombinase-dependent conversion 
of prothrombin. Reaction mixtures containing 1.4 µM prothrombin, 2 nM FV-810, 50 µM PCPS, 10 
µM DAPA were initiated with 0.05 nM r-FXa (A), FXa-F174A (B), or FXa-F174S (C) in the presence 
of 0-10 nM TFPI. At selected time intervals, samples were removed and thrombin formation was 
assessed by S2238 (250 µM) conversion. The data was corrected for substrate consumption 
as described in ‘Materials and Methods’. The data sets are representatives of two independent 
experiments.
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Figure 5. F174-substituted factor X variants restore thrombin generation in inhibitor-spiked 
plasma. Thrombin generation was measured for 60 min at 37°C in normal pooled plasma (NPP) 
supplemented with (A) 1 μM apixaban, rivaroxaban, or edoxaban in the absence (yellow, light 
blue, or light green diamonds, respectively) or with addition of 60 µg/mL r-FX (orange, dark blue or 
dark green, respectively), (B) 15-30 µg/mL FX-F174A (light blue-dark blue diamonds) or FX-F174S 
(yellow-orange diamonds) and apixaban (1 μM), or (C-D) 15-45 µg/mL FX-F174A (light blue-dark 
blue diamonds) or FX-F174S (yellow-orange diamonds) and 1 μM rivaroxaban (C) or edoxaban (D). 
Thrombin formation was triggered by the addition of 6 pM TF in the presence of 20 μM PCPS and 
initiated with CaCl2 and a thrombin fluorogenic substrate as detailed in ‘Materials and Methods’. 
The thrombin generation curves of NPP in the absence (A-D) (light gray area under the curve) 
or presence (B-D) (dark gray area under the curve) of the inhibitors are shown. Data sets are 
representatives of three independent experiments.
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Figure 6. Reversal of the anticoagulant activity of apixaban or rivaroxaban in atrial fibrilla-
tion and venous thromboembolism patient plasma. Thrombin generation was measured for 
60 min at 37°C in plasma from atrial fibrillation (AF) or venous thromboembolism (VTE) patients 
treated with apixaban (APX) or rivaroxaban (RVX) in the absence (pink dots) or supplemented 
(grey squares) with 30 µg/mL FX-F174A. Thrombin formation was triggered by the addition of 6 
pM TF in the presence of 20 μM PCPS and initiated with CaCl2 and a thrombin fluorogenic sub-
strate as detailed in ‘Materials and Methods’. The thrombin peak height (A-B) and lag time (C-D) 
are shown. The thrombin peak height and lag time of individual patient plasma in the absence 
or supplemented with FX-F174A are shown by connected lines (B, D). Bars represent the mean, 
grey dotted areas represent NPP values (n=13; thrombin peak, 290-330 nM; lag time, 1.7-2 min). 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 according one-way ANOVA. Each data point rep-
resents a single measurement performed for each patient sample.
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Supplementary Figures and Tables

IC50 (nM)
r-FXa             1.1 ± 0.1
FXa-F174A    9.9 ± 0.6 
FXa-F174I    13.3 ± 0.9
FXa-F174S   15.5 ± 0.9
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Supplementary figure 1. Apixaban inhibition of partially purified factor Xa variants. The rate 
of peptidyl substrate conversion (250 μM SpecXa) by 5 nM of RVV-X-activated r-FX (grey diamonds), 
FX-F174A (blue triangles), FX-F174I (green circles), or FX-F174S (orange squares) was determined in 
the absence (V0) or presence (Vi) of increasing apixaban concentrations (0.1 nM–10 μM). The lines 
were drawn by fitting the data to a three-parameter logistic function, and the fitted parameters 
for IC50 ± 1 standard deviation of the induced fit are shown in the inset. Data are the means of 
two independent experiments.
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Supplementary figure 2. SDS-PAGE analysis of F174-substituted factor X(a) variants. SDS-
PAGE analysis of purified recombinant FX (A) or FXa (B) variants (2 µg/lane) under non-reducing 
conditions and visualized by staining with Coomassie Brilliant Blue R-250. Lane 1, wild-type FX(a); 
lane 2, FX(a)-F174A; lane 3, FX(a)-F174S. The protein bands corresponding to full-length FX (FX), 
the full length α or β FXa (α or β), and the apparent molecular weights (kDa) of the standards are 
indicated. The purified FXa products migrate as a mixture of α and β FXa, with the latter resulting 
from autoproteolytic excision of the C-terminal portion of FXa-α (residues 436–447). Both α and 
β FXa isoforms are functionally similar with respect to prothrombinase assembly, prothrombin 
activation, antithrombin recognition, and peptidyl substrate conversion63.
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IC50 (nM)

r-FX              166 ± 16
FX-F174A   1813 ± 229 
FX-F174S                 4074 ± 661

IC50 (nM)
r-FX                 30 ± 4
FX-F174A   1175  ± 439 
FX-F174S                 1276 ± 98

IC50 (nM)
r-FX                 60 ± 9
FX-F174A      712 ± 109 
FX-F174S                                                       711 ± 84

Supplementary figure 3. F174-substituted factor X variants facilitate thrombin generation 
in the presence of the direct factor Xa inhibitors following a low TF-trigger. (A-C) Thrombin 
generation was measured for 60 min at 37°C in normal pooled plasma supplemented with 30 µg/
mL of r-FX (grey diamonds), FX-F174A (blue triangles) or FX-F174S (orange squares) and increasing 
concentrations (0.001-100 μM) of apixaban (B), rivaroxaban (C) or edoxaban (D). Thrombin for-
mation was triggered by the addition of 2 pM TF in the presence of 20 μM PCPS and initiated with 
CaCl2 and a thrombin fluorogenic substrate as detailed in ‘Materials and Methods’. The thrombin 
peak height was normalized to the peak height in the absence of inhibitor, and the lines were 
drawn by fitting the data to a three-parameter logistic function upon which the IC50 ± 1 standard 
deviation of the induced fit were obtained (Table S1), which are shown in the insert. The grey 
dotted areas represent therapeutic peak inhibitor levels (apixaban, 0.35-1.5 μM; rivaroxaban, 
0.5-2 μM; edoxaban, 0.25-0.9 μM). Data are representative of three independent experiments.
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Supplementary figure 4. Blocking of tissue factor pathway inhibitor (TFPI) during thrombin 
generation by F174-substituted factor X variants. Thrombin generation was measured for 60 
min at 37°C in FX-depleted plasma supplemented with 10 µg/mL r-FX, FX-F174A, or FX-F174S in 
the absence (white, light blue, and yellow diamonds, respectively) or presence (grey, dark blue, and 
orange diamonds, respectively) of TFPI blocking antibodies against the Kunitz 1 domain (A, 10 
µg/mL), the Kunitz 2 domain (B, 50 µg/mL), or the Kunitz 1 domain, Kunitz 2 domain, and C-ter-
minus (C, 50 µg/mL). (D) Thrombin peak height was plotted for each condition and the results 
are presented as mean ± SD (grey: r-FX, blue: FX-F174A, orange: FX-F174S). Ab indicates antibody; 
anti-K1, anti-K2, and anti-K1, K2, C indicate TFPI blocking antibodies against: Kunitz 1 domain; the 
Kunitz 2 domain; or the Kunitz 1 domain, Kunitz 2 domain and C-terminus, respectively. Thrombin 
formation was triggered by the addition of 1 pM TF in the presence of 20 μM PCPS and initiated 
with CaCl2 and a thrombin fluorogenic substrate as detailed in ‘Materials and Methods’. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 according to one-way ANOVA. The statistically significant 
differences given are compared to the respective data in the absence of antibodies (no ab). Data 
sets are representatives of two to three independent experiments.
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Supplementary figure 5. Thrombin generation in the absence of direct factor Xa inhibitors. 
Thrombin generation was measured for 30 min at 37°C in FX-deficient plasma supplemented 
with 10 µg/mL of r-FX (grey diamonds; area under the curve), FX-F174A (blue diamonds) or FX-F174S 
(orange diamonds). Thrombin formation was triggered by the addition of 6 pM TF in the presence 
of 20 μM PCPS and initiated with CaCl2 and a thrombin fluorogenic substrate as detailed in ‘Ma-
terials and Methods’.
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Supplementary figure 6. SDS-PAGE analysis of factor V activation by F174-substituted factor 
Xa variants. Plasma derived (pd)-FV (455 nM) was incubated for 10min at 25°C with increasing 
concentrations (0 – 100 nM) of (A) recombinant factor Xa (r-FXa) or (B) FXa-F174A in the presence 
of 50 μM PCPS. Samples (3 μg/lane) were subjected to SDS-PAGE under reducing conditions 
using the MOPS buffer system and visualized by staining with Coomassie Brilliant Blue. Lanes 
1-7: pd-FV incubated with 0, 1, 5, 10, 20, 50, or 100 nM FXa; lane 8: thrombin-activated pd-FV (25 
nM thrombin, 15min at 37°C). The protein bands corresponding to single chain uncleaved pd-FV 
(FV), partially activated FV (FVa*), FVa heavy chain (HC), FVa light chain (LC), and the apparent 
molecular weights of the standards (kDa) are indicated. The data represents a single experiment.
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Supplementary figure 7. Correction of thrombin generation at a limited tissue factor con-
centration in the presence of the direct factor Xa inhibitors. Thrombin generation was mea-
sured for 60 min at 37°C in normal pooled plasma (NPP) supplemented with (A) 1 μM apixaban, 
rivaroxaban, or edoxaban in the absence (yellow, light blue, or light green diamonds, respectively) 
or with addition of 60 µg/mL r-FX (orange, dark blue or dark green, respectively), or (B-D) 15-30 
µg/mL FX-F174A (light blue-dark blue diamonds) or FX-F174S (yellow-orange diamonds) and 1 μM 
apixaban (B), rivaroxaban (C) or edoxaban (D). Thrombin formation was triggered by the addition 
of 2 pM TF in the presence of 20 μM PCPS and initiated with CaCl2 and a thrombin fluorogenic 
substrate as detailed in ‘Materials and Methods’. The thrombin generation curves of NPP in the 
absence (A-D) (light gray area under the curve) or presence (B-D) (dark gray area under the curve) 
of the inhibitors are shown. Data sets are representatives of three independent experiments.
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Supplementary figure 8. Velocity of thrombin generation and endogenous thrombin po-
tential (ETP) in atrial fibrillation and venous thromboembolism patient plasma. Thrombin 
generation was measured for 60 min at 37°C in plasma from atrial fibrillation (AF) or venous 
thromboembolism (VTE) patients treated with either apixaban (APX) or rivaroxaban (RVX) in the 
absence (pink dots) or supplemented (grey squares) with 30 µg/mL FX-F174A. Thrombin formation 
was triggered by the addition of 6 pM TF in the presence of 20 μM PCPS and initiated with CaCl2 
and a thrombin fluorogenic substrate as detailed in ‘Materials and Methods’. The thrombin gener-
ation velocity (A-B) and ETP (C-D) are shown. Thrombin generation values of the individual patient 
plasma in the absence or supplemented with FX-F174A are shown by connected lines (B, D). Bars 
represent the mean, grey dotted area represents NPP values (n=13; velocity, 130-160 nM/min; 
ETP, 1200-1400 nM*min). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 according to one-way 
ANOVA. Each data point represents a single measurement performed for each patient sample.
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Supplementary figure 9. Correlation between the thrombin peak height and factor Xa inhib-
itor plasma concentration in patients plasma. Thrombin generation was measured for 60 min 
at 37°C in plasma from atrial fibrillation (A-B) or venous thromboembolism (C-D) patients treated 
with either apixaban or rivaroxaban in the absence (pink dots) or presence (grey squares) of 30 µg/
mL FX-F174A. Thrombin formation was triggered by the addition of 6 pM TF in the presence of 20 
μM PCPS and initiated with CaCl2 and a thrombin fluorogenic substrate as detailed in ‘Materials 
and Methods’. The thrombin peak height is presented and lines represent the correlation drawn 
by fitting the data to a linear regression function upon which the coefficient of determination 
(R2) and p-values of the linear regression were obtained; grey dotted area represents NPP values 
(n=13; thrombin peak, 290-330 nM). Each data point represents a single measurement performed 
for each patient sample.
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A B

C

Supplementary Figure 10. Phenylalanine 174 substitution in the factor Xa S4 subsite. (A) X-ray 
structure of apixaban bound to wild-type factor Xa (FXa; PDB 2P16)5 shown in line configuration 
and the modelled structure of phenylalanine 174 substitution with alanine (B; FXa-F174A) or 
serine (C; FXa-F174S). Interatomic distances between residue 174 and the P4 moiety of apixaban 
are indicated by yellow dashed lines (wild-type FXa (3.5-3.8 Å), FXa-F174A (4.0-5.3 Å), FXa-F174S 
(3.9-4.9 Å)). Apixaban is shown in red. Tyrosine 99 (orange stick), residue 174 (teal stick) and the 
catalytic triad residues (His57, Asp102, and Ser195; magenta sticks) are indicated. The figure was 
created using PyMol.
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Apixabana

IC50 (nM)
Rivaroxabana

IC50 (nM)
Edoxabana

IC50 (nM)
Apixabanb

IC50 (nM)
Rivaroxabanb

IC50 (nM)
Edoxabanb

IC50 (nM)

r-FX 121 ± 31 204 ± 28 118 ± 24 166 ± 16 30 ± 4 60 ± 9

FX-F174A 1813 ± 184 3477 ± 583 1243 ± 222 1813 ± 229 1175 ± 439 712 ± 109

FX-F174S 4238 ± 965 3200 ± 405 1385 ± 262 4074 ± 661 1276 ± 98 711 ± 84

Supplementary Table 1. Half maximal inhibitory concentration (IC50) of factor X variants in 
thrombin generation. IC50 values determined using thrombin generation in the presence of 6 
pMa or 2 pMb tissue factor were obtained as described in ‘Materials and Methods’. Fitted values 
± 1 standard deviation of the induced fit are representative of three independent experiments.

Intrinsic tenase
KM (µM)

Intrinsic tenase
kcat (min-1)

Extrinsic tenase
KM (µM)

Extrinsic tenase
kcat (min-1)

r-FX 275 ± 50 27.5 ± 1.6 502 ± 55 32.5 ± 1.3

FX-F174A 308 ± 51 27.3 ± 1.5 349 ± 54 32.7 ± 1.4

FX-F174S 345 ± 36 24.6 ± 0.9 320 ± 36 31.0 ± 1.1

Supplementary table 2. Kinetic parameters of factor X activation. The kinetic constants for 
the activation of the factor X variants by either the intrinsic or extrinsic tenase complexes were 
obtained as described in ‘Materials and Methods’. Fitted values ± 1 standard deviation of the 
induced fit are representative of two to three independent experiments.
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