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Summary 

 

Upon binding to tissue factor, FVIIa triggers coagulation by activating vitamin K-dependent 

zymogens, factor IX (FIX) and factor X (FX). To understand recognition mechanisms in the 

initiation step of the coagulation cascade, we present a three-dimensional model of the ternary 

complex between FVIIa:TF:FIX. This model was built using a full-space search algorithm in 

combination with computational graphics. With the known crystallographic complex FVIIa:TF 

kept fixed, the FIX docking was performed first with FIX Gla-EGF1 domains, followed by the FIX 

protease/EGF2 domains. Because the FIXa crystal structure lacks electron density for the Gla 

domain, we constructed a chimeric FIX molecule that contains the Gla-EGF1 domains of FVIIa 

and the EGF2-protease domains of FIXa. The FVIIa:TF:FIX complex has been extensively 

challenged against experimental data including site-directed mutagenesis, inhibitory peptide data, 

haemophilia B database mutations, inhibitor antibodies and a novel exosite binding inhibitor 

peptide. This FVIIa:TF:FIX complex provides a powerful tool to study the regulation of FVIIa 

production and presents new avenues for developing therapeutic inhibitory compounds of 

FVIIa:TF:substrate complex. 
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Introduction 

 

Activated factor VII / tissue factor (FVIIa:TF) enzyme complex is the principal initiator of the 

coagulation cascade. FVIIa has little proteolytic activity on its own (1). However, when complexed 

to the tissue factor (TF), FVIIa triggers coagulation by activating vitamin K-dependent zymogens, 

factor IX (FIX) and factor X (FX) to their respective active forms FIXa and FXa (2,3). The 

FVIIa:TF complex can also activate FVII in an autocatalytic manner (4) but it remains unclear to 

what extent this pathway contributes to the generation of FVIIa. Vitamin K-dependent factor VII 

(FVII), factor IX, factor X, and protein C are highly homologous proteins made up of four 

domains: a carboxyglutamic acid (Gla)-rich domain at the N terminus, then two epidermal growth 

factor (EGF)-like domains, and a chymotrypsin-type serine protease domain at the C terminus. 

Because FVII, FIX, and FX share significant structural homology, these substrates are likely to 

bind in a similar fashion onto FVIIa:TF and therefore binding data pertaining to a particular 

substrate might be applied to others (5). 

FVIIa:TF initiated coagulation is involved in various pathological conditions including 

cardiovascular atherosclerotic disease (6-8), disseminated intravascular coagulation (9) and 

probably venous thrombosis (10). Thus, analysis of the ternary complex TF:FVIIa:substrate, with 

substrate being either FIX, FX or FVII itself, may have important implications for potential 

development of anticoagulant therapies. In the absence of crystallographic complex, we have 

performed docking experiments to identify substrate binding residues and to predict the orientation 

of FVIIa relative to its substrates. 

 

Despite an explosion in available experimentally-determined protein structures, protein-protein 

complexes remain scarce in the Protein Data Bank (11). Alternatively, protein docking is a 

computational technique aiming at predicting protein-protein interactions (12,13). In a blind test, 
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several algorithms were used to predict the binding of the β-lactamase inhibitory protein to the 

TEM-1 β-lactamase (14). Each of the six participating research groups predicted the correct general 

mode of association, highlighting the maturity of these algorithms (14). However, to be feasible, 

protein docking requires common approximations. Most often proteins are kept rigid rigid (15-17) 

although local refinements have shown improved results (18,19). To take into account side-chain 

flexibility, shape-based search protocols (20-22) use a qualitative "softness" in the shape potential 

with a simplified van der Waals and electrostatic scoring functions (23-26).  

 

Because of the intrinsic flexibility of vitamin K-dependent coagulation factors, we need to take into 

account flexibility in our docking experiment. Due to the large structural similarity found among 

domains of vitamin K-dependent coagulation factors (27), we built chimeric protein structures of 

FIX. We present a molecular docking experiment between FVIIa:TF and a chimeric FIX that 

contains either the Gla-EGF1 domains from FVIIa (28), or the Gla-EGF1 domains from FIXa (29) 

followed by the EGF2-protease domains of FIXa (Code 1PFX). The rationale for using chimeric 

proteins in docking is that we take advantage of known experimental conformation of domains 

rather than introduce a flexibility parameter in the three-dimensional conformational search space. 

In addition, the Gla domain of the FIXa crystal structure was not well ordered in the electron 

density and was therefore modeled in the structure 1PFX. Consequently, the Gla domain present in 

this crystal structure might be an inappropriate form of molecular docking with FVIIa:TF. Here, we 

focus on the flexibility between the Gla and EGF1 domains. It has been shown that EGF1 domains 

of FVII, FIX and FX are involved in FVIIa:TF binding (30-33). In addition, Gla domains anchor 

onto phospholipid membranes using solvent-exposed hydrophobic side-chains (34-36). Therefore 

Gla domain of FIX is expected to be in the same putative membrane plane as the Gla domain of 

FVIIa:TF complex. Such biochemical information is often critical in determining the correct 

binding mode of a protein (23). To perform our docking experiments, we used the DOT program 
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(37) which is a grid-based, six-dimensional search algorithm that computes interaction energies 

between a fixed and a moving molecule as a correlation function rapidly calculated using fast 

fourier transforms (25,37,38), similar to the algorithm that outperforms other programs during the 

β-lactamase blind test (14,20). In combination with computational graphics, DOT runs allow us to 

present a putative ternary complex FVIIa:TF:FIX that has been extensively challenged against 

known experimental data. Our chimeric protein docking approach is useful in the mist of the post-

genomic era where the number of experimentally determined structures of paralogs will 

exponentially increase, giving us alternate conformations of multi-domain protein families. 
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Methods 

 

Preparation of coordinate files  

The coordinates of the FVIIa:TF complex (28) (code 1DAN) and FIXa (29) (code 1PFX) were 

obtained from the Protein Data Bank (11). Calcium ions in the X-ray diffraction determined 

structures were kept. Hydrogen atoms were built using X-PLOR software (39) and the energy was 

minimized according to the CHARMM22 force field parameters (40). Histidine residues were 

positively charged when exposed to solvent and otherwise were electrically neutral with protonated 

NE2 atoms. The coordinates of all atoms were generated relative to the center of atomic positions 

of the molecule where all non-polar hydrogen atoms were previously removed. Chymotrypsin 

numbering has been retained for all coagulation factors where the prefix L indicates light chain and 

the prefix H the heavy chain. Numbering according to zymogen proteins is systematically indicated 

in parentheses for FVII (41), FIX (42), and FX (43). 

 

The system of ternary complex docking  

The DOT program searches the binding site on the molecular surface of a protein by systematically 

rotating and translating another protein around it. Both proteins are treated as rigid bodies. In the 

present study, the FVIIa:TF complex was assigned as the stationary molecule and FIX Gla-EGF1 

as the moving one. Due to the large size of the stationary molecule, we used a truncated FVIIa 

including residues from L1 to L95 and a complete set of TF coordinates for the FIX Gla-EGF1 

docking. The last residue, L95, was not modified with a C-terminal carboxylated group to prevent 

truncation artefact. Both molecules were initially located at the center of the grid box for running 

DOT. 

 

Binding energy calculations of the FVIIa-TF complex and FIX Gla-EGF-1  
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We evaluated the binding energy of the ternary complex as the composite sum of electrostatic and 

van der Waals energies. In the DOT program, electrostatic energy is expressed as a correlation 

function of electrostatic potential exerted by the stationary molecule and the charge density of the 

moving molecule. Similarly, the van der Waals energy is the correlation function of the van der 

Waals potential of the stationary molecule and the atomic position of the moving molecule. 

Energies were calculated at each grid point in the box. We used a 128x128x128 grid with 1 Å 

spacing, a dielectric of 3 for protein interior, a dielectric of 80 for the aqueous environment, a 

temperature of 300 K, an ionic exclusion radius of 1.4 Å, and a solvent radius of 1.4 Å. The salt 

effect was represented by a solvent ionic strength of 150 mM. 

Partial charges of atoms for both stationary and moving proteins were taken from the AMBER 

library. The net charge of the truncated FVIIa-TF complex is zero and that of FIX Gla-EGF-1 is 

4 positive electronic units. To alleviate the artefact due to singularities occurring when calculating 

electrostatic energies, we clamped all values of the electrostatic potential grid of the stationary 

molecule in the range –7 to +7 Kcal/mol/e. All electrostatic potentials at grid points were obtained 

by solving the Poisson-Boltzmann equation. 

In a van der Waals potential grid of the stationary molecule, grid points in the “surface layer” (1.5 

to 4.5 Å from a non-hydrogen atomic center) were assigned a value of 1, while those penetrating 

the van der Waals volume of a non-hydrogen atom (within 1.5 Å to the atomic center) were 

assigned a highly unfavorable value of 1000. All other grid points were assigned a value of zero. 

To scale the atom counts of the moving molecule lying within the surface layer to an energetic 

term, we chose a van der Waals well depth of –0.1 Kcal/mol for all interactions and eliminated the 

grid points with collisions greater than zero. DOT runs in parallel on 25 computers (Sun Ultra) in 

about 8.5 hours cpu time. 
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Results 

 

Chimeric FIX docking  

We performed two docking experiments. In the first, the Gla-EGF1 domains of FIXa were used as 

a moving molecule; and in the second, we modeled new Gla-EGF1 domains of FIX using the Gla-

EGF1 domains of FVIIa and used this chimeric construction as a moving molecule. The main 

difference between these two structures is located in the angle between the Gla domain and the 

EGF1 domain (about a 90° difference). DOT generates a minimum-energy grid in which the lowest 

interaction energy among the 28800 rotations is saved at each grid point. To analyze these 

2,097,152 values we calculated an iso-potential surface from the minimum-energy grid that reveals 

“best” clusters with the lowest binding energy. Large clusters have been often correlated with 

correct binding sites (25). Unfortunately, no large low-energy cluster has been found either for the 

first or for the second docking experiments. This is quite common when molecules contain 

significant flexibility. Moreover, the membrane is not included in the search and therefore part of 

the interaction energy between physiological FIX and FVIIa:TF is missing. We then analysed in 

detail the top 2000 answers. To screen potential docking solutions, we selected those having their 

FIX Gla domain in the same plane as the FVIIa Gla domain using computational graphics. Only 

solutions of the second run satisfied this knowledge-based requirement. Putative docked FIX 

conformation includes solutions ranked #1, #258, #474, #1241, #1845, ranked according to their 

binding energies. These five conformations are located within 2 Å distance on the grid. It should be 

noted that no solution from the first run is found close in space to the solution ranked first of the 

second run, even in the top 2000 answers.  

 

FIX Gla-EGF1 docking orientation  
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The Gla domain from the solution ranked first of the second run is oriented 90 degrees relative to 

the FVIIa Gla domain of the FVIIa:TF complex. Solvent-exposed hydrophobic side-chains (grey 

coloured residues) of FVIIa and FIX are located on a same plane (yellow) which represents the 

putative membrane (Fig. 1A). The FIX Gla domain is located beneath, but slightly shifted toward 

the front (Fig. 1). This slight shift allows the C-terminal peptide of physiological TF to reach the 

membrane without steric constraints from the FIX Gla domain. Schematically, the FIX EGF1 β-

sheet domain from the solution ranked first of the second run and the C-terminal fibronectin type 

III domain of TF share contiguous areas. In such an orientation, FIX EGF1 could make backbone 

hydrogen bonds with backbone atoms from TF, though no further optimization of such hydrogen 

bonds has been performed. The FIX Gla and EGF1 domains make several contacts with TF 

(Fig. 1). Our docking indicates that TF Ile152, Tyr157, Lys159, Ser161, Ser162, Ser163, Gly164, 

Lys165, Lys166, Thr167, Lys169, Asp180, Asn184, Pro194, and Ser195 are in direct contact with 

several residues from FIX: LeuL14, CguL15, MetL19, CguL20, PheL41, TyrL45, GlyL48, 

AspL49, GluL52, AsnL54, GlyL59, SerL61, LysL63, AspL64, ProL74, PheL75. The total buried 

molecular surface area between FVIIa:TF and FIX Gla-EGF1 domains is 1033 Å2 including 844 Å2 

between TF and FIX Gla-EGF1 domains. FIX Gla domain makes direct contact with the Gla 

domain of FVIIa. In particular, residue ArgL36 from FVIIa participates in a triple hydrogen-bond 

network (Fig. 1) with backbone carbonyl oxygen from residues Ser163 (TF), MetL19 and CguL20 

(FIX Gla domain). Hydrogen bonds or salt bridges are made between FIX LysL63 and TF Tyr157, 

FIX AspL64 and TF Lys166, FIX AspL49 and TF Lys166, and FIX AsnL54 and TF Lys169. 

Residues making salt-bridges, hydrogen bonds or van der Waals contacts are quite conserved in all 

substrates FVII, FIX, FX (Fig. 2). In grey background are represented residues conserved in all four 

vitamin K-dependent coagulation factors. Interestingly, FIX AsnL54 is found near a region that 

differs significantly between coagulation factors VII, IX, X, and APC. In APC, which does not bind 

to FVIIa:TF, a long insertion (eight residues) is found between residues FIX ProL55 and CysL56. 
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In addition, APC significantly differs from FVIIa:TF substrates at several positions found in direct 

contact with TF highlighted in white in Fig. 2. Our docking suggests that the long insertion in APC 

compared with other vitamin K-dependent substrates of FVIIa:TF is located at the interface 

between EGF1 and TF, therefore preventing APC from binding to FVIIa:TF. 

 

Docking of a complete FIX molecule  

To complete the FIX docking onto FVIIa:TF, the position of FIX protease domain remains to be 

determined. Two knowledge-based constraints are known. Firstly, the N-terminal activation peptide 

(AP) of FIX protease domain binds onto the active site of FVIIa in which FIX Arg(180) will be 

cleaved, thus producing FIXa. Secondly, the FIX EGF2 domain must be covalently bound to the 

EGF1 domain that has been previously docked. We observed that little flexibility is found between 

EGF2 and protease domains of vitamin K-dependent coagulation factors (44). Thus, we treated FIX 

EGF2 domain as an integral part of the protease domain during the next docking experiment. 

To model FIX AP into the FVIIa active site, we superimposed the FVIIa crystal structure bound to 

the bovine pancreatic trypsin inhibitor (45) (code 1FAK) onto the FVIIa crystal structure bound to 

TF used in our docking (code 1DAN). Then, residues from P4 to P4’ of the trypsin inhibitor were 

transferred to their respective positions in FVIIa:TF structure and assigned to residues P4 to P4’ of 

FIX AP. A complete model of FIX AP has been presented elsewhere, however, in an unbound 

conformation (46). Then, we performed a full space search docking experiment with FIX serine 

protease (with EGF2 but without the activation peptide) as a moving molecule and the FVIIa (from 

the FVIIa:TF complex) as a fixed molecule. Since DOT uses a complete treatment of electrostatic 

interactions, Ca2+ ions were included during our docking. Since no large cluster of FIX were found 

around FVIIa, we analysed the top 2000 answers, to search for FIX serine protease domain 

orientation that is compatible with the two aforementioned constraints (AP and EGF1 connection). 

We identified the solution ranked #17 and used computational graphics to further optimize this 
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orientation. In particular we modeled the connection between EGF1 and EGF2 in an extended 

conformation (Fig. 3A). Several cycles of refinement were performed to energy-minimize our 

docking and to optimize amino-acid geometry. No further refinement concerning specific side-

chain side-chain interactions were pursued. 

In the final model, the total buried surface area between FIX heavy chain and FVIIa:TF is 1071 Å2 

whereas the total buried area between FIX light chain and FVIIa:TF is 1033 Å2. Considering the 

pseudo-plane made by the FVIIa and FIX Gla domains, FIX catalytic triad is located about 100 Å 

above the membrane (compared to 95 Å for FVIIa active site). Fig. 3 displays the complete ternary 

complex. FIX active site is located on the opposite side of FIX AP and regions involved in FX 

binding are coloured yellow in Fig. 3B. Fig. 3C presents a schematic drawing of the interactions 

found in the FVIIa:TF:FIX complex. 
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Discussion 

 

In the absence of crystallographic data, full-space search algorithms are promising methods to 

predict protein-protein interactions. Our goal was to dock a complete inactivated coagulation factor 

FIX (FIX) onto the crystallographic complex of activated factor VII (FVIIa):tissue factor (TF); thus 

providing a complete picture of the first event of the extrinsic pathway in the blood coagulation 

cascade. To dock the flexible multi-domain FIX protein (Gla, EGF1, EGF2, protease domain), we 

proceeded in two steps. First, we determined a proper docking orientation for FIX Gla-EGF1 

domains onto FVIIa:TF. Then, we docked the FIX EGF2-protease domains using structural 

constraints such as the location of FIX EGF1-Gla domain and FIX activation peptide. The rationale 

for starting the complete docking of FIX by the Gla-EGF1 domains is that a strong constraint exists 

for FIX Gla domain. Indeed, Gla domains are known to bind to membranes using solvent-exposed 

hydrophobic side-chains (34-36) and therefore FIX Gla domain should be located in approximately 

the same plane as the Gla domain of FVIIa. 

Vitamin K-dependent coagulation factors are very flexible proteins (27,44). To overcome this 

flexibility using a full space search rigid docking algorithm, we used two conformations of FIX 

Gla-EGF1 domains. The first FIX Gla-EGF1 domain is found in the FIXa crystal structure (29) 

whereas the second Gla-EGF1 domain was built using the Gla-EGF1 domains of FVIIa found in 

the FVIIa:TF crystal structure (28); creating a so-called chimeric FIX. One docking experiment was 

performed with each FIX construction yielding only to a satisfactory docking with the second 

construction. Although it may be fortuitous that, in the second construction, the conformation of 

FIX Gla-EGF1 domains was the solution ranked first using the DOT interaction energy function, 

we will now present compelling experimental evidence that support our docking conformation of 

the whole FIX onto FVIIa:TF. These experimental data were obtained from synthetic peptide 

inhibition, site-directed mutagenesis and haemophilia mutation databases, neutralizing antibody 
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binding sites (epitopes), and novel peptide-based anticoagulant inhibitors. It must be emphasized 

that none of these experimental data were used to build the initial complex since the FIX Gla-EGF1 

orientation was determined solely by the automated DOT program. Because vitamin K-dependent 

coagulation factors VII, IX, X are structurally similar and since it has been shown that FIX and FX 

interact with the same TF region in the FVIIa:TF complex (47), we decided to concurrently analyze 

experimental data from each substrate in the following discussion.  

 

Synthetic peptide inhibition  

Non competitive inhibition of FX activation revealed that FVII H142-H163(285-305) was the most 

inhibitory peptide with a Ki value of 2.4 µM (48) suggesting that peptide H142-H163(285-305) is 

located at the interface between FVIIa and FIX. In our FVIIa:TF:FIX complex, the buried 

molecular surface between FVIIa H142-H163(285-305) and FIX is about 195Å2 representing about 

20% of the total buried molecular surface of FIX protease domain. Such contact surface area is in 

agreement with inhibition data suggesting that FVII H142-H163(285-305) is located at the interface 

between FVIIa:TF and its molecular substrate (red CPK in Fig. 3A). 

In addition, several studies have identified FIXa peptides involved in FX activation on the intrinsic 

tenase complex (49-52). These peptides are located around the catalytic cleft of FIXa. On our 

model, these peptides (and FIX catalytic cleft) are located on the back side of FIX when interacting 

with FVIIa:TF complex (yellow CPK in Fig. 3B). 

 

Site-directed mutagenesis and database mutations  

Mutations characterized on FVIIa, TF, or FIX were analysed to challenge our FVIIa:TF:FIX 

docking. Site-directed mutations performed in the FVIIa Gla domains identified a critical residue 

ArgL36 (32). It was shown that FVIIa ArgL36 is involved in the recognition process with 

macromolecular substrate FX Gla-domain and TF. A previous molecular docking of FX Gla 
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domain onto FVIIa:TF did not provide a satisfying structural explanation for the role of ArgL36 

(32). In our docking, ArgL36 is involved in a triple interaction with TF and FIX Gla domains (Fig. 

1B) in agreement with the important role of ArgL36. 

It has been shown that FVIIa GluH154(296) influences the linkage of the macromolecular substrate 

binding site to the catalytic center through an unknown mechanism (53). In our docking complex, 

FVIIa GluH154(296) makes a salt bridge with FIX ArgH188A(358). Among FVIIa:TF substrates, a 

positively charged residue is found at position H188A(358) in both FIX and FVII. In FX, 

LysH186(370) or LysH156(338) could play a similar role since in our model H186 of FIX is 9 Å 

away from FVIIa GluH154(296) and H156 is 12 Å away from FVIIa GluH154(296), compared to 9 

Å between FIX ArgH188A(358) and FVIIa GluH154(296) (Cα distances). The observed allosteric 

effect of FVIIa GluH154Ala(296) mutation could proceed from a molecular switch turned on when 

FVIIa:TF binds to its molecular substrate. 

FVIIa ArgH147(290) has been shown to be required for efficient activation of the macromolecular 

substrate FX and other serine protease substrates FVII and FIX (54). In our ternary complex FVIIa 

ArgH147(290) makes a hydrogen bond with FIX light chain SerL138 and with FIX GlnH26(191) 

from the protease domain. Among FVII, FIX, FX, position H26 is very conserved with either a Gln 

or a Glu, both able to make a hydrogen bond or a salt bridge with FVIIa ArgH147(290). No other 

polar residues are located surrounding FIX GlnH26(191) making this position the principal 

interaction target for ArgH147(290). Unfortunately, the only natural missense mutation reported in 

the haemophilia B database, Gln191Lys, is cross-reacting material negative (CRM-) and certainly 

proceeds from another mechanism. 

On the other hand, analysis of two CRM+ FIX mutations Gly48Arg and Gly48Val have revealed 

that these FIX mutants were barely activated by the FVIIa:TF complex (55). Our FVIIa:TF:FIX 

complex indicates that FIX GlyL48 is located on the interface with TF and therefore the 

replacement of Gly by a bulkier amino acid (Arg or Val) may prevent binding of FIX onto 
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FVIIa:TF (Fig. 1). Another mutation in the FIX haemophilia database, Arg94Ser in the second EGF 

domain, is characterized by a FIX with a 20-fold reduced FVIIa:TF activation due to the presence 

of an additional O-linked carbohydrate (56). In our model, ArgL94 is located about 15-20 Å from 

FVIIa:TF. Therefore, a bulky O-linked carbohydrate could prevent a productive association 

between FIX and FVIIa:TF. 

Site-directed mutations performed on TF provide additional information on FIX binding. A reduced 

activation of FIX and FX has been found for TF mutants Lys165Ala and Lys166Ala (57,58). In 

addition, mutation analysis on TF Ser162, Ser163 and Tyr157 revealed that these residues are 

involved in the binding interface with FIX or FX (59). Our docking confirms that several residues 

in FIX Gla-EGF1 domains are involved in binding of TF (Fig. 1). An alanine scan of TF solvent-

exposed residues has delineated those of TF (Tyr157, Lys159, Ser163, Gly164, Lys165, Lys166, 

and Tyr185) that bind to FIX or FX (47). In our docking, most of these residues make specific 

contacts with FIX residues (Fig. 1) and each residue is located in the interface between FVIIa:TF 

and FIX. 

In summary, the orientation of FIX relative to FVIIa:TF is supported by mutation data found in the 

FIX Gla-EGF1 and protease domains as well as mutations found in FVIIa and tissue factor. In 

addition, our ternary complex provides new testable hypotheses for specific residue-residue 

interactions. 

 

Antibody binding sites  

Monoclonal antibodies are exquisite tools to characterize protein-protein interaction. Six anti-TF 

monoclonal antibodies have been described (60,61). Among them 7G11, 6B4, and HTF1 do not 

display significant anticoagulant potencies (62). Epitope mapping of antibodies D3H44 and 5G6, 

that showed potent anticoagulant properties, revealed that residues TF Lys165, Lys166, Asn199, 

Arg200, and Lys201 are critical epitope residues (61). Epitope of another potent anti-human-TF 
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monoclonal antibody, 5G9 (60) for which a crystal structure has been determined in complex with 

TF, has been mapped to residues Tyr156, Lys169, Arg200 and Lys201 (63) (code 1AHW). Because 

antibody 5G9 is a competitive inhibitor for macromolecular substrate FX activation and because 

5G9 epitope overlaps with D3H44 and 5G6 epitopes, D3H44 and 5G6 are likely competitive 

inhibitors for FVIIa:TF. The location of the 5G9 epitope was displayed onto our ternary complex 

model (Fig. 4A). Taking the volume occupied by an antibody into account, our FIX docking is in 

agreement with the competitive inhibition mechanism through steric hindrance, explaining their 

anticoagulant properties. 

Three monoclonal antibodies have been raised against the serine protease domain of FVIIa. 

Antibodies 12C7 and 12D10 share a common binding site and bind to FVIIa with a sub-nanomolar 

affinity in the presence or absence of TF, whereas antibody F3-3.2A binds with a lower affinity 

(64). Antibody F3-3.2A inhibits proteolytic activity of FVIIa:TF by competition with FX for 

binding to FVIIa:TF. The epitope of antibody F3-3.2A is mapped on our ternary complex and 

overlaps significantly with FIX binding site onto FVIIa:TF (red in Fig 4B). In our model, epitopes 

of antibodies 12C7 and 12D10 do not overlap with FIX binding site onto FVIIa:TF (yellow in Fig. 

4) in agreement with the inhibition mode observed for these two antibodies (64). 

 

Exosite peptides  

A novel class of peptide exosite inhibitors of FVIIa has been recently developed (65). Using 

peptide libraries, peptide E-76 was selected as a potent anticoagulant inhibitor. E-76 binds to FVIIa 

and non-competitively inhibits activation of FX and amidolytic activity. A crystal structure of E-

76:FVIIa complex was determined (65) revealing a large conformational change in FVIIa loop 

H142-H154. The inhibitor E-76 does not prevent substrates to bind (FX), but strongly affect the 

activation process. Our ternary complex enables us to suggest a molecular inhibition mechanism of 

E-76 that corresponds with their observation. Fig. 5 shows our FVIIa:TF:FIX complex in which the 
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large conformational change observed in E-76:FVIIa complex is superimposed. It appears that the 

conformation of FVIIa loop H142-H154 in the E-76:FVIIa complex overlaps with the activation 

peptide of FIX. Therefore, E-76 inhibition mode is to prevent processing of the scissile bond of 

substrate FIX by blocking the access of the activation peptide tail from the FVIIa active site.  

 

Therapeutic perspective  

A self amplifying pathway regulated by feed forward and backward loops offers new possibilities 

for developing antagonisms other than direct inhibition of the resulting thrombin protease. 

Preventing thrombosis and thrombotic complications by inhibiting FVIIa:FT complex activity have 

already been proposed either using RNA aptamers directed against FVIIa (66), monoclonal 

antibodies against TF (67), FVII/FVIIa (68) and FIX (69) or active site-inhibited FVIIa (70-72). 

Moreover, anticoagulants that directly target thrombin are often associated with severe 

haemorrhagic complications, whereas FVIIa:TF complex antagonists showed reduced bleeding in 

animal models (73,74). This might be explained by the fact that inhibition of the FVIIa:TF complex 

does not compromise thrombin activity but limits the generation of upstream procoagulant factors 

respecting the regulating loop. Computational prediction of the TF:FVIIa:FIX complex will offer 

new targets for the development of inhibitors and new anti-thrombotic agents. 
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Figure legends 

 

Fig. 1: A, Ribbon representation of the docking orientation of FIX (orange and purple) onto 

FVIIa:TF complex (cyan and green). The orange conformation depicts the orientation identified by 

the docking program whereas the purple orientation is the computationally optimized docking. 

Calcium ions are drawn as grey spheres. The yellow line symbolizes the presence of a putative 

membrane plane. B, Stereo plot depicting specific side-chains involved in direct interactions 

between FVIIa:TF and FIX. Side-chains are displayed as ball and sticks following the colour 

scheme of the protein they belong to. The atom colour code is black for carbon, blue for nitrogen, 

and red for oxygen. Hydrogen bonds or salt bridges are shown as orange dotted lines. All figures 

were drawn using Molscript (75) and were rendered using Raster3D (76). 

 

Fig. 2: Multiple sequence alignment of the N-terminal sequences of vitamin K-dependent 

coagulation factors. Highlighted residues are located at the interface between FVIIa:FIX or TF:FIX. 

Grey background residues (M/I/K18, D49, G60) are chemically conserved in FVII, FIX, FX, and 

APC. Residues highlighted in white (K22, Y45, N54, K63) are chemically conserved only in FVII, 

FIX, and FX. Dots represent a deletion that occurs in FVII, FIX, and FX compared with APC. 

Numbering corresponds to the mature FIX protein. 

 

Fig. 3: CPK representation of the FVIIa:TF:FIX complex (cyan:green:purple). A, stereo view 

where hydrophobic solvent-exposed side-chains of FVIIa and FIX Gla domains are coloured in 

dark grey (bottom). FVIIa inhibitory peptide H142-H163(285-305) is coloured in red. B, back side 

view showing the complex 180° from A. FIX residues coloured in yellow are known to be in 
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contact with coagulation factors other than FVIIa, whereas the FIX catalytic triad is coloured in 

orange. C, Simplified view of the FVIIa:TF:FIX ternary complex. 

 

Fig. 4: A) Stereo view of molecular steric hindrance between the FVIIa:TF:FIX ternary complex 

(cyan:green:purple) and the anti-coagulant anti-TF antibody 5G9 (transparent light grey CPK). 

Epitope residues of 5G9 have been coloured in red on TF (green). Antibody F3-3.2A binds FVIIa 

residues coloured in red. Epitope residues of FVIIa recognized by antibodies 12C7 and 12D10 have 

been coloured in yellow (top). B, Back side view of the complex 180° from A. 

 

Fig. 5: Stereo plot showing the predicted structural mechanism of new anti-coagulant exosite 

peptides. The conformational change observed in the loop H142-H154 from the crystallographic 

structure of FVIIa-E76 peptide (code 1DVA) is drawn in orange, and is overlaid onto the FVIIa:TF 

crystal structure (code 1DAN). Activation peptide of FIX (purple) binds to FVIIa active site cleft 

(cyan) highlighted by the catalytic triad drawn in balls and sticks (top right). FIX cleavage site, 

residue Arg(180), is also drawn in purple balls and sticks. Steric clash between the activation 

peptide of FIX and FVIIa is indicated by the magenta arrow. 

 



FVIIa:TF:FIX ternary complex 

29 

Figure 1 

 

 



FVIIa:TF:FIX ternary complex 

30 

Figure 2 

 

 



FVIIa:TF:FIX ternary complex 

31 

Figure 3 

 

 

 



FVIIa:TF:FIX ternary complex 

32 

Figure 4 

 

 



FVIIa:TF:FIX ternary complex 

33 

Figure 5 

 

 

 


	Shu-wen W. Chen, Jean-Luc Pellequer1,2 Jean-François Schved3, Muriel Giansily-Blaizot3
	Running title : FVIIa:TF:FIX ternary complex.
	Keywords: Protein-protein interaction, haemostasis, coagulation cascade, haemophilia, extrinsic pathway, comparative modeling, homology modelling.
	Summary
	Preparation of coordinate files
	The system of ternary complex docking
	Binding energy calculations of the FVIIa-TF complex and FIX Gla-EGF-1
	Results
	Chimeric FIX docking
	FIX Gla-EGF1 docking orientation
	The Gla domain from the solution ranked first of the second run is oriented 90 degrees relative to the FVIIa Gla domain of the FVIIa:TF complex. Solvent-exposed hydrophobic side-chains (grey coloured residues) of FVIIa and FIX are located on a same pl...
	Docking of a complete FIX molecule
	Discussion
	Synthetic peptide inhibition
	Site-directed mutagenesis and database mutations
	Antibody binding sites
	Exosite peptides
	Therapeutic perspective
	Figure legends

