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Abstract
Background: Blood coagulation factor VIIa (FVIIa) plays its critical physiological role 
in the initiation of hemostasis. Even so, recombinant FVIIa is successfully used as a 
bypassing agent for factor VIII or IX in the treatment of bleeds in patients with se-
vere hemophilia with inhibitors. To investigate the utility of more potent FVIIa vari-
ants with enhanced intrinsic activity, molecules such as V21D/E154V/M156Q-FVIIa 
(FVIIaDVQ) were designed.
Methods: Surface plasmon resonance was used to characterize the binding of mAb4F5 
to FVIIaDVQ and related variants. X-ray crystallography was used to determine the 
structure of the Fab fragment of mAb4F5 (Fab4F5). Molecular docking and small-
angle X-ray scattering led to a model of FVIIaDVQ:Fab4F5 complex.
Results: The binding experiments, functional effects on FVIIaDVQ and structure of 
mAb4F5 (originally intended for quantification of FVIIaDVQ in samples containing 
FVII(a)) pinpointed the epitope (crucial role for residue Asp21) and shed light on the 
role of the N-terminus of the protease domain in FVIIa allostery. The potential anti-
gen-combining sites are composed of 1 hydrophobic and 1 negatively charged pocket 
formed by 6 complementarity-determining region (CDR) loops. Structural analysis 
of Fab4F5 shows that the epitope interacts with the periphery of the hydrophobic 
pocket and provides insights into the molecular basis of mAb4F5 recognition and 
tight binding of FVIIaDVQ.
Conclusion: The binary complex explains and supports the selectivity and functional 
consequences of Fab4F5 association with FVIIaDVQ and illustrates the potentially 
unique antigenicity of this FVIIa variant. This will be useful in the design of less im-
munogenic variants.
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Essentials
• Factor VIIa (FVIIa) is an allosteric enzyme responsible for blood coagulation initiation.
• We developed a fully inhibitory antibody (mAb4F5) against a superactive FVIIa analogue (FVIIaDVQ).
• We characterized and solved the crystal structure of the Fab fragment (Fab4F5).
• Molecular docking and small-angle X-ray scattering helped building the FVIIaDVQ:Fab4F5 complex.

1  | INTRODUC TION

Blood clotting is preventing blood loss as well as infiltration of 
microbes. Factor VIIa (FVIIa) is one key enzyme in the initiation 
phase of the coagulation cascade,1,2 forming a complex with tissue 
factor (TF) exposed upon injury. The role of TF is to promote FVII 
conversion to FVIIa by localization as well as to convert zymogen-
like FVIIa to the active conformation and make it an efficient catalyst 
of FVII, factor X, and factor IX activation.3 Attempts at creating 
less TF-dependent FVIIa variants, that is, molecules with a built-
in stabilization of the active conformation and elevated intrinsic 
enzymatic activity, have among other variants given rise to V21D/
E154V/M156Q-FVIIa (FVIIaDVQ, chymotrypsinogen numbering).4

Analogue FVIIaDVQ was originally developed with the aim of offer-
ing a more potent FVIIa-based treatment of hemophilia.5 Even though 
it proved very efficacious in the clinical trials,6 FVIIaDVQ provoked the 
immune system in some patients, and the clinical trials were termi-
nated due to the detection of antidrug antibodies.7 FVIIaDVQ was 
more proteolytically active compared to FVIIa, even though it can be 
further stimulated by TF, retained the substrate specificity of FVIIa, 
and efficiently promoted thrombin and fibrin generation.4,8 The need 
for a monoclonal antibody that could be used to quantify FVIIaDVQ in 
clinical samples also containing endogenous FVII(a) led to the identi-
fication of mAb4F5. This antibody also turned out to be a powerful 
tool for studying FVIIa allostery.

In this study, we characterized mAb4F5 binding to FVIIaDVQ, which 
is of very high affinity (Kd <100 pmol/L), and its functional conse-
quences. We have determined the crystal structure of the Fab fragment 
of mAb4F5 (Fab4F5) and described the potential antigen-combining 
sites. We used molecular docking, restrained by experimental small-
angle X-ray scattering (SAXS), to build a model of the FVIIaDVQ:Fab4F5 
complex, which possessed considerable stability. The binary complex 
explains and supports the unique selectivity and, in an allosteric con-
text, functional consequences of Fab4F5 association with FVIIaDVQ.

2  | MATERIALS AND METHODS

2.1 | Expression and purification of FVIIaDVQ and 
Fab4F5 and activity measurements

The FVIIa variants (FVIIaDVQ, FVIIaDV, FVIIaDQ and FVIIaVQ) were 
expressed and purified as described previously,4,9,10 FVIIaDVQ was 
inhibited by incubation with D-Phe-Phe-Arg chloromethylketone 
(fFR-ck),11 and mAb4F5 was generated by standard hybridoma 
technology after immunizing mice with FVIIaDVQ. To produce the Fab 

fragment of mAb4F5 (Fab4F5), the antibody was digested with papain 
in 15 mmol/L cysteine with 2 mmol/L EDTA for 6 hours at 37°C at an 
enzyme-to-antibody ratio of 1:100 (w/w). Fab4F5 was purified from 
the digestion by protein A affinity chromatography in phosphate-
buffered saline followed by cation-exchange chromatography (GE 
Healthcare MonoS 5/50 GL) in 25 mmol/L acetate, pH 5.5.

Purified Fab4F5 was dialyzed in 20 mmol/L Tris-HCl, pH 7.4, 
overnight and concentrated to about 10 mg/mL using stirred ultrafil-
tration cells (Millipore and Amicon Bioseparations, Model-5124) for 
crystallization. The purity and homogeneity of the protein were con-
firmed by reduced SDS-PAGE and analytical gel filtration.

The enzymatic activity of 20 nmol/L FVIIaDVQ in the absence 
and presence of 100 nmol/L mAb4F5 was measured in 50 mmol/L 
HEPES, pH 7.4, containing 0.1 mol/L NaCl, 5 mmol/L CaCl2, 0.1% 
(w/v) bovine serum albumin, using 1 mmol/L S-2288 (Chromogenix, 
Milan, Italy).

2.2 | Characterization of FVIIa variant binding to 
mAb4F5 by surface plasmon resonance (SPR)

The binding analyses were run on a Biacore 3000 instrument 
(Biacore AB, Uppsala, Sweden) at 25°C. Antimouse IgG1, 30 μg/mL 
in 10 mmol/L sodium acetate, pH 5.0, was immobilized onto a CM5 
sensor chip using amine coupling chemistry and used throughout 
the whole series. The flow rate was 5 μL/min and the injection time 
7 minutes. Each subsequent binding experiment comprised the initial 
capture of mAb4F5 by the antimouse IgG1, followed by the binding 
of FVIIa variants (1-50 nmol/L) to mAb4F5 at a flow rate of 20 μL/
min. The running buffer was 20 mmol/L HEPES, pH 7.4, 100 mmol/L 
NaCl, 2 mmol/L CaCl2, 0.005% (v/v) surfactant (P20). The chip was 
regenerated with 10 mmol/L glycine, pH 1.7, between each run. 
Binding kinetics were evaluated using BIAevaluation 4.1 software.

2.3 | Crystallization and Data Collection

Crystallizations of Fab4F5 were performed using the sitting drop 
vapor diffusion method in 48-well plates. Typically, 1 μL protein 
solution was mixed with an equal volume of screening solution and 
equilibrated over 100 μL of the latter in the reservoir. Initial screens 
were carried out with Hampton Research Screen Kits (Hampton 
Research, Aliso Viejo, CA) at room temperature. Large single crystals 
were obtained when a 1.5-μL protein droplet was mixed with an 
equal volume of reservoir solution consisting of 2.3 mol/L ammonium 
sulfate, 100 mmol/L Tris-HCl, pH 7.4, 5% (w/v) PEG400. The crystals 
appeared in about 2 days.
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X-ray diffraction data of Fab4F5 was collected at the BL17U 
beamline, Shanghai Synchrotron Radiation Facility. Prior to mounting 
on the X-ray machine, the crystals were dipped briefly in the mother 
liquor containing 20% glycerol (v/v) as a cryoprotectant. All diffrac-
tion data were indexed and processed by the HKL2000 software 
package (HKL Research, Charlottesville, VA).12 The crystal belonged 
to the space group I23 with cell dimension a = 141.64 Å, b = 141.64 Å, 
c = 141.64 Å. A crystallographic asymmetric unit contained 2 mole-
cules. Statistics of data collection are reported in Table 1.

2.4 | Crystal structure determination and refinement

The structure of Fab4F5 was solved by molecular replacement13 
using the light chain of the Fab fragment of MN20B9.34 anti-
P1.4 antibody (PDB code: 2BRR)14 and the heavy chain of the 
Fab fragment of β2 adrenoceptor antibody (PDB code: 2R4R)15 as 
the search models. The structure was refined by CCP413 without 
noncrystallographic symmetry restraints. The 2Fo–Fc and Fo–Fc 
electron density maps were examined, and the protein model was 
manually adjusted after each refinement cycle using the molecular 
graphics program COOT.16 Solvent molecules were added using 
an Fo–Fc map contoured at 2.5 σ in the final refinement step. The 

majority of residues in the final model have allowed stereochemistry 
in a Ramachandran plot as shown by PROCHECK.17 The final model 
refinement statistics are summarized in Table 1. The structure was 
analyzed by PyMOL.18

2.5 | Molecular modeling and refinement

Molecular modeling of the FVIIaDVQ: Fab4F5 structure was carried 
out by the program HADDOCK.19 A molecular model of FVIIaDVQ 
was generated and mutated from the crystal structure of FVII zy-
mogen (epidermal growth factor [EGF]2/protease domains) in com-
plex with inhibitory exosite peptide A-183 (PDB code: 1JBU).20 FVIIa 
residues previously found to be important for Fab4F5 interactions 
(Table 2) were defined as the constraints. The molecular models 
generated by HADDOCK were grouped into 7 clusters based on the 
structural similarities, and the cluster with the lowest energy had 
54 members. This cluster satisfied most interaction restraints and 
showed the largest buried interface area of approximately 877 Å2 
between Fab4F5 and FVIIaDVQ. The model was then subjected to 
further refinement by CNS model minimization protocol.

2.6 | SAXS and structural modeling of 
FVIIaDVQ:Fab4F5

FVIIaDVQ:Fab4F5 complex solution scattering data was collected at 
the SAXS beamline (BL19U2) of National Center for Protein Science 
Shanghai. Samples were further purified by gel filtration in the SAXS 
experimental buffer (20 mmol/L Tris-HCl, 150 mmol/L NaCl, pH 7.4). 
All data sets were collected with an exposure time of 1 second at 
283 K. Three different concentrations (1, 3, and 6 mg/mL) of the 
protein were used for the measurements.

Scattering data for buffer used for subtractions were collected 
between every 2 protein samples. Multiple curves with differ-
ent concentrations and exposure times were scaled and merged 
to generate an ideal average scattering curve. The qualities of the 
scattering curves were examined by the program PRIMUS21 to en-
sure that there was no obvious aggregation and radiation damage 
before further analysis. The initial Rg values were calculated from 
the Guinier plot, and only data from low q values were used for the 
calculation. The P(r) distribution function was calculated with the 
program GNOM.20

TA B L E  1   X-ray data collection and model refinement statistics 
for Fab4F5 structure

Crystals Fab4F5

Data collection

X-ray wavelength (Å) 1.0

Resolution limits (Å) 1.81

Space group I23

Cell parameters (Å) a = 141.64, 
b = 141.64, 
c = 141.64, α = 90°, 
β = 90°, γ = 90°

Temperature of experiments (K) 100

Completeness (%) 100

Redundancy 29.3 (30)a

Average I/σ 25.9 (2.4)a

Rmergeb 0.082 (1.8)a

Refinement data

R-factor 0.209

R-free 0.247

Average B-factor (Å2) of protein 36.6

r.m.s deviation of bond lengths (Å) 0.009

r.m.s deviation of bond angle (°) 1.312

Ramachandran analysis (%) 95.5c, 3.8d, 0.7e

aNumbers in parentheses refer to the highest resolution shells. 
bRmerge = Σ|Ii-<I>|/ΣIi, where Ii is the intensity of the ith observation 
and <I> is the mean intensity of the reflections. 
cPercentage of residues in most favored regions. 
dPercentage of residues in additional allowed regions. 
ePercentage of residues in generously allowed regions. 

TA B L E  2   Kinetics of interactions between mAb4F5 and various 
FVIIa variants derived from SPR measurements

FVIIa variants
Kon 
(×105 per mol/L/s)

Koff (× 
10−5 per s) Kd (nmol/L)

FVIIa 0.35 530 150

FVIIaDVQ 2.1 0.68 0.032

FVIIaDV 1.4 16 1.1

FVIIaDQ 1.3 24 1.9

FVIIaVQ 0.27 350 130

K20E-FVIIaDVQ 1.0 1000 100
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The low-resolution shapes of the protein in solution were mod-
eled by the program DAMMIF22 in P1 symmetry, which performed 
20 individual calculations. Subsequently, continuous and meaningful 
shapes were collected and averaged by DAMAVER.23 The starting 
model of FVIIaDVQ was extracted from PDB entry 1JBU,20 and the 
EGF domains of PDB entry 1QFK24 were used as an additional pro-
tein domain. The solved crystal structure of Fab4F5 was used as the 
model of Fab4F5 (PDB code: 5YUP). The complex model was then 
refined by the CNS v1.2 package.25

3  | RESULTS AND DISCUSSION

3.1 | V21D, 1 of the 3 mutations in FVIIaDVQ, is 
pivotal for recognition by mAb4F5

SPR experiments used to characterize the binding of mAb4F5 to 
FVIIaDVQ showed that mAb4F5 specifically recognized 1 of the 3 mu-
tations in FVIIaDVQ. The binding of FVIIaDVQ, FVIIaDV, FVIIaDQ, and 
FVIIaVQ to mAb4F5 were compared, and the V21D mutation turned 
out a prerequisite for high-affinity (picomolar) mAb4F5 binding of 
FVIIaDVQ (Table 2). However, all 3 mutations were required for opti-
mal affinity. Regular FVIIa was only weakly recognized by mAb4F5. 
Furthermore, it was evident that K20E-FVIIaDVQ was poorly rec-
ognized by mAb4F5. Thus, residues Lys20 and Asp21 in FVIIaDVQ 
were crucial components of the epitope for mAb4F5. Interestingly, 
mAb4F5 did not recognize FVIIaDVQ after inhibition with fFR-ck, 
supporting an allosteric linkage between the active site and the N-
terminal tail of the protease domain, which ensures burial of the tail 
upon inhibitor incorporation and makes residue 21 inaccessible for 
antibody binding.

The binding of mAb4F5 to FVIIaDVQ eliminated >99% of the ami-
dolytic enzyme activity, whereas the activity of FVIIa was unaffected 
by the presence of mAb4F5. This is in line with the hypothesis that 
mAb4F5 binding to its epitope, comprising at least 2 residues close 
to the tail N-terminus (Ile16), prevents tail insertion into the activa-
tion pocket. FVIIaDVQ is in a conformational equilibrium between an 
active form with the N-terminus inserted into the activation pocket 
and a latent form with an exposed N-terminal tail. Conceivably, 
mAb4F5 grabs hold of its epitope when exposed and accessible and 
thereby prevents tail reinsertion and precludes FVIIaDVQ enzymatic 
activity. In other words, mAb4F5 binding locks FVIIaDVQ in the zy-
mogen-like conformation with a truly “homeless” N-terminus.

3.2 | Crystal structure of Fab fragment of mAb4F5

The crystal structure of Fab4F5 was solved with the molecular re-
placement method and refined to high resolution (1.81 Å) with an 
R factor of 20.9% and a Rfree factor of 24.7% (Table 1). There were 
2 Fab4F5 molecules in the asymmetric unit, corresponding to a 
Matthews coefficient of 2.39 A3/Da and a solvent content of 48.6%. 
The average temperature factor for Fab4F5 was 36.6 Å. This struc-
ture had a good stereochemical geometry with the root mean square 
deviation values for bond lengths of 0.009 Å and for bond angles 

1.3°. In addition, 99.3% of the residues were in the allowed region of 
the Ramachandran plot (Table 1).

The Fab4F5 structure has the typical immunoglobulin fold con-
sisting of VL and CL domains of the light chain and VH and CH domains 
of the heavy chain, with elbow angles of 136.7°. The conformation of 
the Fab4F5 CDRs is well defined even though no antigen is bound at 
the combining site. Three CDRs are found on the light chain (L1-L3) 
and 3 on the heavy chain (H1-H3) (Figure 1). Among them, the length 
of H2 (15 residues) in Fab4F5 is shorter than the usual length (16-19 
residues) seen in other Fab variants.26,27 There is a long groove about 
15.6 Å wide including 1 hydrophobic pocket (Leu96L, Kabat num-
bering) and 1 charged pocket (Asp95H and Tyr99H). These 2 pock-
ets plus Tyr98H presumably constitute the antigen-binding sites 
(Figure 2).

3.3 | Docking analysis of interactions between 
FVIIaDVQ and Fab4F5

A crystal structure of FVIIaDVQ in complex with Fab4F5 would be 
ideal to understand in detail the molecular interactions between 
the 2 proteins. Unfortunately, the crystallization of such a complex 
failed despite numerous trials (using Gla-domainless FVIIaDVQ ob-
tained by digestion with cathepsin G). However, the availability of 
the current Fab4F5 structure and a published crystal structure of 
FVII in its zymogen form20 allowed us to build a molecular model 
of the FVIIaDVQ:Fab4F5 complex using the protein-protein docking 
program HADDOCK.19

HADDOCK allows the use of the constraints identified from 
mutagenesis studies during the molecular docking. On the FVIIaDVQ 
side, we identified residues Lys20 and Asp21 as the key residues for 
Fab4F5 interaction. On the Fab4F5 side, the CDR loops are the typ-
ical antigen-combining site. The heavy-chain H3 loop of antibodies 
is typically the most important for antigen recognition.28 The CDR 
H3 loop of Fab4F5 has 9 residues, which is the typical length of H3 
loops for antiprotein antibodies.29 This length is the same as that of 
Fab112, which binds to the autolysis loop of urokinase-type plas-
minogen activator.30 In contrast to Fab4F5, an antimatriptase anti-
body (FabE2, PDB code: 3BN9) has a very long H3 loop (18 residues), 
which inserts into the canyon-like active site cleft and occupies the 
subsite pockets (S1-S4).31 Therefore, the length of the CDR H3 loop 
of mAb4F5 suggests that the H3 most likely does not bind to the 
active site of FVIIaDVQ. Tyrosine is the most prominent type of amino 
acid residue involved in the mAb4F5-FVIIaDVQ interaction. This is a 
feature commonly found in the interface between an antibody and 
its macromolecular antigen.32 As noted previously, the side chain of 
tyrosine is large enough to occupy large volumes of space with only 
a few torsion angles, and it can also form hydrogen bonds, hydro-
phobic interactions, and attractive electrostatic interactions with 
positively charged groups. Moreover, the uncharged side chain of 
tyrosine avoids electrostatic repulsion effects, and its midrange 
hydrophilicity allows it to adapt favorably to both hydrophilic and 
hydrophobic environments.33,34 Thus, we docked Fab4F5 as deter-
mined in this work onto FVIIaDVQ based on the shapes and charges 
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of their molecular surfaces, constrained by the direct interactions 
between the FVIIaDVQ and the CDR H3 loop (Tyr98H and Tyr99H).35

In the resulting molecular model of FVIIaDVQ:Fab4F5 complex, 
Fab4F5 is involved in extensive interactions mainly with the tail of 
the protease domain of FVIIaDVQ, where the N-terminal part (Lys20 
and Asp21) is grabbed by the CDR H3 loop (Figure 3). On the an-
tibody side, the heavy chains dominate antigen recognition, which 
is the typical case in many antibody- antigen complexes.28 Two 
tyrosine residues (Tyr98H and Tyr99H) from the CDR H3 loop are 
key residues for FVIIaDVQ binding by making hydrogen bonds with 

the tail residues Lys20 and Asp21. This way, mAb4F5 may prevent 
the liberated N-terminus of the activation loop from inserting into 
the activation pocket and thus retain FVIIaDVQ in the zymogen-like 
conformation.

3.4 | SAXS structure shows that FVIIaDVQ interacts 
with Fab4F5 to form a stable complex in solution

We next used SAXS to model the 3-dimensional structure of the 
FVIIaDVQ:Fab4F5 complex. The complex was assembled using 
a 2-fold molar excess of Fab4F5 and purified by gel filtration 
chromatography in a buffer (50 mmol/L Tris, 150 mmol/L NaCl, 
pH 7.4). We observed that FVIIaDVQ:Fab4F5 was a monomer on a 
Superdex 200 10/300 GL column with a retention volume of about 
13.4 mL, which is consistent with the complex's estimated molecular 
mass of 84 kDa. The scattering data were collected from the sample 
of 3 mg/mL (Figure 4A), which showed no radiation damage and 
higher signal-to-noise ratio. The clear linear behavior of the Guinier 
plot also strongly suggested that FVIIaDVQ:Fab4F5 is a monodisperse 
protein (inset of Figure 4A), and its radius of gyration (Rg) is 40.2 Å. 
According to Kratky analysis, there is a peak with a height of around 
9.8 at low q values, which returns to zero at high q values, but at a 
slower rate than expected from compact proteins. This indicates an 
intact, folded conformation of FVIIaDVQ:Fab4F5 with some flexibility 
in solution (Figure 4B).

To reconstruct the molecular envelope of the FVIIaDVQ:Fab4F5 
complex from the scattering curve, it is important to know whether 
molecular symmetry is present in the particle. As mentioned 
previously, the retention volume of FVIIaDVQ:Fab4F5 showed 
that this complex was monomeric. Thus, we reconstructed the 

F I G U R E  1   Crystal structure of Fab 
fragment of mAb4F5. (A) Overall structure 
of Fab4F5; (B) The electrostatic potential 
surface of Fab4F5; (C) Structure showing 
the CDR regions of Fab4F5 (colored loops 
on the left panel) forming an undulated 
surface, a typical feature of an antiprotein 
antibody. The CDR loops are colored, with 
L1 in red, L2 in green, L3 in orange, H1 
in blue, H2 in magenta, and H3 in cyan, 
and the framework region in light blue. 
The electrostatic potential surface of the 
variable region of Fab4F5 is shown in the 
right panel from a top view

Heavy chain

Light chain

90°
VL

VH

H1 H2

H3L2

L3
L1

(A) (B)

(C)

F I G U R E  2   Antigen-binding pockets in the CDR regions of 
Fab4F5. Fab4F5 contains a long groove about 15.6 Å wide, 
including one hydrophobic pocket (pocket 1) and one charged 
pocket (pocket 2). CDR, complementarity-determining region

Tyr98H

Asp95H

Tyr99H

Pocket 215.6 Å

Pocket 1

Leu96L
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FVIIaDVQ:Fab4F5 molecular envelope using the program DAMMIF 
with P1 symmetry.36 We used DAMAVER to generate the aver-
aged molecular envelope.23 The model was then generated based 

on the docking results and built into the averaged molecular en-
velope of the FVIIaDVQ:Fab4F5 using the program CHIMERA.37 
In the overall structure, the FVIIaDVQ:Fab4F5 complex envelope 

F I G U R E  3   Docking model of 
FVIIaDVQ:Fab4F5. The N-terminal tail 
of the protease domain (Lys20 and 
Asp21) is grabbed by Tyr98H and 
Tyr99H of Fab4F5's CDR H3 loop. CDR, 
complementarity-determining region; 
EGF, epidermal growth factor EGF-1

EGF-2

FVII-SPD Fab4F5

Asp21
Tyr99H

Tyr98H

Lys20

F I G U R E  4   SAXS data of FVIIaDVQ:Fab4F5. (A) Experimental SAXS of FVIIaDVQ: Fab4F5 in solution. The Guinier region and the 
corresponding linear fitting are shown in the inset. (B) Kratky plot calculated from the experimental data. Bell-shaped curves indicate 
compact structures. EGF, epidermal growth factor; SAXS, small-angle X-ray scattering
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F I G U R E  5   SAXS structure showing that FVIIaDVQ forms a stable complex with Fab4F5 in solution. Superposition of the experimental 
envelope (shown as a mesh) onto the predicted FVIIaDVQ: Fab4F5 structure represented as a cartoon with monomer chains shown in 
different colors. EGF, epidermal growth factor; SAXS, small-angle X-ray scattering
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has an irregular cylinder shape with a dimension of approximately 
111.2 Å × 52.0 Å × 66.1 Å (Figure 5).

Although the SAXS model has limited resolution (20 Å) and cannot 
reveal the conformation of individual residues, this low-resolution 
model is consistent with all available data, and clearly demonstrates 
that Fab4F5 binds to FVIIaDVQ and forms a stable complex structure 
in solution. In this complex, we modeled 3 domains of FVIIaDVQ, in-
cluding EGF-1, EGF-2, and serine protease domain. There still exists 
some unpopulated SAXS density in the resulting model presumably 
due to interdomain flexibility. The exposed N-terminus of the FVIIa 
protease domain, together with β-sheets of the enzyme, contribute 
to the interaction with the CDRs of Fab4F5 (interface area 877.4 Å2 
as calculated by PISA38).

In conclusion, our biochemical and biophysical data show 
that the inhibition mechanism of mAb4F5. mAb4F5 captures 
the liberated N-terminus of the activation loop of FVIIaDVQ and 
prevents it from inserting into the activation pocket, thereby 
keeping FVIIaDVQ in the latent, zymogen-like conformation 
(Figure 6).

4  | PROTEIN DATA BANK 
ACCESSION NUMBER

The coordinate of the Fab4F5 structure has been deposited in the 
Protein Data Bank (PDB code: 5YUP).
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