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ABSTRACT: Blood coagulation factor VIla (FVIIa) is used in the treatment of replacement therapy resistant
hemophilia patients, and FVIIa is normally activated upon complex formation with tissue factor (TF), potentially
in context with structural rearrangements. The solution behavior of uncomplexed FVIIa is important for
understanding the mechanism of activation and for the stability and activity of the pharmaceutical product.
However, crystal structures of FVIIa in complex with TF and of truncated free FVIIa reveal different overall
conformations while previous small-angle scattering studies suggest FVIla always to be fully extended in
solution. Here, small-angle X-ray scattering analysis of multiple forms of FVIla and TF under several
experimental conditions elaborate extensively on the understanding of the solution behavior of FVIIa.
We reveal significant FVIIa domain flexibility in solution, whereas TF has a well-defined conforma-
tion. Unspecific formation of dimers of FVIla is also observed and varies with experimental conditions.
In particular, active site-inhibited FVIIa displays a distinct solution behavior different from that of
uninhibited FVIIa, which may reflect structural rearrangements causing resistance to activation, thereby
emphasizing the connection between the distribution of different conformations of FVII and the
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mechanism of activation.

Blood coagulation factor VIIa (FVIIa)' becomes biologically
active after forming a high-affinity complex with the membrane
protein tissue factor (TF) (/) and catalyzes the activation of coagu-
lation factors IX and X. Recombinant FVIIa is produced as a
pharmaceutical product and used in the treatment of hemophilia
patients resistant to replacement therapy but can be considered
for use in other bleeding situations where it bypasses or helps the
regular coagulation cascade. The therapeutic effect is assumed to
be largely TF-independent and occurs on the activated platelet
surface, whereas in normal physiology the final activation of FVIIa
happens by formation of the FVIIa:TF complex. All details of
this mechanism of activation are not yet understood.

Zymogen FVII (and FVIIa) is a four-domain protein com-
posed of (2) a calcium-binding domain rich in y-carboxyglutamic
acid (Gla, residues 1—44), two epidermal growth factor- (EGF-)
like domains (EGF1 and EGF2, residues 45—84 and 85—152),
and a serine protease domain (SP, residues 153—406). All four
domains interact with TF (3).

Posttranslational modifications include N-glycosylations
(Asnl145, Asn322 (~2.5 kDa each)), O-glycosylations (Ser52,
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Ser60) (2, 4, 5), and ten y-carboxyglutamic acids coordinating
seven calcium ions, and finally the EGF1 and SP domains bind
two calcium ions (3). The total molecular mass (MM) of FVII
including posttranslational modifications is 50 kDa.

Since binding of TF is a prerequisite for activation of FVIla
in vivo, a structural rearrangement of FVIIa during complex
formation may be expected. The mechanism of protein:protein
recognition and activation is not fully understood; hence an
understanding of the structural aspects of both the free compo-
nents and the complex is important. However, only structures of
active site inhibited FVIIa (ASIS) in complex with TF (ASIS:TF)
and of Gla-domainless ASIS (GD-ASIS) have been determined
by X-ray crystallography (3, 6, 7), all revealing different con-
formations of distal domains.

Small-angle X-ray scattering (SAXS) enables structural analysis
of the enzyme in physiologically and drug formulation relevant
solutions. Previous SAXS and neutron scattering (SANS) studies
concluded that free FVIIa is extended in solution with the
N-linked glycans in a nonextended conformation (8, 9). Hence,
existing reports in the literature are conflicting and do not reveal
the connection between the solution structure of free FVIIa/ASIS
and the mode of activation.

Here, we elaborate extensively on the understanding of the
solution behavior of FVIIa. In-depth SAXS analysis reveals
great conformational freedom of FVIIa domains before com-
plex formation, while TF is conformationally well-defined in
solution. Also, we show that the conformational distributions
of ASIS and FVIIa are different in solution, which further
emphasizes the importance of the conformational freedom of
uncomplexed FVIIa.
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Table 1: Basic Biophysical Parameters Derived from the Scattering Data and Sample Abbreviations”

protein buffer pH MM (kDa) MM theory (kDa) R, primus (nm) Dy, (nm)  abbreviation  protein concentration (mg/mL)

FVIla 10 mM MES 6.0 50 50 3.4 12 FVIlaygse 32,47
ASIS 10 mM MES 6.0 59 50 33 12 ASISmEss 34,52

10 mM MES 7.4 60 50 32 125 ASISumEes7a 2.8,4.9

10 mM HIS 6.0 58 50 34 14 ASISuiss 3.0,4.7

10 mM HEPES 7.4 58 50 33 13 ASISHEPEST.4 1.8,2.7,3.7

10 mM MES, 40 mM CaCl, 6.0 58 50 32 12 ASISc, 1.7,3.2
GD-ASIS 10 mM MES 6.0 46 40 2.7 14 GDASISMEss 1.7,3.5,7
GD-FVIla 10 mM MES 6.0 56 40 2.8 10 GDFVIlaygss 29,4.1,6.2
ASIS:TF 10 mM MES 6.0 72 74 3.5 13 ASIS: TFuEgse 2.0,2.7,3.9

10 mM HEPES 7.4 72 74 34 12.5  ASIS:TFygprs74 2.1,2.9,4.1
TF 10 mM MES 6.0 22 24 2.5 9.5  TFwmese 2.0,4.1,6.2
TF 10 mM HEPES 7.4 22 24 2.5 10 TFugpes7.4 1.8,3.9
BSA 50 mM HEPES 7.4 66 3 9 6.6

“The MM and R, are calculated from the forward scattering, while Dy, is derived from the pair distance distribution function. The protein concentrations
indicate the individual samples measured. Each concentration was measured twice.

EXPERIMENTAL PROCEDURES

Preparation of Protein Samples. FV1la was produced and
purified as described previously (2, 10). All subsequent purifica-
tions of individual forms were done using an anion-exchange
Q-Sepharose FF column. Active site-inhibited FVIIa (ASIS) was
prepared using H-p-Phe-Phe-Arg-chloromethyl ketone and puri-
fied as above. Gla-domainless (GD) proteins were obtained using
0.2% cathepsin G in 20 mM Tris, 2 mM EDTA, and 50 mM
NaCl, pH 9.0, and purified from intact protein by applying
a gradient of 0—0.4 M NaCl. A complex between ASIS and
recombinant soluble TF (provided by Novo Nordisk A/S) was
prepared using TF in 15% molar excess.

All samples contain 100 mM NaCl, 2 mM CaCl,, and 2 mM
DTT buffered with 10 mM MES, histidine, or HEPES buffer at
pH 6.0 or 7.4 (Table 1). Additional samples containing 40 mM
CaCl, were prepared immediately prior to SAXS measurements.
All other samples were dialyzed 24 h against the respective buffers
and concentrated using Amicon Ultra centrifugal filters (MMCO
10 kDa). The purity of all samples was tested using SDS—PAGE
and dynamic light scattering (see Supporting Information Table S1
and Figure S1).

Small-Angle X-ray Scattering Data Collection and Initial
Evaluation. SAXS data were collected (1.8—6.6 mg/mL) using
synchrotron radiation following standard procedures at beam-
line X33 at the European Molecular Biology Laboratory on the
DORIS I storage ring (DESY, Hamburg, Germany). A momen-
tum transfer range of 0.08—5.0 nm™" (s = 4z sin(60)/4, 26 is the
scattering angle, 4 is the wavelength (A = 1.5 A)) was covered
using exposure times of 2 min, § °C. The detector response
corrected data were normalized to the intensity of the incident
beam. Repeated exposures resulted in no observable X-ray-
induced damage. Data analysis was performed using the software
suite ATSAS (/1, 12). Data from several protein concentrations
(Table 1) without concentration effects were merged to give the
final data file. The radius of gyration (R,) was evaluated by the
Guinier approximation, and the average molecular mass (MM)
was estimated from the extrapolated forward scattering intensity
1(0) using a reference solution of bovine serum albumin (BSA).
The pair distance distribution functions (P(r)) were evaluated
using GNOM (13, 14), yielding also the maximal dimension (D)
within the scatterer.

Ab Initio Modeling. Ab initio structures were obtained using
the program DAMMIF (15). A simulated annealing protocol
was used to build a compact bead model of uniform scattering

length density, while minimizing the discrepancy between the
experimental and calculated curves at low resolution (scattering
angles up to 2.8 nm~' were used). Ten individual models were
averaged using the program DAMAVER (/6). A filtering pro-
cedure resulted in a final averaged model which was used as the
starting volume for the calculation of ten refined individual models
which were averaged and filtered with an excluded volume in
accordance with individual models.

Creation of Theoretical Models. All handling of PDB files
was done using PyMOL(/7). Three PDB files of ASIS showing
different positions of the EGF1 domain were selected (IDAN
(ASIS:TF), 1QFK, and 1DVA (GD-ASIS)) and defined as posi-
tions 1, 2, and 3, respectively. Water atoms were removed. The
first two residues of a missing loop (Lys143—Argl52) were added
by superpositioning of PDB files 1KLJ, 1KLI (EGF2-SP), and
1QFK (GD-FVIIa) on IDAN, and the remainder of the loop was
built by hand. Only short N-glycans are visible in the crystal
structures. The Gla domain from 1DAN was added to 1IDVA
and 1QFK by superpositioning of the EGF1 domain. Missing
loops in TF were added to IDAN from the coordinates of 1Z6J
(ASIS:TF).

Models were created in PyMOL by rotating individual domains
as rigid bodies (Figure 1A). Because of multiple interactions
between the EGF2 and SP domains, they were regarded as a single
body. The EGF1 domain was positioned by rotation around
residue 85 in the EGF2 linker equally covering the conforma-
tional space while avoiding clashes. Because of software demands,
alanine-based models corresponding to three different types of
N-glycans (compact, bent, and stretched; see Figure 1A) were
built using alanine residues corresponding to the molecular mass
of the N-glycans; hence this results in scattering as expected from
the glycans.

The glycosylation models were rotated from the glycosylation
sites, resulting in a pool of 8167 theoretical models of GD-ASIS
with EGF1 and glycans in different positions. A total of 145 models
were selected, and the Gla domain was attached and rotated
around the linker, resulting in a pool of 1010 structures of the full-
length protein. The complex between FVIIa and TF is regarded
as a rigid body except for the carbohydrates. A pool of 780 com-
plex structures was created.

Dimers of ASIS, GD-ASIS, and the ASIS:TF complex were
created using FTDock (/8). A pool of 10000 dimers was created
from one conformation (position 1, without glycosylations) of
each and evaluated in the FTDock software for plausibility.
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Full-length ASIS ASIS:TF complex

FIGURE 1: (A) Generation of theoretical monomers. Domains are shown in blue colors, modeled glycans by shades of green, and TF is shown in
gray. Arrows illustrate the rotation of individual domains. (B) X-ray crystal structures of FVIIa (PDB codes IDAN (ASIS:TF), IQFK, IDVA

(GD-ASIS)), superimposed on the SP domain, revealing different orientations of the EGF1 domain. Calcium ions are shown as spheres.

Experimental SAXS data
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FIGURE 2: (A) Scattering curves of ASIS and FVIla. (B—D) Zooms of (A). (E) Scattering curves with zoom of GD-ASIS and GD-FVIIa.
(F) Scattering curves of the ASIS:TF complex. (G) Scattering curves of TF. All curves are scaled in the area 0.7—0.9 nm ™.

The final dimer pools consisted of the 1000 highest scoring struc-
tures af ASIS and GD-ASIS, respectively, and 600 structures
representing ASIS:TF complex dimers.

All pools of structures were created based on ASIS structures.
These pools were also applied when analyzing data from uninhibited
FVII, since the differences between high-resolution structures of
ASIS and FVII are beyond the resolution of the current analysis.

Ensemble Optimization Method (EOM). Theoretical scat-
tering curves were calculated using CRYSOL (79) with default

parameters. Ensembles of 20 structures were calculated using
Gajoe from the EOM package (20) to obtain the best fit between
experimental scattering and the calculated scattering from a mixture
of structures, applying 5000 generations with default parameters.
Fits were calculated from pools with and without dimers.

RESULTS

Basic Observations from SAXS Data. Table 1 presents a
list of collected SAXS data and abbreviations. The observed average
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Pair Distance Distribution Curve
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FiGure 3: P(r) for (A) ASIS and FVIIa under different experimental
conditions and (B) ASIS, ASIS:TF, and GD-ASIS under similar
experimental conditions. All curves are normalized at d = 3 nm.

MM of ASIS in selected buffers was 58—60 kDa. Assuming that
only monomers and dimers were present, this corresponds to
16—20% dimer. The R, values of ASIS and FVIIa samples cor-
respond to the theoretical calculated values from a fully extended
conformation (Supporting Information Table S2). However,
the experimental D, values significantly exceed those of the
monomer which together with the observed increased MM points
to the presence of dimers. Since the calculated R, is an average for
all scatterers, the average R, of monomers would be smaller than
that of an extended conformation.

Directly observable changes are evident in scattering from
(hence the solution structure of) ASIS in different buffers (Figure 2).
ASISpese and ASISygs7 4 are similar and so are ASISyse and
ASISygpEs7.4, Which are again distinct from ASISc,. Surpris-
ingly, data from uninhibited FVIIaygse deviate from inhibited
ASISyigss. When comparing the P(r) functions (Figure 3), all ASIS
samples have a typical reoccurring pair distance around 3 nm. In
accordance with the suggested presence of dimers in solution, most
P(r) functions display a slowly decaying tail toward Di,,y.

ASIS: TFygs6 Was prepared using 15% excess of TF and has
an average MM of 72 kDa, hence containing 15% free TF, 77%
complex, and 8% dimer. The complex thus has a lower tendency
to form dimers than ASIS. Scattering from ASIS: TFygpgs7.4 and
ASIS:TFygss 1s identical; i.e., the solution structure is less sensi-
tive to buffer composition than ASIS. Likewise, the scattering
curves from TFygss and TFygprs7 4 are identical.

The scattering curves of GD-ASISygss and GD-FVIlaygsg
deviate at lower scattering angles, hence displaying different
solution behaviors at identical experimental conditions.

The ab initio model of TF (Figure 4) corresponds well to the
X-ray crystal structure of TF from the ASIS:TF complex. Attempts
to generate ab initio models of FVIIa and the complex (Supporting
Information Figure S5) confirm the suggested partial formation
of dimers (21).

Basic Observations from X-ray Crystal Structures and
Previous Scattering Data. The experimental solution para-
meters have been compared to calculated values (Supporting
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FIGURE 4: (A) Ab initio model of TFygse (light blue) superimposed
on the X-ray crystal structure of TF (dark blue, extracted from PDB
code IDAN), (B) fit to the experimental data, and (C) fit to the X-ray
crystal structure of TF in complex with ASIS (PDB entry 1DAN).
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F1GURE 5: Comparison of (A) ASIS:TFygse and (B) ASISyigse to
theoretical calculated scattering curves of X-ray crystal structures of
ASIS:TF and ASIS, respectively, with modeled glycosylations.

Information Table S2) based on high-resolution structures (with
the EGF1 (and Gla) domain in different positions, Figure 1B)
and with the values previously reported from a SAXS/SANS
study (8, 9). Three types of glycans (compact, bent, stretched) were
modeled before comparison.

The theoretical R, is strongly influenced by the conformation
of the modeled glycans. Thus it is possible to obtain the same
R, with concurrent different positions of glycans and the Gla
domain. Ry and Dy, from previously reported scattering studies (8)
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Ficure 6: EOM fit (A, C, E, G) to the experimental scattering curve and R, distributions (B, D, F, H) corresponding to the pool of structures
(dimers are in blue, monomers are in cyan, and TF is in black) and the 50 best selected ensembles (in green) of GD-ASIS (A, B), ASIS (C,D),
FVIla (E,F), and ASIS:TF (G, H) and selected conformations of the domains and glycosylations are shown for (I) ASIS and (J) ASIS:TF.

would be in accordance with several plausible theoretical con-
formations and not only the suggested conformation. It is evident
that none of the crystal structures describe the solution structure
of FVIIa/ASIS and ASIS:TF (15% free TF is not accounted for;
see Supporting Information for an oligomer analysis including
free TF) (Figure 5); in particular a deviation is seen at scattering
angles between 0.1 and 2.5 nm™".

Analysis of Ensembles in Solution. Primary analysis of SAXS
data and initial modeling attempts indicate that the samples are
heterogeneous. We expect this to be in part due to formation of
dimers and in part due to significant structural flexibility. Flexible

systems can with advantage be analyzed using methods which
take into account solution behavior as well as high-resolution
details (22). Therefore, we applied EOM (20), which selects
ensembles of theoretical scattering curves from large pools of
structures in accordance with experimental data.

Initially, the data from GD proteins were analyzed. This structure
is expected to have the lowest degree of flexibility; hence the data
are easier to interpret, and the results may be extrapolated to
other samples. GD-ASISygss Was analyzed using a pool of 8167
monomers and 1000 dimers with flexible glycans, and a good fit
(Figure 6 and Table 2) was obtained. It was not possible to obtain
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Table 2: EOM Parameters for 20 Structures Selected by EOM from a Pool of Monomers and Dimers®

protein selected monomers selected dimers average R, (nm) Chi dimer content % (mol)
ASISnmEse 16—17 3—4 34 1.45 15-20
ASISmEs74 16—17 3—4 34 1.41 15-20
ASISyise 16—18 2—4 3.7 1.59 10—20
ASISHEPES7.4 17-18 2-3 3.6 1.58 10—15
ASISc, 19-20 0—1 34 1.4 0-5
FVIlaygse 15—16 4-5 33 1.7 20-25
GDASISMEss 18—19 1-2 3 2.13 5-10
ASIS: TFyEse 11 1-2 TF:5-7 33 1.7 15
ASISTFHEpEs74 12—14 1 TF:5-7 3.2 1.67 7

“The average R, and the selected monomers, dimers, and TF are the results of 50 ensembles of each 20 structures, while the Chi value represents the best

fitting ensemble.

any adequate fit with a pool consisting of monomers only or a
pool of monomers and dimers with stationary glycans (see Sup-
porting Information). In conclusion, both glycans and the EGF1
domain are flexible in GD-ASIS, and 5—10% dimers exist in
solution. The selected pool of dimers does not describe specific
dimers; rather the collected distribution of overall size and con-
formation corresponds to the actual dimer pool.

A total of 1010 possible ASIS monomer structures and 1000
dimer structures were analyzed against ASIS and FVIla data.
Very good fits were obtained (Figure 6, Supporting Information
Figures S2 and S3), and the calculated percentage of selected
dimers agrees (Table 2) with the calculated average MM. A broad
distribution of R, values is observed for all samples, indicating flexi-
bility within the protein under all investigated buffer compositions.

Data from ASISyigse and ASISyigs7 4 reveal comparable R,
distributions (2.1—35.3 nm, Figure 6 and Supporting Information
Figure S2), covering a broad R, range and including dimers. For
ASISys6 and ASISygpgsy 4 the distribution of R, values is broader,
including dimers with an R, up to 6.7 nm. ASISc, was the only
sample that could be fitted with a selection of monomers only,
but also here a highly flexible pool of structures is suggested. As a
complementary approach, rigid body modeling was attempted,
not resulting in adequate fits from a single monomeric structure
(see Supporting Information for details).

The ASIS:TF complex was studied using 780 ASIS: TF mono-
mers (with flexible glycans) and 600 dimers. A good fit to ASIS:
TFymEse Was obtained only when scattering curves representing
free TF were present, in accordance with the excess of TF in the
sample preparation. Even in the presence of TF, adequate fits
were not obtained without accounting for dimers (see Supporting
Information). No domain flexibility was needed to describe the
ASIS:TF complex supporting the formation of a rigid entity.

DISCUSSION

A structural understanding of the free FVIIa and TF compo-
nents is important for addressing the mechanism of activation.
However, there is a lack of consensus in the literature regarding
the structure of free FVIIa in solution. Crystal structures have
revealed several orientations of the EGF1 domain and no
extensive contacts between the EGF1, EGF2, and Gla domains.
This suggests that free FVIIa in solution could have an overall
flexible conformation and is supported by normal-mode analysis
which indicates large fluctuations (23). In addition, glycans are
known to be flexible in solution. In contrast to the expected
flexibility, previous SAXS/SANS studies indicate that glycans are
compact and that the overall structure of ASIS is fully elongated
in solution (8, 9).

In this study, we analyze multiple versions of factors in solu-
tion, including truncated versions. The multitude of data enables
an in-depth analysis of the solution behavior of the protein. We
show that there is significant flexibility at hinge points between
the Gla and EGF1/EGF2 domains within ASIS/FVIla and further
(in contrast to previous reports) that the glycans are flexible and
extend from the protein surface. While glycan flexibility classi-
cally ascribes to solubility enhancement and reduction of aggre-
gation, the overall conformational flexibility of individual domains
may facilitate the search for and binding of FVIIa to TF and contri-
bute to the necessity of the rigid FVIIa:TF complex formation for
in vivo activity of FVIIa. We see a general tendency of 9—15%
formation of dimers for ASIS/FVIla and the ASIS:TF complex.
The EOM anlaysis reveals a broad distribution of dimer con-
formations which indicates that the dimers are unspecific. An
analysis of low scattering angles in the raw data files further
shows that the increased molecular mass and tendency of P(r)
functions with long decaying tails could indeed be interpreted as
dimers and not general aggregation. We also observe a variation
of the solution behavior between different experimental condi-
tions and detect a distinctly different scattering pattern and a
difference in the distribution of conformations and the amount of
dimer, when calcium is present. This confirms the importance of
calcium ions, which is in accordance with X-ray crystal structures
showing several calcium ions coordinated to EGF2, SP, and the
multiple y-glutamic acids present in the Gla domain, which may
affect the distribution of conformations or induce unexpected
interactions when unshielded by calcium. These latter observa-
tions suggest that SAXS solution analysis may assist further
optimization of formulation conditions for the pharmaceutical
product. Also, in the presence of Ca®" at physiological conditions
the protein displays great flexibility in solution. Moreover, ASIS
and the uninhibited counterpart, FVIla, display different solu-
tion behavior. The change in distribution of conformations in
solution coincides with a measurable effect on the affinity for
TF (24). Comparison of crystal structures of truncated ASIS and
FVIIa (25) suggests that restricted movement of the flexible
N-terminal tail starting with residue 153, or of the so-called 170
loop and its carbohydrate (linked to Asn322) (26), plays a role in
defining the difference in affinity for TF. However, neither of the
two mentioned regions interact with TF, and no further structur-
al changes are observed in the SP domain where the two areas
reside. Hence the crystal structures alone do not explain the
difference in affinity to TF. Our SAXS solution data from ASIS
and FVIIa differ significantly. It is evident that the whole distri-
bution of conformations shifts when the factor is inhibited
and changes at ranges larger than the rearrangement of the
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N-terminus and 170 loop would be necessary to explain the
large observable differences. The shift in the conformational
distribution revealed by EOM hence reflects a statistically
different solution behavior of the inhibited and uninhibited forms
of the protein. We suggest that this shift in conformational
distribution influences the affinity toward TF. Further consider-
ing that our studies confirm the notion that TF has a rigid
structure in solution, it is plausible that the formation of the
FVIIa:TF complex is facilitated by the flexibility of FVIIa and
that the complex formation reduces the domain movements
within FVIIa. Future enhancement of the potency of the pharma-
ceutical could be influenced by modifications shifting the overall
conformational distribution of the uncomplexed protein, an
approach which would have some novelty compared to the more
static picture of proteins which normally is the basis for optimi-
zation of protein pharmaceuticals.

In summary, our results clarify the understanding of the
solution behavior of FVIIa and connect the previously observed
different crystal structures of FVIla/ASIS with existing reports
on affinity to the activating TF. Our investigations clearly
illustrate the necessity of having a large pool of SAXS data to
enable firm conclusions regarding flexible proteins. Also, we
show the usefulness of structural solution studies for formulation
considerations, and we suggest that an expanded consideration of
multiple conformations (in contrast to one single static structure)
is the correct basis for further improving the potency of FVIla.
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