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ABSTRACT: Factor VIIa (FVIIa) is a soluble four-domain plasma serine protease coagulation factor that
forms a tight complex with the two extracellular domains of the transmembrane protein tissue factor in
the initiating step of blood coagulation. To date, there is no crystal structure for free FVIIa. X-ray and
neutron scattering data in solution for free FVIIa and the complex between FVIIa and soluble tissue
factor (sTF) had been obtained for comparison with crystal structures of the FVIIa-sTF complex and of
free factor IXa (FIXa). The solution structure of free FVIIa as derived from scattering data is consistent
with the extended domain arrangement of FVIIa seen in the crystal structure of its complex with sTF, but
is incompatible with the bent, less extended domain conformation seen in the FIXa crystal structure. The
FVIIa scattering curve is also compatible with a subset of 317 possible extended structures derived from
a constrained automated conformational search of 15 625 FVIIa domain models. Thus, the scattering
data support extended domain models for FVIIa free in solution. Similar analyses showed that the solution
scattering derived and crystal structures of the FVIIa-sTF complex were in good agreement. An automated
constrained search for allowed structures for the complex in solution based on scattering curves showed
that only a small family of compact models gave good agreement, namely those in which FVIIa and sTF
interact closely over a large surface area. The general utility of this approach for structural analysis of
heterodimeric complexes in solution is discussed. Analytical ultracentrifugation data and the modeling
of these data were consistent with the scattering results. It is concluded that in solution FVIIa has an
extended or elongated domain structure, which allows rapid interaction with sTF over a large surface
area to form a high-affinity complex.

Inappropriate blood coagulation may result in thrombotic
disorders often associated with cardiovascular, infectious, and
neoplastic disease. Such coagulation can be initiated by
exposure of cell surface expressed tissue factor to plasma.
Similar to the full-length transmembrane receptor tissue
factor, soluble tissue factor (sTF)1 forms a high-affinity
catalytic enzyme-cofactor complex with the plasma serine
protease coagulation factor VIIa (FVIIa), with a dissociation
constantKD estimated by surface plasmon resonance to be
in the range 2-5 nM (1-3). Proteolysis of factor VII to its
active form FVIIa proceeds via a cleavage between Arg152
and Ile153. In the presence of Ca2+, this complex catalyzes
the conversion of both factor IX to factor IXa (FIXa) and
factor X to factor Xa, both of which are active coagulation

serine proteases. An understanding of the molecular basis
of these initiating procoagulant reactions may in the long
term help to treat and even prevent associated thrombotic
disorders. Recent reviews give further background to FVIIa
and sTF (4-8).
Both sTF and FVIIa are multidomain proteins (Figure 1).

The crystal structure of sTF contains two fibronectin type
III domains at an angle of 125° to each other to form an
extended but rigid arrangement (9-11). The domains are
identical in structure and topology to C2-type immunoglo-
bulin folds, but exhibit distinct sequence differences (12, 13).
FVIIa contains four domains: a serine protease domain (SP),
two epidermal growth factor domains (EGF-1 and EGF-2),
and aγ-carboxyglutamic acid-rich domain (Gla). The crystal
structure of the complex between FVIIa and sTF revealed
the location of all four FVIIa domains as well as those for
sTF (14), but no crystal structure is presently available for
free FVIIa. The FVIIa domains are structurally homologous
to similar domain structures in activated factors IX and X.
Crystal structures of human factor Xa lacking the Gla domain
showed the SP and EGF-2 domains, but the EGF-1 domain
was not visible for reason of crystallographic disorder and
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occupied different positions in the two structures (15, 16).
That for porcine FIXa showed the SP, EGF-2, and EGF-1
domains and most of the Gla domain (17), but there is a
striking bend in its domain arrangement in distinction to the
linear one seen for FVIIa in its complex with sTF (14).
Structures for the EGF-1 domains of human factors IX and
X and the Gla domain in bovine prothrombin are also
available (18-20). Despite this abundance of homologous
atomic structures, little information is available on the domain
arrangement free in solution of FVIIa, nor on that of its
complex with sTF, nor on the disposition of two large
N-linked oligosaccharide chains on FVIIa that were not
visible in the crystal structure of the complex (14).
Solution scattering provides information on domain ar-

rangements in multidomain proteins (21, 22). Recently the
usefulness of this technique has been much enhanced by the
ability to use either intact crystal structures for scattering
curve fitting (23-25) or individual domain structures in an
automated constrained curve-fit procedure (26-28), both of
which result in an improved understanding of the overall
structure. Previous X-ray and neutron scattering data for
FVIIa, sTF, and their complex in solution correctly predicted
the compact nature of the complex between FVIIa and sTF
determined by crystallography (29, 30). The availability of
coordinates for the crystal structures for the FVIIa-sTF
complex and for the FVIIa-homologue FIXa now makes
possible a quantitative analysis of the FVIIa domain structure
in free solution from scattering data, and likewise that for
the FVIIa-sTF complex. Knowledge of the domain ar-
rangement of free FVIIa in solution is important for an
appreciation of how membrane-bound TF is able to recognize
FVIIa as a ligand. A verification of the domain arrangement
in solution of the FVIIa-sTF complex provides important
confirmation that the crystal structure of the complex is
representative of the functional cofactor-enzyme complex.
It is also possible to analyze the conformation of the two
large N-linked oligosaccharide chains on FVIIa, which are
not visible in the crystal structure.
Previous applications of constrained automated scattering

curve-fit modeling have determined possible structures of
multidomain proteins of unknown structure (26-28) or of
homodimeric and homotrimeric complexes (25, 31). This
approach is important in cases where it is not possible to
derive even a low-resolution structural model for multido-
main proteins or their complexes by other methods. The
availability of the FVIIa-sTF crystal structure enables the
extent to which such a procedure can be applied successfully
to a heterodimeric protein-protein complex to be discussed.

METHODS

(a) Crystal Structures Used for Direct Scattering CurVe
Comparisons.Crystal coordinates for the complex between
active-site-inhibited recombinant human FVIIa and subtilisin-
cleaved sTF were kindly provided by Dr. D. W. Banner
(Brookhaven code 1dan). The domain residue numbering
is shown in Figures 1 and 2 (32). Two N-linked oligosac-
charides at Asn145 in the pre-SP linker and Asn322 in the
SP domain (Figure 1) were added as these were not visible
in the electron density map, using the modeling package
INSIGHT II (Biosym/MSI, San Diego, USA) on Silicon
Graphics INDY Workstations. These were constructed as

the mean biantennary oligosaccharide structure (NeuNAc‚-
Gal‚GlcNAc‚Man)2Man‚GlcNAc‚GlcNAc(Fuc) in FVIIa (33),
using as a template the nine-residue carbohydrate coordinates
of Chain A in the Fc fragment of human IgG1 KOL (1fcl)
(34). The two O-linked structures in FVIIa were represented
by Xyl‚Glc at Ser52 and Fuc at Ser60, these being the mean
of previously reported structures (35, 36). Both O-linked
oligosaccharides were modeled from the library of fragments
provided by INSIGHT II. Coordinates for the crystal
structure of porcine FIXa (1pfx) were adapted to those of
human FVIIa by adding two N-linked oligosaccharides at
Thr145 and Thr322 and two O-linked oligosaccharides at
Pro52 and Leu60 (Figure 2; FVII sequence numbering) in
order to replicate the FVIIa oligosaccharide structures. Three
sets of human sTF crystal coordinates were used: an initial
set for free sTF which was later replaced (1boy) (9); a second
independent set for free sTF (1hft, replaced after refinement
by 2hft) (10, 11); and those found in the complex with FVIIa
(1dan). While three glycosylation sites occur at Asn11,
Asn124, and Asn137 in native sTF, these were not modeled
here as the recombinant sTF used for scattering data was
expressed inEscherichia coli(37).
(b) Automated Scattering CurVe-Fit Searches for FVIIa

and Its Complex with sTF.The automated curve-fit proce-
dure for the FVIIa domains was based on the reconstruction
of these domains from available homologous structures which
corresponds to the general method used for an unknown
multidomain structure (26-29). The FVIIa residues 1-44
(Figures 1 and 2) were assigned to the Gla domain in
prothrombin (code 2pfl) (20), residues 45-83 to the EGF-1
domain in factor IX (code 1ixa) (18, 19), and residues 91-
142 and 153-406 to the EGF-2 and SP domains in factor
Xa (code 1hcg) (15). This starting model included all 406
residues in FVIIa, except for 7 residues in the link between
the two EGF domains and 10 between the EGF-2 and SP
domains. The alignment of Figure 2 showed that N-linked
oligosaccharide chains were positioned at Arg142 at the C
terminus of EGF-2 in factor Xa, and at Ile317 in the SP
domain in factor Xa (FVII sequence numbering) to cor-
respond to their locations in FVIIa.
Since the EGF-2 and SP domains form a fixed structure,

the starting model for FVIIa curve fits with thex-axis,y-axis,

FIGURE 1: Domain structures of human FVIIa and sTF. FVIIa
contains an N-terminal Gla domain and two EGF domains in the
light chain and a SP domain in the heavy chain. As shown, the
membrane-proximal C-terminal domain of sTF is close to the
N-terminal Gla domain in FVIIa in the complex. Two O-linked
glycosylation sites are found on EGF-1 at Ser52 and Ser60, and
two N-linked glycosylation sites are found at Asn145 and Asn322.
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andz-axis rotations set as 0° (see Figure 4 in ref29) was
created by positioning the N- and C-terminalR-carbon atoms
of the Gla, EGF-1, and EGF-2 domains on a long common
linear x axis with arbitrary separations of 0.5 nm between
adjacent N- and C-terminalR-carbon atoms (see Figure 5
below). The origins for the rotational searches were defined
as the C-terminalR carbons of Tyr44 (Gla) and Leu83 (EGF-
1). The threey axes were set to be parallel and were defined
arbitrarily by theR-carbon atoms of Lys3 (Gla), Cys81
(EGF-1), and Gly93 (EGF-2). For automated curve fitting
(26-28), rotations to create models were applied to this
starting model using a Biosym Command Language (BCL)
macro in conjunction with Unix shell scripts. In this, each
of the Gla and EGF-1 domains was rotated relative to the
EGF-2/SP domain pair into allx-, y- andz-axis orientations,
while maintaining a fixed separation between N- and
C-termini pairs between adjacent domains. The search
utilized five 72° steps on each axis to give 56 or 15 625
models.
The curve-fit searches for the complex between FVIIa and

sTF used the linear starting model for FVIIa derived from
homology modeling and the sTF crystal structure (9). The

longx axis of sTF was defined using the N-terminalR carbon
of Thr3 as origin, and the C-terminalR carbon of Glu213.
They axis of sTF was defined arbitrarily by theR carbon of
Thr86. To initiate the search, the long axis of sTF was
aligned parallel to the long axis of the Gla, EGF-1, and
EGF-2 domains in the linear starting model for FVIIa. The
starting FVIIa and sTF models were superimposed using the
sTF and EGF-2 axes in which the common origin was set
as the N-terminalR carbon of sTF and the C-terminalR
carbon of EGF-2. Then, holding FVIIa fixed in position,
sTF was translated from its initial position along thex, y,
andz axes in order to generate structures. A total of four
90° reorientations of sTF about its long axis relative to FVIIa
were examined in four separate searches in order to
investigate the effect of the 125° angle between the two Fn-
III domains in sTF on the outcome of the searches. In each
search, after an initial translation of sTF of-5 nm on all
three axes from the common origin, sTF was translated in
0.5 nm steps from-5 nm to+5 nm along all three axes to
give a full range of 213 or 9 261 models for each of the four
sTF orientations.
(c) Experimental Scattering and Analytical Ultracentrifu-

gation Data. X-ray scattering data from Stations 2.1 and
8.2 at the Synchrotron Radiation Source, Daresbury, and
neutron scattering data from the LOQ Instrument at the ISIS
facility at the Rutherford-Appleton Laboratory were obtained
for active-site-inhibited FVIIa, sTF, and the complex between
them (29). The full characterization of these samples is
described in ref 29 and references therein. Solutions of
FVIIa and the FVIIa-sTF complex at 0.2-0.8 mg/mL,
prepared as described in ref 29, were analyzed using a
Beckman XLA analytical ultracentrifuge operated at 40 000
rpm (An-60 Ti rotor) and equipped with scanning absorption
optics at the National Centre for Macromolecular Hydrody-
namics, Leicester. Traces were measured at 280 nm and
analyzed using a digitizing pad to yield experimentals°20,w
values after correction for the density and viscosity of the
buffer (38).
(d) Modeling of Scattering and Analytical Ultracentrifu-

gation Data. For the direct comparison of scattering curves
with crystal structures (Figures 3 and 4 below), sphere
models were created by placing each full atomic coordinate
set in a three-dimensional grid of cubes of side length 0.370
nm. By varying a cutoff such that a sphere was created at
the center of the cube if a given number of atoms were
present in the cube, the total volume of the resulting sphere
model was set to be equal to the full volume calculated for
the 433 and 219 amino acid and carbohydrate residues,
respectively, in FVIIa and sTF (39). This procedure cor-
rected for any residues that were missing in the crystal
structure or altered in homology models based on FIXa or
on homologous domains. The FVIIa models contained about
1250 spheres (63.0 nm3), and those for sTF contained about
630 spheres (31.5 nm3).
For the comparison of scattering curves from each of the

structures calculated from the two automated searches based
on homology models (Figures 5 and 6 below), the cube side
was increased to 0.452 nm while retaining the same total
volume. This reduced the computational resources required
for each search. The consistent generation of the sphere
models was achieved by fixing both the origin of the grid
and the position of the FVIIa model within this grid. The

FIGURE2: Alignment of the human FVII amino acid sequence with
those in bovine prothrombin, porcine FIXa, and human factor Xa
to show the sequence identity with structurally homologous domains
in the latter. Theγ-carboxyglutamic residues in the Gla domain
(residues 1-44) are denoted by g, the two N-linked oligosaccharide
sites by C, and the catalytic triad (His-Asp-Ser) by #. Underlined
sequences correspond to the homology models used for the linear
starting model of FVIIa in Figure 5 below. The residue numbering
refers to the mature amino acid sequence of human FVIIa.
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FVIIa model contained 666 spheres and that for sTF
contained 354 spheres.
The X-ray and neutron scattering curvesI(Q) were

calculated from the sphere models by an application of
Debye’s Law adapted to spheres of a single density (22, 40).
In neutron curve fits, the hydration shell is not detectable
and the dry sphere models obtained directly from the grid
transformation were used for curve fitting. For X-ray curve

fits, a hydration of 0.3 g of H2O/g of glycoprotein and an
electrostricted volume of 0.0245 nm3/H2O molecule were

FIGURE 3: Comparison of the calculated and experimental wide-angle scattering curvesI(Q) for FVIIa and its complex with sTF. The
continuous lines represent the curves calculated from the crystal structure, while the points correspond to experimental data. (a, b): curve
fits for the X-ray and neutron data, respectively, based on the FVIIa structure seen in the FVIIa-sTF complex. (c): sphere model and
R-carbon views of the FVIIa structure in the FVIIa-sTF complex, in which the full oligosaccharide structures are shown in bold. (d, e):
curve fits for the X-ray and neutron data, respectively, based on the FVIIa-sTF crystal structure. (f):R-carbon and sphere model views
of the FVIIa-sTF structure in the same orientation as that of (c), in which the FVIIa oligosaccharide structure is shown in bold outline in
the former. The dashed lines shown in (b) and (e) correspond to the calculated curves depicted in (a) and (d) to show the effect of the
neutron instrumental corrections.

FIGURE 4: Scattering curves calculated from the crystal structures
of FVIIa and FIXa. (a): the scattering curvesI(Q) calculated from
the SP domain and the light chain in the FVIIa model of Figure 3c
are compared with the calculated X-ray scattering curve of FVIIa
taken from Figure 3a. (b): the distance distribution functionsP(r)
are shown to correspond to the calculated scattering curves of FVIIa
and FIXa, with the position of two peaks indicated by M.

FIGURE 5: R-Carbon trace views of the sTF and FVIIa domain
structures. The linear domain structure for FVIIa is the starting
model with arbitrary domain orientations that was used for the
automated searches. The oligosaccharides at Asn145 and Asn322
are shown in extended conformations, in contrast to the more
compact conformations shown in Figure 3. The C-terminal domain
of sTF is positioned proximate to the N-terminal Gla domain in
FVIIa in the complex. Distance constraints based on the positions
of Lys20, Trp45, Asp58, Tyr94, and Phe140 in sTF are indicated
by dotted lines that represent the perpendiculars from theseR-carbon
atoms to the longx axis of the FVIIa model. The mean of the five
perpendicular distances is denoted asD in the text. TheR-carbon
positions of the three N-linked oligosaccharides on sTF are indicated
by b symbols (see text). Thex andz axes are as indicated; they
axis is perpendicular to the page.
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used to readjust the sphere radius and coordinates to allow
for the volume of the hydrated structure (23-25). For X-ray
fits, no scattering curve corrections were applied for wave-
length spread or beam divergence as these are thought to be
negligible. For neutron fits, a 16% wavelength spread for a
nominalλ of 1 nm and a beam divergence of 0.016 rad were
used as an empirical correction for the calculated scattering
curves (26).
The curve fits were assessed by calculating the radius of

gyrationRG and that of its cross-sectionRXS from Guinier
fits of the calculated curve in the sameQ ranges used in the
experimental data analyses (29). TheR factor goodness-of-
fit parameter was defined by analogy with crystallography
(23) for X-ray data in theQ range between 0.10 and 2.0
nm-1 and neutron data in theQ range between 0.15 and 2.0
nm-1 (denoted asR2.0), and normalized using anI(0) value
of 1000. Sedimentation coefficients (s°20,w values) were
calculated directly from the hydrated sphere models used
for X-ray scattering curve fits using the program GENDIA
(24, 41, 42). In the automated searches, the comparison of
the calculated and experimental curves was achieved by the
use of filters to retain or reject models on the basis of less
than 5% steric overlap between the domains, specified ranges
for the calculatedRG andRXS values ands°20,w values, and
low R factor values (22). For FVIIa and the complex, the
RG value of their models was required to be less than 3.21
and 3.4 nm, respectively (Table 1).

RESULTS AND DISCUSSION

(a) Comparison of the Solution and Crystal Structures for
FVIIa. In the absence of a crystal structure for free FVIIa,

the solution scattering data for free FVIIa in 5 mM Ca2+

were compared with the FVIIa structure found within the
crystal structure of the FVIIa-sTF complex to determine
the degree of agreement between them. This FVIIa structure
in the sTF-FVIIa crystal complex showed an extended
arrangement of the Gla, EGF-1, and EGF-2 domains with a
tip-to-tip maximum dimension of 11.5 nm. This is compa-
rable with the length determination of 10.3 nm for FVIIa in
solution by scattering (29). The FVIIa crystal structure
showed that the EGF-2 and SP domains form many contacts
with each other and may be considered as a rigid entity, and
that the link between the Gla and EGF-1 domains is also
well-defined. One less well defined feature is the extended
oligopeptide link HKDDQLI between the last disulfide bridge
of EGF-1 and the first disulfide bridge of EGF-2 domains
(residues 84-90 in Figure 2). This forms a poorly defined
helix in the crystal structure that may be flexible in solution
(Figure 1). The two large N-linked oligosaccharide chains
on opposite faces of the SP domain were not visible in the
crystal structure of the complex, and constitute a second less
well defined feature of the FVIIa structure. When the
scattering curve was calculated for the FVIIa structure seen
in the crystal structure of the complex with the addition of
two extended oligosaccharide chains (Methods; see Figure
5), RG andRXS values of 3.46 and 1.43 nm, respectively,
were obtained that were higher than the experimental values.
The X-ray and neutron curve fits had goodness-of-fitR2.0
values of 7.6% and 7.9%, respectively (Table 1a). However,
if the oligosaccharide chains were reorientated more closely
to the protein surface of the SP domain in this FVIIa

FIGURE 6: Two projection views of the outcome of the automated search for the FVIIa-sTF complex. Thezx andzy projection views
summarize the distribution of 276 sTF structures relative to the FVIIa model after the exclusion of models with large steric overlap or large
RG values. Thezx projection is shown also in Figure 5. Below each grid, outlines of the FVIIa and sTF domains are shown in the same
scale to show the best-fit structure for the complex, denoted by the∆ symbol in the grid. The+ symbol on FVIIa denotes the origin of the
grid, and the+ symbol on sTF (dotted outline) denotes its N terminus. Note that the separation between the two+ symbols matches the
separation of the origin of the grid and the∆ symbol in the grid. TheO andb symbols in the grid denote the position of the N terminus
of sTF in the 276 models of the complex.O denotes 184 complex models withD values greater than 2.5 nm, whileb denotes 92 complex
models withD less than 2.5 nm that satisfy the biochemical constraint of Figure 5 (see text). The∇ symbol denotes the worst-fit model
from the 276 models. Also shown is anR-carbon view of the crystal structure of the FVIIa-sTF complex in the same orientation and scale
as the domain outline, with sTF shown in bold.
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structure,RG andRXS values of 3.31 and 1.55 nm, respec-
tively, were obtained that were in good agreement with the
experimental values. The X-ray and neutronR2.0 values were
better at 5.7% and 6.0%, respectively (Table 1a). It was
concluded that a FVIIa structure with an extended EGF-1/
EGF-2 link and compact N-linked oligosaccharides (Figure
3c) is consistent with the experimental data for free FVIIa
in solution.
As FVIIa is 90% protein and 10% carbohydrate by weight,

scattering inhomogeneity effects may be important. The
X-ray data correspond to a high positive solute-solvent
contrast, while the neutron data in 100%2H2O correspond
to a high negative solute-solvent contrast that inverts the
relative contributions of high and low macromolecular
scattering densities to the observed scattering curve. The
similarity of the R2.0 values for both the X-ray curve fit
(Figure 3a) and the neutron curve fit (Figure 3b) after
correction for instrumental effects (see dotted lines in Figure
3b) showed that these inhomogeneity effects were unimpor-
tant.
The four domains of FVIIa are homologous to those found

in FIXa. In the crystal structure of free porcine FIXa, three
of its four domains were clearly visualized. The fourth (Gla)
domain was partially resolved but could be successfully
modeled using the prothrombin Gla domain structure (17).
The FIXa crystal structure exhibits a sharp 110° bend
between the long axes of the EGF-1 and EGF-2 domains in
the light chain that is stabilized by a salt bridge unique to
FIXa between Glu78 and Arg97 in the numbering of Figure
2. The oligopeptide linker between EGF-1 and EGF-2 in
FIXa is four residues shorter than that seen in FVIIa (Figure
2). The maximum linear dimension of the four FIXa
domains is accordingly shorter at 10.5 nm than that of 11.5
nm for FVIIa. To test whether this shorter, bent FIXa
domain arrangement could represent the domain structure
of free FVIIa in solution, a scattering curve was calculated
from this FIXa crystal structure (Methods) for comparison

with the experimental FVIIa scattering data. If extended
oligosaccharide structures were used in this model, the
resultingRG andRXS values of 3.21 and 1.37 nm, respec-
tively, were close to the experimental values, and X-ray and
neutronR2.0 values of 6.5% and 7.5%, respectively, were
obtained (Table 1a). When compact oligosaccharide struc-
tures were used, the resultingRG value of 3.06 nm was in
poorer agreement with the experimental value, but betterR2.0
values of 4.8% and 6.7% were obtained. The inconsistency
of these two outcomes, together with visual inspection of
the two curve fits (not shown), did not favor a bent FIXa-
like domain arrangement as a model for the FVIIa domain
arrangement in solution (Table 1a).
Comparative calculations of the scattering curveI(Q) and

its distance distribution functionP(r) from the crystal
structures of complexed FVIIa and free FIXa (Figure 4)
showed more clearly that FVIIa in solution contains an
extended light chain domain arrangement and not a bent one.
The experimental X-rayI(Q) for free FVIIa in Figure 3a
showed a slight inflection atQ) 0.9 nm-1, which suggested
that structurally distinct and separated “head” and “tail”
moieties existed in free FVIIa. Even though the whole FVIIa
structure contributes to all parts of the FVIIaI(Q) curve,
the calculation ofI(Q) for the SP domain alone gave a good
match to the FVIIa curve betweenQ of 0.6-1.3 nm-1 in
Figure 4a, while that for the light chain alone in FVIIa gave
a good match to the FVIIa curve belowQ of 0.35 nm-1 in
theQ range where the SP curve is relatively flat in Figure
4a. This provided an explanation of the inflection inI(Q)
atQ) 0.9 nm-1. Similar calculations using the FIXa crystal
structure gave neither of these matches (not shown), which
is attributable to the closer spatial proximity of the SP domain
to the light chain in this bent structure. More significantly,
the P(r) curves from the crystal structures of complexed
FVIIa and free FIXa showed a large difference (Figure 4b).
That for FVIIa contains a main peak at M of 3.0 nm and a
subpeak at 7.0 nm. That at 3.0 nm is assigned to interatomic

Table 1: Modeling Analyses for Factor VIIa and the Complex between Factor VIIa and Soluble Tissue Factor

models RG (nm) RXS (nm) R2.0 (%) s°20,w (S)
(a) Factor VIIa:

mean experimental values 3.31( 0.08 1.53( 0.13 3.3( 0.1a

calculated values using models from crystal structures
FVIIa from FVIIa-sTF (extended CHO) 1 3.46 1.43 7.0, 7.0b 3.0
FVIIa from FVIIa-sTF (compact CHO) 1 3.31 1.55 5.7, 6.0b 3.2
FIXa-based (extended CHO) 1 3.21 1.37 6.5, 7.5b 3.3
FIXa-based (compact CHO) 1 3.06 1.49 4.8, 6.7b 3.5

automated search using homology models (5× 72° steps aboutx, y, zaxes)
linear starting model 1 3.22 1.30 4.4, 6.8b 3.4
bent model 1 2.58 1.61 19.3, 14.7b 3.8
number of models 15 625
models with< 5% steric overlap 11 955 2.90( 0.19 1.40( 0.12 5.4( 2.0 3.6( 0.12
models withRG > 3.15 nm 1051 3.20( 0.03 1.31( 0.03 4.4( 0.2 3.4( 0.03
models withRG > 3.21 nm 317 3.24( 0.02 1.32( 0.02 4.6( 0.2 3.4( 0.02

(b) FVIIa-sTF Complex:
mean experimental values 3.22( 0.03 1.56( 0.02 4.4( 0.3a

calculated values using models from crystal structure
FVIIa-sTF complex (extended CHO) 1 3.57 1.56 8.4, 7.7b 4.3
FVIIa-sTF complex (compact CHO) 1 3.47 1.60 6.5, 6.8b 4.5

automated search using homology models (21× 0.5 nm steps alongx, y, zaxes;
4 orientations)
total number of models 4× 9261
orientation 1 (models with<5% steric overlap;RG < 3.4 nm) 276 3.35( 0.04 1.72( 0.08 6.5( 1.2 4.5( 0.1
best model 1 3.24 1.64 3.8, 8.3b 4.7

a Experimentally determined values (Methods).b The first and second values correspond to the X-ray and neutronR2.0 values, respectively.
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distances mostly within the SP domain, while that at 7.0 nm
is assigned to interatomic distances mostly within an
extended light chain structure, the second of which has 31%
of the height of the main peak. The calculated curve was in
excellent agreement with the experimentalP(r) curve of free
FVIIa which shows two peaks at 3.0 and 7.0 nm, the second
of which has a peak height of 32% of the first (see Figure 3
in ref 29). In contrast, theP(r) curve for FIXa contained
only a main peak at 3.0 nm (Figure 4b). This is attributable
to the proximity of the SP domain and light chain in the
bent FIXa structure. Thus, the difference between the two
P(r) curves rules out a significantly bent light chain domain
structure for free FVIIa in solution.
(b) Automated Modeling CurVe Fitting for the FVIIa

Domains. Solution scattering does not yield unique struc-
tures but only compatible ones. Since the above results for
FVIIa were based on comparisons with only two crystal
structures, supplementary curve fits were needed in order to
establish a more general structural description for FVIIa.
Thus an automated curve fit analysis was performed to assess
all possible domain arrangements (Methods). A linear
starting model that corresponded to the most extended
domain arrangement positioned the long axes of the Gla,
EGF-1, and EGF-2 domains on a common long axis included
a short linker between the EGF-1 and EGF-2 domains and
possessed extended oligosaccharide structures. Since the
FVIIa-sTF crystal structure was unavailable at the time the
search was performed, this starting model was constructed
from homologous domains found in prothrombin, FIXa, and
factor Xa (Methods; Figure 5). This model had a length of
11.0 nm and gave an acceptable curve fit to the experimental
X-ray data. TheRG andRXS values were low at 3.22 and
1.30 nm, but good X-ray and neutron goodness-of-fitR2.0
values of 4.4% and 6.8% were obtained. In contrast, a bent
domain model in which the EGF-1 and Gla domains were
both rotated by 72° about they axis in thex-z plane of
Figure 5 gave very poor curve fits withR2.0 values of 19.3%
and 14.7%.
This linear starting FVIIa model was used for an automated

curve-fit search based on 15 625 possible domain arrange-
ments, which were evaluated using fits to the experimental
X-ray curve. The application of a steric overlap filter left
11 955 models (Methods; Table 1a). Of these models, only
1051 hadRG values greater than 3.15 nm, and 317 hadRG
values greater than 3.21 nm. These 317 models (which
included the starting linear model) had individualx-, y-, and
z-axis rotations that were distributed over all values without
preference for specific ranges, and gave good agreement with
the experimental X-ray data. In conclusion, the search
showed that only the most extended domain arrangements
in free FVIIa were compatible with the experimental X-ray
curve. These correspond not only to the extended FVIIa
structure seen in the FVIIa-sTF crystal structure, but also
to other structures that may be in equilibrium with this,
provided that all these other structures are extended. In
addition, this search did not rule out the presence of a short
linker structure between EGF-1 and EGF-2 in free FVIIa,
which becomes more elongated after complexation with sTF
to give the FVIIa structure seen in the FVIIa-sTF complex.
(c) Comparison of the Crystal and Solution Structures for

the FVIIa-sTF Complex. To see whether the crystal
structure of inhibited FVIIa and subtilisin-cleaved sTF (14)

is compatible with the solution structure of the FVIIa-sTF
complex, the scattering curve calculated from the crystal
structure was compared with the experimental scattering
curves for the complex formed between intact sTF and
inhibited FVIIa in Figure 3, parts d and e. The same
extended and compact N-linked oligosaccharide structures
used above for free FVIIa were used in order to permit direct
comparison with the FVIIa curve fits. Small curve fit
differences for the complex were seen between the two
oligosaccharide conformations, and the compact one again
gave a better curve fit (Figure 3f). The experimentalRG
values of free FVIIa and the FVIIa-sTF complex are similar
within experimental error (Table 1), and this was attributed
to the compact nature of the interaction made between FVIIa
and sTF in their complex (29). In the present modeling, the
calculatedRG value for the complex was larger by 0.25 nm
than the experimental value; however, satisfactory X-ray and
neutronR2.0 values of 6.5-6.8% were obtained, and this
supported the similarity of the crystal and solution structures
of the complex (Table 1b). The difference inRG values may
be attributed to the less extensive data collection for the
complex compared to FVIIa in ref 29. It was concluded
that the curve fits of Figure 3d, e ruled out the possibility of
a major domain rearrangement between the crystal and
solution states.
(d) Automated Modeling CurVe Fitting for the FVIIa-

sTF Complex. The feasibility of an automated curve-fit
search to determine candidate models for a multidomain
heterodimeric protein complex is important for the study of
other such systems. This was therefore examined using the
FVIIa-sTF complex as a model system, since these candi-
date models can be compared with the recently solved crystal
structure for this complex. Such a search assumes that major
structural rearrangements in the two associating multidomain
structures between the free and bound states are absent. For
sTF, supporting evidence for this was obtained by the
comparison of scattering curves calculated for free and
complexed sTF crystal structures (Methods), which gave
goodR2.0 values of 2.3-3.5%. Comparisons of the calcu-
latedRG values of 2.34-2.49 nm with the experimental value
of 2.06( 0.12 nm (29) showed that these were larger by
0.28-0.43 nm. ThisRG difference is attributed to the small
size of sTF and the less extensive data collection for sTF
compared to FVIIa in the earlier study (29), and is not
considered significant in the present context. For FVIIa, only
extended domain arrangements in the free and complexed
forms were determined from the above analyses, and the
extended linear FVIIa structure of Figure 5 was therefore
reused here.
A comprehensive search for all sterically allowed struc-

tures of sTF relative to FVIIa in the complex would involve
six rotational and translational parameters. Their full treat-
ment would result in too many models to analyze with
present computational resources. Previously, automated
curve-fit searches for two homooligomeric complexes were
constrained by symmetry and this significantly reduced the
number of models to be tested (22, 25, 31). As symmetry
constraints were not available for a heterodimeric complex,
a biochemical constraint was used instead. It is known that
the C-terminal domain of sTF is close to the Gla domain of
FVIIa, since the EGF-1 and Gla domains interact with sTF
(43), and both the C-terminal domain of sTF and the Ca2+-
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rich Gla domain are proximal to the negatively charged cell
membrane in the membrane-bound complex. This constraint
fixed the position of sTF so that the C-terminus of sTF was
close to the Gla domain (shown in Figures 1 and 5).
Accordingly only translational searches of sTF in this
orientation relative to FVIIa were performed and this
restricted the number of models to be tested to 9261
(Methods). Three further searches were also made with the
sTF structure rotated in 90° steps about its longest axis
(Methods).
Analysis of the conformational searches identified 276

possible structures for the complex in the search based on
the sTF orientation shown in Figure 5, where 97% of the
9261 possible models had been eliminated by the use of steric
overlap andRG filters. The two filters eliminated models
that were too compact or too elongated, respectively. The
276 structures included those related to the known crystal
structure of the complex. At this point, further biochemical
constraints were found to be useful. This is detailed as
follows:
(i) Projection views of these 276 models (Figure 6) showed

that a sufficiently large translational range had been scanned.
Both theRG andRXS values of the 276 models agreed with
experiment and gave lowR2.0 values between 3.8% and 9.4%.
Similar results were obtained in the other three searches using
the different sTF orientations about its long axis (not shown).
The 276 locations of sTF relative to FVIIa in thezx (and
yx) projection covered a large area on the longestx axis of
FVIIa. The zy projection shows that the 276 locations
correspond to an annulus that surrounds the three small Gla
and EGF domains or the large SP domain. Analysis of all
four 90° orientations of sTF about its longest axis (not
shown) showed that the greatest uncertainty in the position
of these filtered models was along thex-axis (range of 5
nm), followed by thez-axis (range of 4 nm), then they-axis
translation (range of 2 nm).
(ii) Surface plasmon resonance analyses of mutants have

shown that the sTF residues Lys20, Trp45, Asp58, Tyr94,
and Phe140 (Figure 5) are important for binding to the Gla
and EGF domains in FVIIa (2, 3). The biochemical
constraint based on this was used to divide the 276 models
into two sets. The mean valueD of the perpendicular
distances between these fiveR-carbon atoms in sTF and the
x axis of FVIIa (Figure 5) was 3.0( 1.1 nm for all 276
models. The 92 models withD less than 2.5 nm (highlighted
asb in Figure 6) correspond to an annulus of sTF locations
surrounding the Gla and EGF domains in thezyprojection.
The zxprojection showed that the 92 highlighted locations
covered the long axis of the EGF and Gla domains.
(iii) The best X-ray fit model (∆) had x, y, and z

translations of sTF by 2.0, 1.5, and 0.5 nm, respectively,
from the origin, with a separation between the centers of
mass of 2.6 nm (Table 1b; Figure 6), and gave anR2.0 value
of 3.8%. This model and others were located in the+z/+y
quadrant in thezyprojection. This quadrant corresponds to
the large space contained between the SP domain and the
light chain. Comparison of the domain outlines in Figure 6
with molecular graphic views of the crystal structure of the
complex provided a striking confirmation of the layout of
FVIIa and sTF in this best-fit structure (Figure 6). The
rotational orientations of the FVIIa domains and sTF about
their long axes were, however, distinctly different in the

crystal structure compared to Figure 5 and could not be
identified in this search. The worst X-ray fit model (∇) and
others were located in the-z/-y quadrant in thezy
projection, in which sTF is now on the opposite face of
FVIIa.
(iv) Two final checks were performed on the best-fit model

from the search (Figure 6). The occupancy of the three Asn
glycosylation sites in native tissue factor would hinder
protein-protein interactions with FVIIa, and their location
acts as a biochemical constraint that defined disallowed
models. In Figure 5, Asn124 and Asn137 are on the right
side of sTF, while Asn11 is on the left, and define possible
surface areas of sTF that do not interact with FVIIa. This
was sterically consistent with the best-fit model from the
search shown in Figure 5. This best-fit model was supported
also by the 276 corresponding neutron curve fits, where the
best model hadR2.0 ) 8.3% and the worst one hadR2.0 )
10.3%.
(e) Sedimentation Coefficient Analyses for FVIIa and Its

Complex with sTF.The modeling of sedimentation coef-
ficient data from analytical ultracentrifugation provides an
alternative determination of the dimensions of FVIIa and the
FVIIa-sTF complex. Previously, using models based on
hydrodynamic ellipsoids, the Perrin equations resulted in
molecular dimensions for FVIIa of 20.4 nm× 2.8 nm×
2.8 nm at one limit and 12.6 nm× 9.8 nm× 1.4 nm at the
other (44, 45). Those for the FVIIa-sTF complex were 25.4
nm× 2.6 nm× 2.6 nm at one limit and 18.6 nm× 7.8 nm
× 1.2 nm at the other. Since X-ray and neutron scattering
showed that both FVIIa and the FVIIa-sTF complex had
lengths of 10.2-10.3 nm, and the crystal structure for the
FVIIa-sTF complex is 11.5 nm long with a diameter of 4.0-
5.0 nm, the lengths from scattering are seen to be in better
agreement with the FVIIa-sTF crystal structure than those
from the Perrin equations. This discrepancy is now explored.
Hydrodynamic modeling was performed to assess the use

of sedimentation coefficientss°20,w to analyze these structures.
First, remeasurement of the experimentals°20,w values for
FVIIa and the FVIIa-sTF complex gave values of 3.3(
0.1 S and 4.4( 0.3 S, respectively, from sedimentation
velocity runs using a Beckman XLA ultracentrifuge (Meth-
ods). While the first value is in good agreement with that
of 3.4( 0.1 S reported previously using a Beckman Model
E ultracentrifuge (44), the second value is higher than that
of 3.9( 0.1 S determined previously. Second, using small
spheres, the theoreticals°20,w values were calculated from
the crystallographic models and the automated search models
for comparison with experiment (Table 1). In agreement
with the scattering modeling, thes°20,w calculation for the
FVIIa model derived from the crystal structure of the
complex was in better agreement with experiment if the
oligosaccharides were in a compact conformation (Table 1a).
Likewise the 317 best-fit FVIIa scattering models from the
automated search gave good agreement with experiment
(Table 1a). These showed that the use of small spheres was
successful in accounting for the experimentals°20,w value of
3.3 ( 0.1 S. However, unlike the scattering analyses, the
s°20,w calculation could not exclude the bent FVIIa model
derived from FIXa (Table 1a). In the case of the FVIIa-
sTF complex, good agreement was also found with the
crystal structure which gave calculateds°20,w values of 4.3-
4.5 S in good agreement with the experimental value of 4.4
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( 0.3 S (Table 1b). The 276 best-fit scattering models gave
a calculated mean value of 4.5( 0.1 S. It is concluded that
the scattering and hydrodynamic calculations were consistent
with each other, and that the earlier measurement ofs°20,w
for the complex had been underestimated.

CONCLUSIONS

(a) Structures of FVIIa and FVIIa-sTF. Solution scat-
tering has provided new information on the domain arrange-
ments in FVIIa and the FVIIa-sTF complex that usefully
extends the interpretation of recent crystal structures for
coagulation factors, both when free and when complexed.
Multidomain structures cannot be solved unambiguously by
scattering analyses, but the knowledge of these crystal
structures now places limits on the scattering analyses and
makes them more powerful in the analysis of unknown
multidomain structures (22).
In application to FVIIa, previous scattering studies had

indicated that the FVIIa domains were extended (29). Here,
the direct comparison of scattering data for free FVIIa in
solution with the extended FVIIa structure in the recent
crystal structure of the FVIIa-sTF complex shows that they
are consistent. In addition, several new curve-fit analyses
rule out a bent light chain structure for FVIIa such as seen
in the crystal structure of the homologous coagulation factor
FIXa. In FIXa, the bend in this structure occurs at the short
EGF-1/EGF-2 link and is attributed to a Glu-Arg interdomain
salt bridge that is conserved in FIXa but not in either FVIIa
or factor Xa. In FVIIa, this link is longer and is seen as a
short poorly formed helix in the FVIIa-sTF crystal structure
to suggest that this may be somewhat flexible and extended
in solution, which would be consistent with the new curve
fits presented here. Fluorescence experiments with labeled
FVIIa have suggested that free FVIIa is more flexible than
in the complex with sTF (44). This link is also likely to be
flexible in factor Xa as this link is longer than that of FIXa,
and EGF-2 but not EGF-1 was observed in the crystal
structure of des-Gla factor Xa (15). In a second crystal form
of des-Gla factor Xa, the EGF-1 domain is in a different
location relative to the SP and EGF-2 domains (16). In
addition, the NMR structure of the Gla/EGF-1 domain pair
in factor X suggests that there is flexibility between these
two domains as well (46). These observations imply that
multiple related FVIIa conformations of similar energies may
coexist in solution. The significance of the present auto-
mated FVIIa curve-fit analyses is to show that all these
extended structures will be similar in overall length and ideal
for the recognition of tissue factor. There would be no
significant energy price to be paid in terms of domain
reorientation during complex formation, and this together
with the extensive dispersion of contact residues across the
four FVIIa domains would account for the low nanomolar
KD reported for the interaction.
In application to the FVIIa-sTF complex, the scattering

data showed that a compact complex of FVIIa with sTF was
formed (29). The present scattering analysis was important
to verify the similarity of its domain structure in solution
with that in the crystal structure, despite the removal of the
sTF residues 85-89 in the crystal structure and the existence
of packing contacts in the crystal state. It is generally
thought that the tight interaction of the Gla, EGF-1, EGF-2,

and SP domains in FVIIa with the domain pair in sTF locks
the flexible FVIIa structure into a more rigid conformation.
This would stabilize an active conformation and/or a
reorientation of the enzymatic SP domain in FVIIa that would
lead to its activation and the initiation of blood coagulation
(3, 30). Data from a fluorescence energy transfer study
suggest that this may well be the case (47). A crystal
structure for free FVIIa would therefore be of great interest
as this would allow the precise definition of changes in the
SP domain in relation to FVIIa function.
Solution scattering also provided information on the two

N-linked oligosaccharide structures of FVIIa. Since these
lie on the outer periphery of FVIIa, scattering data are
sensitive to their conformation. The FVIIa curve fits suggest
that these oligosaccharides are not as extended as found in
several other glycoproteins by similar scattering analyses (25,
28), and the same result was obtained with the FVIIa-sTF
curve fits. Their conformations shown in Figures 3c and 5
suggest that two sides of the SP domain are masked, while
leaving accessible the catalytic triad at His193-Asp242-
Ser344 at the top of the structure as viewed in Figure 3f, as
well as its contact region with sTF between the SP domain
and the FVIIa light chain. The O-linked oligosaccharides
on the EGF-1 domain likewise do not mask the contact
surface of FVIIa. Inspection of the sTF structure in its
complex shows that the N-linked oligosaccharides of sTF
also do not hinder the contact region of sTF with FVIIa.
(b) Automated Modeling of Heterodimeric Complexes by

Scattering and Ultracentrifugation.The novelty of the
present curve-fit modeling lies in its application to a
heterodimeric complex formed between two multidomain
proteins (22). The joint use of both X-ray and neutron
scattering curve fits together with analytical ultracentrifu-
gation data serves as controls for reproducibility and possible
solute-solvent contrast effects. Previous curve-fit applica-
tions have described its calibration for proteins of known
crystal structures and molecular weights between 23 000 and
127 000 (23-25) and its application to single multidomain
proteins and homodimeric and homotrimeric complexes (26-
29). In the present application, as in those previous ones,
suitable homologous atomic structures are essential to
constrain the curve-fit analyses. These may be available
either directly by high sequence similarity with known atomic
structures (homology modeling) or indirectly by protein fold
recognition methods and analogy modeling (48, 49). For
single multidomain proteins, further constraints are imposed
by use of the correct stereochemical connections between
the domains that the curve fits are directed toward determi-
nation of the domain arrangement. For homooligomeric
complexes, further constraints are imposed through known
symmetry relationships that the curve fits can assess the
arrangement of the monomers within the oligomer. The
present analysis of a heterodimeric complex, however, lacks
symmetry constraints. After constraining the search on the
basis of the inferred relative orientation of the two proteins
in the complex, the use of steric overlap andRG filters still
left many allowed structures. However, in the search based
in Figure 5, the use of further biochemical constraints based
on identified contact residues between the two proteins
(together with the known location of glycosylation sites
which would be excluded from the protein-protein interface)
permitted the location of sTF in the space between the SP
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domain and the light chain, in agreement with the crystal
structure of the complex. This approach usefully narrowed
the range of possible structures for the complex. Thus, in
the absence of a crystal structure, it is envisaged that the
automated modeling technique with the application of
biochemical constraints, together with the use of electrostatic
and surface docking methods, will result in improvements
in structure determinations for other heterodimeric complexes
such as ligand-receptor pairs.
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