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ABSTRACT: Ultracentrifugation and fluorescence anisotropy decay measurements were used to evaluate the
asymmetry and conformational dynamics of human blood clotting enzyme VIIa (VIIa) and the complex
it forms with a soluble truncation mutant of human tissue factor (sTF) which acts as an essential cofactor
for VIIa. Sedimentation velocity experiments showed that both VIIa and the sTF-VIIa complex are highly
asymmetric. Ineach case, the friction ratio, f/fphere, is consistent with a family of general ellipsoids ranging
from prolate to oblate. Fluorescence anisotropy decay experiments were used to limit the family of ellipsoids
which can describe the hydrodynamic behavior of VIIa and sTF-VIIa. For both VIIa and the sTF-VIIa
complex, the oblate ellipsoid of revolution was eliminated. In addition, the fluorescence anisotropy decay
data clearly show that upon binding sTF-VIIa loses a segmental motion involving a domain containing the
activesite of theenzyme. ThissuggeststhatsTF causesa stabilization of a limited range of VIIa conformations.
This stabilization may be important for proper recognition of the TF-VIIa substrate, factor X.

The complexation of factor VIIa (VIIa)! with membrane-
bound tissue factor (TF) is a critical step in the initiation of
blood coagulation. TF is a transmembrane glycoprotein
consisting of an extracellular domain (residues 1-219), a single
transmembrane domain (residues 220-242), and a cytoplasmic
domain (residues 243-263) which contains a half-cysteine
residue thioesterified to palmitate or stearate [for review, see
Bach (1988)]. When complexed with TF, the serine protease
activity of VIIa toward its natural substrate, factor X (X), is
increased by many orders of magnitude (Silverberg et al.,
1977).

In vivo, complexation of TF and VIIa takes place at the
vascular wall [for review, see Nemerson and Turitto (1991)].
Near the wall, viscous drag is exerted by the stationary vascular
surface radially and by the bulk of the flowing blood medially.
In this way, high shear forces are generated. An asymmetric
molecule in solution near the wall should thus tend to align
parallel to the direction of flow. If the molecule is anchored
at the vascular wall, it should experience forces that may be
important for determining conformation. This suggests two
mechanisms by which a flowing environment could affect the
kinetics of blood coagulation and other reactions that take
place at the vascular surface.

In this paper, we present results from sedimentation and
fluorescence anisotropy measurements that clearly demon-
strate that VIIa and the complex it forms with sTF, a soluble
truncation mutant of TF, are both highly asymmetric. In
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addition, we have established that the binding of sTF to VIIa
induces a conformational change in VIIa that leads to a loss
in the segmental flexibility of VIIa in the domain containing
the active site. In doing so, we have combined measurement
of translational and rotational hydrodynamic properties in a
useful way that may serve as a template for studies of other
protein systems where asymmetry and flexibility would be of
interest.

EXPERIMENTAL PROCEDURES

Experimental Approach. In the absence of X-ray crystal
structure models for TF, VIla, or the complex they form
(TF-VIla), there is a need to use other physical methods to
assess their three-dimensional structures. The classical method
for examining the global structure of a protein in solution is
by assessment of its hydrodynamic properties using ultra-
centrifugation. Sedimentation equilibrium and sedimentation
velocity experiments provide the molecular weight and the
translational frictional coefficient of the macromolecule. The
translational frictional coefficient, however, is a single pa-
rameter which depends on the size, shape, and flexibility of
the molecule. Thus, it is impossible to distinguish between
oblate (discus shaped) and prolate (cigar shaped) models using
sedimentation velocity alone. Likewise, it is impossible to
distinguish a flexible asymmetric molecule from a rigid
molecule of lower asymmetry.

In this paper, we demonstrate that time-resolved fluores-
cence anisotropy decday measurements provide additional
information that can reduce the centrifuge determined range
of possible shapes that are consistent with the hydrodynamic
behavior of VIIa and the sTF-VIIa complex.

Figure 1 outlines the flow of information—data, calcula-
tions, and assumptions—that we used to place limits on the
semiaxes of the general ellipsoid (Figure 2) that best represents
the hydrodynamic behavior of VIIaand sTF-VIIa. Ourinitial
observation is that the steady-state anisotropy of an active-
site, dansyl-labeled V1la prepared for thermodynamic studies
(Waxman et al.,, 1992) indicates that neither VIIa nor
sTF-VIIa is well represented by a monomeric sphere. To
address whether the steady-state anisotropy reflects higher
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FIGURE 1: Flow diagram for evaluation of hydrodynamic parameters showing inputs, assumptions, procedures, and equations where appropriate.

Steps are explained fully in Experimental Procedures.

order associations of these molecules, we performed equilib-
rium ultracentrifugation experiments. Sedimentation velocity
experiments were then performed to evaluate the deviation of
the molecules from rigid spheres. Using equations derived by
Perrin (1934), we generated a family of ellipsoids that are
consistent with the centrifuge data for VIla and sTF-VIIa. As
discussed below, time-resolved fluorescence anisotropy ex-
periments were then used to place additional limits on the
family of ellipsoids and to distinguish between changes in the
translational frictional coefficient due to asymmetry or those
due to increased rigidity. This approach has been previously
suggested by Small and Isenberg (1977) and Stafford and
Szent-Gyorgyi (1978).

Calculation of Ryphere, the Radius of the Hydrated Stokes’
Sphere. A useful and commonly applied first step in the
evaluation of hydrodynamic observables is the calculation of
values expected if the molecule were a rigid sphere. In this
way, considerations of molecular size are factored out and
only shape parameters—asymmetry and flexibility—need be
considered. The first step shown in Figure 1 is the calculation
of Ry, the radius of an anhydrous sphere with a molecular
weight equal to that of the molecule of interest. For this we

used the empirical equation

R, = (6.723 x 107°)M,' 6}

where M, is the molecular weight obtained from equilibrium
centrifugation (Teller, 1976). This relationship is based on
packing volumes observed in X-ray crystallographic structures
of protein—protein complexes. The anhydrous molecular
volume, V;, can be calculated from R It has been shown
that the classical textbook formation,

,\S/W
Ry = N, 2

where N4 is Avogadro’s number and b is the partial specific
volume of the protein, underestimates the radii and leads to
overestimates of the axial ratios in subsequent calculations
(Laue et al., 1992).

The hydration, 8, is used in the next step to generate V, the
volume of the hydrated sphere.

b+ 5
V="V\— (3)

D is estimated using the method of Cohn and Edsall (1943;
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FIGURE 2: Representation of a general ellipsoid. The semiaxes of
the ellipsoid are a, b, and ¢ witha = b = ¢. We assume that the
absorbance and emission transition dipole moments of the fluorophore,
represented by the bold arrow, are coincident. #; and 8 are the
angles defining the orientation of the dipole moments with respect
to the molecular axes. 6, is the angle to the major semiaxis a, and
0 is defined by the projection onto the plane of the b and ¢ semiaxes.

Laue et al., 1992)
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where n;, M;, and 0; are the number of moles, molecular weight,
and partial specific volumes, respectively, for the components—
amino acids and carbohydrates—which make up the protein.
For the purposes of this development, 6 was estimated at 0.280
g of H,O/g of protein. This value is an average of data from
sedimentation velocity and small-angle X-ray scattering
experiments for a group of proteins with molecular weights
less than 100 000 (Pessen & Kumosinski, 1985). Riphere, the
radius of the hydrated Stokes’ sphere, is easily calculated
from V.

Sedimentation Velocity: Calculation of fsphere. Forarigid,
spherical particle, Stokes’ law predicts that the translational
frictional coefficient is given by

f;ph:rc = 6"‘3Rsph:rc (5)

where 7 is the solvent viscosity.

Evaluationof fand Calculation of the Friction Ratio. The
rate, v, at which a molecule sediments in a centrifugal field
wr is given by the Svedberg equation

vo_ Mr(l _Bp) (6)
w’r NuS
where s is the sedimentation coefficient for the molecule, fis
the frictional coefficient, p is the solvent density, « is the
angular velocity, and r is the distance of the molecule from
the center of the field.

An asymmetric particle will have a frictional coefficient
greater than that of a spherical particle of the same volume.
Thus, the friction ratio, f/fsphere, is often used to calculate the
axial ratios for prolate and oblate ellipsoids which are consistent
with the behavior of the molecule in the centrifuge. There is
noreason, however, to believe that a protein is well represented
by either an oblate or a prolate ellipsoid, and, in fact, for a
given friction ratio the oblate and prolate models provide the
most extreme cases of deviation from a sphere. If we take the
semiaxes of an ellipsoidal structure to be a, b, and ¢ with a

s=
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> b > ¢ (Figure 2), then for a rigid particle the friction ratio
defines a family of rigid ellipsoids ranging in flatness (b/c)
and elongation (a/b) from the oblate case to the prolate. The
family of ellipsoids consistent with a given friction ratio can
be generated by numerical evaluation of Perrin’s equation
(Perrin, 1934) as outlined by Small and Isenberg (1977).
Initially, semiaxis a is set equal to semiaxis b. Semiaxis c is
numerically evaluated to obtain the initial ratio for the oblate
case. Semiaxis cis then numerically evaluated for increasing
values of a/b until the prolate case, b = ¢, is reached. The
result of this procedure is a table of b/ ¢ versus a/b for ellipsoids
with the experimentally-determined friction ratio.

If an asymmetric molecule is not rigid, any segmental
flexibility will lower the friction ratio compared to that of the
fully extended molecule. Sedimentation velocity experiments
measure the time-averaged shape of the molecule. Thus, the
friction ratio defines a family of ellipsoids that represent the
time-averaged shape of the molecule and it is impossible, using
sedimentation methods alone, to distinguish between a highly
asymmetric flexible molecule and a rigid molecule of lower
asymmetry.

Fluorescence Anisotropy: Calculation of ¢sphere. For
fluorophores bound to a macromolecule, the rate at which the
chromophore rotates, and therefore the polarization of its
emitted light, will be affected by the size, shape, and flexibility
of the macromolecule as well as by the orientation of the
fluorophore to the macromolecular axes. For a fluorophore
rigidly attached to a rigid spherical molecule, the rotational
correlation time, ¢sphere, may be calculated from the Stokes—
Einstein equation

v
¢sphm = ::?27" @)

Inthis equation, Risthe gas constant, is the solution viscosity,
and T is the temperature.

Evaluation of (¢) and the Rotational Ratio. Two types
of experiments are typically performed to assess the rotational
correlation time, ¢, of a fluorophore. In a steady-state
fluorescence anisotropy experiment, the solution is excited
continuously and fluorescence is detected through vertically
and horizontally oriented polarizers. The amount of depo-
larization is expressed as the steady-state anisotropy, {r}, given
by

o -
I, + 21,

where I, and I, are the intensities detected through vertical
and horizontal polarizers when vertical light is used to excite
the sample. The measured steady-state anisotropy will be

(r)o
(r )sphcrc = m o

(r)=

where (r)ois the zero-point or “frozen” anisotropy extrapolated
back to infinite solvent viscosity and 7 is the intensity lifetime
of the fluorophore. The degree to which a macromolecule
deviates from a rigid sphere may be assessed by comparing
the measured (r) to (r)sphere. Asymmetry will cause the
measured (r) to shift toward (r)o and to exceed {r)sphere. If
the macromolecule is not rigid or the fluorophore has
depolarizing motions independent of the macromolecule, these
segmental motions will cause the measured (r) to shift toward
0 and to be less than (r)sphere. In addition, the orientation of
the probe with respect to the macromolecular axes is important
in determining the degree to which asymmetry and flexibility
cause deviation from (r})phere (see below).
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In a time-resolved fluorescence anisotropy experiment, the
sample is repetitively pulsed with polarized light. By analogy
with eq 8, the time dependence of the depolarization due to
rotation is measured as

I(t) - I1,(t)

,-(t) = __L)_.h_ (10)
1,(t) + 21,(1)

For a fluorophore rigidly attached toa rigid spherical molecule,

the anisotropy decay law is given by

r(it) =r e"/d’sphere (1 1)
0

where rq is the anisotropy extrapolated back to time zero. For
a fluorophore rigidly attached to a nonspherical molecule, the
anisotropy decay is considerably more complicated. It has
been shown that the anisotropy decay law for an ellipsoidal
molecule is a sum of five exponentials (Tao, 1969; Belford et
al., 1972) given by

5
rt) = Zﬁ[e—l/d’i (12)
=1

Calculations of the relative values of the correlation times of
these exponentials for ellipsoids of varying axial ratios show
that only three values of ¢; are sufficiently distinct to be
resolvable even under ideal circumstances (Small & Isenberg,
1977). In protein studies, however, often only a single-
expornential decay with a ¢ equal to the mean correlation time

is observed. The preexponentxal welghtmg factors, 83, and
therefore (¢ ),are complicated functions of both the asymmetry
of the protein and the orientation of the fluorophore’s
absorbance and emission dipoles with respect to the axes of
the protein. Forexample, for a fluorophore that has coincident
absorbance and emission dipoles and is attached to a prolate
ellipsoid shaped protein, (¢) will be maximal if the dipoles
are aligned parallel to the long axis (6; = 0 in Figure 2) and
minimal when the dipoles are aligned parallel to the short axis
(6; = 90° in Figure 2).

Because (¢ ) depends on the orientation of the probe as well
as the size, shape, and flexibility of the molecule, the rotation
ratio, {(¢)/ésphere, places fewer constraints on the range of
ellipsoids that can represent the behavior of the molecule than
the friction ratio does. However, because the rotation ratio
depends on asymmetry differently than the friction ratio does,
the rotation ratio can be used to place further limits on the
family of ellipsoids generated using the friction ratio. First,
{¢) is measured and the rotation ratio is calculated. Then,
Perrin’s equations are used to calculate the three rotational
diffusion coefficients (D,, Dy, D.) and five correlation times
for each of the members of the friction ratio-consistent table
of ellipsoids. Finally, the range of ellipsoids consistent with
both the friction and rotation ratios is determined. This is
accomplished by evaluating, for each ellipsoid, whether a probe
orientation can be found such that the 8/’s (eq 13) weight the
five exponentials so that the experimentally-determined
rotation ratio is recovered. The equations for determining
the 8;’s for different probe angles are outlined by Belford et
al. (1972).

In addition to limiting the range of ellipsoids which can
represent the hydrodynamic behavior of a molecule, time-
resolved fluorescence anisotropy decay data can provide
important information regarding molecular flexibility or
segmental motion which cannot be inferred from the sedi-
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mentation data. This is due to the short time frame
(picoseconds to nanoseconds) over which rotation is measured.
In time-resolved fluorescence anisotropy measurements, seg-
mental motion of a region of the protein containing the probe
will produce a component in the anisotropy decay with a
correlation time less than ¢sphere. The appropriate equation
for the anisotropy decay in this case is

Ht) = ro[,ye_'/d’ugmenml +(1- ,Y)]e_t/d’glcbql (14)

where « is a scaling factor between 0 and 1 [see Lakowicz
(1983)]. Inthis equation, @segmental is the correlation time for
depolarizing motions of a domain containing the probe and
@globai 18 the correlation time for the rotational motion of the
protein as a whole. Anisotropy decay data are typically
analyzed as a sum rather than a product of exponentials, so
that the decay law in the presence of segmental flexibility is
observed to be

P(t) = ro[Papor®™/*™ + Pionge™/ 48] (15)
where pshort = ¥ and piong = 1 — y. Thus

¢s_}iort = ¢s_elgmental + ¢;llobal; ¢E>1ng = ¢;lloba1 (16)
An anisotropy decay which analyzes as a biexponential with
one correlation time greater than or equal to ¢gphere and one
less than ¢sphere can thus be diagnostic for segmental motion
of a domain of the macromolecule containing the probe.

Proteins. Human recombinant VIIa was a generous gift
of Dr. Ulla Hedner, Novo Nordisk, Copenhagen. Fluorescence
anisotropy studies were performed using dansyl-labeled VIia
(DF-VIIa) covalently modified at its active site histidine with
dansyl-D-Phe-L-Phe-Arg chloromethyl ketone as described
previously (Waxman et al., 1992). Briefly, DF-VIIa was
separated from free dansyl-FFRCk on a Sephadex G-15
column. Protein and dansyl concentrations were measured
by absorbance, and the labeling ratio observed was 1 mol of
dansyl to 1 mol of VIIa when VIla was fully inhibited.2 SDS—
PAGE run under reducing conditions showed that the
fluorescence label was bound exclusively to the heavy chain
of VIla as would be expected for this active site specific
modification.

Studies of the TF-VIIa complex are complicated by the
requirement that full-length TF be reconstituted in phos-
pholipid vesicles or solubilized in detergent. This makes the
possible interactions of TF and VIIa which involve the lipid
or detergent difficult to resolve from those due strictly todirect
protein—protein interactions and complicates the thermody-
namic description of the TF-V1Ia interaction. Furthermore,
a hydrodynamic study of the complex would be difficult to
interpret since global motions of the complex would be
dominated by the overall motion of the lipid vesicles. In the
present studies, we make use of a soluble TF (TF;_3;5; sTF)
which lacks the transmembrane and cytoplasmic domains.
This material was prepared and purified as described previously
(Waxman et al., 1992).

Ultracentrifugation Experiments. Sedimentation equilib-
rium studies of the sTF-VIIa complex were performed at 23.3
°Cina BeckmanModel E analytical ultracentrifuge equipped
withan electronic speed control, RTIC temperature controller,

2 The extinction of human VIIa at 280 nm was based on the number
of tryptophan and tyrosine residues in recombinant VIIa (Thim et al.,
1988) using average extinction coefficients for tryptophan (5500 M-!
cm~!) and tyrosine (1200 M~ cm™!) residues in a protein (Wetlaufer,
1962). The extinction of DF-VIIa was calculated using the extinction
coefficients for e-dansyllysine in water (J. B. A. Ross, unpublished data)
and our calculated value for the extinction of VIIa at 280 nm, assuming
additivity of the absorptions.
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Rayleigh interference optics, and a pulsed laser diode light
source (670 nm). Data were acquired using a television-
camera-based, on-line data acquisition and analysis system
(Laue, 1981; Laue et al., 1992). Samples were loaded into
short column cells (0.7 mm) (Yphantis, 1960) at several
concentrations up to 1 mg/mL total protein. Data were
collected at intervals after the estimated equilibrium time
and tested for equilibrium by subtracting successive scans
(Yphantis, 1964). M, was estimated using the nonlinear least-
squares analysis program NONLIN (Johnsonet al., 1981) as
described previously (Laue et al., 1984).

Sedimentation velocity experiments were performed on a
Beckman XL A analytical centrifuge equipped with absorption
optics that allow scanning at multiple wavelengths and
interfaced to a microcomputer for data acquisition. The
sedimentation coefficient was determined from the movement
of the boundry (Stafford, 1992) and corrected to standard
conditions (20.0 °C) and zero protein concentration using
conventional methods (van Holde, 1985; Teller, 1973).

Fluorescence Experiments. Time-resolved fluorescence
intensity and anisotropy measurements were obtained by the
time-correlated single-photon counting method using an
instrument previously described (Hasselbacher etal., 1991a).
Decay curves were collected into either 2000 or 4000 channels,
yielding a resolution of 22 or 11 ps/channel, respectively.
Fluorescence decays were measured using excitation at 330
nm with detection through a 10-nm band-pass filter centered
at 530 nm and a polarizer set vertically, horizontally, or at
the magic angle (Badea & Brand, 1979). Fluorescence decay
data were analyzed using nonlinear least-squares regression
(Bevington, 1969). The fluorescenceintensity decay collected
at the magic angle, In(t), was fit to a sum of exponentials
given by

n
L =Y ae' an
i=1

where 7; is the lifetime and «; is the amplitude of the ith
component. The intensity-weighted mean lifetime, (7}, is
defined by the relationship

n n
(1) = Za,.-r,-z/Za,-‘r,- (18)
i=1 i=1
The decay of the emission anisotropy was analyzed as a sum
of exponentials (eq 12). The anisotropy parameters were
obtained by fitting the vertically and horizontally polarized
emission decay curves (I,(t) and Iy(t)), using an approach
similar to that described by Cross and Fleming (1984). To
help constrain the intensity decay parameters (eq 17) and
provide a means for scaling the I,(t) and Ix(t) curves to each
other, we included the I'r,(t) curve in the analysis and fit all
the data simultaneously according to the following relation-
ships:

L) =" /5Io(0) (1 + 2 g™/ (19)

L(t) = /3,0 (1= D_Be™*)
RESULTS

Intensity Decay Measurements. Intensity decay measure-
ments were performed using 6 uM DF-VIla alone and in the
presence of 10 uM sTF. Measurements were performed in
0.05 M Tris buffer, 0.1 M NaCl, and 5 mM CaCl,, pH 7.5.
No free DF-VIIa is expected in the sample containing sTF as
the dissociation constant (0.59 nM) is well below the
concentrations used (Waxman et al., 1992). The intensity-
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Table I: Calculation of Hydrodynamic Parameters®

parameter Vila sTF-Vlla
M} 49000 73700

R, (cm) 2.50 X 1077 2.80 X 1077
Vp (mL) 6.20 X 10-20 9.40 X 10-20
b (mL/g) 0.703 0.711

8 0.28 0.28

¥ (mL) 8.70 X 10-20 1.30 X 1019
Ryphere (cm) 2.80 X 1077 3.20 X 1077
f;phere (g/s) 5.20 X 108 5.90 X 108
5%20,w° (8) 3.40x 10713 3.90 x 1013
f(g/s) 7.20 X 10°8 9.10 X 10°%
S/ faptere? 1.39 1.52

Gsphere’ (ns) 22 32

{¢)¢ (ns) 94 123
(¢)/¢lphere 427 3.73

4 Values have been rounded off for the purpose of presentation. ® The
estimated error in M, is £2%. ¢ The estimated error in s is £0.1 X 10-13
s. 4 Propagation of error indicates a £3% error in f/fiphere. Intermediate
values were not rounded for the actual calculations. ¢ Correlation times
presented are for 20 °C.

weighted mean fluorescence lifetimes, (), ranged from 11.1
ns at 25 °Cto 12.4 ns at 5 °C. No change in (r) was seen
upon addition of sTF. The relatively long () compared to
literature values for dansylated proteins [see Hasselbacher et
al. (1991b)] and the small dependence of (7) on temperature
both suggest that the dansyl group is shielded from solvent
as would be expected if it were buried in the active site of
VIIa. Inaddition, the emission spectrum of DF-VIIa is blue-
shifted approximately 12 nm relative to that of e-dansyllysine.
This is consistent with the suggestion that the dansyl group
is buried in the active site.

Recognizing that the dansyl probe is specifically placed, we
make the assumption that each of the lifetime components of
the intensity decay is associated with the same molecular
motions of the protein. In this case, the mean lifetime, (r),
conveys no less information than the individual decay com-
ponents. Consequently, the () of 11.1 ns at 25 °C may be
used to generate apparent rotational correlation times from
steady-state anisotropy values for DF-VIIa and sTF-DF-VIla
obtained previously (Waxman et al., 1992). In that study,
the steady-state anisotropy at 25 °C was 0.234 for DF-VIIa
alone and 0.254 for DF-VIIa in the presence of saturating
amounts of sSTF. This anisotropy change could be reversed
by addition of EDTA. Using eq 9 and an (r)¢ of 0.32 for the
dansyl probe (obtained from a Perrin plot of DF-VIIa) yields
apparent mean rotational correlation times of 30 and 43 ns
for DF-VIIa and sTF-DF-VIIa, respectively. Fromeq 7, the
rotational correlation times of hydrated spheres (0.28 g of
water/g of protein) with the same molecular weights as these
species would be 22 and 32 ns, respectively. Thesedata suggest
that the shapes of DF-VIIa and the sTF-DF-VIIa complex
are not well represented by hydrated spheres. Considering
the assumptions involved, it is impossible to determine from
these data whether the large correlation times are due to
asymmetry or higher order association. To resolve this
question, we turned to ultracentrifugation experiments.

Ultracentrifugation Studies. Table I shows the results
obtained at each step of the procedure described in the
Experimental Procedures section and outlined in Figure 1.
The M, values obtained from equilibrium ultracentrifugation
of VIIa, sTF, and an equimolar mixture of sTF and VIIa were
49 000, 27 700, and 73 700, respectively. These values are
consistent with those obtained previously (Waxman et al.,
1992). As before, neither sTF nor VIIa shows a tendency
toward reversible self-association at the concentrations em-
ployed. Nodissociation of the sTF-VIIa complex was observed
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sTF:VIla

a/b

FIGURE 3: Flatness (b/c) versus elongation (a/b) for the family of
ellipsoids consistent with the friction ratios determined for VIIa and
sTF-VIIa. The solid part of the curves represents the subset of
ellipsoids consistent with both the friction and rotation ratios.

at these concentrations, consistent with the dissociation
constant of 0.59 nM previously obtained (Waxman et al.,
1992).

Sedimentation velocity experiments performed using VIla
and the equimolar mixture of sSTF and VIIa both showed a
single boundary. The translational frictional coefficients
shown in Table I are calculated according to eq 6. fiphere for
VIla and sTF-VIIa are shown for comparison and the friction
ratios f/ fiphere are calculated. Asdiscussed above, each friction
ratio is consistent with a family of ellipsoidal shapes ranging
from prolate to oblate. For VIIa alone, the axial ratios for
the oblate and prolate ellipsoids consistent with the determined
friction ratio are 8.4 and 7.2, respectively. For sTF-VIIa, the
axial ratios are 11.8 and 9.6 for the oblate and prolate
ellipsoids.> Figure 3 shows b/c versus a/b for the family of
ellipsoids consistent with the friction ratios obtained. In
examining this figure, it is useful to note that the intercepts
of the friction ratio-consistent curve at a/b =1and b/c = 1
represent the oblate and prolate ellipsoids, respectively.
Clearly, VIIa and sTF-VIIa are both highly asymmetric.
Furthermore, the friction ratio for sTF-V1la exceeds that of
Vila alone. However, as discussed above, the translational
frictional coefficients alone are not sufficient to distinguish
among the family of ellipsoids, nor are they capable of
distinguishing between a highly asymmetric flexible molecule
and a rigid molecule with lower asymmetry. We therefore
performed fluorescence anisotropy decay measurements to
narrow further the range of ellipsoids which are consistent
with the hydrodynamic behavior of VIIa and sTF-VIIa and
to assess the extent to which segmental motions may be
occurring.

Fluorescence Anisotropy Decay Studies. The results from
the time-resolved fluorescence anisotropy experiments with
DF-VIlaand sTF-DF-VIlaareshownin Table II. Conditions
were identical to those used for the intensity decay measure-
ments. In all data sets where DF-VIIa was observed alone,
a biexponential model was necessary to fit the data. Although
the preexponential of the shorter lived decay component was
consistently only about 10% that of the longer lived decay
component, the quality of the fit was clearly improved by the
addition of this component. As noted above, the ¢sphere for
VIla at 20 °C is 22 ns. When this value is compared to the

3 One reviewer questioned how the choice of eq | rather than eq 2 for
the calculation of the radius of an unhydrated spherical protein could
alter our results. The use of eq 2 would yield unhydrated radii that are
2-4% smaller than those calculated using eq 1. Use of these smalier radii
in subsequent calculations would yield axial ratios approximately 5-10%
larger and would suggest that V1Ia and the sTF-VIIa complex are even
more asymmetric. The general conclusions of the paper, however, are
unaffected by personal preference regarding eqs 1 or 2.
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Table II: Time-Resolved Fluorescence Anisotropy Parameters?

sample T(°C) 7(cP) B ¢1(ns) B2 ¢2(ns)

DF-VIla 5 1.56  0.36 145 0.04 220
10 1.35 036 126 0.04 18.6
15 .17 0.36 108 0.04 16.1
20 1.04 036 97 0.04 14.1
25 0.91 0.36 85 0.04 9.6

sTF-DF-VIIa 5 1.56  0.40 194
10 1.35 0.39 168
15 1.17 040 141
20 1.04 040 122
25 0.91 0.40 112

@ The results presented for DF-VIIa were obtained by fixing each 8;
to the average value obtained from unrestricted analyses as described in
the Results Section. The results presented for sTF-DF-VIIa are values
obtained from completely unrestricted analyses.
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FiGure 4: Correlation times versus n/RT for DF-VIIa and
sTF-DF-VIIa. A single-exponential model fit the anisotropy decay
of sTF-DF-VIIa. Both the long and short correlation times for the
biexponential model used for DF-VIIa alone are shown. Details are
described in Results.

correlation times obtained at this temperature, it can be seen
that the 97-ns correlation time is considerably larger than
$sphere, and the 14-ns correlation time is considerably smaller
than ¢sprere. This pattern suggests that the anisotropy decay
of DF-VIIa is composed of decays due to global and segmental
motions. From eqs 14-16, it can be seen that the larger
correlation time is equal to global motion correlation time,
dglobal- A simple calculation (eq 16) shows that the segmental
motion correlation time is 12 ns. Equation 7 can be used to
make an order of magnitude approximation of the size of the
protein domain responsible for the fast component of the
anisotropy decay. This analysis yields a molecular weight of
approximately 30 000 and suggests that a significant fraction
of the protein is involved. Inaddition, it is consistent with the
other spectroscopic evidence that indicates that the dansyl
probe is buried in the active site of VIIa.

Figure 4 shows the temperature and viscosity dependence
of Plong and ¢snore. The correlation times used for this graph
were obtained by fixing Biong and Bsnort to the average of their
respective values obtained from initial analyses where all fitting
parameters were iterated. The fitting statistics were un-
changed by this procedure, and the reproducibility of the
correlation times was greatly improved. Also, the behavior
of the correlation times as a function of 7/ T obeys the Stokes—
Einstein equation (eq 7) as would be expected if the correlation
times reflected a global rotation and a large-scale segmental
motion of DF-VIIa. The observed dependence of the shorter
correlation time on solution viscosity is particularly notable
as it would not be expected if the faster component of the
anisotropy decay were due to rapid motion of the probe within
the active site of VIIa. The large value for ¢iong as compared
10 Psphere is further evidence that DF-VIIa is highly asymmetric.

In contrast to the data obtained for DF-VIIa alone, the
anisotropy decay of the sTF-DF-VIla complex was best
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modeled as a single exponential. There was no improvement
in any of the fitting statistics criteria when a biexponential
model was used for analysis. In fact, when the data for the
complex were analyzed by a biexponential model, degenerate
correlation times were obtained. At 20 °C, ¢sphere for sSTF-DF-
VIlais 32 ns. By contrast, the correlation time obtained from
analysis of the anisotropy decay is 122 ns, indicating, in
agreement with the sedimentation data, that sSTF-DF-V1la is
also highly asymmetric. Figure 4 also shows the temperature
and viscosity dependence of the correlation time of the sSTF-DF-
VIIacomplex. Asobserved for DF-VIIaalone, the dependence
of the correlation time on 5/T obeys the Stokes—Einstein
equation (eq 7).

In the final step of the analysis outlined in the Experimental
Procedures section, we used Perrin’s equations as outlined by
Small and Isenberg (1977) to generate the three principal
rotational diffusion constants and five rotational correlation
times for the family of ellipsoids consistent with the friction
ratios obtained for VIIa and sTF-VIIa (Table I). We then
determined the subset of each family that was consistent with
both the rotation and friction ratios (Figure 3). For VIIa
alone, the ellipsoids consistent with both the friction and
rotation ratios range from the prolate to an ellipsoid with
axial ratios of @/b and b/c of 1.3 and 7.2, respectively. The
corresponding molecular axes are 204 X 28 X 28 A for the
prolate ellipsoid and 126 X 98 X 14 A for the other limiting
shape. For sTF-VIIa, the ellipsoids consistent with both the
friction and rotation ratios range from the prolate toan ellipsoid
with axial ratios of /b and b/c of 2.37 and 6.41, respectively.
The corresponding molecular axes are 254 X 26 X 26 A for
the prolate ellipsoid and 186 X 78 X 12 A for the other limiting
shape. Thus, for both VIIaandsTF-VIIa,asubset of flattened
shapes is eliminated when the rotation ratio is taken into
account. Inparticular, thisanalysis clearly demonstrates that
an oblate model cannot account for the hydrodynamic behavior
of either VIIa or its complex with sTF.

DISCUSSION

In vivo, complexation of TF and VIIa takes place at the
vascular wall (Nemerson & Turitto, 1991). Shear stresses
from blood flow in this region are high. Evidence from enzyme
kinetic studies of TF-VIIa ina flowing reactor system suggests
that the intrinsic activity of the complex is strongly affected
by these shearing effects (Gemmell et al., 1990). Possible
mechanisms for this effect include shear-induced conforma-
tional change or an increase in the probability of successful
collisions due to preferred orientations of the enzyme and
substrate under conditions of flow. Either mechanism, of
course, would require that some or all of the molecules are
asymmetric. Withregard tothis, several studies have provided
evidence that suggest that other members of the clotting factor
family are asymmetric (Lim et al., 1977; Laue et al., 1984;
Isaacs et al., 1986; Husten et al., 1987; Luckow et al., 1989;
Olsen et al., 1992). In this paper, we have investigated the
hydrodynamic properties of VIIa and sTF-VIIa by sedimen-
tation velocity and fluorescence anisotropy decay measure-
ments. The combined data clearly demonstrate that VIIa
and the complex it forms with sTF are highly asymmetric.

In addition, the anisotropy decay data show differences in
the conformational dynamics of V1IIa alone and bound tosTF.
Specifically, a biexponential model is necessary to adequately
describe the decay of the fluorescence anisotropy of VIIa.
Multiexponential anisotropy decays have been observed for
proteins which exhibit segmental flexibility. For example,
Yguerabide et al. (1970) observed a biexponential decay with
correlation times of 33 and 168 ns for dansyllysine bound to
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IgG. The longer correlation time, which exceeds ¢sphere for
the 150 000-Da protein, was attributed to the global rotation
of the protein while the shorter correlation time, which is less
than @spnere, Was attributed to segmental motions of the Fab
fragments. That result is essentially identical with what we
have observed for VIIa in the absence of sTF. The shorter
correlation time, 14 ns at 20 °C, is significantly less than
@sphere but substantially longer than expected for side chain
motions (<1 ns). It is likely that this short correlation time
represents the jointed motion of a structural domain of VIIa
that contains the labeled active site.

It could be argued that the improvement in the statistics
obtained when the anisotropy decay of DF-VIIa is fit to a
biexponential decay law reflects the presence of three po-
tentially resolvable anisotropy decay constants and not the
presence of segmental motion. To test this possibility, we
analyzed simulated data created with an intensity decay
identical to that observed for DF-VIIa and anisotropy decay
parameters corresponding to those of several of the rigid
ellipsoids consistent with the mean correlation time of VIIa.
All correlation times recovered were greater than or equal to
Osphere.  Thus, the anisotropy decay data indicate that a
structural domain of VIIa that contains the active site
undergoes segmental motions. Moreover, the anisotropy decay
data indicate that these motions are damped when VIIa binds
sTF. We suggest that this stabilization by the cofactor, TF,
of a limited number of conformations of the enzyme VIIa is
important for proper recognition of the substrate factor X.
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