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Abstract

The initial recognition and binding of macromolecular substrates by factor VIIa (FVIIa) in complex with tissue factor has been shown
to be mediated by areas distinct from the active site (so-called exosites). The present aim was to shed light on whether the N-terminal tail
of the protease domain of FVIIa influences factor X (FX) binding, and whether the zymogen-like conformation of free FVIIa has a
decreased affinity for FX compared to the active conformation. Two derivatives of FVIIa, one (FFR-FVIIa) with a stably buried N-ter-
minus representing the active conformation of FVIIa and one (V154G-FVlIla) with a fully exposed N-terminus representing the zymo-
gen-like conformation, were used as inhibitors of FVIla-catalyzed FX activation. Their inhibitory capacities were very similar, with K;
values not significantly different from the K, for FX. This indicates that the conformational state of the N-terminus does not affect FX
binding or, alternatively, that the activation domain including the N-terminal insertion site is easily shifted to the stable conformation
ensuing FX docking to the zymogen-like conformation. The net outcome is that FX binding to the zymogen-like form of FVIIa does not

appear to be impaired.
© 2006 Elsevier Inc. All rights reserved.
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Coagulation factor VII(a) (FVII(a)) patrols the vascula-
ture for exposed tissue factor (TF). Free FVIIa has very
low biological activity due to an incomplete zymogen-to-
enzyme conversion after internal cleavage, and the appear-
ance of TF upon vascular injury mediates the localization
of FVIIa and allosteric stimulation of its activity [1]. This
extreme cofactor dependence of FVIIa ensures that the
blood clotting cascade is triggered at the appropriate place
and time [2]. Ensuing complex formation between the two
proteins, FVIIa exerts its physiological hemostatic function
by generating factors [Xa (FIXa) and Xa (FXa) from the
corresponding zymogens, reactions that initiate blood clot-
ting [3]. Pharmacologically, administration of recombinant
FVIIa (NovoSeven) results in supraphysiological levels of
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the enzyme, and buoyed by the high number of molecules
FVIIa can produce considerable amounts of FXa in a
TF-independent manner. This intrinsic ability, and the
widespread clinical use of NovoSeven, makes a character-
ization of the properties of free FVIIa relevant [4].

Crystal structures reveal that FVIIa and TF interact in
the binary complex using a large interface [5,6]. One point
of contact, between Met306 in FVIIa and TF, appears to
be particularly important for the allosteric effect on FVIla
and its active site [7,8]. TF binding also leads to stabiliza-
tion of the activation pocket and thereby facilitates the
insertion of the N-terminal tail of the protease domain of
FVIIa and the salt bridge formation with the side chain
of Asp343 [9]. This salt bridge is crucial for the TF-induced
FVIla activity enhancement.

The interactions of FIX and FX with FVIIa - TF have
only been mapped to some extent by site-directed mutagen-
esis. A common substrate-interactive region on TF has
been identified [10,11], which also is involved in the
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interaction with FXa [12,13]. All studies pinpoint the previ-
ously identified lysine residues 165 and 166, and some of
the surrounding residues as being critically important for
cofactor activity [14,15]. The Gla domain of FVIla
[16,17] and the N-terminal Gla and epidermal growth fac-
tor-like domains of the protein substrates [18-21] have also
been implicated in interactions within the ternary complex.
Less is known regarding interactions within the FVIIa -
TF - FX/FIX complex more distant from the membrane
surface. For instance, so far no substrate-interactive resi-
dues have been identified in the N-terminal domain of
TF [22]. However, alanine scanning has pinpointed several
residues in FVIIa which influence FX activation by
FVIla - TF [23], but how this is accomplished has in most
cases not been investigated. Certain FVIIa protease
domain residues, such as Arg290 [24] and Glu296 [25],
may be selectively important for macromolecular substrate
processing through an involvement in binding and/or turn-
over rate. Interestingly, these residues are included in the
most potent inhibitory FVIIa-derived peptide found in a
study of FVIIa- TF-catalyzed FX activation [26]. With
time, it has become increasingly evident that substrate
(FX) binding to the FVIIa - TF complex is dictated by exo-
sites distant from the active site cleft of FVIIa. More
recently, this has been confirmed by the failure of muta-
tions of the P1 residue in FX and in subsites in the catalytic
cleft of FVIIa to reduce substrate affinity, as well as by the
demonstration that active site and exosite occupation
results in non-competitive and competitive inhibition of
FX activation, respectively [27,28].

To date, studies of the interactions between FX and
FVIla have been carried out in the presence of TF and
are consequently influenced by the allostery by which TF
runs FVIIa. This context is physiologically most relevant,
but during rFVIla therapy free FVIla is a significant player
and this merits investigations of its substrate interactions.
Free FVIla is in equilibrium between a predominant,
zymogen-like conformation and a catalytically competent
state. One difference, presumably of several, between the
two conformations is the configuration of the amino-termi-
nus, being buried and engaged in a salt bridge with Asp343
in the active conformation and solvent-accessible in the
zymogen-like conformation. To shed light on whether the
binding of FX is affected by the configuration of the N-ter-
minus, we have used derivatives of FVIIa forced into one
or the other form as inhibitors of FVIla-catalyzed FX acti-
vation. Our data also clarify whether FVIIa in the zymo-
gen-like conformation is incapable of activating its
macromolecular substrates due to abolished enzymatic
activity, compromised binding, or both.

Materials and methods

Proteins and reagents. FVI1la [29] and p-Phe-L-Phe-L-Arg (FFR)-FVIla
[30] were obtained as previously described. The V154G mutation was
introduced into FVII using the QuikChange kit (Stratagene, La Jolla, CA,
USA), the forward primer 5'-CCC CAA GGC CGA ATT GGG GGG

GGC AAG GTG TGC CCC-3' (base substitution in italic and the affected
codon underlined) and the complementary reverse primer. The wild-type
FVII expression plasmid pLN174 was used as the template [31]. Methods
for vector preparation, cell transfection, and protein production and
purification have been described [32]. V154G-FVII was activated by
incubation with FIXaB (10%, w/w) overnight at 37 °C, followed by
removal of FIXap by chromatography on an FIA2 (anti-FVIla) immu-
noaffinity column. FX, FXa, and FIXaP were purchased from Enzyme
Research Laboratories (South Bend, IN, USA) and the peptidyl substrate
S-2765 was from Chromogenix (Mdlndal, Sweden). Stock solutions of the
proteins to be used in the FX activation assays were buffer-exchanged into
50 mM Hepes, pH 7.4, containing 0.1 M NaCl and 5 mM CacCl, using a
NAP-10 column, and further dilutions were made in the same buffer
containing 0.1% (w/v) bovine serum albumin. After buffer exchange, the
concentrations of FVIIa, FFR-FVIla, V154G-FVIla, and FX were
determined by absorbance measurements at 280 nm using a Nanodrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) using extinction coefficients of 1.32 (FVIIa) and 1.16 (FX) for a
1 mg/ml protein solution.

FX activation assays. For the determination of the K, for FX, 100 nM
FVIla was incubated with 1-15uM FX in 100 pl for 20 min at room
temperature. The FX activation was stopped by the addition of 50 pl of
50 mM Hepes, pH 7.4, containing 0.1 M NaCl and 20 mM EDTA. The
FXa generated was measured after the addition of 50 ul of a 2 mM
solution of S-2765 as the rate of hydrolysis of chromogenic substrate
during a 5 min period and converted to [FXa] using a FXa standard curve
from 0.5 to 5 nM. Absorbance measurements were performed at 405 nm
using a SpectraMax 190 kinetic microplate spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA). Data were corrected for the intrinsic
activities of FVIIa and FX. In the competition experiments, 400 nM
FVIIa in 25 pl was mixed with 2-32 uM FFR-FVIIa or 2-16 uM V154G-
FVIla in 50 pl, followed by the addition of 25 pl of a 600 nM FX solution.
This gives final concentrations of 100 nM FVIla, various competitor
concentrations, and 150 nM FX. The mixtures were incubated for 120 min
at room temperature, and termination of FX activation and quantification
of the formed FXa were carried out as described above. Data were cor-
rected for the intrinsic amidolytic activities of the individual proteins
(FVIIa, FX, and competitor incubated with FX). Separate experiments
showed that the generation of FXa at 150 nM FX was linear over time in
the interval 20-240 min. The amount of FXa generated was also virtually
linearly dependent on the FX concentration in the range 30-150 nM.

Results and discussion

Traditionally, estimates of the binding energy between
substrate and enzyme are based on K, values. With free
FVlIla, the K, for FX represents the affinity of FX for cat-
alytically competent FVIIa, that is for the FVIIa molecules
that release FXa rather than return FX to the substrate
pool, because the K, value is derived from the dependence
of the amount of FXa generated on the FX concentration.
Thus, the interaction between zymogen-like or non-pro-
ductive FVIIa and FX escapes quantification in such an
activity-based assay. TF facilitates the insertion of the
N-terminus of the protease domain of FVIIa [9], an inser-
tion that is pivotal for enzymatic activity in the trypsin
family of serine proteases [33], and concomitantly stimulat-
es the amidolytic activity of FVIIa more than 20-fold. Evi-
dently TF traps or stabilizes the active FVIIa conformation
shifting the equilibrium towards this state. The vast major-
ity (>95%) of the free FVIIa molecules thus appear to be in
a zymogen-like conformation, which includes an exposed
N-terminus of the protease domain, and unable to activate
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FX. In order to estimate the affinity of FX for both active
and zymogen-like FVIIa, of which FVIIa is a mixture, two
derivatives of FVIla were employed. First, incorporation
of an irreversible inhibitor into the active site of FVIla to
generate FFR-FVIIa stabilizes the insertion of the N-ter-
minus [30]. Only modification with this type of inhibitor
yields a population of inactivated FVIIa molecules with a
stably inserted N-terminus suitable as a representative of
the catalytically competent, active conformation [34]. The
use of this type of derivative is also justified by the previous
finding that FX docking with the active site cleft of FVIIa
does not contribute to substrate affinity [27]. Second, muta-
tion of residue 154 to Gly reduces the hydrophobic interac-
tions with the activation pocket and generates a very
flexible N-terminal tail which is virtually impossible for
FVIla to bury [35], even when bound to TF, making this
variant a good representative of the zymogen-like confor-
mation. Even though FFR- and V154G-FVIla mimic the
active and inactive FVIIa conformation, respectively, at
least with respect to the different states of the N-terminus
of the protease domain, both preparations have very low
enzymatic activity. They can therefore be used to compete
with FVIIa for FX resulting in inhibition of FVIla-cata-
lyzed FX activation. The residual FVIIa activity of FFR-
FVIla, due to incomplete inhibition, was about 0.4%,
and in our hands V154G-FVIla activated FX approxi-
mately 40-fold slower than did FVIIa.

First, we determined the K, value for FX to be approx-
imately 23 uM (Fig. 1). The accompanying k., value was
1.9x10*s7!, yielding a catalytic efficiency of about
8 M~ !'s™!. The inhibitory capacities of FFR-FVIIa and
V154G-FVlIla were subsequently assessed at a FX concen-
tration (150 nM) far below K. Because the FXa genera-
tion was linearly dependent on the FX concentration in
the 30-150 nM range, a reduction in FX activation by,
for instance, 30% in the presence of competitor could be
directly translated into a 30% reduction in available FX.
The two competitors displayed similar ICsy values (~K;
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Fig. 1. FVIla-catalyzed FX activation. The rate of FXa formation by

100 nM FVIla was measured in incubations with 1-15uM FX. A K,

value of 23 uM was derived from these data. See Materials and methods
for experimental details.

under our experimental conditions), about 19 uM for
FFR-FVIIa and 14 pM for V154G-FVIla, not far from
the K, value of FVIIa for FX (Fig. 2). These data suggest
that a solvent-accessible, as in V154G-FVlIla, and a stably
buried, as in FFR-FVIIa, N-terminus of the protease
results in indistinguishable affinities for FX. It can also
be inferred that zymogen-like FVIIa fails to activate FX
exclusively due to catalytic inability and not due to
impaired substrate binding.

Models of the ternary TF - FVIIa - FXa complex sug-
gest that the activation domain of FVIla, including the
N-terminal insertion site, is at the interface between
FVIla and FX(a) [36,37]. Even though this does not nec-
essarily imply a measurable contribution to the binding
energy, combining the present findings with these models,
and assuming that free and TF-bound FVIla interact
identically with FX, suggests that a rapid transition of
FVIIa to the active conformation may occur upon or
after the initial docking of FX. It should be kept in mind
that V154G-FVlIla is a very poor FX activator, and if
such a transition occurs it would mean that the V154G
mutation has a detrimental effect on the catalytic efficien-
cy of FVIIa even after N-terminal insertion. However, the
similar affinity of FX for both conformations of FVIIa
would allow for FX binding to the prevailing, zymogen-
like form followed by a conformational change in FVIla
that permits FX activation. Why, then, is free FVIIa a
poor activator of FX? It is conceivable that, in the
absence of TF, the N-terminus is seldom correctly insert-
ed into the protease domain. Alternatively, the N-termi-
nus escapes and free FVIIa spontaneously falls back
into the zymogen-like conformation before it has cleaved
FX. These possibilities are supported by successful stabil-
ization of the inserted N-terminus by mutagenesis of
FVIla and its functional manifestation as an increased
intrinsic activity [32,38]. The increased rate by which some
of these superactive FVIla variants, in the free form, acti-
vate FX can presumably to a large extent be explained by
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Fig. 2. Effects of FFR-FVIIa (open symbols) and V154G-FVIla (closed
symbols) on FVIla-catalyzed FX activation. From these data (mean
+ SEM, n = 2), ICs, values of approximately 19 and 14 pM, respectively,
were derived for the competitors. See Materials and methods for
experimental details.
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a shift in the equilibrium between the two conformational
states of FVIIa towards the active one. This is most evi-
dent in FVIla variants which display a much larger
increase in proteolytic than in amidolytic k., relative to
wild-type FVIIa, a property indeed accompanied by a sta-
bly buried N-terminus. Altogether, this supports the well-
established notion that the conformational status of the
N-terminus affects the processing of macromolecular sub-
strates by FVIla, but our data with FFR-FVIIa and
V154G-FVIla demonstrate that it has little, if any, influ-
ence on the affinity for these protein substrates.

Acknowledgment

I thank Anette Ostergaard for skilful technical
assistance.
References

[1] W. Ruf, C.D. Dickinson, Allosteric regulation of the cofactor-
dependent serine protease coagulation factor VIla, Trends Cardio-
vasc. Med. 8 (1998) 350-356.

[2] V.J.J. Bom, R.M. Bertina, The contributions of Ca>*, phospholipids
and tissue-factor apoprotein to the activation of human blood-
coagulation factor X by activated factor VII, Biochem. J. 265 (1990)
327-336.

[3] E.W. Davie, K. Fujikawa, W. Kisiel, The coagulation cascade:
initiation, maintenance, and regulation, Biochemistry 30 (1991)
10363-10370.

[4] E. Erhardtsen, N. Brun, N.K. Klausen, E. Persson, P. Rexen,
Recombinant factor VIla, in: B.M. McGrath, G. Walsh (Eds.),
Directory of Therapeutic Enzymes, CRC Press, Boca Raton, FL,
2006, pp. 189-207.

[5] D.W. Banner, A. D’Arcy, C. Chene, F.K. Winkler, A. Guha, W.H.
Konigsberg, Y. Nemerson, D. Kirchhofer, The crystal structure of the
complex of blood coagulation factor VIla with soluble tissue factor,
Nature 380 (1996) 41-46.

[6] E. Zhang, R.St. Charles, A. Tulinsky, Structure of extracellular tissue
factor complexed with factor VIla inhibited with a BPTI mutant, J.
Mol. Biol. 285 (1999) 2089-2104.

[7] E. Persson, L.S. Nielsen, O.H. Olsen, Substitution of aspartic acid for
methionine-306 in factor VIIa abolishes the allosteric linkage between
the active site and the binding interface with tissue factor, Biochem-
istry 40 (2001) 3251-3256.

[8] C.D. Dickinson, W. Ruf, Active site modification of factor VIla
affects interactions of the protease domain with tissue factor, J. Biol.
Chem. 272 (1997) 19875-19879.

[9] S. Higashi, H. Nishimura, K. Aita, S. Iwanaga, Identification of
regions of bovine factor VII essential for binding to tissue factor, J.
Biol. Chem. 269 (1994) 18891-18898.

[10] W. Ruf, D.J. Miles, A. Rehemtulla, T.S. Edgington, Tissue factor
residues 157-167 are required for efficient proteolytic activation of
factor X and factor VII, J. Biol. Chem. 267 (1992) 22206-22210.

[11] D. Kirchhofer, M.T. Lipari, P. Moran, C. Eigenbrot, R.F. Kelley,
The tissue factor region that interacts with substrates factor IX and
factor X, Biochemistry 39 (2000) 7380-7387.

[12] D. Kirchhofer, C. Eigenbrot, M.T. Lipari, P. Moran, M. Peek, R.F.
Kelley, The tissue factor region that interacts with factor Xa in the
activation of factor VII, Biochemistry 40 (2001) 675-682.

[13] K. Carlsson, P.-O. Freskgard, E. Persson, U. Carlsson, M.
Svensson, Probing the interface between factor Xa and tissue
factor in the quaternary complex tissue factor—factor VIla—factor
Xa-tissue factor pathway inhibitor, Eur. J. Biochem. 270 (2003)
2576-2582.

[14] S. Roy, P.E. Hass, J.H. Bourell, W.J. Henzel, G.A. Vehar, Lysine
residues 165 and 166 are essential for the cofactor function of tissue
factor, J. Biol. Chem. 266 (1991) 22063-22066.

[15] W. Ruf, D.J. Miles, A. Rehemtulla, T.S. Edgington, Cofactor
residues lysine 165 and 166 are critical for protein substrate
recognition by the tissue factor—factor VIla protease complex, J.
Biol. Chem. 267 (1992) 6375-6381.

[16] D.M.A. Martin, D.P. O’Brien, E.G.D. Tuddenham, P.G.H. Byfield,
Synthesis and characterization of wild-type and variant y-carboxy-
glutamic acid-containing domains of factor VII, Biochemistry 32
(1993) 13949-13955.

[17] W. Ruf, J. Shobe, S.M. Rao, C.D. Dickinson, A. Olson, T.S.
Edgington, Importance of factor VIla Gla-domain residue Arg-36 for
recognition of the macromolecular substrate factor X Gla-domain,
Biochemistry 38 (1999) 1957-1966.

[18] Q. Huang, P.F. Neuenschwander, A.R. Rezaie, J.H. Morrissey,
Substrate recognition by tissue factor—factor VIla. Evidence for
interaction of residues Lys'® and Lys!® of tissue factor with the 4-
carboxyglutamic acid-rich domain of factor X, J. Biol. Chem. 271
(1996) 21752-21757.

[19] D. Zhong, K.J. Smith, J.J. Birktoft, S.P. Bajaj, First epidermal
growth factor-like domain of human blood coagulation factor IX is
required for its activation by factor VIla/tissue factor but not by
factor XlIa, Proc. Natl. Acad. Sci. USA 91 (1994) 3574-3578.

[20] D. Zhong, M.S. Bajaj, A.E. Schmidt, S.P. Bajaj, The N-terminal
epidermal growth factor-like domain in factor IX and factor X
represents an important recognition motif for binding to tissue factor,
J. Biol. Chem. 277 (2002) 3622-3631.

[21] E. Thiec, G. Cherel, O.D. Christophe, Role of the Gla and first
epidermal growth factor-like domains of factor X in the prothrom-
binase and tissue factor—factor VIIa complexes, J. Biol. Chem. 278
(2003) 10393-10399.

[22] E.S. Kittur, C. Manithody, J.H. Morrissey, A.R. Rezaie, The
cofactor function of the N-terminal domain of tissue factor, J. Biol.
Chem. 279 (2004) 39745-39749.

[23] C.D. Dickinson, C.R. Kelly, W. Ruf, Identification of surface
residues mediating tissue factor binding and catalytic function of
the serine protease factor VIla, Proc. Natl. Acad. Sci. USA 93 (1996)
14379-14384.

[24] W. Ruf, Factor VIla residue Arg®® is required for efficient activation
of the macromolecular substrate factor X, Biochemistry 33 (1994)
11631-11636.

[251J. Shobe, C.D. Dickinson, W. Ruf, Regulation of the catalytic
function of coagulation factor VIla by a conformational linkage of
surface residue Glu 154 to the active site, Biochemistry 38 (1999)
2745-2751.

[26] A.Kumar, D.K. Blumenthal, D.S. Fair, Identification of molecular sites
on factor VII which mediate its assembly and function in the extrinsic
pathway activation complex, J. Biol. Chem. 266 (1991) 915-921.

[27] J. Shobe, C.D. Dickinson, T.S. Edgington, W. Ruf, Macromolecular
substrate affinity for the tissue factor-factor VIla complex is
independent of scissile bond docking, J. Biol. Chem. 274 (1999)
24171-24175.

[28] R.J. Baugh, C.D. Dickinson, W. Ruf, S. Krishnaswamy, Exosite
interactions determine the affinity of factor X for the extrinsic Xase
complex, J. Biol. Chem. 275 (2000) 28826-28833.

[29] L. Thim, S. Bjoern, M. Christensen, E.M. Nicolaisen, T. Lund-
Hansen, A.H. Pedersen, U. Hedner, Amino acid sequence and
posttranslational modifications of human factor VIla from plasma
and transfected baby hamster kidney cells, Biochemistry 27 (1988)
7785-7793.

[30] B.B. Serensen, E. Persson, P.-O. Freskgard, M. Kjalke, M. Ezban, T.
Williams, L.V.M. Rao, Incorporation of an active site inhibitor in
factor VIla alters the affinity for tissue factor, J. Biol. Chem. 272
(1997) 11863-11868.

[31] E. Persson, L.S. Nielsen, Site-directed mutagenesis but not vy-
carboxylation of Glu-35 in factor VIla affects the association with
tissue factor, FEBS Lett. 385 (1996) 241-243.



32 E. Persson | Biochemical and Biophysical Research Communications 341 (2006) 28-32

[32] E. Persson, M. Kjalke, O.H. Olsen, Rational design of coagulation
factor VIla variants with substantially increased intrinsic activity,
Proc. Natl. Acad. Sci. USA 98 (2001) 13583-13588.

[33] R. Huber, W. Bode, Structural basis of the activation and action of
trypsin, Acc. Chem. Res. 11 (1978) 114-122.

[34] S. Higashi, N. Matsumoto, S. Iwanaga, Molecular mechanism of
tissue factor-mediated acceleration of factor VIla activity, J. Biol.
Chem. 271 (1996) 26569-26574.

[35]R. Toso, F. Bernardi, T. Tidd, M. Pinotti, R.M. Camire, G.
Marchetti, K.A. High, E.S. Pollak, Factor VII mutant V154G models
a zymogen-like form of factor VIla, Biochem. J. 369 (2003) 563-571.

[36] D. Venkateswarlu, R.E. Duke, L. Perera, T.A. Darden, L.G.
Pedersen, An all-atom solution-equilibrated model for human
extrinsic blood coagulation complex (sTF-VIIa-Xa). A protein—
protein docking and molecular dynamics refinement study, J.
Thromb. Haemost. 1 (2003) 2577-2588.

[37] B.V. Norledge, R.J. Petrovan, W. Ruf, A.J. Olson, The tissue factor/
factor VIIa/factor Xa complex: a model built by docking and site-
directed mutagenesis, Proteins 53 (2003) 640-648.

[38] R.J. Petrovan, W. Ruf, Role of zymogenicity-determining residues of
coagulation factor VII/VIIa in cofactor interaction and macromo-
lecular substrate recognition, Biochemistry 41 (2002) 9302-9309.



	Macromolecular substrate affinity for free factor VIIa is independent of a buried protease domain N-terminus
	Materials and methods
	Results and discussion
	Acknowledgment
	References


