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Abstract

The protease domain of coagulation factor VIIa~FVIIa! is homologous to trypsin with a similar active site architecture.
The catalytic function of FVIIa is regulated by allosteric modulations induced by binding of divalent metal ions and the
cofactor tissue factor~TF!. To further elucidate the mechanisms behind these transformations, the effects of Zn21

binding to FVIIa in the free form and in complex with TF were investigated. Equilibrium dialysis suggested that two
Zn21 bind with high affinity to FVIIa outside the N-terminalg-carboxyglutamic acid~Gla! domain. Binding of Zn21

to FVIIa, which was influenced by the presence of Ca21, resulted in decreased amidolytic activity and slightly reduced
affinity for TF. After binding to TF, FVIIa was less susceptible to zinc inhibition. Alanine substitutions for either of two
histidine residues unique for FVIIa, His216, and His257, produced FVIIa variants with decreased sensitivity to Zn21

inhibition. A search for putative Zn21 binding sites in the crystal structure of the FVIIa protease domain was performed
by Grid calculations. We identified a pair of Zn21 binding sites in the Glu210–Glu220 Ca21 binding loop adjacent to
the so-called activation domain canonical to serine proteases. Based on our results, we propose a model that describes
the conformational changes underlying the Zn21-mediated allosteric down-regulation of FVIIa’s activity.
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Nutritional zinc deficiency is associated with bleeding and defec-
tive platelet aggregation, suggesting an essential role in the hemo-
static process for this ion~Gordon et al., 1982!. Platelets accumulate
Zn21, mainly in the cytoplasm anda-granules, to levels 30–60-
fold higher than the normal plasma level of about 17mM. Con-
siderable amounts are released upon platelet stimulation~Gorodetsky
et al., 1993!, presumably leading to high local concentrations at
sites of vascular injury. Zn21 enhances the activation of the in-
trinsic coagulation system by increasing the binding of high mo-
lecular weight kininogen and factor XII to negatively charged
surfaces~Bernardo et al., 1993a, 1993b!, and by affecting the
activations of factor XII and prekallikrein~Shimada et al., 1987;
Shore et al., 1987; Schousboe, 1990!. In contrast, Zn21 has an
inhibitory effect on the extrinsic system by a specific attenuation of
FVIIa and FVIIa0tissue factor~TF! activity, an effect not observed

with other vitamin K-dependent coagulation factors~Pedersen et al.,
1991!. Another peculiarity of FVIIa compared to other serine pro-
teases is the property of its active site to obey cofactor-induced
allosteric regulations as indicated by a profound stimulation of
amidolytic activity induced by TF and calcium ions~Pedersen
et al., 1990; Higashi et al., 1992!. This is presumably linked to the
propensity of free FVIIa to exist primarily in an inactive confor-
mation. Compared to in the FVIIa0TF complex, the amino-terminal
Ile153$16% ~chymotrypsinogen numbering in curly brackets through-
out! in free FVIIa is more susceptible to chemical modification,
and the lack of a salt bridge with Asp343$194% ~adjacent to the
active site Ser! is probably the reason for the zymogen-like nature
of free FVIIa ~Higashi et al., 1994!. How binding of TF to FVIIa
accomplishes to establish the Ile153–Asp343 salt bridge is a matter
of intense investigation. Alanine scanning~Dickinson et al., 1996!
and crystallographic studies comparing the structures of FVIIa0TF
~Banner et al., 1996; Zhang et al., 1999! and free FVIIa~Pike et al.,
1999! have suggested that TF activates FVIIa through stabilization
of the so-called activation domain~Huber & Bode, 1978!. Binding
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of TF to FVIIa, more precisely the insertion of Met306$164% into
a small surface cavity on TF, appears to induce ana-helical struc-
ture comprising residues 307$165%–312$170% that restricts the flex-
ibility of the following loop, and in turn, stabilizes the activation
domain that allows insertion of Ile153$16% ~Pike et al., 1999!.
Implications of the calcium binding loop, Glu210$70%–Glu220$80%,
in the allosteric regulation of FVIIa activity have also been indi-
cated. There is a marked Ca21 dependency of FVIIa’s amidolytic
activity ~Pedersen et al., 1990!, which is affected by replacements
of calcium loop residues~Wildgoose et al., 1993; Dickinson et al.,
1996!. Moreover, Glu296$154% at the interface between the cal-
cium loop and the activation domain has been shown to be in-
volved in the regulation of FVIIa’s catalytic function~Shobe et al.,
1999!. Thus, conformational changes act as switches on opposite
sides of the activation domain to enhance the activity of the cat-
alytic center of FVIIa~Fig. 1!. The specific inhibition of FVIIa by
Zn21 and the competition between Zn21 inhibition and Ca21 stim-
ulation ~Pedersen et al., 1991; Petersen et al., 1994! is suggestive
of Zn21 binding to the Ca21 site in the protease domain. An
understanding of the mechanism behind zinc inhibition might shed
light on how occupation of this site is linked to the catalytic func-
tion of FVIIa. Here we report on the number, locations, and effects
of Zn21 bound to FVIIa and present a model of how the Zn21-
induced conformational change propagates to affect the active site.

Results

Binding of Zn21 to FVIIa and concomitant inhibition
of amidolytic activity

Zinc ions are known to bind to the Gla domain of vitamin K-
dependent coagulation factors, but only to inhibit the catalytic
activity of one of these proteins, FVIIa~Pedersen et al., 1991!.
It was also shown that zinc inhibition of FVIIa’s amidolytic activ-
ity is unaffected by deletion of its Gla domain, i.e., FVIIa and
des~1–44!–FVIIa were similarly affected, indicating that binding
sites outside this domain are responsible for the inhibitory effect.
It was therefore of interest to characterize the binding of Zn21 to
des~1–44!–FVIIa in further detail. Equilibrium dialysis measure-
ments indicated that des~1–44!–FVIIa contains three or possibly
four binding sites for Zn21, two of relatively higher affinity
~Fig. 2A!. The binding of Zn21 to at least one of the high-affinity
sites in des~1–44!–FVIIa appeared to be impaired by the presence
of 5 mM Ca21. This indicates that Zn21 competes with Ca21 for
at least one site in des~1–44!–FVIIa. This is in accordance with a
previous report showing decreased Zn21 inhibition of FVIIa’s ami-
dolytic activity with increasing Ca21 concentration~Pedersen et al.,
1991; Petersen et al., 1994!.

The effect of Zn21 on the amidolytic activity of FVIIa and
FVIIa0TF1–219 was investigated in the presence of 1 mM CaCl2

~results not shown!. The data were in agreement with a previous
report, with more potent inhibition of free FVIIa~Pedersen et al.,
1991!. Half-maximal inhibition of free and TF-bound FVIIa were
achieved at 20 and 60mM, respectively. The results also suggested
a competition between Ca21 and Zn21 for a common site~s!. A
detailed analysis of the inhibitory effect of Zn21 was performed to
try to correlate the effect on FVIIa’s activity with the direct Zn21

binding data. The inhibition data obtained with free FVIIa were
best described by a two-site model~Fig. 2B!. Taken together, the
results in Figure 2 strongly suggest that the two high-affinity sites

deduced from the equilibrium dialysis experiment are responsible
for the inhibitory effect of Zn21.

Effect of Zn21 on binding of TF to FVIIa

The above results revealed that binding of TF1–219 to FVIIa re-
sulted in a decreased inhibitory effect of Zn21. The possibility that
binding of Zn21 to FVIIa might impede binding to TF was exam-
ined. Figure 3A shows that binding of FVIIa to immobilized TF1–219

was decreased by Zn21. The addition of 0.3 mM ZnCl2 resulted in
an increase inKd from ;5 to 25 nM. The effect occurred with a

Fig. 1. The protease domain of FVIIa with a close-up of the calcium-
binding loop.A: The majority of the domain~PDB code 1dan! is shown
in space-filling representation. The active sited-Phe-Phe-Arg inhibitor
~orange!, the N-terminal region Ile153–Lys161$16–24%, the calcium loop
Glu210–Glu220$70–80%, Glu296$154%, and His257$117% are drawn in
stick representation. The calcium ion is shown as a magenta sphere. The
serine protease activation domain~see text for definition! is colored
gray. The region encompassing Thr306–Pro321$164–170I% is schemati-
cally shown as the local secondary structure~red!. B: The area around
the calcium loop is shown in more detail. The position of three potential
salt bridges, Glu296–His211$154–71%, His257–Asp219$117–79%, and
Lys161–Asp2170Asp219$24–77079% possibly connecting the calcium loop
and the activation domain are marked with dotted circles.
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midpoint at about 20mM Zn21 ~Fig. 3B!. It is noteworthy that the
dissociation was only partial such that further displacement of
FVIIa was not obtained when the Zn21 concentration was elevated
beyond 0.1 mM.

Previous measurements of FVIIa binding to TF by surface plas-
mon resonance~Head et al., 1997! showed that Zn21 could not
replace Ca21 as a mandatory cofactor for complex formation. When
we measured the effect of Zn21 on binding of FVIIa to TF1–219in
the presence of 1 mM Ca21 by this technique we found that theKd

increased with increasing concentration of Zn21 ~Table 1!. TheKd

increased threefold in the presence of 0.5 mM ZnCl2, essentially
due to an effect onkon. Again, complete prevention of binding was
not obtained.

Effect of Zn21 on FFR-chloromethyl ketone alkylation
and carbamylation of FVIIa

To distinguish between a general inactivation and a specific effect
on the active site geometry of FVIIa we tested the effect of zinc
and calcium ions on FFR-chloromethyl ketone alkylation of FVIIa.
Figure 4A shows that FVIIa inactivation by FFR-chloromethyl
ketone was strongly attenuated by 0.2 mM Zn21, suggesting an
effect on the active site configuration.

Carbamylation has been shown to inactivate FVIIa mainly by
modification of the N-terminal Ile153$16% ~Higashi et al., 1994!.
Contrary to chloromethyl ketone alkylation, Zn21 did not affect
FVIIa inactivation by carbamylation~Fig. 4B! although the bind-

A B

Fig. 2. Equilibrium dialysis measurements of Zn21 binding to des~1–44!–FVIIa and the Zn21 effects on FVIIa amidolytic activity. The
number of Zn21 bound to des~1–44!–FVIIa in the presence~▫! and absence~n! of 5 mM CaCl2 is shown as a function of the zinc
concentration~A!. The residual FVIIa activity at different Zn21 concentrations up to 0.1 mM was fitted to two-site~vi 5 v00~1 1
@Zn#0Ki 1 @Zn# 20Ki

2!, solid curve! and one-site~vi 5 v00~1 1 @Zn#0Ki!, dashed curve! models, wherevi andv0 are the activities in the
presence and absence of Zn21, respectively~B!.

A B

Fig. 3. Effect of Zn21 on the binding of FVIIa to TF1–219. A: Binding of FVIIa to immobilized TF was measured by incubation of
FVIIa in TF-coated wells for 60 min at 258C in the absence~n! or presence~m! of 0.3 mM ZnCl2. B: Binding was also measured
by incubation of 10 nM FVIIa in TF-coated wells at various concentrations of ZnCl2 ~l and n represent separate experiments!.
Following incubation and washing, the activity of bound FVIIa was determined by addition of 0.4 mM S-2288 and measurement of
the increase in absorbance at 405 nm.
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ing of TF1–219clearly protected FVIIa from inactivation as previ-
ously shown~Higashi et al., 1994!. This suggests that, in contrast
to TF, Zn21 exerts an effect on FVIIa activity by a mechanism that
does not involve a change in Ile153$16% exposure.

Effects of site-directed mutagenesis of His216{76}
and His257{117} on Zn21 inhibition

Sequence alignment of FVIIa, factor IX, and factor X shows
that Lys161$24%, His216$76%, Asp219$79%, His257$117%, and
Glu296$154% are unique for FVII. Furthermore, inspection of
the crystal structure of FVIIa~Fig. 1! shows two potential salt
bridges, Glu296$154%–His211$71% and His257$117%–Asp219$79%,
which can mediate contact between the calcium loop and the
activation domain. It also reveals a third salt bridge, Lys161$24%–
Asp217$77%0Asp219$79%, which stabilizes the N-terminus of the
protease domain. This, and experiments showing that Ala sub-
stitutions for Lys161$24%, Asp219$79%, and Glu296$154% resulted
in loss of proteolytic function, led us to the hypothesis that
His216$76% and His257$117% might be ligands to Zn21 allowing
it to specifically inhibit FVIIa’s activity.

To test this hypothesis, we produced three FVIIa variants:
His216Ala–FVIIa, His257Ala–FVIIa, and His216Ala,His257Ala–
FVIIa. Substituting Ala for His216$76%, His257$117%, or both res-
idues was without a significant effect on the Ca21 dependence of
the amidolytic activity of the resulting FVIIa variants~Fig. 5A!.
However, the substitutions clearly decreased the sensitivity to Zn21

~Fig. 5B!. The double mutant exhibited an additive effect of the
individual mutations with half-maximal inhibition at 0.1 mM, five-
fold higher than wild-type FVIIa~IC50 5 0.02 mM!. Intermediate
effects were obtained when replacing His216$76% or His257$117%
alone.

Identification of putative Zn21-binding sites
in des(1–44)–FVIIa

Because Ala substitutions of residues in the calcium-binding loop
of the protease domain resulted in a decreased zinc ion inhibition
without affecting the Ca21 stimulation, we probed a model of
des~1–44!–FVIIa, based on the crystal structure of the FVIIa0TF
complex ~Banner et al., 1996!, with a zinc ion in an attempt to
identify putative binding sites outside the Gla region. Probing this
model with a Ca21 probe resulted in the identification of one
high-affinity site located in the protease domain exactly in the
position where Ca21 was identified in the crystal structure~not
shown!. A similar procedure performed with a Zn21 probe iden-
tified a site in the same region as the calcium site~Fig. 6A!.
In contrast to the Ca21 probe, the Zn21 probe identified a low
interaction energy contour that spanned a rather wide region and
guided the positioning of two zinc sites separated by 3.8 Å. The
distance between the two zinc ions is quite small, but similar
distances have been observed in the X-ray structures of a variety
of Zn21-binding proteins~Libscomb & Strater, 1996!. Refine-
ment of the structure surrounding the proposed zinc-binding
motif by energy minimization led to the structure shown in Fig-
ure 6B. Each Zn21 is hexa-coordinated in a geometry best de-
scribed as an octahedron. The two Zn21 are bidentately bridged
by Glu215$75%. Other ligands to Zn1 are the carboxylates

Table 1. Effect of Zn21 on the binding of factor VIIa
to tissue factor

@Zn21#
~mM!

kon
a

~105 M21 s21!
koff

~1023 s21!
Kd

~nM!

0 3.8 1.4 3.7
0.1 2.9 1.2 4.1
0.2 2.3 1.2 5.2
0.5 1.4 1.4 10

akon andkoff were calculated using the BIAevaluation 2.1 software sup-
plied with the Biacore instrument.Kd equalskoff0kon.

A B

Fig. 4. Effect of Zn21 on the inactivation of FVIIa by FFR-chloromethyl ketone alkylation and carbamylation.A: The residual activity
of FVIIa ~1 mM, open symbols! after incubation with 6mM FFR chloromethyl ketone and that of FVIIa~40 nM! together with TF1–219

~200 nM, filled symbols! after incubation with 120 nM FFR chloromethyl ketone in the absence~▫, n! or presence~C, d! of 0.2 mM
ZnCl2 are shown.B: The activity of FVIIa~1 mM, open symbols! and FVIIa~200 nM! together with TF1–219 ~1 mM, filled symbols!
after incubation with 0.2 M KNCO at 378C in the absence~▫, n! or presence~C, d! of 0.2 mM ZnCl2 are shown. In bothA andB,
samples were withdrawn at various times and residual amidolytic activity was measured.
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of Glu220$80%, Asp212$72%, and the backbone carbonyls of
Asp212$72%, Leu313$Leu73%, and Glu215$75%. Ligands to Zn2 are
the carboxylates of Glu210$70%, Glu215$75%, Asp217$77%, and
Glu220$80%. The salt bridge Lys161$24%–Asp217$77%0Asp219$79%
is weakened by Zn21 binding. The distance from Lys161$24% to
Asp217$77% increased from 2.4 to 3.9 Å, and the distance from
Lys161$24% to Asp219$79% increased from 2.8 to 5.4 Å.

The results obtained when His216$76% and His257$117% in FVIIa
were replaced with Ala suggested that these residues might be
involved in a more direct interaction with Zn21. Considering this

and the prominent weakening of the Lys161$24%–Asp219$79% salt
bridge in the above scenario led us to explore a second scenario in
which the salt bridge was broken by rotating the side chain of
Lys161$24% ~using the rotamer library of Ponders, Quanta!. Re-
probing with Zn21 again identified two possible binding sites. One
site ~Zn1! was close to the high-affinity calcium site as before,
whereas the other site~Zn2! was placed in a narrow energy contour
close to the basic nitrogen of Lys161$24% ~not shown!. This struc-
ture allows His211$71% and His257$117% to change conformation
and become ligands for Zn2. Manual rotation of the histidines to

A B

Fig. 5. Effects of Ca21 and Zn21 on the amidolytic activity of His216Ala,His257Ala and His216Ala,His257Ala variants of FVIIa.
A: The amidolytic activities of 10 nM FVIIa~d!, His216Ala–FVIIa~m!, His257Ala–FVIIa~n!, and His216Ala,His257Ala–FVIIa~l!
in the presence of 100 nM TF1–219are shown at various concentrations of Ca21. B: The activities of the same variants at a concentration
of 100 nM in the absence of TF at various Zn21 concentrations are shown~in the presence of 1 mM CaCl2!.

Fig. 6. Putative Zn21 binding sites in the protease domain. The calcium loop residues Glu210–Glu220$70–80%, and the side chains
Lys161$24%, Glu296$154%, and His257$117% are shown in stick representation. Amino acid side chains unique for FVIIa are labeled.
A: Energy contours at23.0 kcal0mol for a zinc probe interacting with the X-ray structure of FVIIa~Banner et al., 1996! as a white
grid with the zinc ions placed within this grid shown as yellow spheres are shown.B: The structure after refinement by means of energy
minimization of the model inA are shown. The zinc ions move only slightly and are still within the grid obtained in the probing. The
structure inC was obtained after adjustments of side chains inB ~reorientation of Lys161$24%, repositioning of Zn2, and final
reorientation of His211$71% and His257$117%! followed by energy minimization. The two zinc ions have a variety of ligands in
particular from side chains unique for FVIIa.
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ligand Zn2 followed by energy minimization resulted in the struc-
ture shown in Figure 6C. Compared to the previous scenario, the
distance between the two zinc ions has increased further to 6.1 Å,
and several ligands have been replaced. The carboxylates of
Glu210$70% and Glu220$80% and the carbonyls of Asp212$72% and
Leu213$Leu73% are ligands to Zn1. Notably, His216$76% is now in
a position to interact with Zn1. The carboxylates of Asp217$77%
and Asp219$79% and the imidazoles of His211$71% and His257$117%
are ligands to Zn2.

Discussion

Specific internal proteolytic cleavage normally converts serine pro-
tease zymogens into their fully active enzyme forms. The catalytic
center is established when the N-terminus produced by this cleav-
age is inserted into the protease domain, forming a salt bridge with
the carboxyl group of an Asp residue adjacent to the active site Ser.
FVIIa is an exception to this rule because it attains only a few
percent of its maximal activity upon cleavage of the Arg152$15%–
Ile153$16% peptide bond and requires binding of Ca21 and TF
for full activity. An incomplete insertion of the N-terminus may
explain its apparent latency and there appears to be a temperature-
dependent equilibrium between an active and an inactive, zymogen-
like FVIIa conformation~Higashi et al., 1994; Petersen et al.,
1999!. A multitude of data now supports the notion that this equi-
librium is also affected by binding of Ca21, TF, and active site
inhibitors ~Higashi et al., 1994, 1996; Dickinson & Ruf, 1997;
Higashi & Iwanaga, 1998; Freskgård et al., 1998; Ruf & Dickin-
son, 1998!. It has been inferred that FVIIa is locked in the active
conformation by cross-linking to TF~Miyata et al., 1995!. The
present work suggests that Zn21 inhibits the activity of FVIIa by
specific binding to the Ca21-binding loop ~residues 210$70%–
220$80%! joining the b4 and b5 strands of the serine protease
domain ~Figs. 1, 6! resulting in destabilization of the so-called
activation domain.

Equilibrium binding and inhibition studies suggest that FVIIa
binds two Zn21 outside the Gla domain with relatively high af-
finity resulting in inhibition of the enzymatic activity~Fig. 2!.
Moreover, the residual activity was better described by a two-site
model ~Fig. 2B!, suggesting that occupation of two high-affinity
sites is responsible for the inhibition. The studies of the His mu-
tants~Fig. 5! further points to the Ca21-binding loop in the pro-
tease domain as being the region binding Zn21. Computer modeling
indeed confirmed this notion and localized a putative pair of Zn21

sites in the Ca21-binding surface loop in the protease domain. The
search with a zinc probe did not reveal any high affinity sites close
to the active site His193$57%, which, based on the inhibitory effect,
was suggested by Pedersen et al.~1990! as a putative location for
zinc binding. Energy minimization led to two different models for
binding of the zinc ions to residues in this loop. In one scenario,
the present model suggests that the two Zn21 ions are liganded
exclusively to carboxylates and carbonyls, whereas in another sce-
nario three histidines~His216$76%, His211$71%, and His257$117%!
are involved as ligands~Fig. 6!. Interestingly, sequence alignment
of FVIIa, factor IXa, and factor Xa shows that a number of Zn21

ligands, Lys161$24%, His216$76%, Asp219$79%, His257$117%, and
Glu296$154%, are unique for FVIIa, and only FVIIa is inhibited by
Zn21.

In both cases the existence of a close overlap between the Ca21

binding site and one of the Zn21 sites~Zn1! was predicted, sug-
gesting a competition between the two ions for several ligands.

Overlapping Zn21 and Ca21 high-affinity sites in the protease
domain provides a plausible explanation for experimental findings
that the inhibitory effect of Zn21 was partly reversed by Ca21. The
antagonistic action of the two ions on FVIIa activity further sug-
gests that the active FVIIa conformation is destabilized by binding
of the two Zn21. This is corroborated by the reduced accessibility
of the active site to the active site inhibitor~Fig. 4A!. Binding of
Ca21 to the Glu210$70%–Glu220$80% loop, as well as binding of
TF to residues 306–309$164–167%, contributes to stabilization
of the activation domain~Fig. 1!, and both events are presumably
required for optimal insertion of the amino terminal Ile153$16%
into the activation pocket. We propose that the stabilizing effect of
Ca21 binding is exerted via two salt bridges, Glu296$154%–
His211$71%, and His257$117%–Asp219$79%, which facilitate con-
tact between the Ca21 loop and the activation domain, and by a
third salt bridge, Lys161$24%–Asp217$77%0Asp219$79%, which sta-
bilizes the insertion of the amino terminal Ile153$16% into the
activation pocket. Both models described in Figure 6 indicate that
occupation of the Zn21 sites interfere with the Lys161$24%–
Asp217$77%0Asp219$79% salt bridge. In the first scenario, energy
calculations resulted in a marked weakening of the interaction,
whereas in the second scenario manual disruption of the His211$71%0
Glu296$154% salt bridge and subsequent energy calculations re-
sulted in a structure where also the Glu296$154%–His211$71% and
His257$117%–Asp219$79% salt bridges were broken and new inter-
actions established. The importance of Lys161$24%, Asp219$79%,
and Glu296$154% for the proteolytic function of FVIIa has been
demonstrated by alanine scanning~Dickinson et al., 1996!. How-
ever, the carbamylation experiment shown in Figure 4B indicates
that a weakening of the salt bridge between Lys161$24% and
Asp217$77%0Asp219$79% does not influence the insertion of the
N-terminal Ile153$16%. This observation suggests that the proposed
Zn21-induced conformational change affects the active site through
the activation domain. Glu296$154% also appears to allosterically
influence the catalytic site, and an Ala replacement in this position
results in suboptimal amidolytic activity~Shobe et al., 1999!. The
finding of the present study that substitution of Ala for His216$76%
or His257$117% decreased Zn21 inhibition ~Fig. 5! clearly supports
a mechanism involving these residues as outlined by the model
shown in Figure 6C. It is also possible that there is an equilibrium
between this conformation and that shown in Figure 6B, which
might explain why replacement of both His216$76% and His257$117%
does not completely abolish zinc inhibition.

The model depicted in Figure 6 may involve a fairly complex
situation in terms of sequential occupation of the two Zn21 sites.
Occupation of the Zn1 site occurs with the highest gain in free
energy, but at the same time binding to this site is subject to Ca21

competition. In itself, binding of Zn21 to the Zn1 site appears
not to produce a major conformational change and may therefore
not lead to the observed inhibition. However, binding of Zn21

to the Zn1 site appears to be a prerequisite for binding of Zn21 to
the Zn2 site, implicating cooperative binding to the two sites. Oc-
cupation of Zn2 may subsequently generate the conformational
changes associated with functional consequences transmitted as
described.

In a previous communication~Pike et al., 1999!, we proposed
that TF binding to Met306$164% and the resulting stabilization of
the 307$165%–312$170% helix supports one side of the activation
domain. We now propose that unique salt bridges connecting an-
other part of the activation domain with the 210$70%–220$80% loop
are important for the transmission of effects on FVIIa activity
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induced by Ca21 and Zn21 binding. The carbamylation experi-
ments ~Fig. 4B! indicate that the Zn21-induced conformational
changes do not affect the exposure of Ile153$16%, but influence the
active site architecture through the activation domain.

The inhibitory effect of Zn21 on FVIIa’s activity contrasts the
stimulatory effect on FXII and prekallikrein activation. Hence, an
enhancement of the intrinsic coagulation pathway appears to be
counteracted by an opposite effect on the extrinsic pathway. A
cellular release of Zn21 at sites of injury might therefore function
as a local physiological regulator of the coagulation process. An
understanding of the physiological role of Zn21 in this context
requires further investigation.

Materials and methods

Proteins

Human recombinant FVIIa was expressed and purified as previ-
ously described~Thim et al., 1988; Persson & Nielsen, 1996!. The
wild-type FVII expression plasmid, pLN174, contains the FVII
cDNA driven by a mouse metallothionein promoter and as a se-
lectable marker dihydrofolate reductase driven by an SV40 pro-
moter. Three His to Ala mutants were prepared using this plasmid
as a template by a modified version of inverse polymerase chain
reaction~Du et al., 1995!. The His257Ala–FVII mutant was con-
structed using the primers: CTCACTGACGCTGTGGTACC
CCTCTGCCTGCCC and GGGTACCACAGCGTCAGTGAGG
ACCACGGGCTG, thus introducing a silent AflII site for easy
recognition of mutants. His216Ala–FVII was constructed using the
primers: GAGCACGACTTAAGCGAGGCCGACGGGGATGAG
CAGAGC and ATCCCCGTCGGCCTCGCTTAAGTCGTGCT
CGCCCAGCAC similarly introducing a KpnI site. The double
mutant His216Ala,His257Ala–FVII was constructed using
His216Ala–FVII as a template using the two latter primers. The
mutated cDNAs were verified by sequencing. BHK cells~ATCC
CRL 1632! were transfected with these constructs using the Qiafect
transfection procedure~Qiagen Inc., Chatsworth, California!. Se-
lection and production of FVIIa protein were performed as de-
scribed~Persson & Nielsen, 1996!. Des~1–44!–FVIIa was prepared
by cathepsin G-mediated cleavage of FVIIa as described~Nico-
laisen et al., 1992!. Recombinant TF1–219 was expressed inEsch-
erichia coli and purified as described~Freskgård et al., 1996!.

Amidolytic activity measurements

FVIIa and Hisr Ala mutants alone at a concentration of 100 nM
or together with TF1–219 ~100 nM! at a concentration of 10 nM
were incubated with various concentrations of ZnCl2 at 258C in
50 mM HEPES, 100 mM NaCl, 1 mM CaCl2, 0.02% Tween 80,
pH 7.4, and the activity was measured at 405 nm after addition of
0.4 mM S-2288 substrate~Chromogenix, Mölndal, Sweden!.

Measurements of FVIIa binding to immobilized TF1–219

by surface plasmon resonance

Measurements of FVIIa binding to TF1–219 were performed in a
Biacore instrument~Biacore AB, Uppsala, Sweden! as described
~Sørensen et al., 1997!. TF1–219was immobilization on sensor chip
CM5 ~research grade!.

Measurement of FVIIa binding to immobilized TF1–219

by activity measurements

TF1–219 was immobilized on Protein Link 96-well plates~Xiqon,
Vedbæk, Denmark! by incubating 100mL of 1 mg0mL TF1–219 in
0.1 M NaHCO3, pH 9–10, overnight at 48C. The wells were washed
three times with buffer A~50 mM HEPES, 100 mM NaCl, 1 mM
CaCl2, 0.05% Tween 20, pH 7.4! and subsequently incubated for
20 min with FVIIa ~0–50 nM! in buffer A in the presence or
absence of 0.3 mM ZnCl2. The wells were washed three times with
buffer A, and the amidolytic activity of bound FVIIa was measured
with 0.4 mM S-2288 at 258C in the same buffer. Essentially the
same procedure was used for measurements of the Zn21 concen-
tration dependence of FVIIa binding to immobilization TF1–219. In
this case, the wells were incubated with 10 nM FVIIa in the pres-
ence of various concentrations~0–1 mM! of ZnCl2. Control ex-
periments with immobilization of 1mg0mL bovine serum albumin
showed no measurable binding of FVIIa.

Zn21 binding measured by equilibrium dialysis

One hundred and fifty microliters of a 4 mg0mL solution of
des~1–44!–FVIIa was placed inside a Slide-A-Lyzer 10K dialy-
sis cassette~Pierce, Rockford, Illinois! and dialyzed against
200 mL of 50 mM HEPES, pH 7.5, containing 0.1 M NaCl and
20–500mM ZnCl2, for 16 h at 48C in the absence or presence
of 5 mM CaCl2. The concentration of Zn21 in the inner and
outer solutions was then measured by atomic absorption spec-
troscopy and the concentration of des~1–44!–FVIIa in the cas-
sette was measured by spectrophotometry using a molar extinction
coefficient at 280 nm of 56,300 cm21. The difference in zinc
concentration between the inner and outer solutions, which rep-
resents zinc ions bound to des~1–44!–FVIIa, was divided by the
protein concentration to obtain the number of zinc equivalents
bound.

FFR-chloromethyl ketone alkylation
and carbamylation of FVIIa

FVIIa ~1 mM ! was incubated with 6mM FFR-chloromethyl ke-
tone, or FVIIa0TF ~40 nM0200 nM! was incubated with 120 nM
FFR-chloromethyl ketone at 258C in 50 mM HEPES, 100 mM
NaCl, 1 mM CaCl2, 0.02% Tween 20, pH 7.4, in the presence or
absence of 0.2 mM ZnCl2. Twenty-five microliter samples were
withdrawn at various times and added to 225mL of 0.4 mM
S-2288 in the same buffer. Residual activity was measured by the
increase in absorbance at 405 nm. FVIIa~1 mM ! or FVIIa0TF
~200 nM01 mM ! was incubated with 0.2 M KNCO at 258C in
50 mM HEPES, 100 mM NaCl, 1 mM CaCl2, 0.02% Tween 20,
pH 7.4, in the presence or absence of 0.2 mM ZnCl2. Samples
~25 mL! were withdrawn at various times and added to 225mL of
50 mM HEPES, pH 7.4, containing 100 mM NaCl, 5 mM CaCl2,
0.1 mM EDTA, 0.02% Tween 20, and 0.4 mM S-2288. Residual
activity was measured as in the above alkylation experiment.

Identification of putative Zn21-binding sites
by molecular modeling

The X-ray structure of des~1–44!–FVIIa ~Protein Data Bank~PDB!
entry code: 1dan! was probed as described by Goodford~1985!
using the Grid program~Molecular Discovery Ltd., Oxford, United
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Kingdom!. This program applies a force field parameterized for
proteins. Identification of high-affinity interaction sites was based
on calculations of the interaction energy between the protein and
the probe in question. The sites of lowest interaction energy were
visualization in Quanta~Molecular Simulations Inc., San Diego,
California! and analyzed. One probe for calcium ions and one for
zinc ions were applied. After guided placement of Zn21 by the
Grid calculations, the potential binding sites were further explored
by refinement of the environment by means of the molecular mod-
eling package Charmm~Brooks et al., 1983!. The structures~con-
sidering all atoms within a radius of 10 Å from the zinc ion! were
refined using a combination of steepest descent and conjugated
gradient energy minimization methods. A distance-dependent di-
electric constant of 1 was applied to compensate for the absence of
solvent in the model.
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