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Structure of Extracellular Tissue Factor Complexed
with Factor Vlla Inhibited with a BPTI Mutant

Erli Zhang, Robert St. Charles and A. Tulinsky*

Department of Chemistry The event that initiates the extrinsic pathway of blood coagulation is
Michigan State University East  the association of coagulation factor VIla (VIla) with its cell-bound
Lansing, MI 48824, USA receptor, tissue factor (TF), exposed to blood circulation following tis-

sue injury and/or vascular damage. The natural inhibitor of the
TF-VIla complex is the first Kunitz domain of tissue factor pathway
inhibitor (TFPI-K1). The structure of TF-VIla reversibly inhibited with a
potent (K; = 0.4 nM) bovine pancreatic trypsin inhibitor (BPTI) mutant
(5L15), a homolog of TFPI-K1, has been determined at 2.1 A resolution.
When bound to TF, the four domain VIIa molecule assumes an
extended conformation with its light chain wrapping around the frame-
work of the two domain TF cofactor. The 5L15 inhibitor associates
with the active site of VIla similar to trypsin-bound BPTI, but makes
several unique interactions near the perimeter of the site that are not
observed in the latter. Most of the interactions are polar and involve
mutated positions of 5L15. Of the eight rationally engineered mutations
distinguishing 5L15 from BPTI, seven are involved in productive inter-
actions stabilizing the enzyme-inhibitor association with four contribut-
ing contacts unique to the VIIa-5L15 complex. Two additional unique
interactions are due to distinguishing residues in the VIla sequence: a
salt bridge between Arg20 of 5L15 and Asp60 of an insertion loop of
Vlla, and a hydrogen bond between Tyr340 of the inhibitor and
Lys192NZ of the enzyme. These interactions were used further to
model binding of TFPI-K1 to VIIa and TFPI-K2 to factor Xa, the princi-
pal activation product of TF-VIla. The structure of the ternary protein
complex identifies the determinants important for binding within and
near the active site of VIla, and provides cogent information for
addressing the manner in which substrates of VIla are bound and
hydrolyzed in blood coagulation. It should also provide guidance in
structure-aided drug design for the discovery of potent and selective
small molecule VIla inhibitors.
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Introduction

The primary components in the initiation of
the extrinsic pathway of blood coagulation are
tissue factor (TF) and factor VII (VII). The former
is a non-enzymic, cell membrane bound glyco-
protein cofactor exposed by vascular injury
(Nemerson, 1988). The zymogen VII is a multi-
domain, single chain vitamin K-dependent glyco-
protein (M, ~ 50 kDa; Ichinose & Davie, 1994).
Binding of TF to VII promotes the activation of VII
to the enzyme factor Vlla (VIla; Rao & Rapaport,
1988). The activation proceeds through limited pro-
teolysis of the Argl152-11e153 peptide bond and can
be accomplished by any of a number of blood ser-
ine proteinases, such as factors IXa and Xa (IXa
and Xa, respectively), including VIIa (Davie et al.,
1991), and takes place optimally in the presence of
Ca®" and negatively charged phospholipid. The
resultant two chain multi-domain enzyme bridged
by a disulfide bond is composed of a light chain
N-terminal  y-carboxyglutamic (Gla)-rich Gla
domain, followed by two epidermal growth factor
modules (EGF1, EGF2) and a heavy chain trypsin-
like catalytic domain.

The integral membrane TF molecule consists of a
soluble N-terminal extracellular part (1-219), a
single membrane spanning region (220-242), and a
short 20 residue cytoplasmic C-terminal tail (243-
262; Fisher et al., 1987; Morrissey et al., 1987; Spicer
et al., 1987; Scarpati et al., 1987). It functions as an
essential cofactor for VIla, dramatically enhancing
its catalytic efficiency for macromolecular protein
substrates (~10,000-fold; Osterud & Rapaport,
1977; Silverberg et al., 1977). The TF-VIla complex
(K4 = 0.4 pM) activates factors IX and X (IX and X,
respectively), which ultimately results in thrombin
generation and formation of the blood clot. The
extracellular domain of TF is related to the cyto-
kine receptor family that is made up of two repeat
B-sandwiches containing a three and a four-
stranded sheet with fibronectin type III topology
(Baron et al., 1992; Leahy et al., 1992). The crystal
structure of extracellular TF has been determined
independently by three groups (Harlos et al., 1994;
Muller et al., 1994, 1996, Huang et al., 1998). The
only three-dimensional structure of the TF-VIla
complex that has been determined is with VIla
irreversibly inhibited at the active site with D-Phe-

BPTI

5L15 A

TFPI-K1 MHS AF
TFPI-K2

P5 P4 P3 P2 P1 P1' P2 P3 P4 P

Phe-Arg-chloromethyl ketone (DFFR; Banner et al.,
1996).

The endogenous inhibitor of TF-VIla is tissue
factor pathway inhibitor (TFPI), which is multi-
valent with three tandemly arranged bovine pan-
creatic trypsin inhibitor (BPTI)-like Kunitz protease
inhibitor domains (Rapaport, 1989; Broze et al.,
1990). Inhibition of the extrinsic pathway coagu-
lation machinery by TFPI takes place by initial
binding to and inhibition of Xa by TFPI Kunitz
domain 2 (K2; K; =20 pM), followed by the bind-
ing and inhibition of VIla of the TF-VIla complex
through TFPI Kunitz domain 1 (K1; K; =120 nM;
Petersen et al., 1996). Anticoagulant activity of TFPI
is reduced with the proteolytic removal of a
C-terminal fragment indicating that other regions
of TFPI are involved in its function (Wesselschmidt
et al., 1992). This is further supported by the fact
that the TFPI-K2 domain alone binds with con-
siderably reduced affinity with Xa (90 nM) and
even less with the TF-VIla complex, while a separ-
ate TFPI-K1 domain does not bind to Xa at all and
with only half the affinity of TFPI for the TF-VIla
complex (Wesselschmidt et al., 1992; Petersen et al.,
1992, 1996; Higuchi et al., 1992). The third Kunitz
domain does not bind to either enzyme by itself.

The Kunitz-type proteinase inhibitor BPTI,
specific for trypsin (K; = 10-15 pM), has been inten-
sively studied over the years, and has even been
used in humans as an antithrombotic drug in car-
diac surgery (Verstraete, 1985; Hardy & Desroches,
1992). Based on the three-dimensional structure of
BPTI complexed with trypsin (Huber et al., 1974)
and its homology with the Kunitz domains of TFPI
(Figure 1), a group of BPTI mutant inhibitors for
coagulation enzymes with activities in the nanomo-
lar range was constructed by recombinant methods
(Ripka et al., 1995; Stassen et al., 1995). Selected
residues of BPTI in its contact region with trypsin
were mutated: some were directed active site
mutations in the P5-P4’ binding region of the
inhibitor, while the remainder were at other tryp-
sin contact residues. The mutations were optimized
by random mutagenesis using phage display tech-
nology for selection (Stassen et al., 1995). Two of
the mutant inhibitors resulting from the survey
have inhibition constants for TF-VIla of less than
1 nM and another is 5 nM. One of these, 5L15
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Figure 1. Kunitz domain sequences. Only mutations of 5L15 with respect to BPTI are shown; the alanine mutation
at the N-terminal is for expression purposes only. Black and shaded residues conserved and homologous, respect-
ively, with respect to BPTI. The P5-P5’ inhibitor binding sites are indicated.
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(Figure 1), with a total of eight mutations, is not
only highly potent for the TF.VIla complex
(K; = 0.4 nM), but also fairly selective with respect
to other coagulation enzymes (Stassen et al., 1995).
Of the eight mutations, only two were homologous
(Figure 1), two produced the same amino acid resi-
due as in TFPI-K1 (Asp11, Asp46) while one of the
former (Lys15Arg) appeared to be a superior repla-
cement at the P1 specificity position. In the absence
of the VIIa-5L15 bound structure, nothing more
was certain from the mutations.

Two different trigonal crystal forms of the
TF-VIla-5L15 complex belonging to space group
P32, have been reported (Stura et al., 1996). One of
the forms only diffracts X-rays to 7.0 A resolution,
while the other is better, diffracting to about 3.2 A
resolution. The crystallographic work, however,
was hampered because only 1.5 mg of the complex
was available for crystallization (Stura et al., 1996).
Although X-ray intensity data were collected from
each of the forms, the structure of this ternary com-
plex remains undetermined. We have also suc-
ceeded in crystallizing 5L15 inhibited VIla
complexed with TF, but under different conditions
producing a different crystalline arrangement
(orthorhombic, space group C222;) that diffracts
X-rays at 2.1 A resolution. Here, we present the
refined structure of the TF-VIla-5L15 ternary com-
plex, and we compare it with the structure of the
irreversibly inhibited TF-VIla-DFFR complex and
that of the binary BPTI-trypsin complex. In
addition, respective models for the structures of
the first two Kunitz domains of TFPI interacting
with VIla and Xa are presented based on the struc-
ture of 5L15 and VIIa-5L15 interactions, and the
multi-domain structure of VIla is compared with
the intact multidomain structure of IXa.

Results and Discussion

The overall structure of the TF-VIIa-5L15 com-
plex has an extended conformation approximately
106 A long with a diameter varying between
40-60 A. This is shorter than TF-VIla-DFFR
(Banner et al., 1996), because there is only electron
density for the C-terminal helix of the Gla domain
in TF-VIIa-5L15 (Figure 2). This led to the
measurement of the matrix-assisted laser deso-
rption ionization mass spectrum (MALDI-MS) of
VIla, which was compared with that of a crystal.
The VlIa of crystalline material was about 4.2 kDa
less than the VIIa used to form the complex, which
corresponds closely with the N-terminal 32 resi-
dues, so it was concluded that VIIa in the crystal-
line complex lacked most of the Gla domain. The
gross topology of the complex, however, is similar
to the DFFR inhibited complex, but differs some-
what around the active site region, where the latter
possesses only a bound tripeptide methyl ketone
compared with the 58 folded residues of the 5L15
inhibitor. There is also a difference in the position
of the C-terminal helix of the Gla domain. Several

Figure 2. Ribbon drawing of TF-VIla-5L15 complex.
The various domains labeled in same color as the
domains (see the text for abbreviations); the Ca?* are
shown as orange-yellow spheres.

segments of the TF-VIla-5L15 structure are incom-
plete due to poor or missing electron density. This
includes most notably the N-terminal two-thirds or
so of the Gla domain, about ten C-terminal resi-
dues of the light chain of VIla, a tripeptide loop of
the catalytic domain, and parts of a few solvent-
accessible loops in the C-terminal domain of TF
(TF2 of Figure 2) that abut or embed into mem-
brane in the physiological complex. Some of these
features were also missing in the TF-VIla-DFFR
structure (last ten residues of VIla light chain) and
even in the apo-structures of soluble TF (mem-
brane proximal loops). The VIla molecule is bound
to TF through many interactions with regions of
both the light and heavy chains of VIla. The VIla
interaction surface of TF extends most of the length
of the two domain TF molecule, which forms a
rigid scaffold-like support upon which the individ-
ual VIIa structural modules are bound. The 5L15
mutant inhibitor binds at the active site of VIla in a
non-covalent way, with its principal ellipsoidal
axis oriented roughly perpendicular with the sur-
face of the catalytic domain (Figure 2), similar to
that observed for BPTI in the trypsin-BPTI complex
(Huber et al., 1974), and it makes numerous inter-
actions with the active site of VIla and surrounding
environment.
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Figure 3. High-affinity calcium binding sites of VIla.
Catalytic domain, top (chymotrypinogen numbering);
EGF1-Gla interface, bottom (sequential numbering). Cal-
cium, yellow sphere; water, red spheres; VIla residues
in atom colors (carbon, green; nitrogen, blue; oxygen,
red).

The catalytic domain of Vlla

To differentiate between the residues in different
molecules of the ternary complex and to conform
with the numbering scheme adopted previously
for the TF-VIla:-DFFR complex (Banner et al.,
1996), a bold chain identifier will follow each resi-
due number (except for 5L15): T for TF, L for Vlla
light chain and H for VIla heavy chain. Sequential
numbering described for TF (Harlos et al., 1994)
and VIla (Ichinose & Davie, 1994) will be used.
Standard chymotrypsinogen numbering for serine
proteases (Bode et al., 1992) will additionally be
given in curly brackets for the catalytic domain of
VIla, which may also have an alphabetic insertion
code.

Table 1. Calcium coordination distances of the high-
affinity binding sites of TF-VIIa-5L15

Gla-EGF1 site

Catalytic domain €
Ligand d (A)

Ligand d (A)

Glu210H:OE1{70}  2.51
Asp212H:0(72} 243

Asp46L:0D2  2.93
Gly47L:0 2.20

Glu215H:0({75} 2.11 Asp63L:0OD1  2.76
Glu220H:OE2{80}  2.22 Asp63L:0D2  2.22
Ov139 2.38 GIn64L:0 2.55
Oov167 3.01 GIn49L:OE1 248

Ov455 1.97

The structure of the catalytic domain is complete
except for a tripeptide adjacent to an insertion bor-
dering the active site (Val317H-Asp319H){170E-
172}. Otherwise, the catalytic domain and active
site region of VIla are well defined in electron den-
sity. Based on a superposition of C*-coordinates,
the folding of the catalytic domain and EGF2 of
5L15-inhibited VIla is very similar to that of the
DFFR complex: the rms difference in 233 optimally
superposed C*-positions between the catalytic
domains is only 0.35 A, while the same apphes to
the two EGF2 domains. A similar comparison of
equivalent residues of trypsin in the trypsin-BPTI
complex and the catalytic domain of VIla gives a
rms difference of 0.70 A.

The zymogen and VIla possess two high-affinity
calcium binding sites (Strickland & Castellino,
1990; Figure 2). The catalytic domain has one of
these sites (K4~ 100-200 uM; Sabharwal et al.,
1995), similar to those found in IX (Bajaj et al.,
1992) and X (Persson et al., 1993). Based on the
structure of trypsin (Bode & Schwager, 1975),
which also contains a calcium binding site, the resi-
dues forming the site in VIla were predicted (Bajaj
et al., 1992). These are confirmed by the structures
of TF-VIIa-5L15 and TF-VIIa-DFER. The site can
be described as a slightly distorted octahedral
arrangement around a Ca*" with two apical water
molecules (O"139, O"167) and an equatorial plane
consisting of: Glu210H:OE1{70}, Asp212H:0{72},
Glu215H:0{75}, Glu220H:OE2{80} (Figure 3). The
apical positions are further connected to two clus-
ters of solvent-exposed water molecules that form
an extended hydrogen-bonding network on either
side of the Ca** binding loop (Glu210H-
GIn220H){70-80}, which is itself a surface feature.
The site in TF- VIla-5L15 differs a little from that of
TF-VIla-DFFR where Asp217H{77} is said to bind
to the calcium through a water molecule.

The Ky of TF-VIla is about 1.5 uM in the absence
of Ca?* (Sabharwal et al., 1995), whereas it is 0.4
pM in their presence. The difference of 10° in bind-
ing (about 8 kcal mol™) is difficult to reconcile
based solely on the catalytic domain Ca®* site. The
Ca”" site of the catalytic domain is on the surface
of VIIa, far from TF (~18 A; Figure 2), with which
it does not interact directly. The difference in bind-
ing must, therefore, be the result of a cumulative
effect involving the other high-affinity site of VIla
and interactions that take place between TF and a
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Figure 4. Stereoview of most of the polar interactions of 5L15 with VIIa. The 5L15 residues Aspl1-Arg20 and
Glu46 in atom colors, VIla residues in blue; pertinent VIla residues in chymotrypsinogen numbering. The hydrogen

bonds are dual colored thin lines.

CaZ*t-mediated (folded) Gla domain structure. The
refined occupancy of the Ca®" in the catalytic
domain of TF-VIla-5L15 is 0.8 with a B-factor of
24 A% The Ca*"-oxygen distances of the catalytic
site are given in Table 1, in general agreement with
the Ca®" site of trypsin.

Thrombin binds sodium and other monovalent
cations (Orthner & Kosow, 1980), as does Xa
(Orthner & Kosow, 1978) and protein C (Steiner &
Castellino, 1982), and the binding has been shown
to produce allosteric effects in these enzymes
(Wells & DiCera, 1992). The Na* binding region of
thrombin (Zhang & Tulinsky, 1997) has been com-
pared here with the homologous region of the cata-
lytic domain of TF-VIIa-5L15, which shows no
indications of Na* binding. Superposing the cataly-
tic domain of VIla with thrombin (rmsA =1.0 A,
212 C* atom pairs) shows that the carbonyl oxygen
atoms of Thr370H{221A} and His373H{224} are
close to those of Arg221AO and Lys2240 of throm-
bin that coordinate directly to the Na* along with
four water molecules in an octahedral array. How-
ever, the shorter heptapeptide (Gly331H-
Lys337H){184-188} loop of VIla, stacking closely
upon the hexapeptide (Ile323H-Phe328H){176-181}
loop, homologous and isostructural with thrombin,
occupies the space of the Na*t coordinating water
molecules and surrounding solvent in thrombin.
The loop is a more extensive decapeptide in throm-
bin that is open and accessible to Na™ coordinating
water molecules and bulk solvent (Zhang &
Tulinsky, 1997). It thus appears that the critical fac-

tor hindering Na* binding in VIIa is the tight
(Gly331H-Lys337){184-188} surface loop.

The 5L15 structure

As expected, considering that only eight residues
of BPTI are different, the main-chain folding of
5L15 is practically the same as that of BPTI in the
trypsin-BPTI complex (rmsA =0.35 A). Electron
density for the 5L15 molecule is generally of good
quality, except for the far distal part of the inhibi-
tor (furthest from the active site of VIIa). There the
density is weaker, with some breaks, particularly
near the C-terminal helix, where the atoms in the
region have correspondingly larger temperature
factors (B ~ 48 A2 compared with (B) =35 A? for
5L15). The 5L15 mutations did not produce any
new intramolecular polar interactions with respect
to BPTI. The effect of the mutations on hydropho-
bicity was more difficult to gauge with nothing
strikingly obvious.

The Vlla-5L15 interactions

The 5L15 mutant binds to the active site of Vlla
like trypsin-bound BPTI (Huber et al., 1974). The
rmsA of the C* positions between Vila. 5L15 and
trypsin-BPTI is 1.0 A. The primary binding loop of
the inhibitor (Asp11-Leul9), which makes an anti-
parallel B-strand interaction with VIIa and mimicks
substrate binding, interacts directly and extensively
with the active site S5-54' binding subsites
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Table 2. Polar interactions of VIla-5L15

5L15 Vila d (A)

Aspl110D2  Arg290H:NH1{147} 2.63 Salt bridge
Aspl10D2  Lys341H:NZ{192} 2.65 Salt bridge
Pro130 Gly365H:N{216} 2,97

Argl5N Ser344H:0G{195} 3.12

Argl5N Ser363H:0{214} 3.44

Argl5NH1  Asp338H:0D1{189} 3.07 Salt bridge
Argl5NH2  Asp338H:0D2{189} 3.10 Salt bridge
Argl5NH2  Gly367H:0{219} 2.74

Argl5C Ser344H:0G({195} 2.80 Transition state
Arg150 Gly342H:N{193} 2.80 Oxyanion hole
Argl50 Ser344H:N{195} 3.01 Oxyanion hole
Leul7N Leul77H:O{41} 3.15

His18NE2  His209H:O{57} 2.68

Arg20NH2  Asp196H:0D2{60} 2.66 Salt bridge
Tyr340 Lys341H:NZ{192} 3.02

Leu39N Gly237H:0{97} 2.84

Glu460E2  Lys199H:NZ{60C} 2.50 Salt bridge

(Figure 4). Comparison with the trypsin-BPTI
structure shows that the distal region of 5L15 is
rotated slightly (5-6°) around Argl5 in the S1
specificity site, away from the S’ sites toward the S
binding sites. Somewhat similar inhibitor move-
ments have been reported in other Kunitz-type
inhibitor complexes with trypsin (Perona et al.,
1993) and thrombin (van de Locht et al., 1997).

The (Aspll-Argl5) segment of 5L15, corres-
ponding with P5-P1 sites of substrate, makes an
antiparallel B-strand interaction with (Ser363H-
Gly365H){214-216} of VIla having a hydrogen
bond between Pro130-Gly365H:N{216} and a long-
er one between Argl5N-Ser363H:0{214} (Table 2).
The carboxylate group of the Aspll side-chain
makes a hydrogen-bonded salt bridge with the
side group guanidinium of Arg290H({147} that is
shared with Lys341H:NZ{192} (Figure 4). Both of
these interactions are not possible with trypsin or
thrombin. In trypsin, residue 147 is a serine and
the loop containing it (Thr144-Tyr151) has a con-
formation different from its equivalent in Vlla,
while residue 192 is a glutamine in trypsin and the
side-chain hydrogen bonds with Cys140 of BPTI;
in thrombin, the equivalent residues are threonine
and glutamate, respectively. An Argl47 occurs in
Xa, but the P5 position of its natural TFPI-K2
inhibitor is a proline, although the inhibitor does
have an aspartate at P6 (Figure 1).

The pyrrolidine of Prol3 of 5L15 makes van der
Waals contacts with several residues lining the S3
subsite, Trp364H-Gly365H{215-216} in particular.
The Cys14-Cys38 disulfide bridge at P2 occupies a
relatively large apolar S2 subsite, making close
contacts with His193H{57}, (Gly237H-Thr239H)
{9799} and Ser363H{214} (at least one distance
<4.0 A) and fits into the region surprisingly well
and collision free. The S1 specificity site of Vlla is
filled with the Argl5 side-chain, which extends
into an elongated pocket, similar to that of trypsin,
thrombin and Xa, where it forms a doubly hy-
drogen-bonded salt bridge with Asp338H{189}.
Interactions also occur between Argl5N-Ser344-
H:0G({195} and  Argl5NH2-Gly367H:0{219}

(Table 2). Binding of 5L15 residues N-terminal to
the scissile bond of substrate is completed with the
carbonyl oxygen atom of Argl5 making hydrogen
bonds with Gly342H:N{193} and Ser344H:N{195}
of the oxyanion hole of Vlla that is also found in
other serine proteases. Although there is little elec-
tron and positive difference density between
Argl5C of 5L15 and Ser344H:0G{195} of the cata-
lyticc triad of VIla, the C-OG distance is a short
2.8 A, suggesting a transition state intermediate-
like interaction similar to that observed in the bind-
ing of peptidic aldehydes (Krishnan et al., 1998)
and similar inhibitors (Ganesh et al., 1996) with
thrombin. The geometry of the scissile bond of the
inhibitor, however, is nearly planar (Figure 4),
suggesting that the primary binding loop of 5L15
remains intact, as observed in the trypsin-BPTI
complex.

The first 5L15 residue comparable with the resi-
due C-terminal to the scissile bond of substrate
(P1') is Alal6. Its methyl group fits into a small
confined space defining a S1’ subsite similar to that
of thrombin (Matthews et al., 1996; St. Charles et al.,
1999) and makes van der Waals contacts with the
side-chains of Cys178H{42}, His193H{57} of VIla
and more distantly, with Leul77H{41}. A hydrogen
bond occurs between Leul7N at P2° and
Leul77H:0O{41} (Table 2), which is also observed in
the trypsin-BPTI complex. The side-chain of Leul7
additionally packs against the other side of
Gly342H{193} and close to the methylene groups of
Lys341H{192} (Figure 4), and assumes a Y, angle
optimal for this packing arrangement because of
the neighboring bulky phenolic group of Try34.
The packing arrangement within this region of the
S2' site was also found in a thrombin-inhibitor
complex where a phenethyl group at P1’ extended
to the edge of the site (St. Charles et al., 1999).

The Ile18His mutation at the P3’ position of 5L15
is unique and appears to be important. The
His18NE atom is positioned correctly to make a
hydrogen bond with His193H:O{57} (2.7 A, /NE-
O-C =154°), which also indicates that Hisl8 is
protonated in TF-VIIa-5L15. Of all the natural
amino acid residues, only histidine has the correct
size, geometry and rotational freedom to achieve
such an interaction. Of the four other 5L15-related
anticoagulants made by random mutagenesis/
phage selection (Stassen et al.,, 1995), two had a
His18 along with 0.2 and 5.0 nM binding constants
for TF-VIla. It is indeed impressive that the meth-
od leads to the one amino acid at this position that
can produce additional direct stabilization in
VIla-5L15 and is found in the mutants of highest
affinity. The last mutation (Ile19Leu) in the active
site binding segment proved structurally unimpor-
tant. The residue is surface exposed in the complex
next to Arg20 and does not interact with Vlla
(Figure 4).

Several additional polar interactions occur
between 5L15 and VIla in peripheral contact
regions bordering the active site of VIla. Adjacent
to the Ile19Leu mutation is Arg20, which forms a
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hydrogen-bonded salt bridge with the side-chain
of Asp196H(60} (Figure 4; Table 2) of a shortened
(Asp196H-Asn200H){60-60D} insertion loop of
thrombin (60A-60I). The salt bridge is not found in
the trypsin-BPTI complex because trypsin has a
lysine at this position. The change of Val34Tyr in
5L15 maintains a mutationally silent hydrogen
bond with VIla (Tyr340-Lys341H:NZ{192}). It is
not found in the trypsin-BPTI complex because, as
mentioned above, GIn192NE2 of trypsin hydrogen
bonds with Cys140O of the inhibitor instead. Little
or nothing appears to be gained by the mutation,
since the Lys341H:NZ{192} can hydrogen bond
with the main-chain of any amino acid. As in tryp-
sin-BPTI, Gly360 and all of Gly37 pack against the
imidazole of His193H{57}. The Arg39Leu mutation
and Cys38 of 5L15 make contacts with Gly237H-
Thr238H{97-98} of VIla with a main-chain hydro-
gen bond between Leu39 and Gly237H(97}
(Table 2) in a surface loop bordering the S3 subsite
of VIIa. This loop is shifted about 1.4 A within the
active site compared with its position in the
TF-VIla-DFFR complex, presumably due to bind-
ing the bulkier 5L15 inhibitor. The loop has a
different conformation in the trypsin-BPTI complex
and the hydrogen bond is not present; instead,
Arg39NE of BPTI makes a close contact to Asn970
(2.9 A). All of which suggests inherent flexibility in
the region.

The final mutation in 5L15, Lys46Glu, is import-
ant and leads to the fifth hydrogen-bonded (2.4 A)
salt bridge of VIa-5L15, interacting with
Lys199H{60C} of the VIla insertion loop (Figure 4).
The Glu46 residue is found in both TFPI-K1 and
TFPI-K2. The lysine side-chain in the TF-VIla-5L15
complex shows one of the few conformational
differences in structure found with respect to
TF-VIla-DFFR. The movement of the lysine
appears to simply facilitate the formation of the
salt bridge in TF-VIIa-5L15.

The total number of contacts between 5L15 and
VIla <3.5 A is 61. Of these, about 30 % are hydro-
gen bonds of which five are hydrogen-bonded salt
bridges (Table 2). This corresponds with about
784 A% of VIla surface covered by 5L15. In
addition, 17 well-defined hydrogen-bonded water
molecules form a primary hydration layer around
5L15. Nine of the water molecules make 12 hydro-
gen bonds with main-chain peptide atoms; the
remaining water molecules hydrogen bond with
polar side groups of 5L15 and six water molecules
make hydrogen bonds bridging both 5L15 and
Vlla, two of which are found in the specificity
pocket. From this, the tight 0.4 nM binding con-
stant of TF-VIla-5L15 would seem to have an
appreciable polar and electrostatic component.

The Aspll-Arg290H({147} salt bridge of
TF-VIla-5L15 is of special interest. Although it is
clearly important in stabilizing the VIla-5L15 com-
plex (Figure 4), it plays an ambivalent role interact-
ing with TFPL. Mutation of Arg290H{147} to
alanine has no effect on the inhibition of the
TF-VIla complex with free TFPI or TFPI-Xa (Rao

Table 3. Binding constants of different Kunitz-like
domains (nM)

TF-VIla Xa Trypsin
5L15 0.4 522 0.012
TFPI-K1 530 /250¢ (120)4 e -
TFPI-K2 >90 90 (0.02)4 -
BPTI 9800 >9800 0.05

2 Stassen et al. (1995).

b Dennis & Lazarus (1994).

¢ Petersen ef al. (1996).

4 Binding constant in full-length TFPL
¢ Does not bind as separate domain.

& Ruf, 1995). However, the rate of assembly of free
TFPI with the mutant TF-VIla complex is reduced
somewhat (twofold), while that of TFPI-Xa
remains unaltered. The lack of an alanine effect on
inhibition and assembly is not in agreement with
the salt bridge in the TF-VIIa-5L15 structure. Since
the sequence of the P5-P1’ positions of 5L15 and
TFPI-K1 only differs at P1 (Figure 1), the non-par-
ticipation of Arg290H{147} may be related to the
way lysine of TFPI-K1 is bound in the specificity
site of VIla. Lysine and arginine have been shown
to interact differently with Asp189 of the specificity
site of thrombin (Weber et al., 1994; St. Charles
et al, 1999) and in the trypsin-BPTI complex
(Huber et al., 1974). The lysine binding effect could
conceivably propagate a shift to the P5 position
that could preclude the formation of a salt bridge
with Arg290H(147}, thus diminishing the role of
the latter in VIla bound TFPI-K1.

Seven of the eight mutations of BPTI in 5L15
(Figure 1) improve binding affinity for TF-VIla by
about 25,000-fold and possibly, even that for tryp-

in (fivefold; Table 3). The 5L15 mutant also has
moderate nanomolar affinity for Xa. This contrasts
with the individual Kunitz domains of TFPI, which
by themselves show considerably reduced affinity
(Wesselschmidt et al., 1992; Petersen et al., 1992,
1996; Higuchi et al., 1992; Dennis & Lazarus, 1994;
Table 3); however, a recent report questions this
(Burgaring et al., 1997) but does not resolve the
issue. The difference in affinity for TF-VIla
between 5L15 and a separate TFPI-K1 domain is
1300 (Dennis & Lazarus, 1994) or 600 (Petersen
et al., 1996; Table 3). The only obvious differences
in the possible interactions of the two are: (1) in
the S1 specificity site (Argl5 in 5L15, Lys15 in K1)
and (2) at the S3’ site (Metl8His mutation). The
Lys15 (Figure 1) accounts for most of the weaker
inhibitory activity of K1. A lysine NZ of small mol-
ecule inhibitors interacts with the carboxylate of
Asp189 of thrombin in two different ways (Weber
et al., 1995; St. Charles et al., 1999), and a third way
in the trypsin-BPTI complex (Huber et al., 1974),
although there is a subtle change in the specificity
site of trypsin (Ser190 for Alal90). In any case,
none of the three is as efficient as an arginine
(Figure 4): the K; of Ac-D-Phe-Pro-Lys boronate for
thrombin is about two orders of magnitude greater
than its arginyl analog (Weber et al., 1995). If the
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same applies to the TFPI-K1 domain and 5L15, the
mutation at P1 is the primary reason for the
increased binding affinity. The factor of six or thir-
teen (Table 3) that remains between the two must
then be due to the new hydrogen bond that forms
between Hisl8 and His193H{57} in VIIa-5L15 as
the result of the His18 mutation (Figure 4; Table 2).

The fact that TFPI-K2 binds to Xa 4500 times bet-
ter than a separate K2 domain (Table 3), clearly indi-
cates that other regions of TFPI must be involved in
binding (Wesselschmidt et al., 1992; Petersen et al.,
1992, 1996; Higuchi et al., 1992), while 5L15 has
twice the affinity of a separate K2 domain for Xa
(Table 3). This suggested modeling the Xa-TFPI-K2
interaction based on the TF-VIIa-5L15 structure
might prove informative. The modeling was done
by superposing the VIla structure of VIla-5L15
on that of Xa (Padmanabhan et al., 1993;
rmsA =0.86 A, 214 C* atom pairs) and replacing
six different 5L15 residues (Aspll, Prol3, Leul?,
His18, Leul9, Tyr34; Figure 1), of 13 in contact
regions of Xa (P5-P5" and residues 34, 39, 46; Ripka
et al., 1995), with those of TFPI-K2. The resulting
model indicated that Proll at the P5 position and
the Cys14-Cys38 disulfide of K2 collided with the
side-chain of Tyr99 of Xa (chymotrypsinogen num-
bering; Padmanabhan et al., 1993). Since Kunitz
domains are so highly isostructural, the unaccepta-
ble clash around the disulfide suggests a confor-
mational change must take place in Xa, rather than
K2, to accommodate binding. The binding of Argl5
in the specificity site and Gly16-Tyr17 (Figure 1) can
be the same as VIla-5L15 (Table 2), except possibly
for the encroachment of GIn192 of Xa on the pheno-
lic Tyrl7 ring. A significant difference is encoun-
tered at the P3’ position of K2 (Figure 1), because
the side group of Ilel8 cannot form a hydrogen
bond like His18 of 5L15. Another major difference
between the two complexes is at Arg20, which can-
not form a salt bridge in Xa because the equivalent
of Asp196H{60} of VIla is Tyr60 in Xa. However,
Glu46 is present in both TFPI domains and can
make a salt bridge in Xa with Lys62 comparable
with Glu46-Lys199H{60C} in VIIa-5L15 (Table 2).
Lastly, and possibly of considerable significance,
the modeling suggests two new salt bridges are
possible in Xa-TFPI-K2 that are not between TFPI-
K1 or 5L15 and VlIla, which involve Arg32 of K2/
Glu37 of Xa and Lys34 of K2/Glu39 of Xa (Figure 1),
although replacement of Lys34 by valine improves
Xa binding by a factor of 50 (Ripka et al., 1995).
Most of this is in general agreement with a more
detailed modeling analysis based on the structure of
the trypsin-TFPI-K2 complex superposed on the
structure of Xa (Burgaring et al., 1997). Although the
independent approaches converged to similar con-
clusions, it was not possible to resolve the discre-
pancy of the binding constants (K;=90 nM,
Petersen et al., 1996; 0.15 nM, Burgaring ef al., 1997)
from the modeled interactions of either. The two
new salt bridges predicted between K2 and Xa
would support higher binding affinity for the separ-
ate domain, whereas the conformational change

required at Tyr99 of Xa, to alleviate close contacts,
and the loss of three salt bridges compared to
Vlla-5L15 (two at Aspll, one at Arg20; Table 2),
can more than offset the positive contributions of
the former. Thus, without additional information,
arguments are possible in support of both cases.

The EGF1 module

The C-terminal helix of the Gla domain and
the first EGF module of VIla bind a second high-
affinity calcium (Schiodt et al., 1992), like the cor-
responding domains of IX (Rao et al., 1995) and
X (Selander-Sunnerhagen et al., 1992). This Ca**
in TF-VIla-5L15 has full occupancy and
B =26 A? with pseudo-octahedral, seven coordi-
nation (Table 1). An up-down puckered equator-
ial plane consists of: Asp46L:0OD2 and Gly47L:O
of the C-terminal helix of the Gla domain, both
carboxylate oxygen atoms of Asp63L, which
straddle the plane above and below, and
GIn64L:O (Figure 3). The apical positions are
occupied by GIn49L:OE1 and a partially occupied
water molecule  (O%455, occupancy 0.7,
B =28 A?), which is also hydrogen bonded to TF
through GIn110T:OE1 (3.1 A). This water mol-
ecule was not found in TF-VIla-DFFR and conse-
quently, neither was its interaction with TF. The
GIn110T amide nitrogen further hydrogen bonds
with GIn64L:OE1 in both TF complexes (Figure 3;
Table 4), whereas GIn110T:NE2 hydrogen bonds
with Ser43L:OG in TF-VIla-DFFR but not in the
5L15 complex. The position of the C-terminal
helix of the Gla domain is shifted in
TF-VIla-5L15; consequently, Ser43L:0OG makes a
different hydrogen bond to Thr203T:OG1 instead
(Table 4). Although the former hydrogen bond is
probably the physiologically relevant one, the lat-
ter indicates that TF and VIla can also adapt dif-
ferently. Since the structures of VIla in TF-VIla
and IXa (Brandstetter et al., 1995) and the Gla-
domainless structures of Xa (Padmanabhan et al.,
1993) and protein C (Mather et al.,, 1996) show
that EGF2 and the catalytic domain are an inti-
mately connected unit, the functional role of this
Ca”" binding site appears to be to fix and main-
tain the correct relative positions of the Gla and
EGF1 domains with respect to one another
(Sunnerhagen et al., 1996, Kelly et al., 1997),
restricting overall flexibility to between the EGF
modules, for subsequent binding with the TF
cofactor. Thus, unlike the catalytic domain Ca%t+
site, this binding site must make a significant
energetic and entropic contribution along with a
Ca®*-folded Gla domain to the 0.4 pM TF-Vlla
binding constant. The oxygen distances coordinat-
ing this high affinity Ca®" ion site are given in
Table 1.

The EGF1 module has O-glysosylation sites at
Ser52L and Ser60L (Bjoern et al., 1991). The first
had electron density in TF- VIIa-5L15 that was
fitted with glucose, along with about 7-8 A of
additional electron and positive difference density



Tissue Factor- Factor Vlla-5L15

2097

Table 4. Polar interactions of TF-VIla

TF Vila d (A) Domain
Lys20T:NZ Cys70L:O 2.76 EGF1
Lys20T:NZ Gly78L:0 3.07 EGF1
Glu24T:OE2 Arg79L:NH2 3.54 Salt bridge, EGF1
Ser39T:0G Arg277H:NH2{134} 2.78 CAT
Thr40T:O Arg277H:NH2{134} 3.05* CAT
Gly43T:O Arg277H:NH2{134} 3.27 CAT
Asp44T:0OD1 Arg277H:N{134} 2.86* CAT
Trp45T:N Phe275H:0{132} 3.17 CAT
Lys48T:NZ Glu77L:OE1 3.11 Salt bridge, EGF1

TF1 Glu56T:OE1 Arg79L:NH2 2.76 Salt bridge, EGF1
Glu56T:OE2 Arg79L:NE 3.37 Salt bridge?, EGF1
Asp58T:0OD2 Gly78L:N 2.53 EGF1
Asp61T:0D2 Lys85L:NZ 2.60* Salt bridge, 1-2 linker
Glu91T:OE1 Thr307H:N{165} 2.73* CAT
Glu91T:OE2 Arg379H:NH2{230} 2.62* Salt bridge, CAT
Glu91T:0OE2 Arg379H:NH1{230} 2.93% Salt bridge, CAT
Tyr94T:OH Asp309H:0D2{167} 2.54 CAT
Tyr94T:0OH Asp309H:N{167} 3.46 CAT
Tyr94T:O GIn308H:NE2{166} 3.35 CAT
Asn96T:ND2 Asp309H:0OD1{167} 2.78 CAT
GIn110T:N GIn64L:0OE1 2.94 EGF1
Arg135T:NH1 Cys72L:0 3.13° EGF1
Arg135T:NH2 Cys72L:0 3.40* EGF1

TF2 Tyr156T:OH Arg36L:NH2 2.74b GLA
GIn190T:OE1 Arg36L:NH2 2.96° GLA
Thr203T:0G1 Serd3L:0G 2.69° GLA
Asp204T:0D1 Arg36L:NH1 3.05° Salt bridge, GLA

All the interactions, excluding those of the Gla domain, occur in TF-VIIa-5L15 and TF-VIIa-DFFR; however,
those marked with an asterisk were not described by Banner et al., (1996).
? Not a hydrogen-bonded salt bridge.

b Not found in TF-VIIa-DFFR.

meandering

into

interstitial

solvent

space.

Although the carbohydrate at Ser52L is thought to
be a mixture di and tri-saccharides (one or two
xylose in addition to glucose), this density could
not be definitely fitted with sugars, and was not.
The Ser60L site was readily modeled with its one
attached fucose molecule (Bjoern et al., 1991).

The TF structure

The structure of TF in the TF-VIla-5L15 complex
is similar to the crystal structures of uncomplexed
soluble TF, and is practically identical with that in
the TF-VIla-DFFR structure. Comparisons of the
current model of TF in TF-VIla-5L15 based on an
optimal superposition of C* positions were made
using coordinates of the different TF structures. All
the TF coordinates overlap with a rms difference of
less than 1.0 A, the TF-VIla-DFFR structure exhi-
biting the best agreement (rmsA = 0.42 A; 176 C*
positions), while the high-resolution (1.7 A) TE-
structure (Muller et al., 1996) had the largest dis-
similarity (rms A =0. 95 A; 180 C* atoms). No sig-
nificant difference (+7°) in the interdomain elbow
angle (~125°) is found among the four structures
compared, supporting the assertion that the TF
molecule is relatively rigid (Martin et al., 1995).
When comparing the separate domains of the
molecule, the N-terminal domain (TF1, Thr6T-
Asnl07T), in general, shows less structural vari-
ation than the C-terminal membrane proximal
domain (TF2, Leul08T-Glu210T).

The structure of the TF1 domain is nearly com-
plete in TF.VIla-5L15, only missing a single sur-
face segment between Ala80T and Gly90T. This
region appears to have a penchant for flexibility
and disorder, since similar but different length seg-
ments are also missing in the other structures of
TF. In the case of TF-VIIa-DFFR, the TF was first
subjected to limited subtilisin digestion that gener-
ated two fragments, (Asn5T-Glu84T) and (Glu90T-
Met210T), purportedly to facilitate crystal growth
(Kirchhofer et al., 1995).

Interactions between TF and Vlla

The TF-VIla interaction surface runs nearly the
entire length of the TF molecule (Figure 2). The cat-
alytic and EGF1 domains of VIla together partici-
pate in over three-quarters of the interaction
surface between VIla and TF. The total accessible
surface area buried on binding VIla by TF in the
TF-VIla-5L15 complex is 1667 A2, somewhat less
than that observed in the TF-VIla-DFFR complex
(1881 A?) due to the missing N-terminal Gla
domain segment of the former. The 784 A2 of VIIa
covered by 5L15 compares well with that of
TF-VIla. This is especially so for the number of
contacts <3.5 A (61 for VIla-5L15; 79 for TF-VIla),
which is about twice as efficient (contacts/buried
surface) for VIla-5L15. Except for the Gla domain
helix of the light chain, interactions between TF
and VIla are generally conserved in the 5L15 and
DFEFR inhibited structures of TF-VIla. A list of the
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polar interactions is presented in Table 4. The TF1
domain contributes over 73 % of the accessible sur-
face buried between TF and VIla in the
TF-VIIa-5L15 complex, and interacts with several
segments of the enzyme, mostly from the EGF1
and catalytic domains of Vlla.

The (Ser39T -Tyr51T) segment of TF1 interacts
with (Phe275H-Phe278H){132-135} and (Met306H-
Leu309H){164-167} of the catalytic domain, as well
as a short segment of EGF2 (Glu77L, (Val92L-
Glu94L)). The N-terminal 39-45 stretch interacts
with (Phe275H-Phe278H){132-135) and forms a
shallow hydrophobic pocket in which the arginyl
group of Arg277H(134} resides, interacting mostly
with Ser39T, Asp44T and Trp45T. This loop under-
goes a significant shift compared with the same
region in uncomplexed TF structures. The
Arg277H{134} has been implicated in cofactor affi-
nity by alanine scanning mutagenesis (Dickinson
et al., 1996). The Asp44T residue, which makes a
hydrogen bond with Arg277H{134} (Table 4), has
been shown by mutagenesis to be involved in the
enhancement and regulation of Vlla catalytic func-
tion (Kelly et al., 1996). Although charge neutraliz-
ation by asparagine replacement did not reduce TF
function, replacement by alanine resulted in a
mutant with eightfold reduced affinity for binding
Vlla. Furthermore, VIla amidolytic function by the
TF-Ala44 mutant was reduced 25% relative to
wild-type, and proteolytic function was diminished
sixfold. All of these results indicate that the
Arg277H{134} hydrogen bond interaction is signifi-
cantly enhancing proteolysis of macromolecular
substrate by Vlla.

Residues (Glu91T-Asn96T) form an intercalating
hydrophobic surface that associates with a comp-
lementary surface of the catalytic domain made of
side-chains from Met306H{164}, Glu308H{166},
Asp309H{167} and Arg379H{230} (Table 4). The
side-chain of Tyr94T packs closely against that
of Met306H{164}, which forms the inner wall of
an apolar cavity into which the tyrosyl group
inserts. The Arg277H{134}, Met306H{164) and
Asp309H(167} interactions have been shown to
affect cofactor affinity (Dickinson et al., 1996).
Active site occupancy additionally affects cofactor
binding, enhancing the affinity for TF by essen-
tially decreasing the dissociation rate of the
TF-VIla complex. Of the three residues, only
Met306H{164} played a major role in inhibitor
induced increase of binding affinity.

A VII variant with a serine substitution at
Phe328H{181} (VII central) has been identified in a
severe VII deficiency (Bharadwaj et al., 1996). The
variant exhibited <1 % VII procoagulant activity, a
twofold decrease in affinity for TF and did not acti-
vate IX or X in the presence of TF after activation
by Xa. In addition, VIIa central showed no amido-
lytic activity in the presence of TF. Homology
modeling of the VIla central protease domain
based on the structure of Xa and molecular
dynamics simulations (Bharadwaj et al., 1996)
suggested that the striking inability of

Phe328H{181}Ser Vlla to cleave substrates may be
due to the formation of a new hydrogen bond
between Tyr377H{228} and the all-important
Asp338H{189} of the S1 specificity site. The
Phe328H{181} residue in TF-VIIa-5L15 is located
near the center of a highly hydrophobic cavity,
buried among the side-chains of His348H{199},
Tyr377H{228}, the methylene groups of
Arg304H{162} and Arg379H{230}, the methyl
group of Ala330H{183} and the main-chain seg-
ment (Tyr377H Arg379H){228-230}. Furthermore,
Phe328H{181} is about 12 A from the carboxylate
group of Asp338H{189} and 6 A from that of
Glu91T. Replacement of the Phe328H{181} residue
in its highly hydrophobic environment by a polar
serine would be expected to disturb the region.
Thus, the decrease in TF affinity of VIla central is
most likely related to the disruption of the salt
bridge between GIu91lT and Arg379H{230}
(Table 4). The drastic catalytic differences of the
single Phe328H(181}Ser VIla mutation must also be
due to the structural reorganization of the hydro-
phobic cavity, although it is more difficult to
rationalize from only the wild-type structure.

In summary, the interactions described here
between TF, the two EGF modules and the cataly-
tic domain of VIIa in TF-VIIa-5L15 all occur in the
TF-VIla-DFFR structure as well, although some
were not discussed in describing the latter
(Table 4). Another reassuring observation is that
the limited subtilisin proteolysis of TF in
TF-VIIa-DFFR (Kirchhofer et al., 1995) does not
affect the overall folding and quaternary structure
of TF or the manner in which the cleaved cofactor
binds with VIla.

The Gla domain of TF-Vlla-5L15

The (2F, —F.) and (F, — F_) electron density in
the region of the Gla domain was incomplete and
not well defined, particularly in the early stages of
the work. The C-terminal o-helix of the domain
containing a characteristic stacked Phe40L, Trp41L,
Tyr44L aromatic triplet (Seshadri et al., 1991;
Soriano-Garcia et al., 1992) was resolved, but the
density still terminated at Arg36L. Further refine-
ment failed to reveal any more structure of the
domain. Since the concentration of Ca*" in the
crystallization mother liquor was 1.5 mM or less
(see Materials and Methods), it is conceivable that
the N-terminal 35 residues of the domain are not
folded into a tertiary structure and are flexibly
and/or statically disordered in the crystals. Such
was the case with the structure of apo-prothrombin
fragment 1 where the N-terminal 35 residues of the
Gla domain were confirmed to be disordered in
the absence of Ca®" ion by virtue of N-terminal
sequencing of crystalline material (Seshadri et al.,
1991). Conversely, however, it is also conceivable
that the N-terminal 32 or so residues of VIla have
been proteolyzed by Vlla itself. Precedence for the
latter has been set by the report of the removal of
the Gla domain of VIla at Lys32L by VIla in the
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absence of Ca’*" incubated for 24 hours at 37°C
(Sabharwal et al., 1995). Considering that: (1) the
concentration of Ca*" was most likely less than
1.5 mM, about half the binding constant of the
high affinity Ca** sites of the Gla domain; (2) the
VIla was only reversibly, not covalently inhibited;
and (3) the crystallization of the TF-VIla-5L15
complex generally took place over a period of
about a week, a des-Gla domain TF-VIla-5L15
complex in the crystals with a disordered (Asp33L-
Gla35L) N-terminal tripeptide was also a likely
possibility. This led us to measure the MALDI-MS
spectra of VIla and crystalline material that con-
firmed the proteolysis.

The interactions between the C-terminal half of
TF2 and the truncated Gla domain are unique to
the TF-VIla-5L15 complex (Table 4), because of a
substantial repositioning of the C-terminal Gla
domain helix (Arg36L-Ser45L). Although the helix
packs against the inner aspect of TF2 as in the
TF-VIla-DFFR complex, the N terminus of it is
pivoted by approximately 33deg from the mem-
brane binding region of TF2, toward the interdo-
main hinge region (Figure 2). Moreover, the
solvent-accessible side of the helix packs closely
against an EGF1 module of a symmetry related
molecule, creating an environment that clearly
does not have enough space to harbor a folded Gla
domain based on volume considerations of the Gla
domain in Ca®" prothrombin fragmentl (Soriano-
Garcia et al., 1992) and in the TF-VIla-DFFR struc-
ture. The tight intermolecular contact may be at
least partially responsible for the repositioning of
the helix. However, the region N-terminal to the
helix opens to a large solvent cavity, which is also
close to the disordered loops of the membrane
proximal region of TF2. The region is spacious
enough to accommodate an unfolded 35 residue
chain of the Gla domain. When the EGF2 and cata-
lytic domains are superposed with those of
TF-VIla-DFFR (rmsA remains 0.35 A), the C* pos-
itions of the EGF1 structures begin to diverge near
Ala75L and exhibit a maximal shift of about 2.2 A
near Gly47L, close to the Gla-EGF1 Ca%t binding
site, in a direction apparently drawing the EGF1 of
the TF-VIla-5L15 closer to TF2. When the EGEF2
and catalytic domains are optimally superposed,
the rmsA between the EGF1 modules of
TF-VIla-5L15 and TF-VIla-DFFR is 1.5 A, while
the rmsA = 0.51 A when the EGF1 modules of the
two complexes are superposed alone. The helix
repositioning may represent a low energy packing
arrangement favored in the absence of the intact

+ The structures of Gla-domainless Xa (Padmanabhan
et al., 1993) and the anticoagulant enzyme activated
protein C (Mather et al., 1996), which have three
domains homologous to VIla and IXa, have been
determined at 2.2 and 2.8 A resolution, respectively.

1 The angle between the EGF domains of activated
protein C is similar at 80° (Mather et al., 1996); the
EGF1 domain is disordered in Xa (Padmanabhan et al.,
1993).

folded Gla domain revealing an unexpected degree
of adaptability.

In the TF-VIla-DFFR complex, the Gla domain
interacts with TF2 primarily through hydrophobic
contacts between Trp158T, Val207T, the Cys186T-
Cys209T disulfide bridge in TF, and Phe31L,
Phe40L of the Gla domain. These contacts are, for
the most part, missing in the TF-VIla-5L15 com-
plex. Instead, at least four new polar interactions
are observed as a consequence of the helix reposi-
tioning (Table 4), none of which are found in the
TF-VIIa-DFFR complex. The OG1l atom of
Thr203T makes a hydrogen bond with Ser43L:0G
due to a relative translation of the helix in an N-
terminal direction. More significantly, the side-
chain of Arg36L, which occupies an apolar region
adjacent to Trp158T in the TF-VIla-DFFR complex,
is directed toward a solvent-accessible area of TF2
in TF-VIla-5L15 and makes a hydrogen bond with
GIn190T:OE1 and a hydrogen-bonded salt bridge
with Asp204T:OD1. A hydrogen bond also occurs
between Arg36L:NH2 and the hydroxyl oxygen of
Tyr156T. Thus, much of the movement of the helix
may be the result of satisfying the Arg36L inter-
actions. In contrast with the TF-VIla-DFFR com-
plex, only Phe40L participates in hydrophobic
interactions with TF2: the side-chain is located in a
region occupied by the side-chain of Leu39L in the
TF-VIIa-DFFR structure and it makes hydrophobic
contacts with the side groups of Asp204T and
Val207T.

Comparison of the structures of Vlla and 1Xa

The only other crystal structure of a full-length
multi-domain  blood coagulation proteinase
reported thus far is that of hemophilia B-related
IXa at 3.0 A resolution (Brandstetter et al., 1995)%.
The IXa, inhibited irreversibly with D-Phe- Pro—Arg
chloromethyl ketone, was crystallized in the
absence of Ca?*, so the 30-35 N-terminal residues
of the Gla domain were not folded and were flex-
ibly disordered as in apo-prothrombin fragment 1
(Seshadri et al., 1991). There was, however, a
cylindrical electron density feature corresponding
to the C-terminal helix of the domain, which
formed the basis for modeling the remainder of the
Gla domain in its folded calcium bound state using
the structure of Ca®'-prothrombin fragment 1
(Soriano-Garcia et al., 1992). We have compared
here the full-length structure of VIla in
TF-VIla-DFFR (Banner et al., 1996) with that of
IXa. The rms difference in the superposition of 221
C* coordinates of the catalytic domains of VIla and
IXa is 1.1 A. Although the EGF2 modules of both
enzymes also superimpose similarly, the Gla-EGF1
tandem of IXa is oriented about right angles to that
of VIla (Figure 5). The principal axes of the EGF
modules in VIla are nearly in line with one
another, whereas they make an angle of about
110° in IXa stabilized by a salt bridge between two
conserved residues in IXa (Glu78 and Arg95;
Brandstetter et al., 1995)f. Although Glu78 is also



Figure 5. Stereoview of the superposition of the C* positions of the EGF2 and catalytic domain of VIIa of TF-VIIa-DFFR on the corresponding domains of IXa. VIIa in
continuous lines, IXa broken lines.
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conserved in VIla, Xa and protein C, Arg95 is not,
so that the salt bridge is truly unique to IXa. The
different domain orientations between VIla and
those of IXa could arise in several different ways.
One is through a conformational change in VIla on
binding to TF thus accounting for its dramatic
increase in catalytic efficiency (Osterud &
Rapaport, 1977; Silverberg et al., 1977). The differ-
ent orientations could also come about from crystal
packing effects in IXa, since the molecular struc-
tures of the two TF-VIla complexes are practically
the same but the crystal packing arrangements are
different (C222, for TF.VIa-5L15; P2,2,2, for
TF-VIla-DFFR). Another possibility is simply that
considerable mobility may generally exist between
the domains because intact multi-domain blood
proteins have not been easy to crystallize. That IXa
did crystallize could be related to the dimeric-like
IXa units in the crystal structure, the inter-dimer
interactions of which might stabilize and fix the
structure of the full-length molecule. Other full-
length, multi-domain blood protease structures
could resolve the anomaly, if in fact one actually
exists.

Materials and Methods

Crystallization

The VIIa used for crystallization was a kind gift from
Dr Walter Kisiel (University of New Mexico) in the form
of a frozen solution of 0.83 mg/ml VIla in 50 mM Tris-
HCI (pH 7.5), 2 mM CaCl,. A tenfold molar excess of
lyophilized 5L15 (Corvas International, San Diego, CA)
dissolved in a 20 mM Tris-HCl (pH 7.4), 50 mM NaCl,
2 mM CaCl, buffer solution was placed over a thawing
VIla aliquot to inhibit the enzyme. The freshly inhibited
enzyme was allowed to stand at room temperature for
15 minutes; it was then stored at 4 °C for about 15 hours.
The TF complex of VIIa-5L15 was made by adding a
10 % molar excess of TF (3.1 mg/ml in 20 mM Tris-HCl
(pH 7.5), 0.02 % (w/v) NaN3), a gift of Dr Thomas J. Gir-
ard (Monsanto/Searle Co., St Louis, MO), to the solution
of 5L15 inhibited VIIa. The ternary complex thus formed
was allowed to stand overnight at 4°C. The solution of
the complex was concentrated using a 50,000 molecular
mass cut-off centricon filter in a refrigerated centrifuge.
It was then diluted tenfold with buffer and concentrated,
three times in all (1000-fold total dilution), in order to
remove excess 5L15 and TF. The final concentration of
the TF- VIIa-5L15 solution was 13.5 mg/ml in VIla.

The best crystals of the ternary complex grew by the
hanging drop method at room temperature from drops
composed of two parts buffer (as above), one part pro-
tein solution and one part well solution (0.1 M Na
citrate (pH 5.6), 16.0-16.5% (w/v) PEG4000, 12% (v/v)
1-propanol) suspended over 600 ul of well solution.
This gives a drop with a composition of 3.4 mg/ml in
VIla as a ternary complex in 15 mM Tris-HCl, 25 mM
Na citrate, 37.5 mM NaCl, 1.5 mM CaCl,, 4% (w/v)
PEG 4000, 3% (v/v) 1-propanol. Crystal platelets
usually appeared in two to three days, and finished
growing within ten days (up to 1.0 mm in length). The
crystal used for intensity data collection had dimensions
of 0.08 mm x 0.50 mm x 0.70 mm.

Data collection

X-ray diffraction intensities of the TF-VIIa-5L15 com-
plex were measured to 2.0 A resolution with a Siemens
2 K single chip CCD detector on the Industrial Macro-
molecular Crystallography Association (IMCA) beamline
(17-ID) at the Advanced Photon Source of Argonne
National Laboratory. The crystal was briefly transferred
to a cryo-protectant solution (100 mM Na citrate (pH 5.6),
20 % (w/v) PEG4000, 20 % (v/v) glycerol) then mounted
and flash-frozen at 100 K. The crystal detector distance
was 12.0 cm for the intensity measurements at a CCD
swing angle of 20 = 20°. Exposures were one second per
0.25 deg. frames with a total of 632 images being
recorded. The raw data (166,318 reflections) were inte-
grated and scaled using the SAINT processing program
to produce 70,671 unique reflections (average redun-
dancy of 2.35) with a R,,,,= 0.094 (Ryyr,= Z|I = (D|/X],
where [ is the intensity of a reflection and (I) is the mean
value). The Ry, values of the reflections between 2.1-
2.0 A resolution were generally much larger than 30 %,
had a smaller redundancy factor and had intensities bor-
dering expected error, so these 9462 reflections were dis-
carded giving a total of 61,209 reflections at 2.1 A
resolution (87 % completion, 78 % completion in the 2.2-
21A range). Of these, 6557 were zero reflections leaving
54,652 unique reflections for structure analysis. The
orthorhombic crystals of TF-VIla-5L15 belong to space
group (222, with unit cell dimensions of 4 = 63.49 A,
b=190.0 A, c=1753 A, eight ternary complexes per
unit cell, one complex per asymmetric unit. This gives a
Matthews number of 3.68 and a protein fraction of 36 %
for a complex with a fully intact Gla domain.

Structure analysis

The structure of the TF-VIla complex was solved by
molecular replacement with the program AMoRe
(Navaza, 1994). The catalytic domain of Xa
(Padmanabhan et al., 1993) and the structure of TF
(Muller et al., 1994) were used as search models for the
TF-VIla gomplex. In the search for VIIa, with data in the
10.0-3.5 A resolution range, an outstanding peak of 15.8
o was generated. A translation search with this solution
produced a peak of 11.9 o with a crystallographic
R =50%. Following rigid-body refinement, the R-factor
was 49% and the correlation coefficient 0.47. The
rotation seargh for TF was carried out similarly, but in
the 15.0-4.0 A range. No outstanding solutions were
identified so translation searches were carried out on the
ten highest rotation peaks, also including the position
and rotation of the catalytic domain of VIIa in calcu-
lations. The sixth highest peak proved to be the correct
solution based on crystal packing considerations (peak
height 43.8c, next highest 39.05). Rigid-body refinement
reduced R to 47 % with a correlation coefficient of 0.54.

Initial positional and simulated annealing refinements
were carried out using the program X-PLOR version 3.1
(Brunger, 1993) against 9.0-2.8 A data. One round of
simulated annealing using the slow-cool procedure
(2000 K to 300 K in steps of 25 K) followed by several
cycles of standard positional refinement reduced the
R-factor to 0.37 (R-free=0.41). The (2F,—F.) and
(Fo-Fc) difference electron density maps clearly revealed
structure for most of the two EGF domains of the VIla
light chain, as well as a large fraction of the 5L15 mol-
ecule. The portion of the inhibitor bound at the active
site was particularly well defined. These and all other
interpretable regions of the structure were modeled
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Table 5. Summary of refinement parameters and statistics of TF-VIla-5L15

Parameters RMS standard deviations

Range (A) (9.0-2.1) Bond distance (A) 0.022 (0.02)®
No. reflections 50,314 Bond angle (deg.) 1.3¢
No. protein atoms 4717 (B)prot (A% 27.6
No. water molecules 340* RMS-B,,,. (A% 1.4¢
No. variables 20,728 RMS-B, (A2 3.8¢
R-value (%) 237 (B)ya (A2) 236

? Water with occupancy >0.5 only.
P Target deviation from ideal value in parenthesis.
¢ The rmsA from average value.

4 The rmsA of B-factor of bonded atoms (mc, main-chain; sc, side-chain).

using the molecular graphics program CHAIN running
on a Silicon Graphics Indigo 2 workstation. A second
round of simulated annealing and positional refinement
extending data to 21 A resolution (R=029; R-
free = 0.34) improved regions in the maps corresponding
to the C-terminal helix of both the Gla domain of VIIa
and the 5L15 inhibitor molecule permitting those
elements of the structure to be modeled. The resulting
coordinates were then subjected to further refinement
with the program PROLSQ (Hendrickson, 1985). Individ-
ual isotropic temperature factors were constrained not to
exceed 50 A2 during the course of refinement. The struc-
ture was subjected to a number of rounds of manual
model rebuilding, each round followed by positional
and B-factor refinement using a variable, resolution-
dependent weighting scheme for the diffraction data.
During the final stages of refinement, two calcium ions,
two sugar molecules and solvent water molecules were
added to the model. The occupancies and temperature
factors of the water molecules and calcium ions were
refined in an alternating series of refinement cycles
(occupancies first, B values held constant followed by
the reverse). The final structure contains coordinates for
4717 non-hydrogen protein/carbohydrate atoms corre-
sponding with 683 residues of the ternary complex, two
calcium ions, and 340 water molecules, giving a final
R-factor of 0.237 for the 9.0-2.1 A data. Stereochemical
parameters and refinement statistics of the final structure
are given in Table 5.

Protein Data Bank accession number

The coordinates of TF-VIla-5L15 have been deposited
in the Brookhaven Protein Data Bank (PDB code: 1FAK).
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