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ABSTRACT: Tissue factor, theobligatecofactor for coagulation factor VII, plays an essential role in hemostasis 
by initiating the extrinsic pathway of blood coagulation upon vascular damage, making it a promising target 
for new anticoagulant therapies in the treatment of thrombosis and sepsis. The three-dimensional structure 
of the extracellular domain of tissue factor, determined by X-ray crystallography at  a resolution of 2.4 A, 
consists of two domains of approximately equal size, with a topology characteristic of fibronectin type 111 
modules. Comparison of tissue factor with the extracellular domain of the growth hormone receptor, which 
belongs to the same receptor superfamily, shows that the relative orientation between these domains as well 
as the domainaomain interface is very different. These differences have dramatic consequences for the 
residues in tissue factor that are homologous to the binding determinants of the growth hormone receptor. 
Alanine-scanning mutagenesis has identified tissue factor residues important for factor VIIa binding. The 
structure shows that the binding site is located in the domain4omain interface region but on the opposite 
side of the molecule compared to the growth hormone receptor, with the binding determinants residing on 
B-strands rather than on loops. 

Tissue factor is the principal initiator of the vertebrate 
coagulation cascade (Nemerson, 1988; Davie et al., 1991; 
Ruf & Edgington, 1994). TF' is an integral membrane 
glycoprotein (263 residues) consisting of an extracellular part 
(residues 1-219), a singlemembranespanning region (residues 
220-242), and a small cytoplasmic domain (residues 243- 
263) (Momssey et al., 1987; Scarpati et al., 1987; Spicer et 
al., 1987) and is expressed on cells of the tissue adventitia 
(Wilcox et al., 1989). Vascular damage exposes blood to 
cells expressing TF, which forms a calcium-dependent, high- 
affinity complex with plasma factor VI1 (FVII). Binding to 
TF promotes activation of zymogen FVII to theserine protease 
FVIIa (Nemerson & Repke, 1985) through cleavage of the 
Arg152-Ile153 peptide bond catalyzed in vitro by a number 
of proteases. Activation in vivo may occur through an 
autocatalytic mechanism (Nakagaki et al., 1991 ; Neuen- 
schwander et al., 1993). TF functions as an essential cofactor 
for FVIIa by dramatically enhancing the catalytic efficiency 
of FVIIa for both peptide (Lawson et al., 1992) and protein 
substrates (Bom & Bertina, 1990). The TF-FVIIa complex 
activates factors IX and X, ultimately resulting in thrombin 
generation and the formation of a fibrin clot. 

On the basis of multiple sequence alignments of the 
extracellular segments, Bazan (1990) proposed that TF is a 
member of the cytokine receptor superfamily. On the basis 
of the distribution of cysteine residues, the members of this 
superfamily have been grouped in two classes. Class I consists 
of the human growth hormone receptor, the prolactin receptor, 
the erythropoietin receptor, and the interleukin 3 and inter- 
leukin 4 receptors, while class I1 includes TF and the interferon 
a and fl receptors. The crystal structure of the human growth 
hormone receptor (De Vos et al., 1992) shows that the cytokine 
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receptor extracellular part consists of two Ig-like domains 
with the ligand-binding site located at the domaikdomain 
interface. Structure-function analysis of TF is required to 
address how the cytokine receptor fold is used as a cofactor 
for a serine protease. 

TF  is not normally expressed on cells within the vasculature 
but is found in artherosclerotic plaque (Wilcox et al., 1989) 
and can be induced on endothelial cells and monocytes by 
exposure to inflammatory cytokines or bacterial lipopolysac- 
charide (Gregory et al., 1989). Animal experiments with 
neutralizing antibodies suggest an important role for TF in 
the pathophysiology of thrombosis and sepsis. Anti-TF 
antibodies prevent death in a primate model of Escherichia 
coli-induced septic shock (Taylor et al., 1991), attenuate 
endotoxin-induced disseminated intravascular coagulation in 
rabbits (Warr et al., 1990), and inhibit thrombus formation 
in a rabbit model of arterial thrombosis (Pawasheet al., 1994). 
The structural analysis of TF will provide the basis for the 
design of drugs that modulate TF function, which could have 
important therapeutic applications in sepsis and thrombotic 
disorders. Here, we report the structure of the extracellular 
portion of human tissue factor determined at 2.4-A resolution. 

EXPERIMENTAL PROCEDURES 
The extracellular portion (residues 1-219) of wild-type 

human TF  and of two single-point mutants, selected on the 
basis of the structure of the human growth hormone receptor 
(Thr126 mutated to Cys and Thr154 to Cys), was expressed 
by secretion in Escherichia coli and purified to homogeneity 
by anion-exchange, hydrophobic-interaction, and size exclusion 
chromatography. Electrospra y-ionization mass spectroscopy 
showed that this material had an N-terminal sequence and 
molecular weight consistent with those of matureTF( 1-219). 
and FVIIa binding and cofactor function were consistent with 
those reported for soluble TF by Neuenschwander and 
Morrissey (1994). Crystals were grown by the sitting drop 
method, equilibrating a droplet of 50 pL of protein solution 
(23 mg/mL protein, 0.1 M sodium chloride, 1 mM PMSF, 
20 mM TRIS, pH 7.5) mixed with 10 pL of reservoir solution 
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Table 1: Data Collection and Phasing Statistics 

resolution observations reflections completeness R m a  R s o k b  phasing 
compound (A) (no.) (no.) (a) (% power 
native lC 15-3.0 42598 5294 96 5.7 
native 2d 30-2.4 36268 9132 88 7.5 
T154CC 154.0  6446 1887 77 3.9 13.5 1.66 
T154CC 6.5-3.1 12240 3946 91 5.8 23.5 0.80 
T 1 26Cc 1 5 4 . 0  6292 1899 78 4.3 24.9 0.92 
T 1 26Cc 30-3.1 20212 3983 80 6.5 15.0 1.32 
K2PtC4' 1 5 4 . 0  8383 2155 88 4.3 25.1 1.09 
K&LC 15-4.0 6613 2096 86 3.6 20.4 1.01 

a R ,  = zzlli - (1)lzXfi. R& = zp,,.h - Fht ,&F, , .k .  Collected using a Rigaku rotating anode generator with Cu Ku radiation on 
an Enraf-Nonius FAST area detector and processed using MADNES (Messerschmidt & Plufgrath, 1987) and PROCOR (Kabsch, 1988). 1 Collected 
at CHESS, Cornell (A = 0.908 A), and processed with DENZO and SCALEPACK. e Collected on a MAR imaging plate using a Rigaku rotating 
anode generator with Cu Ka radiation and p d  with XDS (Kabsch. 1988). 

FIGURE 1: Region of the final electron density map with the model for segment Lys47-Asp58 superimposed, including the disulfide bond 
between Cvs49 and Cvs57. The densitv was calculated with coefficients 2F, - Fc and contoured at 1 . 3 ~  only density within 2.5 A of the atomic 
positions is' displayed: 

(50% saturated ammonium sulfate, 0.1 M TRIS, pH 7.5) 
against 30 mL of reservoir solution. Single, lens-shaped 
crystals grew within 3-4 weeks to an average size of 0.4 X 0.4 
X 0.3 "3. The crystals were stored in a solution containing 
60% saturated ammonium sulfate and 0.1 M TRIS, pH 7.5. 
Thecrystals belong tospace group P41212 with cell parameters 
a = 45.5 A and c = 231.0 A. Similar crystals of the 
extracellular portion of TF have been reported earlier, although 
they were grown under different conditions (Boys et al., 1993). 
The crystals diffract highly anisotropically with the diffraction 
pattern extending beyond 2.0-A resolution along the crystal- 
lographic c* axis but only to about 2.4 A in the u*/b* plane. 

The structure was solved by multiple isomorphous replace- 
ment, using a native data set to 3-A resolution collected from 
four crystals and six heavy atom derivative data sets each 
collected from a single crystal (Table 1). An initial set of 
phases to 3.1-A resolution was obtained using wild-type crystals 
soaked with K2PtCl4 or K2HgI4 and the two cysteine point 
mutants cocrystallized with methylmercury(I1) iodide. Heavy 
atom positions were identified with the program HASSP 
(Terwilliger et al., 1987), and phase refinement was carried 
out with PROTEIN (Steigemann, 1974) including anamalous 
differences for several of the data sets. Solvent flattening 
according to Wang (1985) increased the figure of merit from 
0.61 to 0.76. The program FRODO (Jones, 1978) was used 
for model building. The interpretation of the map was 
corroborated by the positions of the cysteine mutations, the 
heavy atom sites, and the two disulfide bridges, as well as the 
unambiguous assignment of bulky sidechains. A second native 
data set to 2.4-A resolution was collected from eight crystals 
at the CHESS synchrotron at Cornel1 and processed using 
only fully recorded reflections during each 1' rotation.2 Both 
native data sets were merged to produce the data set used in 
refinement (Rmerge = 6.3% 92.2% overallcompleteness, 79.5% 
complete between 2.5 and 2.4 A). Refinement was done using 

the program XPLOR (Briinger et al., 1987; Briinger, 1990; 
Engh Br Huber, 1992). In the initial rounds, the model was 
manually adjusted on the basis of uA-weighted, phase- 
combined electron density maps (Read, 1986). Prior to the 
last refinement rounds the native data set was corrected for 
the observed anisotropy, yielding a 22-Azdifference in B-factor 
between the c and the u/b directions. Although this correction 
resulted in only a slight decrease of the crystallographic 
R-factor (1 S%), the quality of the electron density maps was 
considerably improved in terms of connectivity and sharpness. 
A portion of the final 2F, - Fc map is shown in Figure 1. 

RESULTS AND DISCUSSION 

The present model of the extracellular domain of TF consists 
of residues 4-210 together with 65 water molecules. In 
addition to the termini, two loops cannot be built with 
confidence (residues 84-90 and 119-121) and are omitted 
from the model, while one further loop shows poor electron 
density (residues 161-163). The crystallographic R-factor is 
22.4% (9303 reflections with F > 0 between 10 and 2.4 A), 
and deviations from ideal bond lengths and angles are 0.016 
A and 2.0°, respectively. The average isotropic temperature 
factor is 39 A2, with a 1 .9-A2 root-mean-square difference for 
bonded atoms. The only residue outside the "allowed" region 
of the Ramachandran plot is Asn137, which is involved in 
close crystal packing contacts. 

TF consists of two compact domains with identical con- 
nectivity (residues 1-103 and 104-210, respectively). Each 
domain is folded into a &sandwich containing one four- 

The computer program DENZO, for the reduction of oscillation 
images, was written by Z. Otwinowski (Ya1eUniversity);weusedaversion 
with graphics capabilities added by Wladek Minor (hrdue University). 
SCALEPACK, a program for scaling of oscillation data, was written by 
Z. Otwinowski. 
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FIGURE 2 Ribbon representation of the structure of the extracellular 
domain of human tissue factor generated with the program MOL- 
SCRIPT (Kraulis, 1991). The &strands in the seven-stranded 
&sandwich domains are labeled following the established convention 
for the fibronectin type 111 fold (Baron et al., 1992; Leahy et al., 
1992). 

stranded and one three-stranded sheet (Figure 2), with 
fibronectin type I11 topology (Baron et al., 1992; Leahy et al., 
1992). A tryptophan (Trp25 in TF) whichisstrictlyconserved 
throughout the cytokine receptor superfamily is buried in the 
core of the N-terminal sandwich. One disulfide bridge is also 
conserved; it is located between strands C' and E of the 
N-terminal domain. In TF, a second disulfide bridge is present 
between strands F and G at the solvent-accessible face of the 
C-terminal domain. The surface of TF shows two distinctive 
patterns of sidechain distributions, both located in the 
N-terminal domain. The first cluster is found at the solvent- 
exposed side of the four-stranded @-sheet and is formed by six 
aromatic side chains (Trp45, PheSO, Phe76, Tyr5 1, Tyr78, 
and Tyr94). The second is located at the solvent-exposed 
face of the three-stranded sheet and consists of nine charged 
residues (Glu24, Glu26, Glu56, Asp54, Asp58, Asp6 1 , Lys 1 5, 
Lys20, and Lys28). The overall significance of these clusters 
remains unclear, although two of the residues in the charge 
cluster have functional importance (below). 

The twdomain organization and the domain topology of 
TF are similar to those of the extracellular part of the growth 
hormone receptor (Figure 3) (De Vos et al., 1992). In contrast 
to this receptor, however, where the tertiary structure of the 
N-terminal domain differs slightly from the fibronectin type 
I11 module, both domainsof TF have thecanonical fibronectin 
type I11 fold. Additional differences between TF and the 
growth hormone receptor occur in the loop regions connecting 
the @-strands. An insertion of nine residues, whose sequence 
is highly conserved in the human, mouse, and rabbit proteins, 
is found between strands B and C of the C-terminal domain 
of TF. This segment, together with some of the preceding 
residues, forms a short two-stranded antiparallel @-ribbon 
followed by a short a-helix (Figure 2). A second short a-helical 
segment not present in the growth hormone receptor is part 

of the segment linking strands E and F in the N-terminal 
domain. Residues from both of these regions are involved in 
contacts across the domain4omain interface. The confor- 
mation of the linker segment connecting the domains is very 
similar in TF and the growth hormone receptor. In TF the 
linker consists of a short a-helical tum (3lwtum in growth 
hormone receptor) followed by a segment in extended 
conformation immediately preceding strand A of the C- 
terminal domain. 

Superimposing the C-terminal domain of TF on that of the 
growth hormone receptor shows that the orientation of the 
N-terminal domain differs dramatically in both structures 
(Figure 3). The angle between the two domains is about 125" 
in TF compared to 80" in the growth hormone receptor; in 
addition, there is a difference of about 15" when looking down 
the axis of the C-terminal sandwich. These changes in 
orientation result from large differences in the interface 
between the domains. Although the total area buried in the 
domain-domain interface is similar in both proteins [about 
600 A2;calculated with XPLOR (Briinger, 1 990); probe radius 
1.4 A], in contrast to the growth hormone receptor the 
hydrophobic core in TF is continuous throughout the interface. 

s a consequence, the solvent accessibility and the ability to 
mtribute to ligand binding of residues within or next to the 
terface differ significantly between TF and the growth 

hormone receptor. In the latter, the loop connecting strands 
A and B of the N-terminal domain contains Arg43, whose 
side chain makes a major contribution to hormone binding 
(De Vos et al., 1992; T. Clackson and J. Wells, personal 
communication). In TF, the side chains of the residues in the 
equivalent loop are mostly buried within the interface. For 
example, Phel9, which is the equivalent of Arg43 of the growth 
hormone receptor, fits in a pocket formed by the side chains 
of Val64 and Val67 of the N-terminal domain, Pro1 02, Thr 106, 
and Tyrl03 of the linker, and Thr132, Va1134, Va1146, and 
Phe147 of the C-terminal domain. The most important 
binding determinants of the human growth hormone receptor 
are Trpl04 and Trpl69 (De Vos et al., 1992; Bass et al., 199 1 ; 
T. Clackson and J. Wells, personal communication), which 
are positioned close together in space. In TF, the residue 
homologous to Trpl04 is Lys68, which is distant from the 
equivalent ofTrpl69due to thechanges in thedomain interface 
region including the presence of the nine-residue insertion in 
the C-terminal domain. 

TF is only the second example of a repeat of standard 
fibronectin type I11 modules for which the three-dimensional 
structure is known, the other case being the tandem type I11 
domains from neuroglian (Huber et al., 1994). Comparison 
of these structures shows that the interface region and 
conformation of the linker segment differ considerably, with 
the result that the relative domain-domain orientations are 
very different. Similar variability in domain interface and 
orientation (Campbell 8c Spitzfaden, 1994) is observed in 
structures containing a repeat of immunoglobulin-like domains 
such as CD2 (Jones et al., 1992) and CD4 (Ryu et al., 1990; 
Wang et al., 1990). It is noteworthy that a helical conforma- 
tion of the linker segment has thus far only been observed for 
TF, the growth hormone receptor (De Vos et al., 1992), and 
the prolactin receptor (W. Somers, M. Ultsch, A. M. de Vos, 
and A. A. Kossiakoff, unpublished results), raising the 
possibility that this conformation is a unique feature of the 
cytokine receptor superfamily. 

Alanine-scanning mutagenesis (Wells, 1991) of TF, initially 
targeting proposed loop segments based on the structure of 
the growth hormone receptor, has been used to probe the 
determinants of TF cofactor function (Ruf et al., 1 994).3 Only 
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FIGURE 3: Main-chain repmentation of the extracellular domain of TF (left) and the growth hormone receptor (right), generated using the 
program MIDAS (Ferrin et al., 1988). Loops are shown in gray and @-strands in red. Residues that are buried in the interface are colored 
yellow. The orientation depicted here was derived from a superposition of the C-terminal domains, givin an rms difference between 65 
equivalent Ca positions of 1.2 A. Superimposing the N-terminal domains yields an rms difference of 1.6 f ( 5 7  Ca pitions), whereas the 
two domains of TF can be superimposed to each other with an rms difference of 1.4 A (58 Ca pitions) [program OVERLAY (Kabsch, 1978), 
distance cutoff of 3 A]. 

a small number of residues make a significant contribution 
to the binding of FVIIa. For solvent-expowd residues, alanine 
substitution of Lys20, Ile22, Asp58, or Phel40 resulted in a 
greater than 10-fold increase in the apparent dissociation 
constant (Kh,,,,) for FVIIa binding, while mutation of Argl35 
resulted in a 7.4-fold increase in K h p p  (Ruf et ai., 1994). All 
other substitutions had a less than 5-fold effect on FVIIa 
binding with most being less than 2-fold. Lys20 and Ile22 are 
situated in the central region of strand B of the N-terminal 
domain, next to Asp58 in the adjacent strand E (Figure 4A). 
The Ccr atoms of these residues form a triangle with edges 
6.9, 8.0, and 4.2 A long, located near the domain-domain 
interface at its concave side. Argl35 and Phel40 are situated 
in the antiparallel @-ribbon portion of the long insertion formed 
between strands B and C of the C-terminal domain, with the 
Ca atom of Phel40 13.1 A from the Ca of Lys20. Contrary 
to both the antigen binding sites on antibodies (Davies et al., 
1990; Kelley & O'Connell, 1993) and the ligand binding site 
on the growth hormone receptor (De Vos et al., 1992; Bass 
et al., 1991; T. Clackson and J. Wells, personal communica- 
tion), where the binding determinants reside on loops, in TF 
the important residues for FVIIa binding are contributed by 
more rigid @-strands. 

An additional set of substitutions effect a significant 
reduction in the coagulant function of TF  without an effect 
on FVIIa binding (Ruf et al., 1994). Coagulant function was 
reduced by at least 50% when mutations were introduced in 

We have observed effects of TF mutations on FVIIa affity similar 
to those of Ruf et al. (1994) by wing a Pharmacia BIAcore system to 
measure binding constants. A minor exception is that we detect smaller 
KD changes for the Arg135 and Phel40 mutations; we attribute this to 
differences in the assay methods employed. 

any of the segments 16-19,103-106,157-166, or 199-201 
or when Tyr71 was mutated to alanine. Inspection of the 
structure suggests that, except for the segment from 157 to 
166, most of these residues are required for the structural 
integrity of TF. The side chain of Tyr 157 is buried within the 
@-sandwich, but those of residues 158-1 66 are exposed into 
the solvent. A double mutant TF having lysine residues 165 
and 166replacedwithalaninedisplaysamuchreducedcofactor 
function in the activation of factor X (Roy et al., 1991) despite 
binding FVIIa with wild-type affinity. This defect is not 
observed for peptide substrates and involves an increase in the 
KM for factor X activation (Ruf et al., 1992), suggesting that 
these residues contribute to protein substrate recognition by 
the TF-FVIIa complex. The 1 57-1 66 portion of TF is located 
next to the C-terminus of the extracellular domain and thus 
could modulate activity through interactions with phospholipid 
(Roy et al., 1991). However, the defect in cofactor function 
for the Lys165, Lys166 double mutant is also observed for 
both soluble TF (Kelley, unpublished results) and full-length 
TF in the absence of phospholipid (Ruf et al., 1992). The Ca 
to Ca distance between Lys20 and Lys165 is about 33 A. It 
has been proposed that the Gla and EGF domains of FVII 
provide the interactive region for binding to the N-terminal 
domain of TF (Toomey et al., 1991; Kazama et al., 1993). If 
this region corresponds to the site shown in Figure 4A, given 
the size of FVII (50 m a ) ,  its protease domain should be able 
to contact lysines 165 and 166 of TF in order to maintain the 
binding siteon FVII for factor X. Alternatively, direct confacfs 
between factor X and the 157-166 segment of TF may be 
required to properly form the ternary complex. 

Mapping of the respective binding determinants on TF and 
on the growth hormone receptor reveals a dramatic difference 
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FIGURE 4 (A, top) Stereo Ca representation of human TF. Residues important for binding of FVII are shown in yellow. Clusters of aromatic 
and charged residues are indicated in light blue, with the latter including Lys20 and Asp58. (B, middle, and C, bottom) Space-filling models 
of TF (in purple) and the growth hormone receptor (burgundy) with residues important for ligand binding colored yellow. (B) and (C) are 
perpendicular views, with the orientation in (B) identical to that in Figure 3. 
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in the location of the ligand-binding sites. As indicated by 
the structural comparisonsdepicted in Figure 4B,C, the FVIIa 
binding site on TF, while near the domain4omain interface, 
is located on the opposite side of the cytokine receptor fold 
relative to the ligand-binding site on the growth hormone 
receptor. This is a consequence of the differences in domain- 
domain interactions that bury some of the residues of TF that 
are located in exposed loops in the growth hormone receptor. 
With regard to the cytokine receptor superfamily, the 
similarities in structure both among the receptor extracellular 
domains and among the ligands for most of these receptors 
(De Vos & Kossiakoff, 1992; Wells & de Vos, 1993; Sprang 
& Bazan, 1993) (but not for TF) suggest that the location of 
theligand-binding siteat theinterfaceoftheN- andC-terminal 
domains of the cytokine receptor module be conserved 
throughout the superfamily. The present structure shows that 
the mutational data available for TF are consistent with this 
hypothesis. However, the structure also shows that TF does 
not use the residues equivalent to the binding determinants 
in the growth hormone receptor but instead amino acids that 
are nearby in the sequence. Structural data on the prolactin 
receptor (W. Somers, M. Ultsch, A. M. de Vos, and A. A. 
Kossiakoff, unpublished results) as well as mutational data 
on other receptors (Imler et al., 1992; Wang et al., 1992; 
Yawata et al., 1993) support the notion that their binding 
sites are more similar to that of the growth hormone receptor 
than to that of TF. However, even if TF should represent a 
unique case, its example shows that the design and interpreta- 
tion of mutagenesis experiments directed at the identification 
of the binding sites of receptors within the cytokine superfamily 
still require considerable caution in the absence of specific 
structural data. 
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