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The complex of bovine factor Xa and recombinant tick anticoagulant

peptide (rTAP) was crystallized in two different crystal forms using

polyethylene glycol as a precipitant. Form I belongs to space group

P42212 with unit-cell dimensions a = b = 133.1, c = 68.8 AÊ . It contains

one complex per asymmetric unit and diffracts to 3.0 AÊ resolution.

Form II belongs to P41212 (or P43212) with dimensions a = b = 126.5,

c = 146.7 AÊ ; it contains two complexes per asymmetric unit and

diffracts to 2.5 AÊ . The crystals of both forms consist of factor Xa

(MW = 45.3 kDa) and rTAP (MW = 6.7 kDa).
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1. Introduction

Recombinant tick anticoagulant peptide

(rTAP) is a speci®c and potent inhibitor of

factor Xa (fXa), a central enzyme in the blood-

clotting cascade (Waxman et al., 1990; Mao et

al., 1995). The discovery of rTAP, which inhi-

bits only factor Xa (Waxman et al., 1990), has

produced signi®cant amounts of data ranging

from the structure and function of a novel

serine-protease inhibitor to the importance of

factor Xa in the thrombotic process (Vlasuk,

1993).

The rTAP binds its target protease, fXa, by a

mechanism which is unique among serine-

protease inhibitors (Jordan et al., 1990;

Laskowski & Kato, 1980). Earlier biochemical

and mutagenesis studies (Sardana et al., 1991;

Jordan et al., 1992) demonstrated that rTAP

binds to fXa in a two-step process: the enzyme

and the inhibitor rapidly construct a low-af®-

nity complex and the complex then slowly

rearranges, gaining additional contacts, to yield

the ®nal high-af®nity enzyme±inhibitor

complex. The amino-terminus of rTAP plays a

critical role in the formation of the high-af®nity

fXa±rTAP inhibitory complex (Jordan et al.,

1992). The postulated binding interaction

between rTAP and fXa most closely resembles

the mechanism of inhibition exhibited by

hirudin with thrombin (Jordan et al., 1992;

Rydel et al., 1990). The structure of rTAP

observed by solution NMR (Lim-Wilby et al.,

1995; Antuch et al., 1994) is drastically

different from the structure of hirudin, which

consists of a long (39 AÊ ) carboxyl-terminal

extended domain. The carboxyl-terminal

domain of hirudin makes numerous interac-

tions with an anion-binding exosite of

thrombin (Jordan et al., 1992). Since rTAP does

not have the long tail carboxyl-terminal

domain, it is prudent to expect that the

secondary binding determinant of rTAP inter-

acts with the exosite of fXa rather than an

extended S0 subsite as found in the hirudin±

thrombin complex.

To enhance the understanding of the binding

mechanism of the complex, many biochemical

and mutagenesis studies (Sardana et al., 1991;

Jordan et al., 1992) have been performed. We

decided to conduct a structural study in order

to reveal the detailed binding mode of the

rTAP±fXa complex. The complex structure

will provide a model to explain the perplexing

results of mutagenesis studies on the rTAP±

factor Xa interaction. It may be possible to use

the structure for the design of new selective

inhibitors of fXa.

2. Materials and methods

2.1. Complex preparation

Bovine factor Xa was obtained from

Enzyme Research Labs. The enzyme is

prepared from homogeneous bovine factor X

using the activating enzyme from the Russels'

viper venom. Complete activation was

observed using 10% SDS±PAGE gels. The

activated enzyme contained approximately

equal amounts of two forms of factor Xa (�
and �) and was used without further puri®ca-

tion. The protein in 10 mM Tris±HCl and 0.1 M

NaCl at pH 7.5 was dialyzed against 20 mM

HEPES (pH 7.5) and 0.15 M NaCl overnight at

277 K.

The rTAP gene, DMY6, constructed and

cloned into Saccharomyces cerevisiae strain

(mata/a, ade1, ura3-52, his3 D::Gal10p-Gal4-

ura3, leu2-2, 112/leu2-04, cir0 cir0) (Neeper et

al., 1990) was provided by R. Ellis, Merck

Research Laboratories. A modi®ed procedure

of a previously reported method was used to
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select a single colony, to express and to

purify the rTAP (Lehman et al., 1993).

The puri®ed rTAP (>98% by HPLC) was

desalted and concentrated by a batch

adsorption step with a reverse-phase

packing POROS R/M (Perkin Elmer) and

lyophilized. A pink pigment was removed by

charcoal treatment as described (Lehman et

al., 1992). The lyophilized rTAP was exten-

sively dialyzed against water before forma-

tion of the complex with factor Xa.

The rTAP±factor Xa complex was

prepared by incubating equimolar mixtures

in 20 mM HEPES (pH 7.5) and 0.15 M NaCl

for 2 h at 298 K, followed by 2 d at 277 K,

before setting up the crystallization trials.

2.2. Crystallization

Crystals of the rTAP±fXa complex were

grown by the hanging-drop vapor-diffusion

method from buffered PEG 8000 solution at

277 K. Typically, 2 ml of protein

(10 mg mlÿ1) mixed with an equal volume of

precipitant was used for screening. Small

tetragonal prism crystals appeared after four

weeks. Useful crystals of 0.25 mm dimen-

sions grew in about two months (Fig. 1).

The form I crystals belong to space group

P42212 with unit-cell dimensions of

a = b = 133.1, c = 68.8 AÊ ; they were grown by

the hanging-drop vapor-diffusion method

from 50 mM potassium/

sodium phosphate (pH 7.0),

0.1 M sodium chlorate and

12% PEG 8000 at 277 K. Form

I contains one complex per

asymmetric unit and diffracts

to 3.0 AÊ resolution. Further

screening of crystallization

conditions yielded the form II

crystals, which belong to space

group P41212 (or P43212) with

unit-cell dimensions

a = b = 126.5, c = 146.7 AÊ . The

form II crystals were grown by

the hanging-drop vapor-diffu-

sion method from 50 mM

potassium/sodium phosphate

(pH 6.0), 0.2 M sodium citrate

and 10% PEG 8000 at 277 K.

They diffract to 2.5 AÊ resolu-

tion and there are two

complexes per asymmetric

unit.

2.3. Polyacrylamide gel

electrophoresis

Polyacrylamide gel electrophoresis

con®rmed that the crystals consisted of a

complex of rTAP and factor Xa. Crystals of

both forms were harvested, washed with

reservoir solution and dissolved in Tris±

glycine SDS sample buffer (Novex) with

�-mercaptoethanol. The solution containing

the dissolved crystals was run on 10±27%

Tris±glycine gel. The gel was silver stained

using a kit from Novex. The expected bands

corresponding to rTAP and factor Xa

appeared on the gel (Fig. 2).

2.4. Data collection

X-ray data were collected using an

R-AXIS II image-plate detector mounted

on a Rigaku RU200 rotating-anode

generator operating at 50 kV and 100 mA.

Complete data were obtained at 277 K for

both crystal forms I and II.

For the form I crystal, the crystal-to-

detector distance was 98.8 mm, the oscilla-

tion range was 2� and the exposure time was

60 min frameÿ1. The total scan range for the

tetragonal crystal covered 70�. The data

were integrated, scaled and reduced with

DENZO and SCALEPACK (Otwinowski,

1993). The Rmerge was 11.4% and the

completeness was 83%.

For the form II crystal, the crystal-to-

detector distance was 90.4 mm, the oscilla-

tion range was 2� and the exposure time was

40 min frameÿ1. The total scan range for the

tetragonal crystal covered 80�. The Rmerge

was 8.3%, with a completeness of 79.4%.

3. Results and discussion

Both crystal forms consist of rTAP and

factor Xa, as con®rmed by polyacrylamide

gel electrophoresis with dissolved crystals.

We were able to determine the crystal

structure of form I at 3.0 AÊ (Wei et al., 1998).

The determination of the structure of form

II is in progress. The structure of the rTAP±

factor Xa complex provides a key to

understanding its novel mode of binding and

clearly demonstrates the existence of a

multistep pathway for the inhibition of fXa

by rTAP, wherein rTAP interacts with fXa at

both the active site of fXa and a site distinct

from the active site. It also opens the way for

structural studies of the rTAP±fXa complex

and may be of possible use in the design of

new selective inhibitors of fXa.

We thank R. Ellis for providing the rTAP

strain, S. Brenner and R. Wexler for

continued support and helpful discussions

and I. DeWees and W. Saxe for proofreading

the manuscript.
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