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ABSTRACT. Recombinant tick anticoagulant peptide (rTAP) is a competitive slow- and tight-binding inhibitor

of factor Xa (FXa) with a reported equilibrium dissociation constdfj 6f ~0.2 nM. The inhibitory
characteristics and the high selectivity of rTAP for FXa are believed to arise from the ability of the
inhibitor to specifically interact with the residues of both the active site as well as those remote from the
active site pocket of the protease. To localize the rTAP-interactive sites on FXa, the kinetics of inhibition
of wild-type and 18 different mutants of recombinant FXa by the inhibitor were studied by either a
discontinuous assay method employing the tight-binding quadratic equation or a continuous assay method
employing the slow-binding kinetic approach. It was discoveredkhaalues for the interaction of rTAP

with four FXa mutants (Ty#° — Thr, Phé’* — Asn, Arg*® — Ala, and a Nd-binding loop mutant in

which residues 220225 of FXa were replaced with the corresponding residues of thrombin) were elevated
by 2—3 orders of magnitude for each mutant. Further studies revealed that the characteristic slow type of
inhibition by rTAP was also eliminated for the mutants. These findings suggest that the interaction of
rTAP with the P2-binding pocket, the autolysis loop, and theé-Rimding loop is primarily responsible

for its high specificity of FXa inhibition by a slow- and tight-binding mechanism.

Factor Xa (FXa&) is the vitamin K-dependent serine

protease of the prothrombinase complex (FXa, factor Va,
negatively charged membrane, and calcium) which is re-

sponsible for the conversion of prothrombin to thrombin in
the final stage of the coagulation cascade 2). The
proteolytic activity of FXa in plasma is regulated by three
physiological inhibitors, antithrombin3( 4), protein Z-
dependent protease inhibitor (ZP13)( and tissue factor
pathway inhibitor (TFPI)§). The first two inhibitors belong

to the serpin family of plasma inhibitors, both of which
require cofactors for their effective interaction with FXa.
Thus, the interaction of AT with the heparin-like glycos-
aminoglycans on the surface of the endothelidgn7j and
formation of the ZPI complex with protein Z on membrane
phospholipids) are required for the physiological regulation
of FXa by both serpins. On the other hand, TFPI is a slow-
and tight-binding, Kunitz-type inhibitor that is capable of
rapidly inhibiting FXa independent of a cofactd)( The
molecular basis for an effective cofactor-independent inhibi-
tion of FXa by TFPI is believed to lie in the ability of the

inhibitor to make extensive interactions with both the active
site and secondary binding sites (exosites) remote from the
active site pocket of the protea®.(This type of interaction
also accounts for the ability of TFPI to inhibit FXa by a
slow- and tight-binding inhibition mechanisrs)(

In addition to TFPI, a number of nonphysiological but
naturally occurring peptide inhibitors specific for FXa have
recently been identified which inhibit the protease by a
similar slow- and tight-binding inhibition mechanisri((

11). The interaction of a recombinant form of such an
inhibitor possessing potent antithrombotic properties, derived
from the soft tickOrnithodoros moubatfrecombinant tick
anticoagulant peptide (rTAP)], with FXa has been extensively
studied (0—14). The kinetic data have indicated that rTAP
competitively inhibits FXa with an equilibrium dissociation
constant of~0.2 nM (12). A detailed kinetic analysis
employing rapid kinetic methods has also revealed that rTAP
inhibits FXa by a two-step interaction mechanism in which
a reversible inhibitor protease complex that formed in the
first step is then isomerized to a tight complex at a high rate
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(13). Recently, the X-ray crystal structure of rTAP in
complex with bovine FXa was determinets}. The struc-
tural data together with the mutagenesis data indicated that,
like TFPI, in addition to binding to the active site pocket of
FXa, the inhibitor also interacts with exosites remote from
the catalytic pocket of the proteas®, (L5). Thus, it was
demonstrated that the three N-terminal residues(Rsr?,

and Arg) of ITAP occupy the active site pocket of FXa in
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such a way that P1 Tybinds to the S1 pocket [nomenclature (E97A) mutations were introduced, were constructed by PCR
of Schechter and Berget)] and P3 Arg extends toward mutagenesis methods and expressed in the same vector
the S2-S4 aryl binding pocket of the proteasks). In this system described above. The Nainding loop mutant of
pocket, the guanidinium group of P3 Argppears to form  FX in the GD-FX form, in which Al&*! and Ly$?® were
a salt bridge with GI# [chymotrypsinogen numbering replaced with two Asp residues found at the corresponding
system used throughout?)], and its hydrophobic side chain  sites of thrombin, was prepared by the same methods and
interacts with hydrophobic residues of the aryl binding expressed in the same expression and purification vector
pocket, composed of TS Phé’4 and Trg!5, to stabilize system described above. The substitution of these two
the inhibitor in the active site pocket of FX&a5). Structural residues results in an FX mutant (22825™) in which the
data further suggest that two acidic regions on the C-terminal 220-225 loop of the protease is identical to the correspond-
helix of rTAP make extended interactions with the basic ing sequence of thrombin. Unlike FXa, thrombin is not
residues of the autolysis loop and the sodium-binding220 inhibited by rTAP @0). The accuracy of all constructs was
225 loop (residues 22€225) of bovine FXa15, 18). A leech confirmed by DNA sequencing prior to their expression in
inhibitor, termed hirudin, is also known to interact with mammalian cells. The construction, expression, and char-
thrombin by a similar mechanism, with the N-terminal acterization of the autolysis loop mutants of FX, including
residues of the inhibitor binding to the active site pocket Arg!4® — Ala (R143A), Lys*” — Ala (K147A), Arg'®® —
and the acidic C-terminal residues interacting with a basic Ala (R150A), and Arg>* — Ala (R154A), have been
anion binding exosite of the proteaskd{-21). described previously3@). The construction, expression, and
To understand the mechanism by which rTAP inhibits characterization of the GIff — Glu (Q192E), Ty?® — Thr
human FXa with a high degree of specificity, the kinetics (Y99T), and Ph&*— Asn (F174N) mutants in GD-FX forms
of inhibition of 18 mutants of FXa by the inhibitor were have also been described previousdy,(35). All mutants
studied. The mutant constructs were prepared rationally onwere purified to homogeneity, activated by the FX activating
the basis of known X-ray crystal structures, and they enzyme from Russell's viper venom (RVV-X), and active
contained substitutions on several surface loops of FXa, site titrated with known concentrations of antithrombin as
including residues in 39, 60, 99, 148, and sodium-binding described previously3(, 34).
loops, all of which are known to play critical roles in Human plasma FXa and RVV-X were purchased from
determining the macromolecular substrate and inhibitor Haematologic Technologies Inc. (Essex Junction, VT).
specificity of coagulation protease2Z 23). The ever- Recombinant tick anticoagulant peptide (rTAP) was a
growing body of evidence in the literature suggests that the generous gift from G. Vlasuk (CORVAS International Inc.,
variant residues of these conserved surface loops make &an Diego, CA). The chromogenic substrates, Spectrozyme
marked contribution to the cofactor-dependent recognition FXa (MeO-COp-CHG-Gly-Arg-pNA-AcOH) (SpFXa), and
and assembly of coagulation activation complexes on Spectrozyme PCa (ld-Lys(y-Cbo)-Pro-Arg-pNA2AcOH)
membrane surface24—29). In addition to the surface loop  (SpPCa) were purchased from American Diagnostica (Green-
mutants, several other FXa mutants were prepared thatwich, CT), and S2765N-o-Z-D-Arg-Gly-pNA-2HCI) was
contained substitutions in the subsite residues of the catalyticpurchased from Kabi Pharmacia/Chromogenix (Franklin,
pocket which are known to be critical for determining the OH).
P3—P3 binding specificity of coagulation proteas&9,(31). Inhibition AssaysThe ability of FXa derivatives to interact
The kinetics of inhibition of wild-type and mutant FXa with rTAP was evaluated by both discontinuous and continu-
derivatives were measured by both discontinuous andous assay methods as described previoukly 6). In the
continuous assay methods, and the kinetic data were analyzediscontinuous assay method, FXa (0.5 nM) was incubated
by either the tight-binding quadratic equation or the slow- with different concentrations of rTAP (035 nM) in 0.1
binding kinetic approach as described previou8B) (It was M NaCl and 0.02 M Tris-HCI (pH 7.5) containing 0.1 mg/
discovered that the interaction of rTAP with Afgof the mL bovine serum albumin, 0.1% polyethylene glycol 8000,
autolysis loop, basic residues of the sodium-binding220 and 5 mM C&" (TBS/C&") in 80 uL volumes in 96-well
225 loop, and Ty¥ and Phé&’* of the aryl binding pocketis  polystyrene assay plates. Following incubation for 30 min
essential for the inhibition of FXa by rTAP by a slow- and at room temperature (a time period determined to be
tight-binding inhibition mechanism. This was evidenced by sufficient for the establishment of equilibrium), 20 of
the observation that the mutagenesis of any one of theseSpFXa was added to a final concentration of 200, and
residues not only dramatically impaired the equilibrium thekK, values were estimated by nonlinear regression analysis
dissociation constants for the rTAP interaction with the FXa of data using eq 1, for the tight-binding inhibitors as
mutants but also abolished the characteristic slow- and tight-described previously3Q, 32).
binding interaction of the inhibitor with the mutant proteases.

ViV, =
MATERIALS AND METHODS

{Bo = lo = K+ [(Eg + 1o+ K)* — 4E(| ) "} 12E, (1)

Construction, Mutagenesis, and Expression of Recombi-
nant Proteins.The construction and expression of recom- whereVs andV, are the steady-state velocities of chromo-
binant wild-type factor X (FX) in both full-length and Gla genic substrate hydrolysis in the presence and absence of
domain-less forms (GD-FX) in human embryonic kidney 293 rTAP, respectivelyE, andl, are the total concentrations of
cells have been described previousB3,(34). The FX FXa and rTAP, respectively, aid] is the inhibition constant.
mutants, into which GRf — GIn (E36Q), GI§" — GIn TheK; values for certain FXa mutants, which exhibited a
(E37Q), GI#° — GIn (E39Q), Glf* — Ala (Q61A), Lys*? dramatic impairment of the interaction with rTAP and
— Glu (K62E), Arg® — Glu (R63E), and GI¥f — Ala interacted reversibly with the inhibitor, were determined at
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Scheme 1 thus, the association rate constdat(k,,), and the dissocia-
K, Ko tion rate constantk_; (kor), andK; can be calculated from
E+S 4 »E — > E+P egs 4 and 5. Scheme 2, on the other hand, predictkdhat
+ values will increase hyperbolically with the inhibitor con-
I centration, and the values &f, k_,, the initial K;, and the
final K, can be estimated from eqs 6 and32,(37).
k; k,
Kops= K_q + Ki[IJ(L + [SVK,,) (4)
El K, =k_,/k; (5)
Scheme 2
Kn ke kops= Ko + KM + KL+ [SPK] ()
E+S<4+——>»ES —» E+P
N Ky = Kilk_2(k; + k_5)] ()
e The Gibbs standard free energy chan@eG®,) for
i formation of the FXarTAP complex was also calculated
ks from the values oK, using the equatiodhG°, = RTIn K|,
El —— EI* whereR is the gas constant afidis the absolute temperature
ks (in kelvin). The difference in binding energy between the

wild type and FXa mutants (wild-typAG°®, minus mutant
equilibrium under pseudo-first-order conditions (the mini- AG°,) was denoted aAAG®,.

mum concentration of rTAP was in excess of the FXa Data Analysis.The Enzfitter computer program (R. J.
concentration by at least 10-fold) by nonlinear regression Leatherbarrow, Elsevier, Biosoft) was used to fit the kinetic
analysis of data according to eq 2 as described previouslydata to the appropriate equations presented above. All
(30). measurements are averages of at least two to three inde-
pendent measurementsthe standard error.
Vs = V1K (1 + [SIKp] + 1} 2

) ) ] RESULTS
where [S] is the chromogenic substrate concentration and

K is the Michaelis-Menten constant for the hydrolysis of ~ Expression and Purification and Aettion of Recombi-
the chromogenic substrate by the FXa mutant. nant ProteinsBoth the wild type and mutant FX derivatives
Slow-Binding KineticsThe ability of FXa derivatives to ~ Were expressed in the expression and purification vector
bind rTAP was also evaluated by the slow-binding kinetic Systems described previous§3 34). The mutant proteins
approach as described by Morrison and WaB®).(In this were purified to homogeneity by a combination of immuno-
case, a series of inhibition progress curves for each derivativeaffinity and ion exchange chromatography using the mono-
were generated by adding 0.1 nM enzyme (final concentra- clonal antibody HPC4 and a Mono Q coluni4). SDS-
tion for all derivatives with the exception of 5 nM for the PAGE analysis of all FX derivatives suggested that the
220-225" mutant) to wells of a 96-well plate containing ecombinant proteins have been purified to homogeneity and
various concentrations of rTAP (from 1 nM to 101) and that they all migrate with molecular masses similar to that
200-400 uM SpFXa or SpPCa (for the T99Y and F174N of the plasma-derived FX (data not shown). All derivatives
mutants) in the same TBS buffer system described above.could be converted to their active forms by RVV-X as
The cleavage of the chromogenic substrate by FXa wasdetermined by an amidolytic activity assay using SpFXa or
assessed Continuous|y for up ? h atroom temperature. S2765. FOIIOWing aCtivation, the concentrations of FXa
Data from each curve at different concentrations of the derivatives were determined by both an amidolytic activity
inhibitor were fitted by nonlinear regression analysis to the @ssay and active site titration with known concentrations of
integrated rate equation (eq 3) for the slow-binding inhibitors antithrombin 83, 34). All mutants, with the exception of
as described previoushB®). the 226-225™ mutant, exhibited normal amidolytic activity,
suggesting that the mutagenesis did not adversely affect the
A=uvt+ (v,— v — e*k°b4)/k0bs+ A, (3) folding or the reactivity of the catalytic pocket of the mutant
proteases. Relative to the cleavage rate of S2765 by wild-
whereA is the absorbance at 405 nm at tilpe, andvs are type FXa Km = 50 uM and k.ot = 240 s1), the catalytic
the initial and final steady-state velocity, respectivedys, activity of 220-225™ toward the chromogenic substrate was
is the apparent first-order rate constant, &gds the initial dramatically impairedK, = 1100 uM and keat = 5 s7%).
absorbance at 405 nm. Computer fitting of data estimated The 226-225™, Y99T, Q192E, and F174N mutants were
values foruv,, vs, kops @andA,. These values were analyzed constructed in the Gla domain-less forms (GD-FXa). The
by different methods to obtain reaction rate constants andK, values of all FXa mutants for SpFXa ranged from 65 to
K, values for the interaction of rTAP with each FXa 80uM. The Y99T and F174N mutants are gain-of-function
derivative according to either Scheme 1 or Scheme 2, mutants which show a preference for the activated protein
depending on the observed inhibition mechani&? 87). C-specific chromogenic substrate SpPCa, as characterized
Scheme 1 predicts that tlkg,s values, as determined by eq previously 81, 35). TheK, values of Y99T and F174N for
3, will increase linearly with the inhibitor concentration, and SpPCa were 220 and 440/, respectively.
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Table 1: K, Values for the Inhibition of FXa Mutants by rTAP

—AG®% AAG®,
Ki (pM) (kJ/mol) (kJ/mol)
wild-type FXa 236+ 29 54.9 -
GD-FXa 380+ 33 53.7 1.2
E36Q 458+ 46 53.3 1.6
E37Q 294+ 31 54.4 0.5
E39Q 253+ 50 54.7 0.2
Q61A 371+ 28 53.8 11
K62E 312+ 22 54.2 0.7
R63E 270+ 34 54.6 0.3
R93A 270+ 44 54.6 0.3
K96A 105+ 14 56.9 —-2.0
E97A 545+ 49 52.8 2.0
R143A 25900+ 2100 43.3 11.6
K147A 212+ 11 55.2 -0.3
R150A 517+ 79 53.0 1.9
R154A 708+ 64 52.2 2.7
220-225™M 291400+ 38800 37.3 17.6
Q192E 122+ 22 56.6 -1.7
Y99T 14800+ 1100 44.7 10.2
F174N 197300t 5500 38.2 16.7

a2The K, values for the rTAP inhibition of FXa derivatives were

determined by a discontinuous assay at room temperature as described

in Materials and Methods. With the exception of R143A, 22@5™,
Y99T, and F174N for which eq 2 was used to calculitealues, eq

1 was utilized to calculate the values in all cases. All values are averages

of at least two or three independent measuremeritse standard error.

Inhibition of FXa Dervatives by rTAP Previous studies
have indicated that rTAP is a competitive, slow- and tight-
binding inhibitor of FXa with aK; of ~180 pM (10, 12).
Using eq 1 for the tight-binding inhibitors, a similr value
of 236 pM was obtained for the rTAP inhibition of FXa in
this study (Table 1). The removal of the Gla domain from
FXa appears to slightly impair the affinity of the protease
for rTAP, as evidenced by a 1.6-fold elevation in Kevsalue
[Table 1 and Figure 1A®)]. Four mutants (R143A, F174N,
Y99T, and 226-225™") exhibited dramatic impairments in
their interaction with rTAP (Figure 1B for F174N and 220
225 and Table 1); however, all other mutants efficiently
bound to the inhibitor, though thi, values with certain
mutants were either slightly improved (K96A and Q192E;
Figure 1A,® shown for Q192E only) or impaired (E36Q,
E97A, R150A, and R154A). To compare the contribution
of each mutant residue in binding to the inhibitor, e
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Ficure 1: Inhibition of GD-FXa derivatives by rTAP. (A) Wild-
type ©) or Q192E ®) GD-FXa (0.5 nM each) was incubated with
ITAP (0—15 nM) in TBS/C&", and theK, values at equilibrium
were determined from the remaining activity of enzymes using the
tight binding equation (eq 1) as described in Materials and Methods.
(B) Same as panel A except that tievalues for the F174NG)

and 2206-225™ (@) mutants at equilibrium were determined under
pseudo-first-order conditions using eq 2. Solid lines in panels A
and B are the best fit of kinetic data to eqs 1 and 2, respectively.

progress curves was generated by continuously monitoring
the rate of cleavage of chromogenic substrates (SpFXa for
all mutants with the exception of SpPCa for the Y99T and

F174N mutants) by mutant enzymes in the presence of
increasing concentrations of the inhibitor under pseudo-first-
order conditions. As shown in Figure 2A, rTAP inhibited

values were determined and converted to the free energy ofGD-FXa by a slow- and tight-binding inhibition mechanism,

binding (AG®), and the difference between the values for
the wild type and the mutanAAG°®,) was calculated and

similar to that described in the past for wild-type FX&,(
13). Thekops values for the rTAP inhibition of GD-FXa at

presented in Table 1. Analysis of the data indicated that eachdifferent concentrations of rTAP were determined by fitting

one of the four mutants with the greatest impairmenkKin
exhibited a loss of binding energy from10 to ~18 kJ/

data to the slow-binding equation (eq 3) as described
previously (2). To differentiate between the inhibition

mol. The mutagenesis effect with most other mutants was mechanisms of Schemes 1 and 2, khgvalues were plotted

minor, with E36Q, E97A, R150A, and R154A exhibiting a
1.6—2.7 kd/mol decrease and K96A and Q192E aRkJ/
mol gain in binding energy (Table 1). Noting the dramatic
impairments with R143A, 226225™, F174N, and Y99T

as a function of rTAP concentration. The results indicated
that rTAP inhibits GD-FXa according to Scheme 1 under

the experimental conditions described in the legend of Figure
2. This was evidenced by the observation thatktjgevalues

mutants and the observation that the mechanism of inhibition exhibited a linear dependence on the inhibitor concentration
of these mutants by rTAP was also changed from a slow- as shown in Figure 2B. Thus, analysis of data according to
and tight-binding inhibition mechanism to a reversible-type eqgs 4 and 5 yielded the following valuek; = (1.2+ 0.04)

inhibition (see below), we calculated the values for these

x 16 M~1sL ky= (6.4+ 0.8) x 10 s, andK,

mutants under pseudo-first-order conditions in the presence533.3 pM. The corresponding values for the full-length FXa
of an excess inhibitor with eq 2 as described in Materials were as follows:k; = (1.24+ 0.02) x 1 M~ ts ! k1 =

and Methods.
Slow-Binding Kinetic Approachlo determine the mech-

2.7+ 0.4) x 104 s, andK, = 225.0 pM. These results
suggest that, relative to that of FXk,; for GD-FXa is

anism by which rTAP inhibits the FXa mutants, a series of increased~2-fold which accounts for the slight difference
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Ficure 2: Progress curves for rTAP inhibition of GD-FXa. (A) [FTAP], M
GD-FXa (0.1 nM) was added to wells of a 96-well assay plate Ficure3: Progress curves for rTAP inhibition of the R143A mutant
containing 400uM SpFXa and varying concentrations of ITAP  of FXa. (A) The FXa mutant (0.1 nM) was added to wells of a
(from 0 to 30 nM, solid lines from top to bottom) in TBS/€a 96-well assay plate containing 400M SpFXa and varying
Thekopsvalues at each inhibitor concentration were determined by concentrations of rTAP (from 0 to 3000 nM, solid lines from top
fitting data to eq 3 as described in Materials and Methods. (B) The to bottom) in TBS/C&'". Thekypsvalues at each inhibitor concentra-
kobsvalues, determined in panel A, were fitted to eq 4, a relationship tion were determined by fitting the data to eq 3. (B) Kagvalues,
describing the linear dependencekgk values on the concentrations  determined in panel A, were fitted to eq 6, a relationship describing
of the inhibitor according to Scheme X = (1.2+ 0.04) x 10° the hyperbolic dependence ks values on the concentrations of
M~ts? kg =(6.4+0.8)x 10*s? andK, = 533.3 pM. the inhibitor according to Scheme R = (8.24 0.4) x 1074571,
k., =(3.24+ 0.3) x 10~* s, initial K; = 86.4 nM, and finaK, =

in theK, of the inhibition. TheK, values determined by this  24.1 nM.
method of analysis correlate well with the same values
determined for both FXa and GD-FXa using eq 1, supporting final K, = 24.1 nM. Thus, there was an onty2.5-fold
the validity of the measurements (Table 1). Previously, difference between the association and dissociation rate
similar values for the rTAP inhibition of FX&{ = 2.85 x constants for the isomerization of the proteasibitor
10 M 1standk-; = 5.5 x 10* s%) have been reported complex in the second step of the interaction, possibly
by others 12); thus, rTAP interacts with GD-FXa with  explaining the basis for the delay in approaching the steady-
similar kinetics, and the slight decrease in binding energy is state velocity by the mutant enzyme. TKevalue for the
due to an~2-fold elevated dissociation rate constakt,§. R143A mutant could also be determined under pseudo-first-

The slow-binding kinetic approach was also employed to order conditions using eq 2, yielding a simildr value of
study the mechanism by which rTAP interacts with the FXa ~26 nM (Table 1) suggesting that the interaction of rTAP
mutants. In the case of interaction with the R143A mutant with the mutant protease has been considerably weakened.
where theK, has been elevated 110-fold, analysis of the  Analysis of the progress curves for the rTAP inhibition
inhibition progress curves at different concentrations of rTAP of Y99T, F174N, and the sodium-binding 22025™ loop
suggested that, like the interaction with wild-type FXa, a mutants, which exhibited the greatest decrease in binding
slow inhibition mechanism accounts for the interaction of energy, provided no evidence for a slow-type inhibition
the inhibitor with the mutant protease. However, unlike the mechanism for the interaction of the inhibitor with either
inhibition of the wild type, a steady-state velocity for the mutant of FXa (Figure 4 shown for YO9T and 22p25™
mutant protease approached at a much delayed time pointmutants only). These results suggested that rTAP establishes
(compare Figure 3A with Figure 2A). Interestingly, unlike equilibrium with these mutants on a time scale that is rapid
that of the wild typekops vValues increased hyperbolically as  with respect to the turnover rate of the enzymatic reactions,
a function rTAP concentration, suggesting that the inhibitor and thusK, values could be determined in the presence of
interacts with the mutant protease according to Scheme 2excess inhibitor from the nonlinear regression analysis of
(Figure 3B). Thus, analysis of data according to egs 6 and 7 kinetic data according to eq 2 (Table 1). Taken together,
yielded the following valuesk, = (8.2+ 0.4) x 104 s™4, these results suggest that the interactions of rTAP with
k., =(3.2%+ 0.3) x 10% s7%, initial K; = 86.4 nM, and residues of the aryl binding pocket, autolysis loop, and the
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c Ficure 5: Crystal structure of the catalytic domain of bovine FXa
£ in complex with rTAP. The P1 Tyr P3 Arg, and C-terminal end
a 0.12 residue 11&° of ITAP (yellow) are denoted with arrows. The S1
(o] primary binding site As{® and the catalytic S&*° are shown in
£ o0.8 the middle of the protease domain (gray). The Nifoup of the
side chain of the autolysis loop residue A¥(blue) is 2.7 A from
0.04 the carboxyl oxygen atom of the rTAP residuedl& he side chain
of P3 Arg of the inhibitor is sandwiched between the two aromatic
0 rings of TyP® and Ph&™* in the aryl binding pocket of FXa. The

side chains of Aréf2and Ly$24 located on the back of the protease
0 2000 4000 €000 8000 domain, are den%zted Witl‘)ll arrows. The side chain o?{%/s?/hich
Time (sec) is not labeled in the diagram and points away from the inhibitor, is
shown in purple behind Afg% The coordinates (Protein Data Bank
FicurRe 4: Progress curves for rTAP inhibition of Y99T and 220 entry 1KIG) were used to prepare the figufie)
225" mutants. (A) The Y99T mutant (0.1 nM) was added to wells

of a 96-well assay plate containing 408/ SpPCa and varying ; . . . . :
concentrations of ITAP (from 0 to 500 nM, solid lines from top to interactive sites are located on different loops, we find their

bottom) in TBS/CA'. (B) The 226-225™ mutant (5 nM) was added ~ contribution to binding energy is likely to be additive.
to wells of a 96-well assay plate containing 40P S2765 and However, further study with a construct containing mutations
varying concentrations of rTAP (from O to 1M, solid lines from in all three sites is required to validate this prediction. The
top to bottom) in TBS/C#. The amidolytic activity in both panels  g|ative orientation of the side chains of the mutant residues
remained linear for the duration of the measurements (2 h)KThe . . . . .
values were determined by fitting data to eq 2, as described in In_the three_-dlmensmna_l Str_ucture of bovine FXa in complex
Materials and Methods. with rTAP is presented in Figure 8%). All of the residues,
which were determined to be critical for the interaction of
Na'-binding 220 loop account for its high specificity for FXa  TAP with human FXa, are also conserved in bovine FXa.
and its ability to inhibit the protease by a slow- and tight- Thys, the structural data can be utilized to interpret the
binding inhibition mechanism. mutagenesis data with human FXa. As shown in Figure 5,
the hydrophobic side chain of Atgs stabilized in the aryl
DISCUSSION binding pocket by the aromatic rings of Pyrand Phé&™4,

The results presented above suggest that rTAP mustexplaining the dramatic impairment observed in the binding
interact with at least three specific sites of FXa to inhibit of both mutants with the inhibitor. Structural data have also
the protease via a characteristic slow- and tight-binding indicated that the guanidinium group of Argnakes a salt
inhibition mechanism. All three rTAP interactive sites on bridge with the side chain of Glito neutralize the charge
FXa have unique amino acid residues which are not of the basic residue in the hydrophobic aryl binding pocket
conserved in other coagulation proteases, accounting for theof the proteasel). However, the observation that the
high specificity of the interaction of FXa with the inhibitor.  values for the inhibition of Y99T and F174N, but not E97A,
The unique amino acid residues include the two aryl binding were severely impaired suggests that most of the binding
pocket residues, T$® and Phé&% autolysis loop residue energy of the interaction of Afgvith the pocket is mediated
Arg!*3 and the three basic residues of the sodium-binding by the hydrophobic interaction of its side chain with the aryl
220-225 loop. TheK, values for the interaction of rTAP  binding pocket, but not its guanidinium group interacting
with mutants of all three sites were dramatically impaired. with GIu®”. Moreover, the structural data have indicated that
On the basis of the criteria established by Morrison and P1 Ty of rTAP binds to the S1 specificity pocket of FXa
Walsh for defining the slow- and tight-binding inhibitors  with its side chain hydroxyl group hydrogen bonding to the
(32, the mechanism of inhibition of the mutant proteases primary S1 specificity pocket (A$ff), and Asi hydrogen
by rTAP was also changed from a slow- and tight-binding bonding to GIA®? of the protease16). Results of other
type to a reversible type, suggesting that the mutant residuesprevious mutagenesis experiments with rTAP are in agree-
play a pivotal role in the specificity of the inhibitor ment with this mode of StP1 interaction; however, the
interaction. Noting that the mutant residues of all three observation that there was a 1.7 kJ/mol increase in the
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binding energy of the interaction of rTAP with the Q192E residues (Aréf? Lys??® and Ly$?%) were substituted with

mutant suggests that GH does not play a role in the
specificity of the proteaseinhibitor interaction. It should

Ala exhibited a similar defect in its amidolytic activity toward
S2765 and its interaction with rTAP (data not shown). Thus,

be noted that such differences between the structural andit is not possible to assign a specific role for the basic residues
mutagenesis data may also be attributable to possibleof the sodium loop in interaction with rTAP solely by the

differences in the mode of interaction of rTAP with either

human or bovine FXa.

mutagenesis data presented above. Examination of the
relative orientations of the side chains of three basic residues

Previous structural data have indicated that FXa utilizes a of the sodium-binding loop suggests that only &fgand
similar mechanism to interact with DX-9065a, a small and Lys??* can interact with the inhibitor since the ammonium

specific active site-directed inhibitor of the protea88)(

group of Ly$?3is pointing away from the inhibitor (Figure

Thus, it has been noted that the interaction of DX-9065a 5). It should be noted that, like the interaction with rTAP,
with both hydrophobic residues of the aryl binding pocket the affinity of the sodium-binding loop mutants for interac-
of FXa also makes a marked contribution to the binding tion with TFPI and antithrombin was also dramatically

energy of the inhibitor interactior3@). Moreover, similar
to the interaction with rTAP, neither Gllnor GInt®2 of FXa
plays a significant role in the DX-9065a recognitia3o).
On the other hand, Gif? but not Tyf® has been shown to

impaired. Thus, the severe defect in the binding properties
of the mutant with rTAP could also be caused by a loss of
interaction with the subsite residues of the protease, par-
ticularly with the S1 primary specificity pocket, which has

play a key role in the specificity of the interaction of FXa been demonstrated to be in an allosteric linkage with the
with TFPI (30, 31). Therefore, the determinants of the sodium-binding loop of the proteasé(( 41). It follows,
inhibitor specificity in the active site pocket of FXa are the therefore, that only in the context of the structural data can
same for both rTAP and DX-9065a, but different for TFPI. the results of this study assign a specific role for the
In addition to the catalytic pocket, the structural data have interaction of rTAP with basic residues of this loop. The
further indicated that two acidic domains at the C-terminal results nevertheless suggest that, as for other coagulation
end of rITAP interact with two basic exosites of bovine FXa, proteases42), the 220-225 loop plays a decisive role in

thus forming salt bridges or hydrogen bonds with &fg
Lys', and Arg“® of the autolysis loop and Afé? and Lys?*

the structure and catalytic function of FXa.
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of the sodium-binding loopl®) (Figure 5). The autolysis
loop of human FXa, from residue 143 to 154, has four basic
residues: Argf Lys'#’, Arg'®, and Arg®%. The mutagenesis
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is critical for the interaction with rTAP. Although the
interaction of rTAP with the Arf® mutant exhibited slow-
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isomerization of the proteasénhibitor complex in the
second step of the reactioh3) was dramatically impaired.
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ITAP complex suggests that the Migroup of Arg*® is
within salt bridging distance (2.7 A) of the C-terminal
carboxyl oxygen atom of If8 (Figure 5). On the basis of
our mutagenesis data, we believe that this interaction
primarily accounts for the binding energy of the interaction
of the autolysis loop with the inhibitor. The mutagenesis data
suggest that no productive interaction occurs between rTAP
and Lys*” of human FXa since the binding energy with the
K147A mutant was not impaired, but slightly improved.
However, the data in Table 1 suggest that both'®rgnd
Arg® slightly contribute to the binding energy of the
inhibitor interaction. Unlike the important role Al plays

in the interaction of FXa with rTAP, previous mutagenesis
data have indicated that neither of the basic residues of the
autolysis loop plays a significant role in the interaction of
protease with TFPI34), thus suggesting that, like differences
in the active site binding specificity, determinants of the
exosite binding specificity of the two inhibitors are also
different.
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