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ABSTRACT. It has been demonstrated that a unique pentasaccharide fragment of heparin (H5) activates
AT by exposing an exosite on the serpin that is a recognition site for interaction with the basic autolysis
loop (residues 143154) of fXa. In support of this, the substitution of Arg-150 of fXa with Ala (R150A)
impaired the reactivity of the mutant with AT by 1 order of magnitude specifically in the presence H5.
To understand the mechanism by which heparin activation of AT improves the reactivity of the serpin
with fXa, the H5-catalyzed reaction of AT with fXa, fXa R150A, and fXa S195A was studied using rapid
kinetic, surface plasmon resonance, and competitive binding methods. The pseudo-first-order rate constants
for the H5-catalyzed AT inhibition of both fXa and fXa R150A exhibited a linear dependence on the
serpin concentration, thereby yielding second-order rate constants ef 1M and 1.5x 10° M1 s,
respectively. On the other hand, a70-saccharide, high-affinity heparin-catalyzed AT inhibition of both

fXa derivatives showed a saturable dependence on the inhibitor concentration, yielding an identical rate
constant 0~20 s, but different ternary fXa-heparin-AT dissociation constant¥g ary) of ~130 and

~1780 nM for wild-type and R150A fXa, respectively. Competitive kinetic and surface plasmon resonance
binding studies using the catalytically inactive S195A mutant of fXa yielded dissociation constants of
255 and 610 nM, respectively, for the mutant protease interaction with theHSTcomplex. These results
suggest that H5 enhances the reactivity of AT with fXa primarily by lowering<ihgry for the formation

of a Michaelis-type serpinprotease encounter complex.

Antithrombin (AT) is the primary serpin inhibitor in  limited by diffusion @, 8). This is the basis for the extensive
plasma that regulates the activities of the trypsin-like serine use of heparin for prophylaxis and treatment of venous
proteases of both the intrinsic and the extrinsic blood thrombosis 9). In the case of fXa, the dramatic increase in
coagulation cascadé<{5). Like other inhibitory serpins, AT  the rate of protease inhibition by AT in the presence of
inactivates its target proteases by binding to their active sitesheparin has been demonstrated to arise from (1) the ability
through an exposed reactive center loop and undergoing aof a unique pentasaccharide fragment of heparin to change
conformational change which traps the enzymes in inactive, the conformation of the serpin to facilitate its optimal
stable complexe$( 6). However, AT is a slow inhibitor of  recognition by the protease (activation mechanisi) 11),
coagulation proteases unless it binds to heparin-like gly- and (2) the ability of a full-length heparin to bridge the serpin
cosaminoglycans, similar to those found on the endothelium and enzyme in one complex in the presence of physiological
surface {, 7). A full-length heparin accelerates the inhibition concentrations of Ca, thereby promoting the initial interac-
of coagulation proteases by AT by-3 orders of magnitude;  tion between the two proteins (template mechanisi)13).
thus, the rate of protease inhibition by the serpin is only It has been demonstrated that the cofactor effect of a full-

length heparin{70 saccharides) accelerates the AT inhibi-
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977-9240. Fax: (314) 977-9205. E-mail: rezaiear@slu.edu. two-step reaction mechanism in which an initial Michaelis-
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y-carboxyglutamic acid; GD-fXa, Gla-domainless factor Xa, factor Xa type e,nzyme'nh'b'tor complex, fprmed in the first reathon
from which amino-terminal residues-#5 have been removed; GD-  Step, is converted to an irreversible covalent complex in the
fXa S1950A, Gla-domainless factor Xa derivative in which the catalytic second step of the reactiot¥( 15). The dissociation constant

residue Ser-195 [in the chymotrypsin numbering system of Bode et al. ; Pt ;
(16)] has been substituted with Ala; fXa R150A, factor Xa mutant in (Kear) for formation of the initial noncovalent serpin

which Arg-150 has been replaced with Ala; BSA, bovine serum Protease complex is very high for the re?-Ction of AT with
albumin; PEG, polyethylene glycol. fXa (and other coagulation proteases) in the absence of
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heparin (4, 15). A full-length heparin consisting of70 lllinois (Chicago, IL). Concentrations of heparins were based
saccharides (H70) has been demonstrated to lower theon AT binding sites and were determined by stoichiometric
dissociation constant for formation of the noncovalent titrations of AT with the polysaccharides, with monitoring
serpin-protease complex by4—5 orders of magnitude with  of the interaction by changes in protein fluorescence as
both fXa and thrombin at a physiological €aconcentration, describedZ1). The chromogenic substrate Spectrozyme FXa
ionic strength, and pH1Q). In the case of thrombin, itis  (SpFXa, MeO-COs-Chg-Gly-Arg-pNA) was purchased
well established that the heparin bridging of both the serpin from American Diagnostica (Greenwich, CT). Polybrene and
and the protease in one complex is solely responsible forthe fluorogenic substraté-t-Boc-lle-Glu-Gly-Arg-7-amido-
rate enhancement of the polysaccharide, which lowers the4-methylcoumarin (Boc-IEGR-amc) were purchased from
dissociation constant for formation of a noncovalent-AT  Sigma (St. Louis, MO).
thrombin encounter complexX ). Although the 206-300- Kinetic MethodsThe rate of inactivation of fXa derivatives
fold rate accelerating effect of H70 in catalyzing the AT by AT in both the absence and presence of H5 and H70 was
inhibition of fXa is also mediated via the polysaccharide measured under pseudo-first-order conditions by a discon-
lowering the dissociation constant for formation of the tinuous assay method as described previous8). (In the
noncovalent serpinprotease encounter complex3j, the absence of heparin, 1 nM fXa was incubated with 250
mechanism of the H5-mediated interaction of the activated 1000 nM AT in 0.1 M NaCl and 0.02 M Tris-HCI (pH 7.5)
AT with fXa is not known. (TBS bhuffer, ionic strength of 0.12) containing 2.5 mM CaCl

It has recently been demonstrated that Arg-150 of the (TBS/C&"), 0.1 mg/mL bovine serum albumin (BSA), and
autolysis loop of fXa [chymotrypsin humberindg)] is a 0.1% polyethylene glycol (PEG) 8000. In the presence of
recognition site for specific interaction with the activated HS5, either wild-type or R150A fXa (0.5 nM) was incubated
conformation of AT (7). The substitution of this residue  with 25-200 nM AT in the presence of excess H54()
with Ala has decreased the reactivity of the mutant proteasein the same buffer system. In the presence of H70, the
with AT by 1 order of magnitude in the presence of H5)( experimental conditions were the same except that each
The decrease in the reactivity of the fXa mutant with AT protease was incubated with 200 nM AT and catalytic levels
has been shown to be specific for the activated conformation of heparin (+-10 nM). All reactions were carried out in 50
of the serpin since the mutant protease reacted normally withuL volumes in 96-well vinyl plates at room temperature.
the native conformation of the serpi?. The important After a period of time (10 s to 10 min depending on the rate
role of the autolysis loop of fXa in reaction with the activated of the reactions), 5@L of the chromogenic substrate (200
conformation of AT has been confirmed by the observation M SpFXa) in TBS containing 0.1% PEG 8000 and 1 mg/
that activated protein C and thrombin fusion mutants mL polybrene was added to each well and the remaining
containing the autolysis loop of fXa both exhibited high enzyme activity was measured witlVaax kinetics microplate
reactivity with AT specifically in the presence of pentasac- reader (Molecular Devices, Menlo Park, CA). The observed
charide (8). In the study presented here, rapid kinetic pseudo-first-order rate constankspf) and the second-order
measurements of the H5- and H70-catalyzed reactions of AT association rate constants for uncatalyzed and catalyzed
with both wild-type and R150A fXa together with surface reactions were obtained as described previousg). (All
plasmon resonance and competitive binding methods havevalues are the average of at least three independent measure-
been employed to determine the mechanism by which ments+ the standard deviation.
activated AT effectively inhibits fXa. Rapid kinetic analysis was carried out to resolve the two-

step reaction of the AFheparin complex with wild-type and

MATERIALS AND METHODS R150A fXa in TBS/C&' containing 0.1% PEG 8000 at 25

Preparation of Recombinant Proteins and Other Reagents. °C. In this case, the inactivation reaction was followed by a
Construction and expression of the Arg-150 to Ala (R150A) continuous assay in an Applied Photophysics SX.18MV-R
substitution mutant of fX were previously describeld) stopped-flow instrument using the fluorogenic substrate, Boc-
Gla-domainless fX (GD-fX) and a mutant in which the IEGR-amc, as described previousl§3]. The excitation
catalytic Ser-195 residue has been replaced with Ala (S195A) wavelength was set to 380 nm and fluorescence detected with
were constructed by PCR mutagenesis methods and ex-a 420 nm emission cutoff filter. For the AT reactions in the
pressed in human embryonic kidney cells (293) using the presence of H70, AT concentrations ranged from 100 to 5000
RSV-PL4 expression/purification vector system as describednM, H70 concentrations from 5 to 4000 nM, and fXa
previously (9). The fX derivatives were activated by the derivative concentrations from 2 to 300 nM, and Boc-IEGR-
factor X-activating enzyme from Russell's viper venom amc was present at 50 or 1@0/. For the reactions in the
(Haematologic Technologies Inc., Essex Junction, VT) and presence of H5, AT concentrations ranged from 200 to
purified on a SBTI-agarose column as described previously 12 000 nM, H5 concentrations from 10 to 10 000 nM, and
(20). Human plasma fXa and AT were purchased from fXa derivative concentrations from 2 to 300 nM, and the
Enzyme Research Laboratories (South Bend, IN). Active site substrate was present at 50 or 104d. Pseudo-first-order
concentrations of fXa derivatives were determined by titra- conditions were obtained by employing>al0-fold molar
tions with AT assuming a 1:1 stoichiometry3). The excess of AF-heparin complex over the enzymes. To
therapeutic pentasaccharide fragment of heparins, fonda-maintain a relatively constant fluorescence amplitude in these
parinux sodium (H5, molecular mass of 1.728 kDa), was reactions, the ratio of heparin to enzyme was kept constant.
from Organon Sanofi-Synthelabo. The full-length high- The ks values were determined by computer fitting of
affinity heparin containing~70 saccharides (H70) isolated fluorescence progress curves to a single exponential with a
from commercial heparin by size and AT affinity fraction- linear end point equation. The dependenck,gf(the average
ation was a generous gift from S. Olson of the University of of 5—10 progress curves) on the AH70 complex con-
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centration was computer fit by the hyperbolic eqlB)(

Kobs = (Kim[AT —heparin]Kg xrp)(1 + [Sl/Ky) +
[AT —heparin] (1)

kobs (5-1)

wherek;m represents the limiting rate constant for conversion
of the intermediate AFH70—fXa ternary encounter com-
plex to a stable AFfXa complex with release of heparin,
[AT —heparin] is the concentration of the Aheparin
complex which was calculated on the basis of the dissociation [AT-H5], uM

constant fo_r the AF-heparin interaction using the quadratic FiGURE 1: Dependence okus for wild-type and R150A fXa
equation [fixed to values of 5 and 23 nM for H70 and HS, jnnipition on the AT-H5 complex concentration. THeps values
respectively 13)], Ke at is the dissociation constant for the  were determined from the exponential decrease in the rate of
Michaelis-type fXa-AT—heparin ternary complex, {Bis hydrolysis of the fluorogenic substrate, Boc-IEGR-amc, due to
the concentration of the fluorogenic substrate, Kpds the ~ inhibition of wild-type fXa (O) or R150A fXa @) by the increasing

; ; ; concentrations of the ATH5 complex k-axis) in TBS/C&"
Michaelis constant for substrate hydrolysis by the enzymes'containing 0.1% PEG 8000. All reactions used a molar excess of

In both casesky was fixed at a measured value for fXa AT gver H5 to saturate the pentasaccharide, with exact concentra-
hydrolysis of 300uM Boc-IEGR-amc in TBS buffer  tions of the AT-H5 complex calculated on the basis of the known
containing 2.5 mM C#& as described previousiyig). In dissociation constant for the interaction. The solid lines are least-
the case of H5 where the dependencekgf on AT—H5 squares computer fits of data by the linear eq 2 as described in
complex concentration was linear, the linear regression slope'vIaterlals and Methods.

according to eq 2 provided the overall second-order rate
constant Kim/Ke atr) after multiplying by the factor 3 [S,)/

Kwm to correct for the competitive effect of the fluorogenic
substrate.

of 40 uL/min with an injection time of 2 min. Under these
conditions, an RU value 0f150 was obtained at the highest
concentration of the serpin. Control experiments included
injection of 1280 nM AT alone or 4M H5 alone in the

= (k. [AT —heparinlK 1+ [SVK 2 same buffer for 2 min with the same flow rqte. No
Kabs = (K parinjKe ar)(1 + [S/Kw) - (2) regeneration step was necessary since the running buffer
lacking H5 completely dissociated AT from the sensor chip
lytically inactive S195A mutant of GD-fXa on the wild-type as ewdencgd by RU retu_rr.ung. to a zero baseline following

the completion of sample injection. The flow cell 1 reference-

GD-fXa inhibition by AT both in the absence and in the : . .
presence of H5 was studied using the same discontinuousdedUCtEd sensogram data output obtained with different

assay described above. In this case, the inhibition of GD- E?Xg?/glttrgttli?) ';Ss(z)ff:vr\llgr'gﬁTgvfc?ergpge)ir\:\é arsngﬂﬁgiffréjf%e
fXa (1 nM) by AT (50 nM) was monitored in the presence P y ’

. / : lobal fitting of the binding data to a 1:1 Langmuir binding
of increasing concentrations of GD-fXa S195A+00 uM) 9 . o )
in the absence and presence of a fixed concentration of H5modtatl_ yielded (rjattﬁ cons.lt%n.ts fodr. aSS‘.’C;?‘““Q en? §|s—
(25 nM) in TBS/C4" containing 0.1 mg/mL BSA and 0.1% ?(;)rc':ﬁelonnoﬁdt):c?vnalente iﬁ?eur!ctrigjr:n of Izﬁ'o\?vli?hlct)ﬁec?nn;cgvg ana
PEG 8000. Following incubation for-23 min at room tant in the presen f pent harid
temperature, 5@L of SpFXa was added to each well and muta € presence ot pentasacchande.
the remaining activity of GD-fXa was measured as described reg . TS AND DISCUSSION
above. Under these experimental conditions, more than 90
95% of the enzyme activity in the absence of the competitor AT inhibits fXa by a two-step reaction mechanism in
was inhibited.Kp for the noncovalent interaction of the which a noncovalent enzyménhibitor encounter complex,
activated conformation of AT with GD-fXa was determined formed in the initial step, is converted to a stable covalent
from the nonlinear regression analysis of the saturable S195Acomplex in the second step of the reactitd) ( Rapid kinetic
concentration dependence for recovery of the enzyme activityanalysis was carried out to determine the step which was
monitored by the hydrolysis of SpFXa at 405 nm as described affected in the reaction of R150A fXa with AT in the
above. presence of pentasaccharide. Under the experimental condi-
Surface Plasmon Resonance (SPRie interaction of AT tions described in the legend of Figure 1, the pseudo-first-
with GD-fXa S195A immobilized on a dextran-coated CM5 order rate constankdy,y for inhibition of both wild-type and
sensor chip was analyzed by SPR using the BlAcore mutant fXa by the AF-H5 complex increased linearly,
(Uppsala, Sweden) X biosensor instrument. The inactive fXa suggesting that the ternary dissociation constdai{) for
mutant was coupled to the CM5 sensor chip to obtain a formation of the intermediate noncovalent complex is higher
resonance unit (RU) o500 using an amine coupling kit  than 10uM. In this case, only second-order rate constants
according to the manufacturer’s instructions. The HBS buffer could be calculated from the slope of the linear dependence
containing 10 mM HEPES (pH 7.4), 150 mM NacCl, 3.4 mM of k.psVvalues on the AFH5 complex concentration accord-
EDTA, and 0.005% surfactant P20 was used as the runninging to eq 2 (Table 1). Since a full-length70-saccharide
buffer. For analysis of the binding interactions, human AT heparin (H70) has been demonstrated to decreade:the,
was diluted to different concentrations of 25280 nM in value of the fXa-AT interaction to~100 nM in the presence
the same buffer containing#M H5 and was injected into  of a physiological concentration of &a(13), rapid kinetic
flow cell 2, housing the immobilized S195A GD-fXa sensor analysis was also carried out using increasing concentrations
chip. The binding sensogram was generated with a flow rate of the AT-H70 complex in TBS containing 2.5 mM €a

Competitve Binding The competitive effect of the cata-
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Table 1: Kinetic Constants for the Heparin-Catalyzed Reactions of . 100
AT with Wild-Type and R150A fXa As Measured by Continuous g
(stopped-flow) and Discontinuous (end point) Assay Methods £ 80
Ke ath Kim k E 60
heparin  (x107%M) (sH (x1PMis) 2
£ 40
stopped-floi g
fXa H70 130+ 20 19+1 1464 30 ® 20
fXa R150A H70 178Gt 260 21+2 12+ 3 N T T R R
fXa H5 NDe ND¢ 0.7£0.01 0 2 4 6 8 10
fXa R150A H5 ND ND¢ 0.1+ 0.001
end point [GD-fXa S195A], UM
fXa H70  NDf ND¢ 110+ 10 Ficure 3: Competitive effect of inactive S195A GD-fXa on
fXaR150A  H70  ND ND¢ 15+1 inhibition of wild-type GD-fXa by the AT-H5 complex. GD-fXa
fXa H5 ND° ND¢ 1.0+0.1 (1 nM) was incubated with 50 nM AT in complex with 25 nM H5
fXaR150A  H5 ND ND° 0.154+0.02 in TBS/C&* containing 0.1 mg/mL BSA and 0.1% PEG 8000 at
aThe kinetic constants were determined by rapid kinetic analyses 00m temperature for 2.5 min followed by monitoring of the
of the observed pseudo-first-order rate constakdg) (for wild-type amidolytic activity of GD-fXa using Spectrozyme FXa as described

and R150A fXa inactivation by the AFheparin complexes as a in Materials and Methods.
function of the AT-heparin complex concentrations in TBS buffer
containing 0.1% PEG 8000 and 2.5 mMCaAT—heparin complexes  These results indicate that the impairment in the reactivity
\(AII-?FSB fc_)trhmed b%/ mixing fu”;‘li\rjlgth f(fH?O)tc;r pe?tas?ca?aridle hepar:i” of the fXa mutant with the H5-activated conformation of
with a molar excess o0 sufficient to saturate the polysaccha- : : : : .
rides.Keatv andkim values were obtained from computer fits of the AT is |ocalized .to formatlon Of. the Michaelis-type nonco-_
saturable dependencekafson the AT-heparin complex concentrations ~ Valent complex in the first reaction step. The calculated ratio
according to eq 1, after correction for the competitive effect of the Of kim t0 Keath, COrresponding to the overall second-order
reporter substrate as described in Materials and Methods. Overallrate constant, agreed reasonably well with the directly
second-order rate constantg)(were calculated from théim/Ke amu determined value by a discontinuous assay and was 1 order
ratio or were determined from the slope of the linear regression line f itude | for th tant than f ild-t X
fitted to plots ofkss VS AT—heparin complex concentration according of magnituce . ower for the mutan . an or wild-type 1xa
to eq 2 after correction for substrate competitibithe heparin- (Table 1). Noting that the lower reactivity of the fXa mutant
catalyzed second-order association rate constants were determined fromvith AT is specific for the activated conformation of AT
the residual chromogenic activities of fXa derivatives (0.5 nM) after (k, values of 3x 10% and 2x 10° M~1 s1 were obtained

incubation at room temperature with AT (2200 nM) in complex i ; ; ;
with 1 uM H5 for 30 s in TBS buffer containing 0.1 mg/mL BSA, for wild-type and mutant iXa reactions with AT in the

0.1% PEG 8000, and 2.5 mM €a The same methods were used to  2PSence of heparin, respectively), we show these results
measure thé values in the presence of H70 except that 0.5 nM enzyme indicate that the stimulating effect of H5 on AT inhibition

was incubated with £10 nM heparin and 200 nM AT for 1620 s. of fXa is primarily due to the pentasaccharide lowering the
The §ecor_1d-order_ inactivation rate constants were galculated asdissociation constant for formation of the Michaelis-type
described in Materials and Method<Could not be determined. noncovalent encounter complex.

As in its reaction with true substrates, the fXa catalytic
residue, Ser-195, is required to form a covalent protease
serpin complex in the second step of the reaction. Thus, the
inactive S195A mutant of fXa is expected to undergo only
the first reaction step to form a reversible Michaelis-type
complex with AT. To provide further support for the proposal
that the primary role of pentasaccharide is to lower the
dissociation constant for the formation of a noncovalent
serpin-protease complex, the ability of the S195A mutant
of GD-fXa to compete with wild-type GD-fXa for interaction

[AT-H70], uM with AT was evaluated in both the absence and presence of
Fiure 2: Dependence okops for wild-type and R150A fXa a f|xt_ed concentration of _H5. As shown in F_|gur¢ 3, the
inhibition on the AT-H70 complex concentration. Thg,svalues inactive fXa mutant effectively competed with its wild-type

for wild-type (@) and R150A fXa Q) inhibition by AT were counterpart for interaction with AT in the presence of H5.
determined for-70-saccharide heparin-catalyzed reactions in TBS/ Under these experimental conditions, S195A enzyme did not

Ca" containing 0.1% PEG 8000 as in Figure 1. The solid lines j,a,ence the reactivity of the wild-type enzyme in the
are least-squares computer fits of data to the hyperbolic eq 1 as

described in Materials and Methods. absence of H5 (data not shown). Nonlinear regression
analysis of data yielded &y of 2554+ 22 nM (n = 6 + the
In this case, a saturable dependenck,gfon the AT-H70 standard deviation) for the interaction of the mutant fXa with

complex concentration was observed for both wild-type and the activated conformation of the serpin. These results clearly
mutant fXa (Figure 2), indicating the saturation of an indicate that pentasaccharide improves the dissociation
intermediate heparinrAT —fXa encounter complex prior to  constant for formation of the noncovalent complex of fXa
formation of the stable serpirprotease complex. Nonlinear with AT. The ability to measur& for interaction of the
regression analysis of data by the hyperbolic eq 1 yielded mutant fXa with the AF-H5 complex by this approach was
values of 130+ 20 nM for Kgaty and 19+ 1 st for the in apparent contradiction with the rapid kinetic approach in
limiting rate constant k) for formation of the stable  which no dissociation constant for the serpprotease
complex of wild-type fXa and 1786 260 nM for Kg atn Michaelis-type complex could be measured for the-A15

and 21+ 2 s for ki, for the mutant protease (Table 1). complex up to 1M (Figure 1). To investigate this question
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1704 Scheme 1
_1280nM
150 - = k=07x10°M"s"
fXa + AT.H5 _ fXa-AT + H5

130
5"- k,=82x10°M"s"!
@ ' fXa S195A + ATHS _——* fXa S195A .AT.H5
— Kq=0.05s"
@ a0
w
g 704 Kg,ata = 130 nM Kim =19 s
o fXa + AT.H70  — fXaAT.H70 ——» fXa-AT + H70
w5
[
v 30 Kgata = 1780 nM Kjim = 21 st

S—— -
fXa R150A+ AT.H70 R150A.AT.H70— > fXa R150A-AT + H70

than the rate constant for dissociation of the noncovalent

0 0 40 80 80 100 10 0 180 180 complex ky). The resolvable rate constants for the reaction
Time (sec) of fXa with the AT—heparin complex determined in this
study by either a rapid kinetic or SPR method are presented

Ficure 4: BIAcore sensogram for binding of the AH5 complex in Sch 1
to the S195A mutant of GD-fXa. The fXa mutant was immobilized ' SC¢N€Me L. .

on a CM5 sensor chip followed by the injection of different ~ Although it was not possible to resolve the two-step
concentrations of AT (251280 nM) diluted in the running buffer ~ reaction of the AF-H5 complex with fXa, it is expected
(HBS) containing 4:M pentasaccharide as described in Materials that the rate constant for formation of the stable covalent
and Methods. The rate constants for associaligraqd dissociation complex in this reaction will be higher than 19'sthe rate

of the interaction of the AFH5 complex with fXa were - . .
<(:I§I)culated from global fitting of the bindir?g data (solid straight constan't for. react.|0n of fXa with the Aﬂ-l?O Complgx. This )
lines) to a 1:1 Langmuir binding model and presented in Scheme contention is derived from the previous observation that in
1. the absence of a template effect of heparin, fXa exhibits both
high Ke atv andk;m values in reaction with the AFfheparin
further, we evaluated the direct binding of S195A GD-fXa complex (L4). Thus, previous rapid kinetic analysis has
to AT by SPR analysis in both the absence and presence ofestimated &g Aty 0f ~2004M for the noncovalent reaction
HS5. In agreement with the competition kinetic data, H5 step and a limiting rate constant of 140 $or reaction of
lowered theKp for the noncovalent interaction of AT with  fXa with AT in complex with a 26-saccharide high-affinity
the mutant protease. As shown in Figure 4, AT interacted heparin in the absence of €a(14). Calcium affects the
with the mutant protease withky of 610+ 70 nM in the reactivity of fXa with AT in complex with a longer chain
presence of H5, whereas no interaction of AT with the heparin by allowing the polysaccharide to bind to a basic
protease was detected in the absence of pentasaccharide aiosite on fXa, thereby enhancing the reactivity of the
the highest concentration of the serpin (Figure 4, baseline). protease with the serpin by a template mechanitnZ4).
SPR analysis yielded associatidq)(and dissociationk) With the exception of its role in binding to the Gla domain
rate constants of (8.2 0.3) x 10* M~! s7 and 0.05+ and allowing the longer chain heparins to interact with a
0.004 s1, respectively, for the interaction of the mutant fXa basic exosite of fXaZ4), Ca&* is not known to influence
with the AT—H5 complex. Similar results were obtained in  any other step of the AFfXa reaction. In support of this
both TBS and HBS buffers. The reason for a2-fold proposal, fXa exhibits similar reactivity with the ATH5
difference betweerKp values as determined by either a complex in both C& and EDTA (13), and under both
competition kinetic or SPR approach is not known. Never- experimental conditions, the Gla-domainless fXa reacts with
theless, the results clearly indicate that the activation the AT-H70 complex withKg ath andkin, values similar to
mechanism of AT involves H5 lowering th&, for formation those obtained for wild-type fXa in the presence ofCa
of a noncovalent serpifprotease encounter complex in the (13). Thus, the rate constant for the covalent reaction step
first step of the reaction. of fXa with the AT—H5 complex should approximate the
The observation that the dissociation constant for interac- same value+{140 s*) reported for the reaction of fXa with
tion of the AT—H5 complex with the inactive S195A fXa AT in complex with 26-saccharide high-affinity heparin in
could be determined by both competition kinetic and SPR EDTA (14). In this case, the rate constant of formation of
approaches, but not for the interaction with wild-type fXa the covalent complex is 2800-fold higher than the dissocia-
using the rapid kinetic method, may be explained by the tion rate constant for formation of the noncovalent complex
Michaelis-type fXa-AT —H5 complex not establishing equi- (kg = 0.05 s1), as determined by SPR analysis. Because of
librium at the initial binding step of the reaction. This kinetic such a large difference between reverse and forward rate
behavior is characteristic for the reaction of enzymes with constants, upon association of AT with the protease, the
“sticky substrates” and occurs when the dissociation rate noncovalent complex is rapidly converted to a covalent
constant for the formation of a reversible Michaelis complex complex without the establishment of equilibrium with free
is slower than the rate constant for the subsequent formationproteins. Under these conditions, the Michaelis-type complex
of an acylated intermediate comple22( 23). Under these  [Kegath = (Kim + kg)/ka = kim/ks] would not represenKp
conditions, association of the enzyme with the substrate isand the rate of association of fXa and the-AHI5 complex
diffusion-controlled and acylation is the rate-determining step would be diffusion-limited, with acylation being the rate-
in the reaction. This also appears to be the case for thedetermining step in the reactioB5). This kinetic behavior
reaction of fXa with the AT-H5 complex since as discussed can explain the inability of the rapid kinetic method to resolve
below the rate of covalent complex formation is much faster the Michaelis constant for the noncovalent interaction of fXa
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with the AT—H5 complex in the concentration ranges that
were studied. On the other hand, in the case of the reaction
of fXa with AT in complex with the longer chain heparin,
the ability of heparin to simultaneously bind to both the
serpin and the protease in the presence &f @eamatically
lowers the dissociation constant for the noncovalent step at
the expense of limiting the rate constant for the covalent
step of the reaction. It is not known how the bridging function
of heparin, mediated by €3 limits the rate of formation

of the covalent proteaseserpin complex. Nevertheless, it
has been suggested that the bridging function of heparin may
impede the conformational freedom of the serpin’s trapping
mechanism at the covalent step of the reactkB) 26). This
reaction mechanism is analogous to that observed for the
reaction of tissue plasminogen activator with plasminogen
activator inhibitor-1. In this case, the interaction of a basic
insertion loop of the protease with two negatively charged
residues on the primed side of the reactive site loop of the
serpin limits the rate constant for the acylation step of the
reaction 25, 27).

In summary, the results presented above, for the first time, 15
demonstrate that pentasaccharide activates AT by decreasing
the dissociation constant for the formation of a noncovalent
encounter complex between AT and fXa in the first step of
a two-step resolvable reaction. This was evidenced by the
observation that (1) the equilibrium dissociation constant for
formation of the ternary AFheparin-fXa Michaelis-type
complex was impaired by-1 order of magnitude for the
R150A mutant of fXa, (2) the catalytically inactive S195A
mutant of fXa effectively competed with wild-type fXa for
binding to AT in the presence but not in the absence of H5,
and (3) the SPR analysis suggested that AT can bind to
S195A fXa only in the presence of H5.
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