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Progress Curve Analysis of the Kinetics with Which Blood Coagulation Factor Xla
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ABSTRACT. Protease nexin-2 (PN-2), a soluble form of amylg@igrotein precursor (APP) containing a
Kunin protease inhibitor domain, has been shown to be a potent, reversible and competitive inhibitor of
blood coagulation factor Xla (FXla). We have analyzed progress curves of the hydrolysis of a sensitive
fluorogenic substrate by FXla in the presence of PN-2 to ascertain the kinetic rate constants governing
the inhibition of FXla by PN-2. The mechanism of this inhibition is best described as a slow equilibration
between the free enzyme and inhibitor directly, without prior formation of a loosely-associated complex.
The association rate constantd{kand the dissociation rate constakix] were found to be 2.3 0.2 x

10 M~ stand 8.5+ 0.8 x 104 s7%, respectively it = 23). The inhibition constant calculated from
these parameterk] is 400 pM, in good agreement with previous reports. High molecular weight kininogen
(HK) and Zr?* ions exert opposite effects on the inhibition of FXla by PN-2. HK protects FXla from
inactivation in a dose dependent and saturable manneg (E61 nM) whereas Zi augments the ability

of PN-2 to inhibit FXla. When both Zf ions and HK are present, only the accessory effect éf Za
observed. PN-2 is known to be an abundant platelgranule protein (Van Nostrand et al., 1990a;
Smith & Broze, 1992). We conducted sensitive measurements of FXla activity in the presence of human
platelets before and after their being activated with the thrombin receptor agonist peptide, SFLLRN-
amide. We found that platelet activation, and ostensibly the release of PN-2, limits the lifetime of FXla
activity within the locus of activated platelets. As in the purified system, HK protects FXla from
inactivation and Z#" increases the inactivation of FXla. However, when HK and*Zare both present,

it is the protective effect of HK which predominates and prolongs the lifetime of FXla after platelet
activation.

Protease nexin-2 (PN-2)Js a secreted isoform of the al., 1989) found in the neuritic plaques and cerebrovascular
precursor to the amyloig-protein (i.e., amyloig3-protein deposits of patients with Alzheimer’s disease (Adams &
precursor or APP) (Oltersdorf et al., 1989; Van Nostrand et Victor, 1993). This~120 kDa soluble fragment of APP
contains a Kunifiprotease inhibitor domain (56 amino acids)
encoded by exon 7 of the APP gene on chromosome 21
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agonists (Gardella et al., 1990, 1992, 1994; Li et al., 1994;
Smith & Broze, 1992; Bush et al., 1990; Smith et al., 1990;
1990a). PN-2 accounts for roughly
0.5% of total platelet protein and virtually all (i.e., 99%)

intravascular PN-2 circulates as a platelet component (Van
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1 Abbreviations used: PN-2, protease nexin-2; APP, amyloid
p-protein precursor; FXla, activated factor XI; HK, high molecular
weight kininogen; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane-
sulforic acid; HBS, HEPES-buffered saline (135 mM NaCl, 15 mM
HEPES, pH 7.4 at 37C); SFLLRN-amide, Ser-Phe-Leu-Leu-Arg-
amide; RGDS, arginyl-glycyl-aspartyl-serine; FMGB1CI, fluorescein
monop-guanidinobenzoatkydrochloride; AMC, 7-amino-4-methyl-
coumarin; Boc-EAR-AMC, Boc-Glu(OBzl)-Ala-Arg-AMC; S-2366,
Pyro-Glu-Pro-Argp-nitroanilide HCI; HEPES-Tyrode's buffer, 0.1%
bovine serum albumin, 126 mM NacCl, 2.7 mM KCI, 1 mM Mg®&HO,

0.4 mM NaHPO,-H.0O, 5.6 mM dextrose, 15 mM HEPES, pH 7.4 at
37 °C; PIXI, platelet inhibitor of factor Xla.

PN-2 is a slow, tight-binding inhibitor of FXla (Smith et
al., 1990; Van Nostrand et al., 1990b); a form of inhibition
common to members of the Kunin protease inhibitor family
(Salvesen & Pizzo, 1994). Platelets, cells which continually
survey the lumen of blood vessels probing for sites of defect,
represent a vehicle by which large quantities of PN-2 can
be discharged into a nascent thrombus. For these reasons,

2 Kunin relates to the family of proteins having structural homology
with aprotinin; an inhibitor originally discovered by Kunitz. The Kunin
family is commonly lumped with the soybean trypsin inhibitor
family—the index protein of which also was discovered by Kuniind
referred to as Kunitz protease inhibitors; however, this term is purely
historical and does not reflect structural similarity. Hence, Kunin is
the preferred term (Salvesen & Pizzo, 1994).
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it has been suggested that PN-2 may be an important
regulator of the procoagulant response to vascular damage 1.0
(Van Nostrand et al., 1992). However, the ability of PN-2
to regulate hemostasis depends upon the time scale over
which it acts. We have conducted detailed kinetic analyses
to determine the mechanism and rate constants governing
the inhibition of FXla by PN-2. We have also directly
studied the fate of FXla after platelet stimulation and the
release ofr-granule contents from activated platelets. Since
FXla circulates in plasma complexed with high molecular
weight kininogen (HK), a nonenzymatic cofactor central to
the contact phase of blood coagulation (Thompson et al.,
1977), we examined the effect of HK on the inhibition of ]
FXla by PN-2 both in the absence and presence of human 0.0
platelets.
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EXPERIMENTAL PROCEDURES Ficure 1: Titration of PN-2 with FXla M) and Trypsin @). Active-

. - ' site titrated trypsin (10 nM) and FXla (5 nM) were incubated with
Materials PN-2 was purified from fibroblast culture yapying Concgﬁtraﬁ(ons of)pN_Z (Oﬂ(() nM))for 1 h, at 37°C.

media by sequential heparin affinity chromatography and After this incubation, the residual activity of the enzymes was

immunoaffinity chromatography as described previously determined by measuring the velocity of S-2366 hydrolysis (0.45

(Van Nostrand & Cunningham, 1987; Van Nostrand et al., MM) at 405 nm. In this experiment, PN-2 interacted with 0.96

1990b). The protein was dialyzed overnight against 100 vol actllve-sl,ltes per trypsin molecule and 2.0 active-sites per FXla
' . ’ : molecule.

of HBS and aliquots of the dialyzed protein were stored at

—70°C. Human FXla was purchased from Haematologic the purst amplitude was independent of the FMB6I

Technologies, Inc. (Essex Junction, VT). Human HK was qncentration in the range{50 M) used to titrate trypsin.

obtained from Enzyme Research Laboratories, Inc. (South\ye reasoned that the,, of FXla for EMGB-HCI must also
Bend, IN). The thrombin receptor peptide, SFLLRN-amide e much lower than %M, since we found that the burst

was synthesized as described previously (Scandura et al.gmpjitude was similarly independent of the FMGEI
1996). Bovine trypsin, RGDS, FMGBICI, and fluorescein  concentration when FXla was titrated over this same range
were purchased from Sigma Chemical Co. (St. Louis, MO). (5_50 yM FMGB-HCI) (data not shown).

The fluorogenic substrate, Boc-EAR-AMC, was obtained ~ \ye found that the active-site measurements of trypsin and
from Peptide International, Inc. (Louisville, KY), and the x4 agreed well with the protein concentrations calculated
chromogenic substrate, S-2366, was purchased from Chrorom the absorbence at 280 nm and published extinction

mogenix (Mdndal, Sweden). All other materials were cqefficients (Chase & Shaw, 1969; Kurachi & Davie, 1977)
analyycal gradg or t.he highest grade commerf:!ally avc.eulable. (the 21% values were 1.54 and 1.34 for trypsin and FXa,
Active-Site Titration of EnzymesThe sensitive active- respectively). There were 0-8.9 active-sites per trypsin
site titrant FMGBHCI was used to determine the concentra- molecule and 1.82.0 active-sites per FXla molecule. This
tion of both bovine trypsin and FXla essentially as described measurement is consistent with the dimeric nature of FXla
(Melhado et al., 1982; Bock et al., 1989). Though not and suggests that both active-sites can operate independently
previously reported as such, FM@HCI is an extremely  since both can bind FMGBICI simultaneously.
useful titrant of FXla with a very rapid acylation rate and Measurement of PN-2 Reagi Sites. The concentration
an extremely slow deacylation rate (data not shown). Active- of PN-2 reactive sites was measured by titrating active-site
site measurements were made in HEPES-Tyrode’s buffer atijtrated trypsin with PN-2. A 1:1 (inhibitor:enzyme) stoi-
room temperature. The release of fluorescein from FMGB  chiometry was assumed. To wells of a siliconized microtiter
HCl (10 uM) was monitored in a Bowman Series 2 plate were added trypsin (10 nM) and PN-2-@D nM) in
spectrofluorimeter (SLM Aminco, Urbana, IL) both before 3 total volume of 135uL HEPES-Tyrode's buffer. The
and after the addition of enzyme. The excitation and mixture was allowed to reach equilibrium during a 60 min
emission wavelengths used were 500 and 520 nm, respecincubation at ambient temperature. After this incubation,
tively, and 4 nm slit widths were used on both sides. After the microtiter plate was warmed to 3T, 15 ul of the
correcting for the spontaneous hydrolysis of FMGEI , chromogenic substrate, S-2366 (0.45 mM), was added to each

the burst height measured after the addition of trypsin or well, and the residual enzyme activity was measured as the
FXla was converted to molar units with the use of a standard jnjtial rate of change in the absorbence at 405 nm in a

curve made with known concentrations of fluorescein. Stock ThermoMax kinetic microplate reader (Molecular Devices,
solutions of fluorescein and FMGHCI were made in dry ~ palo Alto, CA). Once the concentration of PN-2 reactive
dimethyl sulfoxide, and their concentrations were measured sjtes was determined in this way, active-site titrated FXla
in 0.1 N NaOH at 490 nm using the molar extinction (5 nM dimer) was titrated with the PN-2 to determine the
coefficient of fluoresceing= 89 320 M* cm™) (Heller et stoichiometry of inhibition (see Figure 1). As expected
al., 1974). (Smith et al., 1990), PN-2 was found to inhibit FXla with a
The burst amplitude is an accurate measure of the totalstoichiometry of 2:1 (inhibitor:enzyme) reflecting the dimeric
enzyme concentration only when the titrant’s concentration nature of FXla.
is well above the enzyme'&,. The K, of trypsin for Progress Cure Measurements of the Rate of FXla
FMGB-HCl is 5.6 pM (Heller et al., 1974), and, as expected, Inhibition by PN-2. Release of the highly fluorescent
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product, AMC, from the peptidyl substrate, Boc-EAR-AMC,
by FXla was monitored in a Bowman Series 2 spectrofluo-
rimeter. The fluorimeter slit widths were set at 4 nm and

Scandura et al.

initial substrate concentration arier and I+ are the total
concentration of enzyme and inhibitor species, respectively.
In eq 2, Mechanism Ak,, andk.¢ are the second- and first-

the excitation and emission wavelengths were 375 and 445order kinetic constants with which enzymmmhibitor com-

nm, respectively. FXla (5 or 10 pM) was added to a
fluorimeter cuvette containing 2 mL of HEPES-Tyrode’s
buffer and 16-25 uM Boc-EAR-AMC. Hydrolysis of the

plexes form and dissociate, respectively. For Mechanism
B (eq 2B),kon andke are both first-order kinetic constants
describing the rates of transition between the initial loose

substrate was recorded for 10 min, and then a small volumeenzyme-inhibitor complex, which has an equilibrium con-

(less than 1% of the total volume) of PN-200 nM) was

added. The progress curves were monitored for over 1 h

(at 5-10 s intervals) at 37C with continuous, gentle stirring.

In the absence of inhibitor, the release of product was linear
during the entire measurement period indicating that the FXla

was stable at the low concentrations used.

stantK;, and the tighter complex.

Mechanism A

Progress curves were also used to monitor the dissociation

of pre-formed FXla/PN-2 complexes. In these “dissociation
experiments”, equal volumes of FXla (0.5 or 1 nM) and PN-2
(5—400 nM) were incubated at 3T for at leas1 h toallow

the reactants to achieve equilibrium. After this initial
incubation, the mixture, including pre-formed FXla/PN-2
complexes, was diluted 16@50-fold inb a 2 mLfluores-
cence cuvette containing Boc-EAR-AMC (2#) in HEPES-
Tyrode’s buffer. An increasing rate of AMC release from
Boc-EAR-AMC, reflecting the slow dissociation of FXla/
PN-2 complexes, was monitored until a new equilibrium was
achieved and the progress curves became linear.

Kinetic Mechanism of FXla Inhibition by PN-2Two
general mechanisms of competitive inhibition have been
described for slow, tight-binding inhibitors (Cha, 1975;
Morrison, 1982; Tian & Tsou, 1982; Morrison & Walsh,
1987). In Mechanism A, the equilibrium established between
free enzymes, free inhibitors and enzyniehibitor com-
plexes is approached slowly and directly. Mechanism B
differs in that there is an initial, rapid association between
free enzymes and inhibitors which slowly tightens to form
a more stable enzymenhibitor complex.

al nl
Vo = :Zin%;, kobs= koff + Hko—sj-/er (ZA)
Mechanism B
KeaErS

V°=Km(1+IT/Ki)+Sb'
kg K
oo =M TR /K Iy

(2B)

Progress Cure Analysis Progress curves were measured
after either the addition of inhibitor to a mixture of enzyme
and substrate (“association experiments”) or after the dilution
of pre-incubated enzymsdnhibitor mixtures into substrate
containing solutions (“dissociation experiments”). Sets of
five to ten such progress curves were generated by varying
the concentration of inhibitor while holding constant the
concentrations of enzyme and substrate.

Progress curves were analyzed with eq 1 since both of
the assumptions inherent to this equation were valid: the
inhibitor concentration changed by only 0.5%% and less
than 0.1% of the substrate was consumed during the time
course of the experiment. Initially, we analyzed data from

Equation 1 is a general equation for progress curves that“association experiments” to determine the mechanism of

result from Mechanism A and Mechanism B when pseudo-
first-order conditions pertain (Cha, 1975). This equation may

FXla inhibition by PN-2. For this reason, eq 1 was fit to
each progress curve individually using the program Kaleida-

be used in the analysis of progress curve data if the graph v3.0.5 (Abelbeck Software) which utilizes the Lev-

concentration of inhibitor remains approximately constant

enberg-Marquardt algorithm (Marquardt, 1963) for nonlin-

and no significant consumption of substrate occurs during ear least-squares regression. The paramétgr®s, andkops

the course of the experiment.

P =V + (Vo= V9 (1~ &)k @

In eq 1,V, is the velocity of product formation at the start
of the reaction between the enzyme and inhibitaris the
velocity after a new steady-state has been establid@gd,

obtained for each curve were then analyzed within the
contexts of Mechanism A and Mechanism B using eq 2A,B.
Once we had established that the inhibition of FXla by PN-2
was well described by Mechanism A (see Results), subse-
guent analysis was carried out within the context of this
mechanism. All curve fits and simulations were run on a
PowerMac 8100 personal computer (Apple Computer, Inc.,

is the observed first-order rate constant which characterizesCupertino, CA).

the transition from the initial velocity to the steady-state
velocity, andP is the concentration of product formed at
any time,t. Mechanism A and Mechanism B can be
distinguished by the manner in which the inhibitor concen-
tration affectsV, andkqps (Se€ eq 2). If the progress curve
is the result of Mechanism A, thekys increases in direct
proportion (i.e., linearly) to the inhibitor concentration
whereasd/, is independent of the inhibitor concentration (see
eq 2 and Figure 3). If, however, Mechanism B pertains,
then bothky,sandV, are hyperbolic functions of the inhibitor
concentration.

In eq 2, karandKr, are the Michaelis Menten parameters
for the reaction between enzyme and substreégis the

The data points collected during the transition frogto
Vs contain most of the information useful in obtaining
estimates ok, andkyi. In “association experiments”, this
transition is most pronounced at high inhibitor concentrations
where kqps is strongly influenced by § The opposite is
true for “dissociation experiments” which contain more
kinetic information at low inhibitor concentrations whexgs
is close tok.. Hence, the experimental conditions are such
that “association experiments” are more useful for obtaining
estimates ok, and “dissociation experiments” are better
for estimatingkes, particularly, whenkqs is small. “Dis-
sociation experiments” were also analyzed with eq 1;
however, the different initial conditions require a different
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equation forV, (see eq 3A,B). Since, in a “dissociation and one of eight different concentrations of PN-2 (@ nM)
experiment”, the initial incubation between enzyme and were incubated for42 h at 37°C in a total volume of 300
inhibitor occurs in a more concentrated solution the equation uL. of HEPES-Tyrode's buffer; (2) the FXla substrate,
for V, includes the term, D, to reflect the dilution factor of S-2366 (0.6 mM), was then added to the mixture and the
the final mixture. initial reaction velocity was monitored at 405 nm in a
Hewlett-Packard 8452A diode array spectrophotometer (Wilm-
Association Experiments ington, DE) for 10 min. Less than 5% of the substrate was
consumed during the 10 min measurement, and the reaction
V. = KeaErS was entirely linear. The velocities observed at each PN-2
° Knt$S concentration were normalized to the velocity measured in
the absence of PN-2; thus, the fraction of FXla activity was
determined. This fraction of residual FXla activity was
plotted against the concentration of PN-2 (e.g., Figure 5)
v k.ErS, - anld the apparentf_inh:cbi:]ion cc()jnstalnt,ﬂpp V\éaS obtained from
= a least-squares fit of these data to eq 5.
TR Dkl TS, “ “

After the mechanism of inhibition had been established, hE =1—{[(Er + 11 + Kizpp —
estimates of the rate constants (ikg,,andk.«) were obtained Vo '
by fitting sets of five to ten progress curves, measured at 2 _
different PN-2 concentrations, simultaneously to eq 1; the \/(ET r 1 Kigp)” — AlrEl/2E7} (5)
appropriate substitutions from eqs 2 and 3 were included. A
Visual Basic module was written for Microsoft Excel v5  Although we measured théy for S-2366 to be 356 20
(Microsoft Corp., Redmond, WA) to carry out all calculations #M (data not shown), we found thg ap, to be independent

and curve fits. Parameters other than the rate constants wer@f the S-2366 concentration (0.£8.9 mM) used. Since
fixed during the curve-fitting procedureEr, It, S, andD the rate with which the FXla/PN-2 complexes dissociate is

were set to their independently measured values, and the’e"Y slow, the concentration of free FXla does not change

terms containing the MichaelisMenten kinetic parameters, 0 @ny significant degree during the 10 min measurement

for FXla-catalyzed hydrolysis of Boc-EAR-AMC, were period. In essence, we measure the concentration of free
treated as constants. ’ enzyme after the pre-incubation had reached equilibrium.

(3A)

Dissociation Experiments

We were not able to confirm the publishég, of Boc-  HENCe.Kiapp was equal to the truki.
EAR-AMC for FXla (i.e., 37QuM) (Kawabata et al., 1988), Release of FXla Inhibitors from Actited Platelets.Seven
nor were we able to define a reliable estimate of kae volumes of fresh human blood was drawn from a healthy

We found that the, exceeded the solubility of Boc-EAR-  donor into 1 vol of acid-citratedextrose anticoagulant (71
AMC (the solubility in HBS and HEPES-Tyrode’s wa$00 mM citric acid, 85 mM trisodium citrate, 111 mM dextrose).
uM) in all of the aqueous buffers tested. We estimated the Platelets were prepared by modified sequential albumin
Km to be well above the solubility of Boc-EAR-AMC since  density gradient isolation followed by gel filtration on a
the initial velocity increased linearly with the substrate Sepharose 2B column equilibrated with HEPES-Tyrode’s
concentration until the solubility limit was reached and the buffer (Walsh et al., 1977). The isolated platelets were
velocity became constant (data not shown). In our progresscounted electronically using a model ZM Coulter Counter
curve measurements, we used a substrate concentratien (10 (Coulter Electronics, Hialeah, FL). The platelet concentra-
25 IMM) that was insigniﬁcant when Compared to the tion was adjusted to 0.5 or & 10®/mL before placing the
minimum possiblé, (600uM). Under such circumstances, platelet suspension into a fluorimeter cuvette maintained at
the concentration of the Michaelis compl&$) is negligible 37 °C with continuous gentle stirring. The tetrapeptide
when compared to the total concentration of enzyme (i.e., RGDS (0.1 mM) was added to prevent platelet aggregation.
E-S < Ey) and the apparent forward rate constant,a Boc-EAR-AMC (25uM) was then added followed by the

will be very close to the true forward rate constdet,(see  addition of FXla (25 or 50 pM). The hydrolysis of Boc-
eq 4) at most, there could be a 4% difference betwiggn EAR-AMC was measured for 10 min before the addition of

and Kon app the thrombin receptor peptide, SFLLRN-amide (1208),
Measurements of the Equilibrium Inhibition Constant, K and up to 1 h afterward. The manner with which HK and
Equation 4 is used to calculate an appaéntk; sp, from Zn?* affected the inhibition of FXla after platelet activation

the kinetic parameters obtained from the analysis of progresswas compared to the effect that these compounds have on
curves. Since the conditions under which the progress curvesthe inhibition of FXla by PN-2.
are measured are such that tBe < Kp, Kiap is ap-

proximately equal to the truk;.

Kinetic Mechanism of FXla Inhibition by PN-2The
= Ko — Ko =K(1+S/K,) () prolonged transient phase observed for the inhibition of FXla
P Konapp  Ko/(L T SYKL) m by PN-2 (Figure 2) is characteristic for a slow-binding

inhibitor (Morrison & Walsh, 1987) and is typical of
Ki can also be directly measured by allowing FXla and members of the Kunin class of protease inhibitors. This
PN-2 to come to equilibrium. Equilibrium measurements qualitative result agrees well with the observations of other
were conducted as follows: (1) a fixed concentration of FXla authors (Smith et al., 1990; Van Nostrand et al., 1990a).
(0.1 or 0.25 nM), HK (6-500 nM), and Z#A* (0 or 25uM) However, it has not been reported whether PN-2 inhibits

RESULTS

K
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Ficure 2: Progress curves of FXla amidolytic activity after the FGURE 4: Progress curves of FXla amidolytic activity after the
addition of PN-2. The reaction was started by the addition of dilution of pre-formed FXla/PN-2 complexes. FXla (0.5 nM) was
concentrated PN-2 to 2 mL of HEPES-Tyrode’s buffer containing incubated with PN-2 (5200 nM) at 37°C for 1 h. The mixture

25 uM Boc-EAR-AMC and 10 pM FXla. The final concentrations  was then diluted 100-fold into HEPES-Tyrode’s buffer containing
of PN-2 (0, 0.1, 0.2, 0.5, 1, and 2 nM) are shown on the right-hand Boc-EAR-AMC (25uM). The hydrolysis of the Boc-EAR-AMC
side of the graph. All reactions were conducted af@7and were was measured continuously for up to 45 min, at which point the
stirred continuously. (Inset) Progress curves just after the addition reaction rate became linear.

of PN-2.
0,020 families® of curves from “association experiments” (e.g., see
' Figure 2) or “dissociation experiments” (e.g., see Figure 4)
to eq 1 (with appropriate substitutions from eq 2 and eq 3).
Fitting 23 such families of curves to eq 1 yields an average
0.015

association rate constant,gkof 2.1 @0.2) x 10 M1 st

and an average dissociation rate constiy) ©f 8.5 (£0.8)

x 1074 s71, respectively f = 23). The inhibition constant

(K;) calculated from these parameter values is 4080 pM.
Effect of HK and ZA" lons on the Actiity of PN-2 The

inhibition constant K;) for FXla was also determined at

equilibrium by measuring the initial velocity of S-2366

cleavage by FXla after pre-incubation of the FXla with

varying concentrations of PN-2 (see Experimental Proce-

dures). The residual FXla activity was plotted as shown in

PR S S S [ S S T S

kobs (371 )
o
2
o
1

0.000 1 DS S AR Figure 5, and data were fit to eq 5 to obtain an estimate of
0 theKi. The averag; value was 37@t 24 pM (n = 25) in
[PN-2] (nM) the absence of HK and Zn£dnd is in good agreement with

FIGURE 3: Dependence okoss Upon the concentration of PN-2.  the value calculated from the kinetic parameters as well as
The kops Values were obtained by fitting progress curve data such ith the results of other authors (Smith et al., 1990; Van

as that in Figure 2 to eq 1. Each value represents the aviggage
obtained from nine independent progress curves. The error barsNOStrand etal., 1990a). We found that HK alone protects

reflect the standard error in the mean for each value. The solid FXla from inactivation in a dose-dependent manner (Figure
line represents a nonlinear least-squares fit of these data to eq 2A6). The EGg of HK is ~60 nM and, at the physiological
The best fit parameters to this data &g = 2.6 x 1° Mt st concentration of HK£500 nM), theK; for PN-2 is increased
andko = 9.1 x 107% s to ~980 pM. Zr** enhances the ability of PN-2 to inhibit

. o FXla and, the optimal concentration of Zn(25 uM)—a
FXla by Mechanism B, as Kunin inhibitors commonly do, 546 close to the physiological concentration of2Zn

or if Mechanism A adequately describes this inhibition. ions—induces a 3-fold decrease in th& to ~140 pM.
To distingl_Jish these two basic mechanisms, progress CUrvega|ow a concentration of BM, Zn?* ions do not affect the
data were fitted to eq 1 and estimates\af Vs, and kovs inhibition of FXla by PN-2. Curiously, high Z concen-

were obtained. As the PN-2 concentration increases, theyaiions 50 4M) inhibit the amidolytic activity of FXla
initial rate of product formation\;) does not vary (Figuré a4 not shown). The protective effect of HK on FXla was
2, inset) andkypsincreases linearly (Figure 3) with the PN-2 abolished when 2&M Zn?* was included with HK in the
concentration (up to 10 nM). Thus, under our assay i,.,bations (Figure 6)

(I\:/Ioen(?ritzia(r)]?ssrﬁ tXe inhibition of FXla by PN-2 conforms to Secretion of FXla Inhibitors from Actated Platelets

. : . When isol latel i FLLRN-ami
Analysis of Progress Cues. Equation 2 can be used to en isolated platelets were activated by S amide,
calculatek,, andky from the slope and intercept of the line

. . . 3 “, ” &, HH ”
fit to the data in Figure 3. These valudg(= 2.6 x 10° ~ °We use the terms “sets” and “families” of progress curves to
indicate the five to ten progress curves conducted on a single day at

M=t st andkyr = 9.1 x 10°* s7%) are in close agreement  fie to ten different PN-2 concentrations and at fixed FXla and substrate
with the average values obtained by simultaneously fitting concentrations.
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Ficure 5: Measurement of the inhibition constakg) at equilib- FIGUrRe 7: Progress curves of FXla amidolytic activity before and

rium. Shown is a representative experiment wherein FXla and PN-2 after the activation of human platelets. FXla (25 pM) was added
were pre-incubated fal h and then the residual FXla amidolytic  to human platelets at (a, b) 06 10¥mL or (c) 1 x 108/mL
activity was measured. The das)(were normalized to the FXla  suspended in HEPES-Tyrode’s buffer containing the fluorescent
activity measured in the absence of PN-2. Khdetermined from substrate, Boc-EAR-AMC (25/M). The mixture was stirred

the best fit of these data to eq 5 was found to be 370 pM. continuously and maintained at 3C. The cleavage of Boc-EAR-
AMC was monitored for 7 min before and up L h after the
1000 addition of (a) buffer or (b, ¢) SFLLRN-amide (28M).
12
0] ] tc
(5]
@ 10-
B ] ~d
Q
S
T -
)
2
(1]
E b
1'd
£
]
2
o4 T T T ©
0 100 200 300 400 500 600 6 ]
[HK] (nM) A S
0 600 1200 1800

Ficure 6: Effect of HK and ZA* ions on FXla inhibition by PN- - ——r
2. K; was determined in the presence of HK alo®g,(and HK Time After Platelet Activation (sec)

plus ZnC} (25 uM) (O) essentially as described in Figure 5. Each Ficure 8: Effect of HK and ZA* on the inactivation of FXla after
point represents the average of three measurements. In the absengdatelet activation. The inhibition of FXla amidolytic activity
of Zn2*, the effect of HK on théK; of PN-2 had an E&; of 61 nM subsequent to the activation of human platelets(30"/mL) by

and saturated at a value of 980 pM)( In the presence of 2, SFLLRN-amide was monitored (a) in the absence of both HK and
HK had no discernible effect on th§ which remained constantat  ZnCl, (b) in the presence of Zng25 uM) alone, (c) in the
140 pM (- - -). presence of HK (500 nM) alone, and (d) in the presence of both

HK (500 nM) and ZnC{ (25 uM).

(Figure 6), HK abrogated the effect of Zrwhen both were
included in the reaction mixture (Figure 8).

significant inhibition of FXla was observed (Figure 7). The
amount of inhibition was dependent upon the concentration
of platelets used. If all of this inhibitory activity were the
result of PN-2 release, the total amount of PN-2 released DISCUSSION
would need be 35 nM per 3x 1 platelets. Hence, the
concentration of PN-2 in whole blood within the locus of a

ﬂﬁ:ﬁ:ﬁ;;gﬁﬁ%ﬁ tﬁgﬁldlo?f% Slgy exceed tHe for FXla FXla has been monitored in the presence and absence of

’ PN-2, HK, Zrt*, and human platelets. We have also
This surprising result prompted us to investigate the ability measured the effects of HK and Znon the equilibrium

of HK and Zr?* to affect the inhibition of FXla-ostensibly constant,K;, with which PN-2 inhibits FXla. From these

by PN-2-observed after platelets are activated by SFLLRN- data, we have ascertained the following: (1) the mechanism

amide. In the absence of HK, Znions (254M) signifi- and kinetic rate constants for the inhibition of FXla by PN-

cantly potentiated the inhibition of FXla after platelet 2: (2) that HK, the plasma cohort of FXla, protects FXla

activation whereas HK, in the absence of?Zndecreased  from inhibition by PN-2; (3) that Z# accentuates the ability

the extent of FXla inhibition (Figure 8). However, in of PN-2 to inhibit FXla; (4) that, coincident with the

contrast to the results obtained with purified PN-2 alone activation of human platelets, there is a slow inhibition of

We have described experiments wherein the hydrolysis
of a sensitive fluorogenic substrate (Boc-EAR-AMC) by
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FXla activity; that HK slows and limits this inhibition and FXla (Scott et al., 1982; Warn-Cramer & Bajaj, 1985),
that Zr** quickens and enhances this inhibition; (5) that, in suggesting that HK is an allosteric modulator of FXla
solution, Ziit completely abrogates the protection from PN-2 inhibition by PN-2. Whether HK also protects FXla from
that HK affords to FXla; and (6) that HK suppresses the inhibition by plasma protease inhibitors of the Serpin family
FXla inhibition observed coincident with platelet activation is unclear: HK has been shown to inhibit (Scott et al., 1982),
whether Z@* is present or not. enhance (Olson et al., 1992), and have no effect (Meijers et
We examined the inactivation of FXla by PN-2 by al., 1988) upon the inactivation of FXla. In contrast to the
analyzing progress curves and have found this to be aprotective effect of HK, Z# ions accentuate the ability of
powerful technique. The kinetics of slow inhibitors are well- PN-2 to inhibit FXla (Van Nostrand, 1995) (see Figure 6).
suited to progress curve analysis using common and rela-At a plasma Z&" concentration{25uM), we found theK;
tively inexpensive laboratory equipment since these reactionsfor FXla inhibition by PN-2 to be 140 pM. Since HK and
occur on a time scale that obviates the need for stopped- orZn?* ions exert opposite effects on this inhibition, it is
guenched-flow equipment. We used a highly sensitive remarkable that when both HK and Znare present, only
fluorogenic substrate, Boc-EAR-AM®to permit the use of  the effect of ZA* is seen: the protective effect of HK is
enzyme concentrations low enough to ensure that neithercompletely abrogated (Figure 6). Both HK and PN-2 are
significant substrate depletion nor product inhibition occurred known to possess 2h binding sites (DeLa Cadena &
even when the reactions were monitored for extended periodsColman, 1992; Bush et al., 1993) and it is tempting to
of time: The reaction was entirely linear in the absence of postulate the existence of an HK domain which disrupts the
inhibitor and, when inhibitor was present, the shape of the association of FXla and PN-2 in the absence of'Zbut
progress curve was strongly influenced by the inhibition step. attains a non-interfering conformation when?Zrions are
Continuously monitoring the reaction instead of measuring present; however, we have no direct evidence of such a zinc-
discrete sub-samples (e.g., initial rates after fixed intervals) dependent domain.
had several tangible benefits: (1) information about the entire  HK and Zr?™ have both been shown to affect the behavior
time course of the reaction was obtained, (2) the consumptionof FXI(a) in purified and partially purified systems. In
of reagents was reduced, and (3) the experiments were simplglasma, each subunit of FXI is associated with a single HK
to perform. molecule (Thompson et al., 1977; Warn-Cramer & Bajaj,
We generated progress curve data using pseudo first- ordef985) and HK is known to be a critical cofactor in the contact
conditions (see Figures 2 and 4). Equation 1 was used topathway activation of FXI [see DelLa Cadena et al. (1994)
analyze this data and enabled us to differentiate Mechanismfor review]. Whereas HK has been reported to inhibit the
A from Mechanism B: two common mechanisms of tight- surface-independent activation of FXI by thrombin (Scott
binding inhibitors. We found that at the inhibitor concentra- & Colman, 1992; von dem Borne et al., 1994),2Zrons
tions used £5 nM), PN-2 inhibits FXla by the direct can enhance it (Gailani & Broze, 1993). HK and?Zfons
formation (i.e., via Mechanism A) of enzyménhibitor strongly influence the binding of FXI to activated platelets
complexes and with a 1:2 stoichiometry. Inherent to our (Greengard et al., 1986) and are required for FXla to bind
analysis of FXla inhibition by PN-2 is the assumption that to activated platelets (Sinha et al., 1984). Zinc ions are also
the two active-sites of FXla can be treated as independentknown to affect the binding of HK to the surface of activated
enzymes, with catalytic activities that are independent of eachplatelets (Greengard & Griffin, 1984).
other, and which each interact with PN-2 in an unconstrained Platelets are known to secrete several inhibitors upon
and equivalent manner. The validity of this assumption is activation. Though most are secreted in extremely low
supported by the absence of cooperativity apparent in bothconcentrations [see Schmaier (1985) for review], two have
kinetic and equilibrium measurements (see Figures 3 and 5,been reported to be secreted in kinetically relevant quanti-
respectively). ties: PN-2 (Kirschner et al., 1986; Van Nostrand et al.,
We found that our estimates kfi andk,, were indepen- 1990a; Komiyama et al., 1992) and PIXI (Cronlund & Walsh,
dent of the method by which they were abstracted from the 1992). We investigated the effect on FXla activity of platelet
data. The values obtained by plotting the trends inkihe activation. We found that the FXla activity is stable in the
values obtained after fitting individual progress curves to presence of unstimulated platelets (see Figure 7) but,
eq 1 (as shown in Figure 3) were essentially identical to the subsequent to platelet activation with SFLLRN-amide, there
values obtained by simultaneously fitting families of curves is a time-dependent diminution of FXla activity. The rate
from “association” or “dissociation” experiments to eq 1 and extent of this inhibition increases as the platelet
(with substitutions from egs 2 and 3). We also found that concentration is increased. The slow disappearance of FXla
the overall equilibrium inhibition constari;, was the same  activity after platelet activation may represent the inhibition
whether it was calculated from the ratio of the forward and of FXla by a slow inhibitor or it may simply reflect the time-
reverse rate constants or measured directly (e.g., see Figurelependent release of a rapid FXla inhibitor from platelets.
5). Studies from this laboratory have described a partially
We investigated the effects of HK and Znions on the characterized, small, mixed-type non-competitive inhibitor
inhibition of FXla by PN-2. We found that HK protects of FXla, PIXI (Cronlund & Walsh, 1992). Though it was
FXla from inhibition by PN-2 in a dose-dependent and initially estimated that PIXI contributed 18%%4% of the
saturable manner (see Figure 6). HK maximally increases FXla inhibitory activity found in platelet releasates, we have
theK; for PN-2 to 980 pM and the Eg(60 nM) with which since found that the true contribution of PIXI is probably
HK does this is very close to theskvith which HK binds less than 10%. This estimate is more in line with the
observations of Smith and Broze (1992) who found that PN-2

4Boc-EAR-AMC is approximately 1000-fold more sensitive than
the chromogenic substrate most commonly used for FXla, S-2366. 5 Chang-Jun Hu and Peter N. Walsh, unpublished observations.
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accounts for-95% of the FXla inhibitory activity found in et al., 1995) and for FXaKapp =~ 19 nM) in the prothrom-

platelet releasates. We have also found that the inhibitory binase complex (i.e., FXa, FVa, €aand a surface) (Mahdi

activity observed concomitant with platelet activation does et al., 1995) is compared to that for FXIg; (= 0.4 nM), it

not appear to be associated with the platelet surface afteris apparent that PN-2 is more significant as an inhibitor of

platelets are activated sine€90% of the inhibitory activity FXla.

remains in the supernatant after the activated platelet
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