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ABSTRACT. Blood coagulation factor IXa (flXa) is a trypsin-like serine protease with low inherent activity
that is greatly enhanced in the factor X activation complex. Molecular details of the conversion of fIXa
from an inactive enzyme into a fully functional procoagulant are unclear. Recent studies have identified
a heparin-binding exosite in the protease domain of fIXa. Effects of exosite occupation on flXa activity
are unclear. We used the Kunitz-type inhibitor bovine pancreatic trypsin inhibitor (BPTI) to probe fIXa
reactivity in the absence and in the presence of heparin. While fIXa alone was poorly reactive with BPTI
(Ki ~ 0.7 mM), this reactivity was increased roughly 20-foll & 37 £ 6 uM) by heparin. This was
reproducible with low-molecular-weight heparin (enoxapath;= 70 + 12 uM). Surface plasmon
resonance studies of the interaction between heparin and BPTI indicated an unstable interaction with
very low affinity (Kq = 172uM). In contrast, kinetic studies revealed a high-affinity interaction between
heparin and fIXal{qg = 128 & 26 nM) and showed that the enhancement of BPTI inhibition of flIXa by
heparin was well described by a competitive inhibition model where heparin acts as an affecter of flXa
reactivity with inhibitor. Fluorescence studies with dansyl-EGR-flXa supported the high-affinity interaction

between heparin and fIXa and suggested an altered environment in the flXa active-site region upon heparin
binding. This modulating effect of heparin was supported by the observation of a heparin-induced increase
in reactivity of fIXa toward a pentapeptide substrate. When viewed together, the results imply that specific
physiological exosite interactions with heparin can induce alterations in the environment of the extended

flXa active site that can result in increased reactivity.

Activated factor IX (fiXa} is a vitamin K-dependent blood

The high level of enzymatic activity exhibited by the

coagulation serine protease that is a key component of aflXa—fVIlla —phospholipid complex seems to be observed

procoagulant complex that activates factor X. Deficiency of
fiXa results in the bleeding diathesis associated with
hemophilia B (for reviews, see refs-3). Numerous studies
on the kinetics of fIXa enzymatic activity have been reported
for both human and bovine systen%—(/). These studies
have shown that maximal procoagulant activity of flXa
requires the formation of a €adependent, phospholipid-
associated enzymecofactor complex with factor Vllla (a
nonenzymatic protein cofactor). Detailed studies of fIXa
enzymology and structure/function studies of the effects of
substrate, factor Vllla, phospholipids, and metal ions on fIXa
activity are potentially confounded by the numerous pretein
protein and proteirrphospholipid interactions that are in-
volved in factor X activation by the flxafactor Vllla

complex. Thus, a clear understanding of the detailed mo-

lecular mechanisms involved in the conversion of fIXa from
an essentially inactive enzyme into a fully functional
procoagulant is lacking.
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only toward native macromolecular substrates (i.e., factor
X) and not toward small peptidyl substratés-(13). How-
ever, flXa alone does show limited amidolytic activity that
can be enhanced 30-fold in the presence of ethylene glycol
and other hygroscopic compoundgl(15). This activity has
been exploited in several studies involving flXa and allows
the study of fIXa activity and regulation in greater detail
than has been possible previoushf,(17).

The major physiologic inhibitor of fIiXa in plasma is the
serpin antithrombin, whose reactivity with flXa is dramati-
cally enhanced by heparii§—20). This enhancement in
reactivity has been attributed to a combination of the effect
of heparin on the conformation of antithrombRil(-24), as
well as on the ability of heparin to act as a template in
facilitating the association of antithrombin with certain target
proteasesa4, 25). The heparin binding exosite has recently
been identified in the protease domain of fIX25). Interest-
ingly, this region is in close proximity to a proposed factor
X (substrate)-binding regior2{). Potential modulations of
fIXa activity that may occur upon occupation of this exosite
by either heparin or factor X are unclear.

While in general the low reactivity of flXa toward small
substrates is reproduced with inhibitors, flXa has been
reported to be inhibited quite efficiently by protease nexin-2
(28, 29), which contains a Kunitz-type inhibitor domain. The
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related plasma Kunitz-type inhibitor TFPI can also inhibit inhibition in the absence and in the presence of ethylene
fiXa, though not as efficiently30). These different reac-  glycol, which produces a roughly 20-fold increase in
tivities are consistent with the variable degree of reactivity amidolytic activity of fIXa toward this substrate.

observed with Kunitz-type inhibitors for the different blood Inhibition of flXa activity (Ki) was determined, similar to
coagulation proteases31—34). The limited interactions  previously described method82), from plots of activity
between these inhibitors and their target proteases makewversus BPTI concentration by fitting the data with eq 1,
them ideal candidates for screening effects on the active sitewhich describes a simple competitive inhibition model. In
of these proteases. In this study we have used bovine

pancreatic trypsin inhibitor (BPTI) as a probe of the reactivity K@+ SKy,)

of fIXa in the absence and in the presence of heparin to Vs = Yoy K.(1+ SK,) (1)
examine potential modulations in flXa activity upon occupa-

tion of the heparin-binding exosite. We report here an effect this equation,, is the steady-state rate obtained in the
of heparin on the environment of the flXa active-site region absence of inhibitorys is the steady-state rate at each
upon exosite occupation. This binding results in greater concentration of inhibitor, S is the experimental substrate
reactivity of fIXa and suggests a possible mechanism for concentration K., is the Michaelis constant for substrate
regulating fIXa activity that may be partly involved in usage, andC is the asymptote (the activity remaining at

overcoming its low inherent activity. saturating inhibitor; zero in the case of varying BPTI, but a
finite number in the case of varying heparin at subsaturating
EXPERIMENTAL PROCEDURES levels of BPTI).

Kinetic Analysis of Heparin-Dependent fIXa Inhibition by

Materials. Factor IXg8 and dEGR-flXa were purchased BPTI. The effect of heparin (H) on the inhibition of fIXa
from Haematologic Technologies Inc. (Essex Junction, VT). (E) by BPTI () was analyzed according to the model
BPTI (aprotinin) and unfractionated heparin (grade I-A from depicted by Scheme 1. This model is similar to one described
porcine intestinal mucosa) were purchased from Sigma. Theby Segel 85), but with heparin acting as an affecter of
molar concentration of heparin was determined from the inhibition rather than a deinhibitor. We have made the
specific activity of the preparation (180 U/mg) using the simplifying assumption that BPTI does not inhibit fIXa in
average molecular weight of the preparation as given by thethe absence of heparin. While this is not an absolute truth,
manufacturer NI, = 18 000). The low-molecular-weight the comparatively higl; in the absence of heparin makes
heparin enoxaparin (Lovenold, = 4500) was from Aventis  this a reasonable assumption and greatly simplifies the model.
Pharmaceuticals (Bridgewater, NJ). Protamine sulfate wasin this case, the associated equilibrium terms are as fol-
from American Pharmaceutical Partners, Inc. (Los Angeles, lows:
CA). Bovine serum albumin (fraction V, fatty acid free) was
from Calbiochem (La Jolla, CA), and ethylene glycol was

from Fisher Scientific. The chromogenic substrate CBS 31.39 = E+ ES+EH+ EHS+EHI (@)
(CH3SO,-D-LGR-pNA) was purchased from Diagnostica E-S=KgES (3)
Stago (Parsippany, NJ), and the AT3.2 peptide (Ac-AGRSL-
amide) was synthesized by New England Peptide, Inc. EH-S=Kg-EHS (4)
(Fitchburg,_MA). All other reagents were of the highest E-H = K EH 5)
quality available.

Enzyme Inhibition Assay&eversible inhibition of fIXa ESH=K,-EHS (6)
amidolytic activity was measured at 25 using final
concentrations of 25 nM flXa, 5 mM Cagand the indicated EH-l = K-EHI (7)
concentrations of heparin and BPTI in HBSA buffer (20 mM sS=s, (8)

Hepes-NaOH pH 7.4, 150 mM NaCl, 0.1% BSA) in the

absence or in the presence of 30% ethylene glycol. In the feparin does not alter the kinetics of chromogenic substrate
procedure, small volumes (ﬂOﬂL) of hepa_rln and BPTI hydrolysis by fIXa (refer to Figure 1); thuks = Ks.
were added at the appropriate concentration separately toSubsequentI;Kd — K4 andk, = ky, so the velocity equation

opposite sides of an empty well of a 96-well microplate. A tor substrate hydrolysis can be written as
bolus mixture of flXa and Caglin the presence or in the

absence of ethylene glycol was then added to the well to v =Ky ES+ kEHS=K,(ES+ EHS) 9)
instantaneously mix the flXa, heparin, and BPTI. This

mixture was allowed to incubate for 15 min at 25 before with

the addition of 0.1 vol CBS 31.39 substrate (1 mM final).

The absorbance at 405 nm was then monitored for 30 min v ky(ES+ EHS) 10
in a SpectramaxPLUS' microplate reader set at 2& to Eo " E+ ES+ EH + EHS+ EHI (10)
determine initial rates of substrate hydrolysis. The small

volume of substrate addition was intentional and necessaryand

to minimize perturbation of the equilibrium formed between

flXa, heparin, and BPTI. In practice, no perturbation was v (ES+ EHS) (11)
observed based on the linear initial rates obtained. Values V., E+ ES+ EH+ EHS+ EHI

m
of initial rates were normalized to the activity obtained in

the absence of BPTI (100%) to allow comparison of Substituting the appropriate equilibrium terms for ES, EH,
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EHS, and EHI into eq 11 and rearranging yields

V= S| (12)
m Kl+—r—+——|+S
S( K1+ Kd/H))
whose reciprocal is
1 Ks 1 ( Ks)
== l+ 1+ =< 13
v V. SK(1+KyH) V, S (13)

Thus, Dixon-like plots of 1/ versus | will yield a straight
line with a slope of {Ks}/{(Vm*S'Ki(1 + Ky¢/H))} and a
y-intercept of (IW¥m)(1 + K¢/S). From eq 13, one can see
that at infinite (saturating) H, the-intercept will be—K;(1
+ SKs), which can be used to determine tkeif S andKs
are known.

By subsequently taking the reciprocal of thlepefrom
eg 13 and rearranging, we obtain

V. 'KSKy1 V. KeS
Ks H Ks

1/slope= (14)
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Ficure 1: Heparin enhances flXa inhibition by BPTI. The
inhibition of fIXa amidolytic activity by 30QuM BPTI + 1 U/mL

(306 nM) porcine heparin was investigated using 25 nM flXa, 5
mM CaCh, and 1 mM CBS 31.39 substrate as described in the
Experimental Procedures. Activities were measured both in the
absence (closed bars) and in the presence (hatched bars) of 30%
ethylene glycol. In each case, the data were normalized to the
activity obtained in the absence of inhibitor for comparison
purposes. BPTI alone had little inhibitory capacity, while heparin
alone showed no effect. The addition of both heparin and BPTI
together resulted in roughly 90% inhibition of flXa activity.
Protamine sulfate (1 mg/mL) was able to reverse the effect of
heparin but had no effect by itself over that obtained with BPTI
alone. The data shown are the mean values of at least three
determinationst the standard deviation.

were subtracted from those obtained with heparin to correct
for dilution effects. Thus, the data are presented as the change
in the corrected fluorescence intensity/K,) at a given
volume-corrected heparin concentration.

Surface Plasmon ResonanBinding interactions between
heparin and fIXa or BPTI were measured by surface plasmon
resonance (SPR) using a Biacore 3000 biosensor instrument
(Biacore Inc.). Experiments were all conducted at’25in
20 mM Hepes-NaOH pH 7.4, 150 mM NaCl, 5 mM Cagl
and 0.005% polysorbate 20 at a flow rate ofid0min. All

Based on eq 14, a secondary plot of 1/slope versus 1/H will buffer solutions were thoroughly degassed and filtered

yield a straight line with a slope ¢{Vm-Ki-S'Kg)} { Ks} and
a y-intercept of{ (Vm*Ki-S)}/{Ks}. Solving for the value of
1/H when 1/slope= 0 reveals anx-intercept for this line of

through a 0.2um membrane prior to use, and all protein
dilutions were made in this buffer. Porcine heparin was
biotinylated by the method of O’Shannes8p), essentially

—1/Kq. Thus, extrapolation of the line described by eq 14 to as described by Badellino and Wals#v). The incorporation

the abscissawill yield a numeric value from whichy can

of biotin into the heparin preparation was measured using

be determined. All linear and nonlinear regression proceduresan EZ Biotin Quantitation Kit (Pierce) and yielded a molar

for analysis of inhibition data were performed using Slide-

ratio of 0.6 mol/mol. Biotin-heparin was captured onto a

WritePlus6.0 (Advanced Graphics Software), which uses the Streptavidin sensor surface (SA chip) to a level of 7.2 RU.

Levenberg-Marquardt algorithm.
Fluorescence Intensity Measuremeritgeparin-induced

For equilibrium experiments, additional biotin-heparin sur-
faces were prepared at 265 and 824 RU to increase signals.

changes in the fluorescence emission intensity of dansyl-Binding of BPTI to the prepared surfaces was measure in

labeled fIXa (dEGR-flXa) were measured using an SLM

real time, and the surfaces were regenerated between sample

8000 spectrofluorometer. Each reaction mixture contained injections ly a 1 min injection 65 M NacCl to remove the

220 nM dEGR-fIXa in 20 mM HepesNaOH pH 7.4, 150
mM NaCl, 5 mM CaCJ, 0.2 mg/mL BSA, and 0.01% Tween
20 in a volume of 800uL. The sample was stirred
continuously with a magnetic stirrer. The excitation and
emission wavelengths were settg = 340 nm andlem =
540 nm (8 nm slit widths). Initial intensity readings were
taken of dEGR-flXa aloneH), after which the sample was

bound protein and regenerate the heparin surface. For each
injection, the sample was passed over a reference flow cell
(no heparin) followed by the heparin flow cell in series, and
real-time subtraction of any nonspecific interactions was
performed. The data shown indicate response differences
between the reference and heparin flow cells.

TheKg value for BPTI binding to heparin was determined

titrated with heparin. After each heparin addition, the sample by equilibrium SPR experiments from plots®f, (response

was allowed to stir with slits closed for 10 min before the
fluorescence intensity was recorded over a 10 s inteR)al (

difference at equilibrium) versus the injected concentration
of BPTI over three different heparin surface densities (see

For each experiment, a reference experiment was performedabove). The data were fit to a standard hyperbolic binding
using buffer as the titrant (no heparin), and these intensitiesisotherm by global fitting using Scientist for Windows
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version 2.01 (MicroMath, Inc., Salt Lake City, UT), which
uses a modified Powell algorithm (Powell’s variant of the
Levenberg-Marquardt algorithm) for nonlinear least-squares
fitting.

Peptide Hydrolysis Assayhe peptidolytic activity of flXa
was measured at 2% using 1 mM pentapeptide substrate
AT3.2 and 25 nM fIXa in 20 mM HepesNaOH pH 7.4,
150 mM NaCl, and 5 mM CaglReactions were performed
in the absence or in the presence of 309 nM (1 U/mL)
heparin, 30% ethylene glycol, or both. For each reaction, 0
aliquots were removed from the incubation at the indicated
times into 0.1% TFA/HO and analyzed by HPLC over an BPTL,uM
Absorbosphere g column using a 650% acetonitrile FIGURE 2: Kinetic analysis of BPTI inhibition of fIXa. The BPTI
gradient to separate unhydrolyzed peptide substrate from thedependence of inhibition of flXa (25 nM) was examined by varying

g o _ami the concentration of BPTI (indicated) in the absence (closed
two hydrolyzed products (Ac-AGReoHandNH,-SL-amide). symbols) and in the presence (open symbols) of 1 U/mL (306 nM)

The two product peal_<s ge_ryerated as well as the remainingheparin, and in the absence (squares) and in the presence (circles)
substrate peak were identified by absorbance at 215 nm byof 30% ethylene glycol. The arrow indicates the effect of the
comparison to the retention times obtained in trial runs gd]gltlon OLptrot?mlgziulfaﬁ h(l ggtlan%l-)st)ﬂu”ng tpte lhthbatlgfl step
performed with trypsin. The substrate and product peaks atP€!ore substrate addition. The darax ) were nit with €q - to.
each time point were quantified by peak integration using determine values df; ~ 0.7 mM for BPTI in the absence of heparin

- andK; = 37 + 6 uM for BPTI in the presence of heparin.
the supplied HPLC software. These peak areas were normal-

ized to either the initial substrate peak area obtained at time;j, the presence of ethylene glycol. In each case, protamine
zero (for determining substrate remaining) or the final g ifate was able to reverse the effect of heparin.
combined product peak areas obtained after complete hy- . . L

b P P y Heparin action in supporting inhibition of proteases often

drolysis with trypsin (for determining product generated). . B b .
Time courses in the presence of ethylene glycol resulted in mvolves a "template™like effecta4, 25) due to its large

hydrolysis of greater than 10% of the substrate over the i:ﬁe(ilrllgr-vrcgiltlﬁtlieSIgi;so;n:gﬁgftcr;%n—. é%o%or?gisgegor\:v'
course of the assay. Thus, to account for potential substrate 9 P -
hown not to support these template-like effects and have

depletion effects in these cases, initial rates were estimate een used very successfully to dissect the inhibition of several
by fitting the data with the second-order polynomial equation blood | 3{ i y ith antith K39\ Th
p = a+ bt + ct?, wherep is product (or substrate) at any 00d coaguiation proteases with antithrom .)( us,
given time,a is they-intercept,b is the initial rate, anda is we examined the effect of_the low-molecular-weight heparin
the quadratic constant describing the rate of change of theShoxaparin (LovenoxM, . 4500) in 'Uh'b't'of‘ assays to
slope with time.t. test the_rolg of template_-llke effe_cts in fIXa inhibition by
' BPTI. Titration of fIXa with BPTI in the presence of M
RESULTS enoxaparin (Figure 3A) showed inhibition of fIXa similar
to that observed in the presence of porcine hep#in; 70
Heparin_Dependent |nh|b|t|on Of ﬂXa by BPHactor IXa + 12#'\/' Titration Of fIXa W|th enOXaparin at constant BPTI
has been found to be reactive with Kunitz-type inhibitors to (Figure 3B) indicated saturation of this effect by 300 nM
varying degrees29, 30, 38). In an initial examination of  (Kos = 42+ 8 nM).
the inhibition of flXa by the Kunitz-type inhibitor BPTI, we Analysis of the BPHHeparin Interaction Although the
found that fIXa was not inhibited well by this inhibitor studies with enoxaparin did not support a template-like
(Figure 1). Previous studies by us and othdr (L5) have mechanism, in pilot studies we found that BPTI could bind
shown that hygroscopic reagents such as ethylene glycol carweakly to a HiTrap Heparin-Sepharose column (data not
enhance the amidolytic activity of flXa. Thus, we examined shown). To further characterize this interaction and gain
the potential for ethylene glycol to enhance the reactivity of further insight into this potential mechanism of BPTI
flXa with BPTI. No enhancement of reactivity with BPTI inhibition of flXa, we examined the ability of BPTI to bind
was observed. Since flXa is known to contain a heparin- to heparin using surface plasmon resonance. Porcine heparin
binding exosite, we also examined the potential for heparin was biotinylated and captured on a streptavidin (SA) bio-
to alter the reactivity of flXa. Although no significant effect sensor chip, and various concentrations of BPTI were passed
of heparin was observed on fIXa amidolytic activity, we over the prepared surface. Visual examination of the kinetics
found a dramatic effect on the reactivity of flXa with BPTI. of binding of BPTI to heparin revealed that this binding
In the presence of 1 U/mL heparin, fIXa amidolytic activity interaction is characterized by extremely rapid on-and-off
was reduced to less than 10% of its initial activity by 300 rates (Figure 4A), indicating an unstable interaction. Since
uM BPTI. Protamine sulfate, which binds to and inactivates these rapid rates precluded the accurate determination of on-
heparin, was able to reverse this inhibitory effect to that and off-rate constants, the affinity of BPTI binding to heparin
observed for BPTI alone. More detailed kinetic analysis of was determined by a series of SPR equilibrium binding
the inhibition of fIXa by BPTI in the absence and in the experiments. Response differences were obtained at equi-
presence of 1 U/mL (306 nM) heparin revealed thatkhe librium (Req the plateau phase of each sensorgram) for
for inhibition was reduced roughly 20-fold from0.7 mM various concentrations of BPTI on three different heparin
in the absence of heparin to 37 6 uM in the presence of  surfaces. ThesR. values were plotted versus BPTI con-
heparin (Figure 2). The inhibition profiles were unchanged centration to yield the equilibrium binding isotherms shown

Percentage Initial Activity

1 1 1 L 1 L 1 1 1 1 —
T

0 50 100 150 200 250 300
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Ficure 3: Low-molecular-weight heparin supports inhibition of
flXa by BPTI. (A) The inhibition of flXa (25 nM) by BPTI was
examined as described for Figure 2 in the presence @Ml
enoxaparin (Lovenox) in place of full-length heparin. Fitting the

0O 100 200 300 400 500 600 700 800

data with eq 1 yielded a value &f; = 70 + 12 uM. (B) The BPTI, uM
dependence of fIXa inhibition on enoxaparin was examined by ) o ) N
varying the concentration of enoxaparin (indicated) using2d0 Ficure 4: SPR studies of the BPFheparin interaction. The ability

BPTI. The inhibition is incomplete at the level of BPTI used here of heparin to bind BPTI was examined by surface plasmon

(see panel A). Fitting the data with eq 1, allowing a nonzero value resonance. (A) Increasing concentrations of BPTI (3, 6, 12, 25,

of C (see the Experimental Procedures), yielded = 42 + 8 49, 99, 198, and 396M, bottom to top) were injected over a low-

nM, which largely reflects the binding of enoxaparin to flXa under density heparin surface at a flow rate ofdidmin, and the binding

the conditions used. to the surface was monitored in real time. The data have been
corrected by subtracting out a zero BPTI control injection (buffer

P— : . only) as well as any nonspecific binding (reference cell) to show
in Figure 4B. Global analysis of the data with a rectangular the response difference between the experimental and reference

hyperbolic binding isotherm yieldedi& of 172uM and @ syrfaces. BPTI binding was characterized by fast kinetics and
stoichiometry o~18—20 BPTI molecules per heparin chain. reached equilibriumReg within 30-60 s. Off-rates were also

This was reproducible with enoxapariky(= 177 uM) but characterized largely by fast kinetics and showed signs of rebinding
; ‘i . at high BPTI concentrations. (B) Equilibrium binding isotherms

Wlth_ a If)wer st0|Fh|ometry of 3'_1 (not shown). ) were generated usingeq values obtained at 200 s (see panel A)
Kinetic Analysis of the HeparinflXa—BPTI Interaction. for the indicated BPTI concentrations injected over three indepen-

The interaction of heparin with fiXa and the potential kinetic dent flow cells of different heparin densities (7.2 RU, diamonds;
mechanism of the heparin-dependent flXa inhibition by BPTI 265 RU, triangles; 824 RU, circles). Global fits of the data with a

. . . . L standard hyperbolic binding model (shown) yielded a valuk&of
were investigated by activity assays using the kinetic model —"175 ,m and a stoichiometry of roughly 18 BPTI molecules per

described by Scheme 1. Inhibition experiments were per- heparin chain. The inset shows the data obtained with the lowest
formed at a limiting concentration of fliXa (25 nM) and density heparin surface in expanded form for clarity.

different concentrations of enoxaparin with varying BPTI

levels. The data were plotted in Dixon-like fashion according heparin-fiXa interaction, which was supported by SPR
to Scheme 1 and eq 13 (Figure 5A). Increasing levels of analysis (not shown).

enoxaparin resulted in increasing slopes, supporting increased The interaction of heparin with flXa, and the potential for
reactivity with inhibitor as expected. The slope reached a heparin to modulate the flXa active-site region, was further
maximal value at roughly &M enoxaparin, consistent with  examined by monitoring the fluorescence emission intensity
the saturation level observed in Figure 3B. At this saturating of active-site-inhibited dansyl-labeled fIXa (dEGR-fIXa) as
amount of enoxaparin, theintercept yielded a value fdg; it was titrated with heparin. The results (Figure 6) clearly
of roughly 52uM, which is in excellent agreement with the  show that heparin binding to dEGR-fIXa increases the
Ki obtained in Figures 2 and 3A using eq 1. The slopes of fluorescence emission intensity of the dansyl moiety of the
the lines obtained in Figure 5A were subsequently used in ainhibitor in the active-site cleft of flXa. This alteration in
secondary double reciprocal plot of 1/slope versus 1/enox- fluorescence emission was not simply due to effects of
aparin, as described by eq 14 (Figure 5B). As predicted by heparin on the dansyl moiety of the inhibitor, since titration
the model, the relationship was linear, with the extrapolated of dEGR-ck with equivalent levels of heparin produced no
x-intercept yielding a value oKy = 128 + 26 nM for the change in fluorescence emission intensity. The high levels
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L B FIGURE 6: Heparin alters the environment of the extended flXa
c | ] active site. The fluorescence emission intensity of dEGR-flXa (220
g 1500 nM) was monitored at 540 nm in the presence of increasing levels
E
Sy of heparin (indicated). The data are presented as the ratio of the
51 L observed fluorescence to the initial fluorescengé§) and are
2 1000 ) :
corrected for buffer and dilution effects. Heparin caused a concen-
_g- r tration-dependent and saturable increase in the fluorescence emis-
W 500 1 sion intensity of dEGR-flXa (open circles) but not of the free label
E dEGR-ck (closed circles). This shows an alteration in environment
of the extended fIXa active site in the vicinity of the dansyl dye

0 : . . . ) and reveals nanomolar affinity for the hepariiiXa interaction
4 o 10 20 2 4 50 (Kos ~ 90 nM).
K, 1f[Enoxaparin], M- . . .

e _ : Thus, we examined the activity of flXa toward a synthetic
Ficure 5: Kinetic and mechanistic analysis of the hepaffitKa— ¢ tid bstrate (AT3.2) based th ti it
BPTI interaction. (A) Reciprocal plots showing the effect of pentapeptide substra e_( : ) based on the reactive-site
enoxaparin on BPTI inhibition of fIXa. Different concentrations Sequence of antithrombin, which is known to inhibit fIXa in
of enoxaparin M, 0.02;00, 0.04;®, 0.1; andO, 0.15uM) were a heparin-sensitive manner. Unlike chromogenic substrates,
incubated with 25 nM fIXa and varying amounts of BPTI thjs pentapeptide consists of all natural amino acids (

(indicated) and assayed as described in the Experimental Proceduresrsomers) and contains three residues on the amino-terminal
The results were analyzed as described by Scheme 1 using eq 13.

At saturating enoxaparin (M), the x-intercept (roughly-83 M) Side of the s<_:|SS|Ie_ bond as WeI_I as two reS|du_es on the
is equal to—Ki(1 + SKg). Using the experimental vaiue of 1 mM  carboxyl-terminal side, thus probing a wider region of the
for S andKs ~ Ky, = 1.7 mM under the conditions used (not active-site cleft. Identification of the intact pentapeptide
shown), a value oK; = 52uM was determined. This is in excellent g pstrate and the two cleavage products was done by HPLC

agreement with th&; determined in Figures 2 and 3A. (B) Double . .
reciprocal plots of 1/slopes (obtained from fits of eq 13 to data (Figure 7A). Although flXa typically does not show strong

from panel A) plotted versus l/enoxaparin concentration as €activity with small peptide substrates, time-dependent
described by Scheme 1 and fitted with eq 14. Extrapolation of the hydrolysis of this pentapeptide was observed with fIXa alone
fitted line to thex-intercept yielded a value d&€q = 128 + 26 nM (Figure 7B and Table 1). In the presence of saturating levels
for the heparir-flXa interaction, consistent with the data obtained ¢ heparin, this rate was increased roughly 2- to 6-fold. As
by fluorescence (Figure 6). a comparison, ethylene glycol caused a roughly 3- to 14-
fold increase in rate, while the combination of ethylene glycol
and heparin produced a roughly 4- to 16-fold increase in
the rate of hydrolysis. No hydrolysis of this pentapeptide
substrate was observed over a 24-h period in the absence of
£nzyme or by heparin alone.

of fIXa required in this assay precluded the data from being
used to determine a precise affinity, but tkgs value of
roughly 90 nM supports the results obtained above. In
addition, and of greater interest, the alteration of the
fluorescence emission intensity of the dye suggests alteration
in tht_a environment of the flXa active-site region upon heparin DISCUSSION

binding.

Effect of Heparin on flXa Peptidolytic Aetty. The altered The data presented clearly demonstrate that heparin
fluorescence of dEGR-fIXa upon heparin titration observed enhances the reactivity of flXa with BPTI. On the basis of
above prompted us to further examine the potential for a previous studies, it seems reasonable to assume that the
productive effect of heparin on the fIXa active-site region. observed binding of heparin occurs at the heparin-binding
Although heparin did not show any significant effect on the exosite on flXa 16). While the ability of BPTI to also
activity of flXa toward a small tripeptidyl chromogenic interact with heparin at physiological pH added a great deal
substrate (cf. Figure 1), this substrate (CBS 31.39;%b+ of complexity to the kinetic analysis, several lines of evidence
D-LGR~pNA) includes residues only on the amino-terminal suggest that the effect of heparin is due to environmental
side of the scissile bond and contains a non-nateahino and/or structural alterations in the active-site region of fIXa
acid at the amino terminus. We thought it possible that effects as opposed to alterations in BPTI or a template-like mech-
of heparin on the active-site region of flXa may remain anism of action 24, 25): (i) The effect of heparin on fIXa
undetected by this synthetic substrate but may perhaps beeactivity is reproduced with the low-molecular-weight
detectable using longer and more natural substrate sequencebseparin enoxaparin (Figure 3A). (ii) Although BPTI can bind
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Ficure 7: Heparin enhances fIXa peptidolytic activity. \Mydrolysis of 1 mM AT3.2 pentapeptide by 1 nM trypsin versus 25 nM flXa.

Typical HPLC profiles used for separation and identification of the intact (undigested) peptide substrate and the two peptidolytic products
are shown for 0 and 30 min (trypsin) or 0 and 120 min (flXa; incomplete hydrolysis). The retention times for the peaks of interest are
indicated. At time zero, only the undigested substrate peak is apparent (retention time of 8 min). The substrate is digested over time to
generate two products, giving rise to two new peaks at retention times 6.1 and 6.3 min. (B and C) Hydrolysis of the AT3.2 pentapeptide
by 25 nM flIXa alone (circles) or in the presence of 1 U/mL heparin (squares), 30% ethylene glycol (triangles), or both (diamonds). Panel

B shows the generation of products as determined by integration of product peaks over time. The data were normalized to the area obtained
for 100% digestion. Panel C shows the utilization of substrate as determined by integration of the substrate peak over time. The data were
normalized to the area obtained at time zero. Initial rates were determined as described in the Experimental Procedures and are given in
Table 1.

Table 1. Initial Rates of AT3.2 Peptide Hydrolysis by fEXa The_ latter result demonstrates a . modylating . effect of
heparin on the extended flXa active-site environment,
substrate product N

hydrolysis  fold generation  fold although the .Iev-ellt-)f the effect is s!gnlflcantly smaller tha_n
rate increase rate increase the effect on inhibition by BPTI. This suggests that heparin
(nM/min/nM) inrate (nM/min/nM)  in rate may have multiple effects, or may affect multiple elements

fixa 55 — 19.6 — of the fIXa—BPTI interaction, not the least of which may
;:ia i E%Parin 73‘?.31 1555 63:;}52 ?}26 be the establishment of a tight inhibitory complex from the

a . _ . _ S )

fixa + Hep-- EG 877 =9 723 37 initial loose complex, as observed for the modulation of

thrombin by thrombomodulin and its subsequent interaction

2Initial rates of AT3.2 pentapeptide hydrolysis were determined by \ith BPTI (32). The ability of BPTI to interact with heparin
integration of substrate and product peaks as described in Figure 7 and

the Experimental Procedures. The data are normalized to the concentral”! the present study, however, confounded a similar non-

tion of fiXa used (25 nM) to yield rates in units of nM/min per nM  €quilibrium kinetic study to examine this possibility. It is
enzyme. Fold increases in activity by 1 U/mL heparin (Hep) and 30% important to note that, despite the evidence against a template
ethylene glycol (EG) were calculated based on the rate obtained for mechanism in the heparin-dependent inhibition of fIXa by

flXa alone. Heparin resulted in a 2- to 6-fold increase in hydrolysis L G .
rate, EG resulted in a 3- to 14-fold increase in hydrolysis rate, and BPTI, we cannot definitively rule out the possibility that this

heparin plus EG resulted in a 4- to 16-fold increase in hydrolysis rate. Plays some role in the overall _inh.ibition SCheme- It is
interesting to speculate that the binding of heparin to BPTI

may be of consequence in stabilizing the already-formed
heparin-flXa—BPTI tertiary complex. This stabilization

to heparin, this interaction is extremely unstable, as indicated
by the rapidity of the kinetics, and is of a very weak affinity

compared to the measured inhibition constant and interactionWOUId not be apparent'in the eq'uilibrium-.type. experiments
of heparin with fiXa (Figure 4). (i) Functional assays of performed here. Investigating this possibility is beyond the

enoxaparin-dependent inhibition of fiXa (Figure 3B) reflect SCOP€ of the present study, however, and must await future
the nanomolar affinity of heparin binding to flXa as opposed Study:

to the micromolar affinity of heparin binding to BPTI, Our results are consistent with similar studies by others
suggesting that heparin binding to BPTI is inconsequential and us with the related blood coagulation factors thrombin
in formation of the initial inhibitory complex. (iv) Heparin  and factor Vlla 82, 40) and extend to fIXa the observation
causes a change in the fluorescence emission intensity of ghat modulation of the environment of the extended active-
dansyl dye located in the extended active-site cleft of fIXa. site region by a cofactor results in enhanced reactivity with
(v) Heparin enhances the activity of fIXa toward a small BPTI. While we also observed an enhancing effect of heparin
pentapeptide substrate. on the reactivity of flXa with TFPI (increase in inhibition
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from 40% to 50% by M enoxaparin at 286 nM TFPI; not  and/or effects of bridging of antithrombin with its target, as
shown), the ability of the C-terminus of TFPI to bind to with thrombin @4, 25). It is now apparent that an additional
heparin with high affinity and the presence of three inhibitory effect may play an equally vital role: the ability of heparin
domains in TFPI complicates interpretation of this finding. to alter the extended active-site environment of flXa to
Thus, it is currently unclear if this enhancing effect is enhance its reactivity. The actual consequences of this effect
observed with other Kunitz-type inhibitors. With respect to on inhibition of fIXa by antithrombin, however, are as yet
BPTI, it has been observed for several blood coagulation unclear and are currently being investigated.
proteases, including flXa, that amino acid 192 (using As a final point, it is of interest to note that heparin alone
chymotrypsin numbering) is important for substrate and has been shown to inhibit factor X activation by fIXa via a
inhibitor recognition 80, 32—34, 40, 41). While in fVlla, noncompetitive mechanisnd). This can be explained in
fXa, thrombin, and protein C the presence of GIn at position part by heparin and factor X sharing an exosite on fIX3 (
192 has been found sufficient to enhance inhibition by BPTI, The recent study by Rezaie et al. supports this proposed
this is apparently not the case with flXa, which contains a substrate-binding region of fIXa as also being the heparin-
GlIn at this position (analogous to fXa) but requires further binding site 26). The implication of this in the context of
modulations to allow inhibition by BPTI. Thus, other regions our present findings is that factor X may also act to modulate
of fIXa are likely involved and are of importance in the fIXa upon its interaction with this exosite, thus facilitating
modulatory effect of heparin. Identification of these regions its own proteolysis in a form of “substrate-assisted” catalysis.
is currently under investigation. Although intriguing, this possibility is beyond the scope of
While we found an effect of heparin on the activity of the present study, and its investigation must await future
flXa toward a pentapeptide substrate, the effect was lower studies.
than that observed with BPTI (4-fold versus 20-fold) and
was not universal toward all substrates (i.e., the chromogenicACKNOWLEDGMENT
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