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ABSTRACT. The effects of several polyanions on the hydrolysis of the chromogenic sulsfateglutamyl-
L-prolyl-L-arginylp-nitroaniline (S-2366) and on the activation of factor IX by factor Xla have been
investigated. Two forms of dextran sulfatd,(~500000 andVi; ~10000, DX10) and two forms of heparin

(64 disaccharide unitdyl, ~14000, and hypersulfated heparin, S-Hip,~12000) inhibited both factor

Xla amidolytic activity and factor I1X activation in a concentration-dependent manner. The inhibitory
effect was not due to binding of either substrate by the polyanions since only a decr&aggviithout

any effect orK,,, was observed in kinetic assays. Steric inhibition is unlikely since the concentrations of
polyanions required for inhibition of small peptide hydrolysis were lower than those required for
macromolecular substrate cleavage. In contrast, an allosteric inhibitory mechanism was supported by an
enhancement of the dansyl fluorescence of 5-(dimethylamino)-1-(naphthalenesulfonyl)glutamyl-
glycylarginyl- (DEGR-) factor Xla observed when the fluorophore was in complex with either DX10 or
S-Hep. Moreover, in the presence of a polyanion the fluorophore was far more resistant to quenching by
acrylamide. These results provide compelling evidence that factor Xla binding to the polyanions, dextran
sulfate and heparin, results in inhibition of the enzyme by an allosteric mechanism.

Factor XI (FXI)}! a serine protease zymogen of 160 kDa, inhibitor rapidly inactivates this pathway. Propagation of
has an essential function as an amplifier of blood coagulation coagulation is facilitated by thrombin-catalyzed generation
in response to vascular injuryl,(2). It consists of two of FXla, which initiates the intrinsic pathway of blood
identical subunits (80 kDa) held together by a single disulfide coagulation, leading to the generation of sufficient quantities
bond @) and circulates in plasma in complex with high of thrombin to effect hemostasis.
molecular weight kininogen (HK) at a concentration of 30 The role of FXIa in the formation of a fibrin clot requires
nM (4). Patients with FXI deficiency, unlike those with i tight regulation. Several protease inhibitors that are known
deficiencies of factor XII (FXIl), HK, or prekallikrein, suffer {5 innibit EXla area-1-antitrypsin (1), C1 inhibitor (2,
from abnormal hemostasis, suggesting that under normal13)’ antithrombin 111 (L4), and protease nexin Il (PN2).%—
physiological conditions FXI is not activated through the 1) The first three inhibitors, which belong to the family of
contact activation pathwayl(5—8). FXI has been shown  gerine protease inhibitors (serpins), are characterized by
to be activated by thrombin in the presence of a negatively josociation rate constants of (80) x 10* M sL.
charged surfacel( 2) as well as on the activated platelet Binding of FXla to PN2, a Kunitz-type protease inhibitor
surface 9, 10). FXI activation by thrombin is particularly  o1eased from activated platelet®, is much tighter K; ~

relevant to the revised theory of blood coagulatianZ). 450 pM) (15, 17, 18). At the site of vessel injury activated
According to this theory thrombin generated through the ,)aelets can discharge large quantities of PN2 into a nascent
tissue factor-factor Vlla (FVlla) pathway is insufficient to  ,-ombys. This process together with the tight association
produce an adequate fibrin clot, since tissue factor pathway ¢qnstant of this inhibitor with FXIa suggests that PN2 is an
important regulator of FXla and of the procoagulant response
f This study was supported by research grants from the National t0 vascular damage. It is interesting that a negatively charged
:Dns"\}imwtfis of Health: HL74124, HL46213, HL64943, and HL70683 (to  surface that potentiates activation of FXI by thrombin, FXlla,
“*To whom correspondence should be addressed. Telephone: 215'gr[\|le|?halso| en?inces.macur\]/atlor: Oft.F).(Ia b)f/ .serp!ns .and
707-4458. Fax: 215-707-3005. E-mail: dipali@temple.edu. - The role of heparin in the potentiation of inactivation
*The Sol Sherry Thrombosis Research Center, Temple University of thrombin and factor Xa (FXa) through their major inhibitor

School of Medicine. . antithrombin 11l has been widely studie@q, 21). While a
§ University of Pennsylvania.

' Departments of Medicine and Biochemistry, Temple University ternary CQmP'eX bridging me_Chan'Sm pro_mOteS Inactivation
School of Medicine. of thrombin @0), an allosteric conformational change that
! Abbreviations:  S-2366 L-pyroglutamylt-prolyl-L-arginylp-ni- recognizes an exosite on the proteinase is involved in the

troaniline; S-2765N-a-benzyloxycarbonyb-arginyl+-glycyl-L-arginyl- it ; ati i
p-nitroaniline dihydrochloride; FXI, factor XlI; HK, high molecular potentiation of FXa inactivation2(). As in the case of

weight kininogen; PN2, protease nexin Il; DEGR-Xla, 5-(dimethyl- thrombin inhibition by antithrombin Il in the presence of
amino)-1-(naphthalenesulfonyl)glutamylglycylarginyl-factor Xla. heparin, enhanced inactivation of FXla by serpins or PN2
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in the presence of heparin has been postulated to occur by and the reaction was stopped by diluting the reaction mixture
template mechanism through colocalization of the enzyme by 10-fold with ice-cold TBS/BSA containing 10 mM
and the inhibitor on the same heparin molec@2 @3). In EDTA. In the second stage of the assay, 5 opd0of the
these studies, however, no attempt was made to investigataliluted reaction mixture containing generated FIXa in the
any alteration in functional activity when FXla forms a first stage described above was incubated with PC/PS (3:1)
complex with a polyanion. The present study was designed unilamellar vesicles in a total volume of 144 for 2 min

to address this question and to establish whether binding toat 37 °C, followed by addition of 1QuL each of freshly

a polyanion is translated into a conformational change in activated FVIII (FVIlla) and FX, and the incubation was

the proteinase. continued for another 3 min at 3. The final concentra-
tions of PC/PS, CaglFVllla, and FX in this mixture were
EXPERIMENTAL PROCEDURES 1 uM, 5 mM, 2.5 units/mL, and 400 nM, respectively.

Generation of FXa was terminated by addition of 5 of
FXla, FIX.’ FXa, and I_DEGR-XIa were purphased frc_)m EDTA (250 mM). In the third stage, 40L of the reaction
Haematologlc _Technologles, Inc. (E§sex Junction, VT). H|gh- mixture was mixed with 4L of S-2765 (0.70 mM), and
purity recombinant FVIIl was obtained as a generous gift the change in absorbance at 405 nm was followed on the
from Baxter Healthcare Corp. (Duarte, CA). Dextran sulfate Thermomax microtiter plate reader (Molecular Devices,
MrstOO.OOO (stoolgj’ de.xtran su]!famrglooogéDX.lO)l,C Menlo Park, CA). PC/PS (3:1) unilamellar phospholipid
and bovine serum aibumin were from sigma Lhemical L0. , agicjeg were prepared according to the protocol described
(St. Louis, MO). Fractionated heparin of 64 disaccharide by Mayer et al. 26). In short, porcine brain PS ando-
units (Hep 64M; ~14000) was obta_ined in limited quantities dioleoyl-PC (Avanti Polar Lip}ds, Alabaster, AL), stored in
from Enzyme Research Laboratories, Inc. (South Bend, IN), chloroform at 2°C, were mixed 1:3 and, after evaporating
and was available only for certain experiments. Hypersulfated the chloroform unaer N were dissolved, in benzene. The
lhepansn (SLHep,daverggﬂr 'FhlZO%O) was frt_:m Nsotpgllrln, mixture was lyophilized and hydrated in aqueous buffer over
ne. (San Leandro, )'. € chromogenic substrales 5 period of 30 min with occasional mixing. Vesicles thus
pyroglutamyle-prolyl-L-arginyl-p-nitroaniline (S-2366) and ¢, 04 \ere disrupted by repeated freeze/thaw cycles and
N-a-benzyloxycarbonyb-arginyl-+L-glycyl-L-arginyl-p-ni- finally extruded using 0.Lm polycarbonate filters (Coster
troaniline dihydrochloride (S-2765) were from DiaPharma Corp., Cambridge, MA)
Group_ (Stockholm, Sweden). Al.l other chemlcals were of For kinetic analysis of the effect of a polyanion on FXla-
analytical grade or the best quality commercially available. catalyzed activation of FIX, the same three-stage assay
Effects (_)f Polyanlon_s on_the Clesge of S-2_366 by FXla.  described above was performed using increasing concentra-
FXla was incubated with either buffer or various concentra- tjons (0.08-250 nM) of FIX for a fixed concentration of
tions of DX500, DX10, Hep 64, or S-Hep in the wells of a = the polyanion under investigation, and the initial steady-state
microtiter plate for 10 min at room temperature in a total (ates of S-2765 cleavage were measured by continuously
volume of 25uL. One hundred_ml_crollters of S-2366 (1.25 monitoring absorbance at 405 nm. FIXa generated was
mM) was then added, and the initial rates of cleavage of the ¢g|culated from a standard curve of FXa generation con-
substrate were measured at°8€7in a Thermomax microtiter gty cted using known amounts of FIXa.
plate reader (Molecular Devices, Palo Alto, CA) in the 14 ensure that the observed inhibitory effect assessed from
kinetics mode and plotted versus the concentrations of theg_57g5 hydrolysis in the third stage of the assay is not due
polyanion l_Jsing KaleidaGraph from Synergy Software, PCS {5 the binding of the polyanion to FIXa, FX, or FXa, the
Inc. (Reading, PA). o carryover polyanion from the first stage was neutralized with
~ To analyze the nature of the inhibitory effect, FXla was polybrene before being added to the FXa-generating reaction
incubated with buffer or a fixed concentration of the mixture. Addition of a 2-3-fold molar excess of polybrene
polyanion to be examined for 10 min at room temperature, over the carryover polyanion was found to generate a
followed by addition of increasing concentrations of the standard curve identical to that when FlXa alone was used.
substrate S-2366 (0.63.0 mM). The final concentration  Titration curves of FIXa formation as a function of FIX
of FXla in the reaction mixture (150L) was 3 nM. The  concentration and the corresponding double reciprocal plots
change in absorbance at 405 nm was measured to determingere generated by KaleidaGraph as described in the previous
the initial velocity of freep-nitroaniline formation. Titration section.
curves of S-2366 hydrolysis were generated by KaleidaGraph  Effects of Polyanions on the Dansyl Fluorescence of
using a nonlinear least-squares fit of data points to an DEGR-Xla.Fluorescence measurements were performed on

equation for a rectangular hyperbolg:= ax/(b + X). The an SLM-AMINCO/Bowman Series 2 spectrofluorometer

same software program was also used for double reciprocal(Thermo Spectronic, Rochester, NY). Emission spectra of

plots. DEGR-Xla in the absence and presence of various concen-
Effect of Polyanions on the Aettion of FIX by FXla. trations of DX10 or S-Hep were recorded using an excitation

The effects of the polyanions on the activation of FIX by wavelength of 340 nm. The excitation and emission slit
FXla were assessed by a modification of the method widths were set at 4 nm.

described earlier24, 25). FXla was incubated with buffer Quenching of Dansyl Fluorescence of DEGR-Xf&io-

or increasing concentrations of DX10, DX500, or S-Hep for rescence quenching studies were done using the neutral
10 min at room temperature and added to FIX in the presencequencher acrylamide. Fluorescence emission of DEGR-Xla
of 5 mM CacC}. The final concentrations of FXla and FIX was measured in the absence and presence of different
in the reaction mixture were 1 and 250 nM, respectively. concentrations (60.5 M) of acrylamide. Fluorescence at
The activation was allowed to proceed for 2 min at°&7 each concentration was corrected for dilution effect. Colli-
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Ficure 2: Effect of DX500, DX10, and S-Hep on the activation

of FIX by FXla. FXla was incubated with different concentrations
of DX500 (@) (shown in the inset), DX10&), or S-Hep W) for

10 min before addition of the macromolecular substrate FIX; the
final concentrations of FXla and FIX were 1 nM and 250 nM,
respectively. Generation of FIXa was measured by a three-stage
assay described in detail in the Experimental Procedures section.

Polyanion { uM)

Ficure 1: Effects of DX500, Hep 64, DX10, and S-Hep on S-2366
hydrolysis by FXla. FXla (20 nM) was incubated without or with
various concentrations of DX50@®] (shown in the inset), Hep 64
(#), DX10 (@), and S-Hep M) for 10 min at room temperature
and then assayed at 3T for S-2366 hydrolysis. Data points
represent triplicate determinations (me#nSEM) derived from
one of two experiments with identical results. concentration-dependent inhibition of FIX activation with
saturable maximal inhibition by DX500 (86%), S-Hep (54%),
; . and DX 10 (51%), respectively. Hep 64 could not be
Volmer equation £7): compared along with DX500, DX10, and S-Hep shown in
FfF =1+ quo[Q] =1+ Ky[Q] Figure 2 because of unavailability of the reagent at the time
the experiment was done. However, previously we examined
whereF, andF are the fluorescence intensities in the absence Hep 64 alone in the FIX activation assay and found
and presence of the quencher, respectivielys the bimo- maximum inhibition at~70—80% at a concentration of 0.42
lecular quenching constant, is the lifetime of the fluores-  «M (data not shown). Since all four polyanions demonstrated
cence in the absence of the quencher, and [Q] is thesimilar inhibitory effects, we focused all of our subsequent
concentration of the quencher. The Ste¥olmer quenching  studies at defining the mechanism of inhibition on the two
constant is given bigo or K. Modification of Sterr-Volmer polyanions with similatM, and charge characteristics, i.e.,
plot according to Lehrer2@) is given by DX10 and S-Hep.
Kinetics of S-2366 Hydrolysis by FXla in the Presence
FyAF = 1K[Q] +1 and Absence of DX10 and S-H&ince inhibition of S-2366
) ) hydrolysis by FXla could possibly result from binding of
and is more useful wheAF is very small at low quencher  {he nolyanions to the small substrate S-2366, we examined
concentration and also when more than one kind of quencher+ne effects of polyanions on FXla amidolytic activity. Rates
sensitive fluorophore is present. of cleavage of S-2366 at increasing concentrations of the
RESULTS substrate were examined at different fixed concentrations of
DX10 (Figure 3) and S-Hep (Figure 4). The insets in each
Inhibition of S-2366 Cleeage by FXla in the Presence figure represent double reciprocal plots. It is quite clear that
of Polyanions.Rates of hydrolysis of the chromogenic both DX10 and S-Hep altered thé,.x of the hydrolysis
substrate S-2366 by FXla in the absence and presence ofeaction whileKy, (~0.4 mM) remained unchanged. There-
different concentrations of DX500, DX10, Hep 64, and fore, the observed inhibition could not be the result of binding
S-Hep are shown in Figure 1. All of the polyanions inhibited of the polyanions to S-2366.
the hydrolysis reaction in a concentration-dependent manner, Kinetics of FIX Actiation by FXla in the Presence and
with saturable inhibition observed at polyanion concentra- Absence of DX10 and S-Hefhe observed inhibition of FIX

sional quenching of fluorescence is described by the Stern

tions greater than bg/mL (~0.1 nM DX500,~0.5uM Hep

activation, as in the case of the small substrate, may be the

64, S-Hep, and DX10) and variable maximal percent result of binding of the polyanions to FIX. This possibility

inhibition by DX500 (83%), DX10 (56%), Hep 64 (58%),
and S-Hep (48%), respectively.
Effects of Polyanions on the Agdition of FIX by FXla.

was investigated by kinetic analysis of FXla-catalyzed FIX
activation in the presence and absence of the polyanions.
Kinetic assays were carried out by a three-stage assay

Rates of FIXa generation by FXla in the absence and described in the Experimental Procedures section using
presence of DX500, DX10, and S-Hep were investigated by increasing concentrations of the macromolecular substrate
a three-stage assay described in the Experimental ProceduresIX in the presence and absence of fixed concentrations of
section, and the results are shown in Figure 2. As in the DX10 or S-Hep. Titration curves of FIXa generation and

case of S-2366 hydrolysis, all of the polyanions showed a the corresponding double reciprocal plots were generated by
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Ficure 3: Inhibition of FXla-induced hydrolysis of S-2366 by
DX10. Hydrolysis of indicated concentrations of S-2366 by FXla
(2.6 nM) in the presence of @, 0.25ug/mL (0.025xM) (O),

and 0.5:g/mL (0.05u4M) (O) DX10 was measured by continuously
monitoring the change in absorbance at 405 nm. Titration curves
of initial rates as a function of S-2366 concentration were generated
by KaleidaGraph as described in the Experimental Procedures
section. Inset: double reciprocal plots of the same data points and 50

FiIGURE 5: Inhibition of FXla-induced activation of FIX by DX10.
Activation of FIX by FXla in the presence of @, 1 xg/mL (0.1

uM) (O), and 1.5ug/mL (0.15uM) (O) DX10 was assessed by a
three-stage assay described in detail in the Experimental Procedures
section. Titration curves of FIXa formation were generated by
KaleidaGraph as described for S-2366 hydrolysis. Inset: double
reciprocal plots and the fitted lines.

the fitted lines.
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FIGURE 4: Inhibition of FXla-induced hydrolysis of S-2366 by  FIGURE 6: Inhibition of FXla-induced activation of FIX by S-Hep.

S-Hep. Hydrolysis of the indicated concentrations of S-2366 by Activation of FIX by FXla in the presence of (j, 0.8 ug/mL

FXla (2.6 nm) in the presence of @), 0.8 ug/mL (0.067uM) (0.067 uM) (O), and 1.6ug/mL (0.134 uM) (O) S-Hep was

(O0), and 1.6ug/mL (0.134uM) (O) S-Hep was measured and measured in exactly the same way as for DX10. Titration curves

analyzed as described for DX10. Inset: double reciprocal plots of of FIXa formation were generated by KaleidaGraph as described

the same data points and the fitted lines. for S-2366 hydrolysis. Inset: double reciprocal plots and the fitted
lines.

KaleidaGraph as described for S-2366 hydrolysis and are onstrating similar kinetic parameters for FXla-catalyzed FIX
shown in Figure 5 (DX10) and Figure 6 (S-Hep). As activation in the absence of polyaniors(29).

observed with S-2366 hydrolysis, the inhibition of FIX Comparison of Inhibitory Potency of Polyanions in S-2366
activation by DX10 or S-Hep was purely noncompetitive Hydrolysis and FIX Actiation by FXla.Inhibitory potencies
(Km ~100 nM in the absence and presence of polyanions), of DX10 and S-Hep in the hydrolysis of S-2366 and in the
thus ruling out the possibility that the inhibition was the result activation of FIX by FXla are shown in Figure 7. If the
of binding of the polyanion to FIX. These results are observed inhibition of FXla by either of these two polyanions
consistent with previous studies from our laboratory dem- is the result of binding of the polyanion at or near the active
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110 around the active site is responsible for the observed

inhibition. FXla was reacted with DEGR-chloromethyl
ketone to yield DEGR-Xla, an analogue of FXla with a
dansyl fluorophore attached covalently to the active site.

100

90 Emission spectra of DEGR-Xla in the presence and absence
of DX10 and S-Hep are shown in Figure 8. Both DX10 and
- 80 S-Hep enhanced the dansyl fluorescence of DEGR-Xla, and
& the fluorescence enhancement was accompanied by a blue
E 70 shift of 8 nm. Increasing degrees of fluorescence intensity
L

enhancement~4—21%) were observed with increasing

concentrations (22.5uM) of DX10 or S-Hep, and no further

increase in fluorescence intensity was observed at polyanion

concentrations greater thav25 ug/mL (2.5uM). It should

be noted that the concentrations of DX10 and S-Hep used

in these experiments were higher than those used in the

0 o2 Y Y Y functional assays of FXla (Figures 3 and 4). The reason for

Polyanion (M) this difference was that whereas 3 nM FXla was required

Ficure 7: Comparison of the inhibitory effects of DX10 and S-Hep !n tf;leﬂfunctlonal assays, the Cort'lcentraggg OI\ADE.GR_Ft)éIa
in the FXla-mediated activation of FIX vs the hydrolysis of S-2366. In all fluorescence measurements was nivl. since there

FXla-mediated hydrolysis of S-2366 and FIX activation in the IS one dansyl group per molecule of FXla, a higher FXla
presence and absence of DX1, (S-2366 hydrolysism, FIX concentration was required for an optimal response in the
activation) and S-Hep(, S-2366 hydrolysis’, FIX activation) fluorescence experiments_

were performed as described in Figures 1 and 2. The concentration Quenching of Dansyl Fluorescence of DEGR-XTae
of FXla at a given concentration of the inhibitor was calculated, . " .
assuming that in the absence of any inhibitor to be 100%. fluorescence intensities of DEGR-Xla in the presence and

absence of DX10 at different concentrations of acrylamide
site of the enzyme resulting in steric hindrance, then one &€ shown in Figure 9A, and the corresponding reciprocal
would expect the inhibition to be far greater for the Stern—Volmer plots for the quenching are shown in Figure
macromolecular substrate FIX than for the small peptide 9B. Whereas 75% of the dansyl fluorescence of free DEGR-
substrate S-2366. The results shown in Figure 7, however,Xla was quenched by 0.5 M acrylamide, only 20% guenching
demonstrate the opposite result; i.e., each of the two Was observed when DEGR-Xla was in complex with dextran
polyanions exhibited inhibitory activity at slightly lower sulfate. When a saturating concentration of DX10 was added

concentration in S-2366 hydrolysis than in FIX activation. t0 the same tube containing DEGR-Xla and 0.5 M acryl-

Therefore, the observed inhibition of FXla by the polyanions amide, the fluorescence emission was potentiated to almost
is not a consequence of active site sequestration by directthe same value as that of dextran sulfate-bound DEGR-Xla

interactions with the polyanions. in the presence of 0.5 M acrylamide (Figure 8A). Similar

Effects of Binding to Polyanions on the Dansyl Fluores- results were obtained with S-Hep (data not shown).
cence 01_‘ DEGR-XI&Since the observeq |nh|b|F|or] of FXla DISCUSSION
activity is not the consequence of either binding of the
polyanion to the substrates or steric inhibition by the  FXla and its isolated light chain were found to bind to
polyanion binding at or near the active site of the enzyme, heparin with similar affinities, suggesting the presence of a
we therefore investigated whether a change in conformationheparin binding site in the catalytic domain of the molecule
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Ficure 8: Effect of a polyanion on the dansyl fluorescence of DEGR-Xla. (A) The fluorescence emission spectra of DEGR-Xi&1(0.22
200uL) in the absence (solid line) and presence of DX10480mL) (broken line) were recorded with excitation at 340 nm and a bandwidth

of 4 nm both for excitation and emission. (B) The fluorescence emission spectra of DEGR-Xla (0.30 nhi,)d6Ghe absence (solid

line) and presence of S-Hep (2@/mL) (broken line) were recorded with excitation at 340 nm and a bandwidth of 4 nm both for excitation
and emission. The fluorescence maximum for free DEGR-Xla was at 547 nm, and that of DEGR-Xla in complex with DX10 or S-Hep was
at 535 nm.
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A B FXla sterically, and (2) binding of FXla to a polyanion results

045 N¢ . in obscuration of the FXla active site by an allosteric
] /D/ mechanism. If steric hindrance were the sole cause for the
°'35t\\ st e observed inhibition, then one would expect a more pro-
] % . // nounced inhibitory effect with a macromolecular substrate,
w0z = ~ such as FIX, than with a small peptide substrate, such as
0'15: st p,n/ S-2366. When the inhibitory effects of the polyanions on
] A the cleavage of S-2366 and on the activation of FIX were
005E it 0 *""/A’ compared, it was apparent that hydrolysis of S-2366 was

0 o °-§cryl°a':“ P A inhibited at slightly lower concentrations of the two poly-

Ficure9: Quenching of free DEGR-Xla and dextran sulfate-bound anions than the FIX activation (Figure 7). Furthermore, the

DEGR-Xla by acrylamide. (A) Emission of dansyl fluorescence fact th_at incomplete mh'b't'_on of the er_12yme b_y the
of free DEGR-XIa M) and dextran sulfate-bound DEGR-XI@) ~ Polyanions was observed (Figure 1 and Figure 2) is more
was recorded in the absence and after sequential additions ofconsistent with an allosteric than a steric mechanism since
acrylamide from a stock solution. The fluorescence intensity at each steric inhibition by binding of the polyanion to the active
concentration of acrylamide was obtained after correction for g woyld be expected to completely prevent access of the
dilution and plotted as a function of acrylamide concentration. The - - o

active site to the substrate. Therefore, it is reasonable to

filled triangle (&) represents the fluorescence of DEGR-Xla and ¢ h .
0.5 M acrylamide after addition of DX10 (20g/mL) (2 uM). conclude that an allosteric effect is the most likely cause of

Excitation was at 340 nm for both; the emission at 547 nm was the observed inhibitory effects.

gfsegégg%cﬁﬁ %foféfge'?fvagﬁgt?;g 'Stlmzlfe%(% ;‘rlgg(‘:ig“ri é:;se We therefore examined the fluorescence characteristics of

Stern—Volmer plot of acrylamide quenching of'free DEGR-Xla DEGR'XIa in order to investigate v_vhether bmd.mg .to a

(@) and DEGR-Xla in complex with dextran sulfat)( negatively charged surface results in an alteration in the
active site configuration of the enzyme. Active site modifica-

that was later characterized by Badellino and Wal3).( tion of serine proteases with a fluorophore (e.g., DEGR-Xa)

We therefore determined whether the functional activity of
FXla is altered upon binding to a polyanion. DX500, DX10,
Hep 64, and S-Hep were found to inhibit the hydrolysis of

has been successfully used to study conformational alter-
ations in the enzyme on binding to FVa, prothrombin,
phospholipid, and calcium3B—35). Examination of the

S-2366 by FXla in a concentration-dependent manner (Figurefluorescence emission spectra of DEGR-Xla in the presence
1). It is interesting to note that although Hep64, DX10, and and absence of DX10 and S-Hep revealed that the presence
S-Hep are similar in size, the gvalues for the inhibition of a polyanion caused an enhancement of dansyl fluorescence
of FXla-induced hydrolysis of S-2366 by these different with a blue shift of~8 nm (Figure 8).
polyanions were different. One explanation for the observed To examine whether the enhanced fluorescence observed
differences is that the affinity of FXla for a polyanion is the result of a more hydrophobic environment acquired
depends on the exact nature of the charges it carries, andy the fluorophore in the presence of a polyanion, we
they are probably widely different for these three polyanions. compared quenching of free DEGR-Xla and DEGR-Xla
In the case of DX500 the mechanism of inhibition is more bound to a polyanion using a collisional quenching agent.
complex because of its high,. The complex nature of  Fluorescence quenching requires molecular contact between
inhibition is also reflected in our kinetic assays where we the fluorophore and the quencher. In the case of collisional
were unable to obtain a linear double reciprocal plot. guenching, the quencher must diffuse to the fluorophore
To investigate the mechanisms by which these polyanionsduring the lifetime of the excited state of the fluorophore.
inhibit FXla, we focused our subsequent studies on DX10 Therefore, quenching measurements can reveal the acces-
and S-Hep, which have similar size and charge character-sibility of the fluorophore to the quencher. The neutral
istics. Thus, a possible inhibitory mechanism takes into quencher acrylamide was used in our studies since an ionic
account the observation that the macromolecular substratequencher (e.g., Kl) could be expected to interfere with
interacts with the enzyme over an extended surface that coulcbinding of FXla to a polyanion. Figure 9A shows the
be occluded by the polyanions. Thus, it has been shown thatquenching of the dansyl fluorescence of free DEGR-Xla and
the heavy chain of FXla contains a substrate binding site of DEGR-Xla in complex with DX10 as a function of
for FIX (29, 31, 32) whereas the active site that cleaves FIX increasing concentrations of acrylamide. Although fluores-
is located within the catalytic domain. To determine whether cence quenching was observed with both free and bound
the inhibition observed was the result of binding of the DEGR-Xla, the dansyl fluorescence of DEGR-Xla in the
polyanions to S-2366 or to FIX or to a substrate binding presence of a saturating concentration of DX10 was far more
site in the heavy chain of FXla, we analyzed the mechanism resistant to quenching than in its absence (Figure 9A). It is
of inhibition in kinetic assays (Figures-®). It is apparent interesting to note that addition of a saturating concentration
from the double reciprocal plots utilizing both substrates that of DX10 to DEGR-Xla after quenching with 0.5 M acryla-
in the presence of DX10 and S-Hep ti&, remained mide enhances the fluorescence to coincide nearly with the
unaltered whereas thé,.xwas decreased in a concentration- fluorescence of the DX10-bound DEGR-Xla (Figure 9A).
dependent manner by each of the two inhibitors. This result DX500 and S-Hep-bound DEGR-Xla were also resistant to
excludes binding of the polyanions to S-2366 or FIX as the quenching by acrylamide compared to free DEGR-Xla (data
cause of the observed inhibition. not shown). A reciprocal plot of the fluorescence quenching
Two other possibilities remain to explain the observed data according to LehreR®) produced a straight line with
inhibitory effects: (1) the polyanions bind to or near the an intercept of 1 for both free DEGR-Xla and DX10 bound-
active site of FXla, thereby inhibiting substrate binding to DEGR-Xla, suggesting the presence of only one class of
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fluorophore in either case (Figure 9B). In the presence of a
suboptimal concentration of dextran sulfate, however, the
intercept was>1, indicating the presence of two classes of

fluorophores, and this is clearly due to the presence of both
free and dextran sulfate-bound DEGR-Xla (data not shown).

The dansyl dye is attached to the active site His residue
through a three-residue tether, and even with a fully extended
DEGR moiety the fluorophore would be gnt A from the
active site 83). Thus the dansyl fluorophore is located near,
if not at, the active center. Resistance of the fluorophore to
guenching when DEGR-FXla is in complex with a polyanion
may be explained as the result either of a steric effect that
does not allow the quencher to collide with the fluorophore
or of acquisition by the active site of a new architecture that 10.
is les accessible. The latter and not the former possibility,
however, explains all of the observed functional conse-
guences of the enzyme when it binds to a polyanion as well
as the observed fluorescence enhancement and its resistance
to quenching. Therefore, we conclude that the change in the
environment of the fluorophore must be the result of an
alteration of the DEGR-Xla conformation upon binding to
a negatively charged surface.

In conclusion, the present studies are consistent with the
view that binding of FXla to the polyanions, heparin and
dextran sulfate, results in an allosteric modification of its
functional activity resulting in inhibition of both small peptide
and macromolecular substrate cleavage. Previous studies
from our laboratory demonstrating the presence of a heparin 14.
binding site, comprising residu&§C—>542C within the FXla
catalytic domain 30), an exosite which is remote from the
catalytic triad, are consistent with the conclusion that binding 15
to heparin results in a conformational alteration preventing
access of the active site to its substrates, thereby inhibiting
FXla activity. Interestingly, additional studies from our
laboratory 86) indicate that FXla binding to activated
platelets does not inhibit its capacity to activate FIX and
protects FXla from inactivation by PN2. The receptor on
the platelet surface for FXla has not been identified. The
physiological relevance of the present studies will require
further studies including the identification of the biologically
important negatively charged surface molecules exposed
within the intravascular milieu that modulate the functional
activity of FXla and thereby inhibit blood coagulation.
Possible candidate molecules include heparan sulfate gly-
cosaminoglycans exposed on the plasma membranes of
endothelial cells.
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