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ABSTRACT: Binding of factor IX (FIX) to an exosite on the heavy chain of factor Xla (FXla) is essential
for the optimal activation of FIX (Sinha, D., Seaman, F. S., and Walsh, P. N. (B8¢hemistry 26

3768-3775). To gain further insight into the mechani
the kinetic properties of FXla-light chain (FXla-LC

sms of activation of FIX by FXla, we have investigated
) with its active site occupied by either a reversible

inhibitor of serine proteasep-aminobenzamidine, PAB) or a small peptidyl substrate (S-2366) and have

examined FIX cleavage products resulting from

activation by FXla or FXla-LC. PAB inhibited the

hydrolysis of S-2366 by FXla-LC in a classically competitive fashion. In contrast, PAB was found to be
a noncompetitive inhibitor of the activation of the macromolecular substrate FIX. Occupancy of the active
site of the FXla-LC by S-2366 also resulted in noncompetitive inhibition of FIX activation. These results

demonstrate the presence of an exosite for FIX

binding on the FXla-LC remote from its active site.

Furthermore, examination of the cleavage products of FIX indicated that in the absence of €ither Ca

the heavy chain of FXla there was substantial accumulation of the inactive intermediateifdiCating

a slower rate of cleavage of the scissile bond*AtgVal'®l. We conclude that binding to two substrate-
binding exosites one on the heavy chain and the other on the light chain of FXla is required to mediate
the formation of the Michaelis complex and efficient cleavages of the two spatially separated scissile

bonds of FIX.

Initiation of the blood coagulation cascade at the site of a
vascular injury is thought to be triggered through the
activation of factor X (FX) by FVlla in complex with the

releasing an 11 kDa activation peptid{14). FXla, FIXa,
FXa, and thrombin are members of the family known as
serine proteases. The catalytic domains of all these enzymes

tissue factor that is exposed at the site of blood vessel damagare highly homologous to each other as well as to trypsin,

(1—4). Activated FX (FXa) in the presence of FV and a
phospholipid surface converts prothrombin to thrombin, the
enzyme responsible for the conversion of fibrinogen to fibrin
(5, 6). Tissue factor pathway inhibitor, however, shuts down
the formation of FXa through this extrinsic pathwag—
11), and further generation of thrombin probably occurs
through the intrinsic pathway whereby FXI activation by
thrombin generates FXla, which then activates FIX to its
active form FIXa that in turn activates FX to FXa. Activation
of FIX to FIXa is achieved through proteolytic cleavages at
two specific sites, one after Aty and the other after A,
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the archetypical arginine-specific serine proteindse 16).

FXI, however, differs from FIX, FX, and prothrombin in a
number of aspects. The N-terminus of the vitamin-K-
dependent proteins, FIX, FX, and prothrombin consists of a
y-carboxyglutamic acid domain followed by epidermal
growth factor domains in FX and FIX and kringle domains
in prothrombin, whereas in contrast, FXI has four homolo-
gous domains called apple domairis/,(18). In solution
phase, thek., values for activation of FX by FIXa (0.07
min~Y) (19) or of prothrombin by FXa (0.0044 min) (20)

are extremely low, whereas the generation of FIXa by FXla
is reasonably fastkfy ~20—-30 minl) (21-24). The
presence of a phospholipid surface potentiates the activity
of both FIXa and FXa by several orders of magnitud, (

25, 26), while the same surface has hardly any effect on the
activity of FXla (13, 27, 28). It is quite conceivable that the
mechanism of activation of FIX by FXla is different from
that of any of the protease substrates downstream in the
cascade.

We have previously shown that a FIX-substrate binding
exosite is present on the heavy chain of FXRBE)( an
observation later proved by other investigatd4, 30). To
study the mechanism of FIX activation by FXla in further
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detail, we have now isolated the FXla catalytic domain or passed through the affinity column at a rate of 0.5 mL/min.
light chain (FXla-LC) devoid of the heavy chain to compare The column was washed with 10 column volumes of Tris
its functional properties with those of the parent molecule buffered saline followed by elution of the protein using 2 M
FXla. We predicted that a reversible active site inhibitor such KSCN. The eluted protein was dialyzed and concentrated
asp-aminobenzamidine (PAB) would inhibit FIX activation using Centricon Plus-20, 30,000 NMWL (Millipore Corpora-
by FXla-LC in a competitive fashion since the substrate- tion, Bedford, MA). To prepare FXI-heavy chain and FXI-
binding exosite that resides in the heavy chain is missing in LC, the concentrated and purified FXI/C362S/C482S was
this enzyme. However, contrary to this expectation, PAB was activated with FXlla at a substrate to enzyme ratio of 20:1
found to inhibit FIX activation by FXla-LC in a noncompeti- at 37°C for 24 h. The incubation mixture was passed through
tive fashion, suggesting the presence of an additional exositea 5F7 antibody column, the unbound LC was purified from
in the catalytic domain of FXla. This observation prompted FXlla using a corn trypsin inhibitor agarose column, and
us to compare the kinetic properties of FXla and FXla-LC the heavy chain bound to the 5F7 column was eluted and
with respect to cleavages of small peptidyl as well as purified as described for FXI/C362S/C462S. Protein con-
macromolecular substrates. The results presented here dencentration was estimated using the BCA assay (Pierce,
onstrate the presence of an extended macromolecular subRockford, IL). The purified proteins were size fractionated
strate recognition exosite in the catalytic domain in addition on a 4-15% SDS-PAGE under nonreducing conditions and
to the one identified previously on the apple domain stained using GelCode blue stain (Pierce, Rockford, IL).

containing heavy chain. Expression of FXI/E361-V607 Using Yeast Expression
Vector pPICDA. A peptide comprising 237 amino acids at
EXPERIMENTAL PROCEDURES the C-terminal end of FXI (FXI/E361-V607) was expressed

led | ol q defici | in yeast following the protocol currently described for the
Pooled normal plasma and FXI deficient plasma were o, o ocsion of the kunitz domain of protease nexir83).(
obtained from George King Biomedical (Overland Park, KS). The full-length human FXI cDNA in pJVCMV vectoB()

Human FXI, FXla, FXlla, FIX, FX, and thrombin were ; i
' ' ! 1oy : served as the template for the synthesis by polymerase chain
purchased from Enzyme Research Laboratories (South Bend, o5 tion of the catalytic domain of FXla. An Xho | site

IN). Recombinant FVIIl was generously prowdgd as a gift ¢40ved by a Kex2 signal cleavage site was introduced at
from Baxter/Hyland (Glendale, CA). Chromogenic substrates the B-end, whereas the-&nd of the product received a stop
S-2366 (-pyroglutamyl:-prolyl-L-argininep-nitroaniline) codon foI,Iowed by a Not | site. The polymerase chain
and S-2765N-a-benzoxycarbonyb-arginyl-glycyl+-argi- reaction product was introduced into the yeast expression
ninep-nitroaniline) were from DiaPharma (Westchester, vector, pPICZA (Invitrogen, USA), using the Xho | and
OH). Spectrozyme fIXa (methylsulfongk-cyclohexylglycyl- Not | ,sites and propagatéd in ),(Ll-BIue bacteria. The
glycyl-argininep-nitroanilide) was from American Diagnos- PPICZ0A plasmid containing the FXI/E361-V607 insert was
tics (Greenwich, CT). 4-Aminobenzamidine (PAB) was from sequenced from'5o the a-mating factor secretion signal
Aldrich (Milwaukee, WI). HEPES, -a-phosphatidylcholine, - ,qina an AOX5 primer to confirm mutations at desired sites
L-a-phosphatidylserine, amtamidinophenylmethanesulfo- 55 \ell as the integrity of the reading frame. The plasmid
nyl fluoride (APMSF) were from Sigma construct pPICAA with the desired insert was linearized
Expression of FX1/C362S/C482ZEhe cDNA construct of  at the Sac | site and cloned into the methylotrophic yeast
themutantFXI/C3628/C4SZSwasmadeusingtheQuikChangepichia pastoris X33 competent cell genome (Invitrogen,
site-directed mutagenesis kit (Stratagene, LaJolla, CA), with USA). Selected yeast clones were lysed either by repeated
wild type FXI cDNA inserted into the expression vector heat-thaw cycles or by lyticase (Sigma, USA), and the
pJVCMV serving as the template. Human embryonic kidney |ysates were analyzed by polymerase chain reaction using
293 (HEK293) cells were cotransfected with 49 of the  specific forward and reverse primers for correct insert size.
cDNA construct of the mutant FXI/C362S/C482S and®?  Successful clones were grown in yeast growth medium
of the plasmid vector RSVneo using lipofectamine (GIBCO, containing glycerol, BMGY (buffered medium containing
Carlsbad, CA). RSVneo contains a gene that confers glycerol and yeast nitrogen base), at D until sufficient
resistance to neomycin and thereby allows for the selectioncell density was obtained. These cells were transferred to
of positive clones. Cells were grown in DMEM with 10%  methanol containing expression medium BMMY (buffered
fetal bovine serum for 48 h and then switched to the same medium containing methanol and yeast nitrogen base) and
medium supplemented with 50@g/mL of G418. Stable  incubated at 30C for 96 h under vigorous agitation and
clones expressing the FXI mutant as assessed by ELISAsypplemented with 0.5% methanol every 24 h. FXI/E361-
using a polyclonal goat anti-FXI antibody (Affinity Biologi-  \/607 from the supernatant was purified by ammonium
cals, Hamilton, Ontario) were expanded in roller bottles sylfate precipitation followed by ion exchange chromatog-
(NUNC, Naperville, IL). After reaching confluence, cells raphy. FXla-LC was obtained by activation of FXI/E361-
were washed, and the media were replaced by serum freey607 by incubation with FXlla at 37C for 24 h at a
Cellgro complete media (Mediatech, Herndon) supplementedsuybstrate/enzyme molar ratio of 20:1. FXlla was removed
with soybean trypsin inhibitor (1@g/mL) and lima bean  from the preparation using corn trypsin inhibitor/agarose
trypsin inhibitor (10 xg/mL). Conditioned media were peads (Sigma).
removed every 48 h and kept frozen after supplementing with  preparation of Actie Site Inhibited Light Chain (LGiof
benzamidine (5 mM) until ready to be purified. FXla. The catalytically inactive light chain of FXla (LCi)
FXI/C362S/C482S from the cell supernatant was purified was made by treating the purified FXI-LC with APMSF.
using monoclonal antibody 5F7 according to the protocol FXI-LC at a concentration of 1.3 mg/mL was inactivated
described earlier3l, 32). Briefly, the cell supernatant was by sequential additions of 100M APMSF, followed by
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incubation at room temperature for 5 min after each addition. concentration of the inhibitor used) in the Xa generation step
Residual enzyme activity was measured using S-2366. Afterwas found to be negligible (i.e<0.5% inhibition). The
six sequential incubations with APMSF, residual enzyme concentration of FIXa generated was obtained from a
activity was found to be undetectable. The preparation was standard curve constructed using known concentrations of
dialyzed vs Tris buffered saline and stored-&0 °C until purified FIXa. Michaelis-Menten constants were determined
use. using averages from three separate experiments.
Hydrolysis of S-2366 by FXla and FXla-LC in the Activation of FIX by FXla or FXla-LC in the Presence of
Presence and Absence of PARYr kinetic studies of S-2366  S-2366 This assay was similar to the one described above
hydrolysis, FXla (3.0 nM) or FXla-LC (5.3 nM) in Tris  except that different concentrations of FIX-{Q.0 uM) in
buffered saline with 0.1% BSA was added to varying the microtiter well received a fixed concentration of S-2366
concentrations of S-2366 {.5 mM) at 37°C, and the before the addition of the enzyme in the first step of the
change in absorbance at 405 nm was followed on a microtitercoupled assay. No detectable cleavage of S-2366 (2 mM)
plate reader. When PAB was used as the inhibitor, the could be demonstrated by FIXa at a concentration as high
experiment was done essentially the same way except thaggs 100 nM, which is much higher than the maximum
the enzyme mixed with the desired concentration of PAB concentration of enzyme generated in the FIXa generation
was added to the substrate. Michaehdenten constants{, step. The highest concentration of S-2366 in the FXa
and Vmnay were determined by standard methods using the generation step was 30M when FXla-LC was the activator,
average of duplicate measurements of initial rates at varyingand it was 1.5M for activation with FXla. The contribution
substrate concentrations. Two separate experiments wergéoward mOD/min of pNA due to cleavage of S-2366 by Xa
carried out with similar results. Values ofm.x were was <0.5% when FXla-LC was the activator, and it was
converted to nM pNA/s using an extinction coefficient of <0.05% when FXla was used as the enzyme. Therefore, the
9800 optical density units at 405 nm per mole of pNA. observed inhibition was strictly due to the occupation of the
Turnover numberl¢,) was calculated from the ratio ®ax active site of FXla or FXla-LC by the peptidyl substrate.
to enzyme concentration. Effect of LCi on the Actiation of FIX by FXla Different
Activation of FIX by FXla and FXla-LC in the Presence concentrations of FIX (81000 nM) in Tris buffered saline
and Absence of PABA\ctivation of FIX by FXla or FXla- with 0.1% BSA containing 5 mM Ca in the wells of a
LC was assessed by a modificatid2B) of the method of microtiter plate at 37C received a fixed concentration (0
Wagenvoord et al.34). This is a coupled assay in which or 1uM) of LCi, and activation was initiated by the addition
FIX is first activated by FXla or FXla-LC to FIXa, whichis  of FXla (0.25 nM). After incubation for 5 min at 37C, the
then used to activate FX in the presence of FVllla, reaction was stopped by the addition of aprotinin at a final
phospholipids, and calcium. The FXa thus generated wasconcentration of 2QuM to neutralize FXla. The reaction
estimated using the chromogenic substrate S-2765. All mixture was made 33% in ethylene glycol, and the generated
reagents were diluted in Hepes buffered saline containing FIXa was measured by changes in absorbance at 405 nM
0.1% BSA. FIX (0.2-2.2 uM) was incubated with 5 mM  after the addition of Spectrozyme flXa at a final concentra-
CaCl and FXla (0.7 nM) for 3 min or FXla-LC (1520 tion of 2 mM. The concentration of FIXa in the reaction
nM) for 5—10 min in a microtiter plate at 37C in a total mixture was determined from a standard curve generated
volume of 50uL. Five microliters of the reaction mixture  using known concentrations of FIXa. In a separate experi-
was then added to chilled Tris buffered saline with 0.1% ment, different concentrations of LCi {@.5 uM) were
BSA containing 25 mM EDTA to make a total volume of added to a fixed concentration of FIX (400 nM), and the
200 uL to prevent further activation of FIX. Control FXla generated was determined as described above. LCi,
experiments demonstrated that 40-fold dilution of the even at the highest concentration used, did not affect the
substrate and enzyme in 25 mM EDTA and lowering the hydrolysis of Spectrozyme flXa by FlXa.
temperature to-4 °C was completely effective in curtailing Data AnalysisKinetic parameters were derived by fitting
further activation of FIX by FXla or by FXla-LC. Five the initial velocity data to the established steady-state rate
microliters from the diluted reaction mixture was then added expressions for classical competitive, classical noncompeti-
to 60uL Tris buffered saline with 0.1% BSA containing 10 tive, or mixed-type inhibition 35) using KaleidaGraph
mM CaCl, followed by the addition of 1&L of phosphati- (Synergy Software, PCS Inc., Reading, PA), and the results
dylcholine/phosphatidylserine (PC/PS) (1®1) and was with only the best fits are described. As indicated below (see
incubated for 2 min at 37C. Ten microliters of freshly = Results), we observed the formation of the inactive inter-
activated FVllla (66 units/mL) followed by 106L of FX (2 mediate FIXx due to initial cleavage of the At¢p—Alal4®
uM) were then added, and the reaction mixture was incubatedbond of FIX when activated either by FXla or FXla-LC. It
for 3 min at 37°C. Final concentrations of FVllla, FX, and has been demonstrated by Lu et al. that initial velocity studies
PC/PS in the reaction mixture were 6.6 units/mL, 012, of FIXa formation from either FIX or FIX¢ by FVIla/TF
and 1uM respectively. Adding EDTA to 25 mM and placing  could be described by the HentMichaelis—Menten equa-
on ice stopped the activation of FX by FIXa. Fifty microliters tion with essentially equivalent steady-state kinetic constants
of each reaction was mixed with 50 of 2 mM S-2765, (7). Furthermore, our present studies demonstrated linear
and the change in absorbance at 405 nm was followed oninitial velocities of the formation of FIXa using a wide range
the ThermoMax microtiter plate reader. Activation in the of substrate concentrations whether the enzyme was FXla
presence of PAB was done in essentially the same wayor FXla-LC. Since FlIXa is the only enzymatically active
except that FXla or FXla-LC with the desired concentration species in the pathway of FIX activation, these observations
of the inhibitor was added to FIX in the first step. The effect permitted the analysis of formation of FIXa by a single set
of the residual concentration of PAB (500 nM for the highest of steady-state kinetic constants. The double reciprocal plots
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Table 1: Kinetic Parameters of S-2366 Hydrolysis and FIX Activation by FXla and FXF-LC

Kn+ S.D. Kear = S.D Ki + S.D.
enzyme substrate inhibitor inhibition type (uM) (min1) (uM)
FXla S-2366 PAB competitive 225 25 6780+ 240 60+ 7

FIX PAB noncompetitive 0.216- 0.029 20+ 1 95+ 20
FIX S-2366 noncompetitive 0.206 0.020 19.5+ 25 425+ 52
FXla-LC S-2366 PAB competitive 35% 80 7260+ 240 85+ 10
FIX PAB noncompetitive 0.38% 0.052 0.043+ 0.007 86+ 9
FIX S-2366 noncompetitive 0.4760.033 0.035+ 0.006 420+ 45

aThe values were derived from initial velocity measurements using 7 to 8 different substrate concentrations in the presence or absence of 2 to
3 different concentrations of the inhibitor.

A B specific monoclonal capture antibodies, and this preparation
was indistinguishable from FXla-LC expressed in the yeast
kD 1 2 3 4 s kD expression system with respect to its size and functional
’5 - 7 activities toward both the small peptidyl substrate S-2366
and the macromolecular substrate FIX. The data shown in
Figures 2-4 were obtained using yeast FXla-LC, whereas
S0 - 5 those shown in Figures 5 and 6 were obtained from the
37 — mammalian expression system.
b - 37 Kinetic Analysis of the Hydrolysis of S-2366 by FXla and
2 FXla-LC in the Presence and Absence of PABB is a
20 25 reversible inhibitor of serine proteases. The mechanism of

20 inhibition of several coagulation enzymes by PAB has been
extensively investigated, and it has been shown that PAB

FIGURE 1: SDS-PAGE of purified light and heavy chains of FXla ~competes for the binding of the small peptidyl substrate to

under f%dUCigg ngdgipntsﬁ TEhe heavy taT(}jD |ightdchains Otf' FXla the active site of the enzym8&—41). Thus, PAB has been

repared as described in the Experimental Procedures section wer inhibi i .

gizepfractiona.ted on SDS?AGEF)(4—15% gradient gel), and the %Tgtvgpo:r?bzﬂggétvam l; Vc\)/:ctrl:gazK' 3&02;7%%%&? gnAdB

bands were visualized using GelCode Blue. (A) Lane 1, molecular p AN oL U] 7 '

weight marker; lane 2, plasma FXla; lane 3, purified light chain IS e€xpected to inhibit the amidolytic activity of FXla or FXla-

(from mammalian expression system); lane 4, purified heavy chain. LC in a competitive fashion. Initial velocity measurements

(B) Lane 1, purified light chain made in yeast expression system; of the hydrolysis of the chromogenic substrate S-2366 in

lane 2, molecular weight marker. the presence of different fixed concentrations of the inhibitor

. . ) showed that PAB is a classical competitive inhibitor of FXla
shown as inserts are provided solely for the purpose of visual ;4 Fxja-LC (Figure 2). Increasing concentrations of the

presentation to support the conclusions drawn from nonlinear,hipitor systematically increased th&, without any sig-
Ieas'g—square analysis. The values of the kinetic constants,ificant change iVimas and the same observation was also
provided in the legend of each graph and in Table 1 are yefiected in the double reciprocal plots (inset of Figure 2).
averages of two or more experiments. , Thus, PAB inhibits the amidolytic activity of both FXla and

_ Characterization of FIX Cleaage Products upon Acé- FXla-LC by competing with the peptidyl substrate for the
tion with FXla or FXla-LC.FIX was incubated with FXla binding site on the enzymes. The inhibition consténivas

or FXla-LC in the presence of either €55 mM) or EDTA found to be 60+ 7 uM for FXla and 85+ 10uM FXla-LC
(2 mM) at 37°C at a substrate to active site ratio of 50:1, (see Table 1).

and at different intervals, aliquots were transferred to SDS Kinetic Analysis of the Actation of FIX by FXla and
PAGE sample buffer followed by fractionation under reduc- £y 4.1 ¢ in the Presence and Absence of PABe results
ing conditions and visualization of the bands by staining with ¢ 1o effect of PAB on FIX activation by FXla and FXla-
GelCode blue. Cleavage of only At§-Ala'*®should result | ¢ are shown in Figure 3. Analysis of the initial velocity
in generating two bands of Mr 18 kDa (light chain, LC, of 645 rements demonstrated that in contrast to small peptidy!
FIXa) and 38 kDa (heavy chain, HC, of FIX& the g hqprate hydrolysis (Figure 2), increasing concentrations of
activation peptide), whereas cleavage of only AtgVal'®! PAB systematically decreas&tha without altering theky,
should result in generating a single band of Mr 28 kDa (LC 5 example of classical noncompetitive inhibition. Double
of FIXa + activation peptide or heavy chain of FIXa). recinrocal plots of the initial velocity data (inset of Figure
Cleavages of both bonds produce three bgnd; of Mr 28 kDaS) also indicated a change Winax without any significant
(HC), Mr 18 kDa (LC), and Mr 10 kDa (activation peptide).  ajteration ink,, indicating that in either case PAB inhibited
RESULTS FIXa generation by a noncompetitive mechanism. Since FIX
activation was studied using a coupled assay and PAB is
Characterization of the Expressed ProteiRarity of the known to inhibit all serine proteases, we had to make sure
heavy and the light chain preparations was judged by their that the inhibitory effect seen in our assay was not due to
fractionation on SDSPAGE (Figure 1). The isolated light the effect of residual PAB on generated FIXa and FXa. Two
chain prepared using the mammalian expression system hagbarallel sets of experiments were therefore carried out. In
no detectable contamination with the heavy chain of FXla one experiment, PAB along with FXla or FXla-LC was
as confirmed by ELISA using two different heavy chain added to FIX in the first stage, and in the other experiment,
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Ficure 2: Hydrolysis of S-2366 by FXla and FXla-LC in the presence and absence of PAB. (A) Increasing concentrations of S-2366

(0—1.5 mM) were incubated with FXla (3 nM) in the presence of a fixed concentrellof (M; @, 220uM; O, 440uM) of PAB, and

the rate of pNA generation was measured and analyzed according to a competitive inhibition mechanism as described in the Experimental

Procedures section with the following fitted constarits; = 225+ 25uM, ket = 6780+ 240 min?, andK; = 60+ 7 uM. Inset: Double
reciprocal plots of the data and fitted lines. (B) Increasing concentrations of S-238&2&mM) were incubated with FXla-LC (5.3 nM)
in the presence of a fixed concentratidi, Q0 «M; @, 143uM; O, 286 uM) of PAB, and the rate of pNA generation was determined and
analyzed as described above with the following fitted constaiifs= 357 &+ 80 uM, kot = 6780+ 240 mirm?l, andK; = 85 + 10 uM.

Inset: Double reciprocal plots of the data and the fitted lines.
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Ficure 3: Activation of FIX by FXla or FXla-LC in the presence
and absence of PAB. (A) Increasing concentrations of FIX (0
1000 nM) were incubated with FXla (0.7 nM) for 3 min in the
presence of a fixed concentratioll,(0 uM; @, 150uM; O, 250

uM; A 400 uM) of PAB, and the rate of FIXa generation was

LC in a competitive fashion since the FIX-binding exosite
is missing because of the absence of the heavy chain of FXla.
This unexpected result demonstrated the presence of a second
FIX substrate-binding exosite on the light chain of FXla that
is remote from the active site. The inhibition const#nat
was found to be 95- 20 uM for FXla and 86+ 9 uM for
FXla-LC (see Table 1).

Kinetic Analysis of the Actation of FIX by FXla and
FXla-LC in the Presence and Absence of S-2266shown
in Figure 4A and B, the small peptidyl substrate S-2366
inhibited FIX activation both by FXla and FXla-LC, and
from data analysis (Table 1), the type of inhibition was found
to be noncompetitive in both cases. The noncompetitive
inhibition for FIX activation by FXla was expected since it
confirms further the existence of an exosite on the heavy
chain of the enzyme reported previouskp,(30). If the small

determined using the coupled assay as described in the Experimentapeptidyl substrate S-2366 and FIX binding sites on FXla-
Procedures section. Titration curves were generated according toLC are mutually exclusive (i.e., identical), then S-2366

classical noncompetitive inhibition with the following fitted pa-
rameters:K, = 210+ 29 nM, Keat = 20 + 1 min~%, andK; = 95

+ 20uM. Inset: Double reciprocal plots of the data and the fitted
lines. (B) Increasing concentrations of FIX-<{@200 nM) were
incubated with FXla-LC (20 nM) for 10 min in the presence of a
fixed concentrationl, O uM; O, 150uM; @ 250uM; a 400uM)

of PAB, and the rate of FIXa generation was determined using the

coupled assay as described above. The data were analyzed accordin

to a classical noncompetitive inhibition model with the following
fitted kinetic constantsK, = 3854 52 nM, k.= 0.0434 0.007
min~1, andK; = 86 + 9 uM. Inset: Double reciprocal plots of the
data and the fitted lines.

should inhibit FIXa generation in a competitive fashion.
However, as shown in Figure 4B, the inhibition by S-2366
of FIX activation by FXla-LC was found to be purely
noncompetitive, demonstrating that FIX binds to a site on
the FXla-LC remote from the active site.

Effect of LCi on the Actiation of FIX by FXla As shown

|% Figure 5A and B, LCi inhibited FIX activation by FXla.

In the absence of LCi, the valueskf, andk.,: corresponded
closely with those recorded in Table 1. Since the active site
of the light chain is inactivated in LCi, and hydrolysis of

PAB was added at the FXa generation stage at the same finaBpectrozyme flXa by FIXa is unaffected by LCi, the only
concentration as that achieved at this step of the first set. Inway the inhibition can be explained is that the substrate is
the FXa generation stage, the concentration of PAB used inbinding to the inhibitor forming a nonproductive SI complex.

the first stage is diluted by 800-fold, and its inhibitory effect

at this low concentration was found to be negligible (i.e.,
<0.5%). The noncompetitive inhibition by PAB seen for

FXla was not surprising since the FIX binding site is known
to reside on the heavy chain of FXla. What was surprising
was that inhibition by PAB of FIX activation by FXla-LC

In a system with an enzyme with one active site and a
substrate with a single cleavage site, such inhibition should
produce a sigmoid curved®). It is clear in Figure 5A that
the curve in the presence of M LCi is not perfectly
sigmoid, although inhibition is evident both from Figure 5A
and B. The reason for such deviation from ideality is

was best described by a fit of the data to a noncompetitive probably due to the fact that FXla has two active sites and

inhibition model. We expected that PAB should inhibit FXla-

that the substrate FIX is cleaved at two separate sites. The
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Ficure 4: Activation of FIX by FXla and FXla-LC in the presence
and absence of S-2366. (A) Increasing concentrations of FX (0
1000 nM) were incubated with FXla (0.7 nM) for 3 min in the
presence of a fixed concentratidl,(0 mM; ®, 600uM; O, 1200
uM) of S-2366, and the rate of FIXa generation was determined
using the coupled assay. Titration curves were generated accordin
to complete noncompetitive inhibition with the following param-
eters: Ky = 200+ 20 nM, kegr = 19.5+ 2.5 mirr?, andK; = 425

+ 52 uM. Inset: Double reciprocal plots of the data and the fitted
lines. (B) Increasing concentrations of FIX-<@000 nM) was
incubated with FXla-LC (15 nM) for 5 min in the presence of a
fixed concentrationl, 0 mM; O, 500uM; @, 1500uM) of S-2366,
and the rate of FIXa generation was determined using the couple
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and is therefore not adequately stained. Examination of the
cleavage products clearly demonstrates that in the presence
of Cat, activation of FIX is much faster by FXla (panel A)
than by FXla-LC (panel B), confirming the data obtained
by kinetic analysis (Table 1). It is also evident that there is
a distinct difference between the Talependent (panel A)
and the C&'-independent (panel C) activation of FIX by
FXla. The formation of FIXa resulting from cleavages of
both of the scissile bonds of FIX was much faster in the
presence of Cd (panel A) than in its absence (panel C).
Furthermore, in the presence of C4panel A), the major
activation product even at the earliest time point studied was
FIXa, although there was slight10% at 30 s) accumulation

of the inactive intermediate FlX(Mr ~38 kD, i.e., the FIX
catalytic domain linked to the activation peptide). Initial
accumulation of this intermediate was evident at other
substrate to active site ratios of 100:1, 200:1, and 250:1 that

Yve have studied (data not shown). In the absence &f Ca

(panel C), however, the accumulation of inactive &l¥
much more pronounced. Interestingly, wheread'Gead a
major effect on the activation of FIX by FXla (panels A
and C), it did not have any effect when FXla-LC was the

qeénzyme (panels B and D), and the major cleavage product

assay as described above, and the data were analyzed according that appeared initially was the inactive intermediate delX

a classical noncompetitive inhibition model with the following fitted
kinetic parametersKp,, = 470 £ 33 nM, ket = 0.035+ 0.006
min~1, andK; = 420+ 45 uM. Inset: Double reciprocal plots of
the data and the fitted lines.
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Ficure 5: Effect of LCi on the activation of FIX by FXla. (A)
Increasing concentrations of FIX<A200 nM) were incubated with
FXla (0.25 nM) in the presencdl] and absence®) of a fixed
concentration (0 or kM) of LCi for 5 min at 37°C. FXla was
neutralized by the addition of aprotinin at a final concentration of
20 uM. The reaction mixture was made 33% in ethylene glycol,

Thus, the rate of cleavage of the scissile bond"®rgvalé!

of FIX is slower when activated by FXla in the absence of
C&" or by FXla-LC in the presence or absence ofCa
Further details of these two separate bond cleavages in FIX
by FXla are presented in the Discussion section.

DISCUSSION

In the intrinsic pathway of blood coagulation, FIX is
activated to FIXa by FXla in the presence of calcium ions.
The formation of fully active FIXa requires the cleavage of
two peptide bonds, one at Af§—Alal¢ and the other at
Arg*9—Vval*®l of the zymogen 13). The mechanism of
interaction of the substrate with the enzyme to facilitate these
two peptide bond cleavages is incompletely understood. FXla
is unique in its homodimeric structure among the trypsin-
like serine proteases of the blood coagulation cascade. In
addition, FXla-catalyzed FIX-activation is the only enzymatic
reaction in blood coagulation for which there is no defined
exogenous protein cofactor; therefore, it is particularly
interesting that the heavy chain of FXla is required for the

and the generated FIXa was measured using Spectrozyme fIXa a®ptimal activation of FIX, although the active site of the

described in the Experimental Procedures section. (B) A fixed
concentration of FIX (400 nM) was incubated with FXla (0.25 nM)
in the presence of varying concentrations (0 to 256 of LCi

for 5 min at 37°C, and the FIXa generated was determined as

enzyme resides within the light chain. Thus, the heavy chain
can be regarded as containing an endogenous cofactor in the
form of an extended macromolecular substrate recognition

described above. The amount of FIXa generated in the absence ofX0site. To gain further insight into this enzymatic process,
LCi (41 nM) is expressed as 100% in panel B, and all other data we have in the present study investigated the functional

points are expressed as percentages of this control.

only way to better understand this inhibition is to use
monomeric FXla and a single cleavage site mutant of FIX.
Activation of FIX by FXla and FXla-LC and Size
Fractionation of the Cleaage ProductsFIX was activated
by FXla or FXla-LC at a substrate to active site ratio of
50:1 in the presence of €a(Figure 6, panels A and B) or
in the presence of EDTA (Figure 6, panels C and D), and
the cleavage products were size fractionated on-SPSGE
under reducing conditions. The activation peptide is not
visible on SDS-PAGE because it is heavily glycosylated

properties of the isolated monomeric catalytic domain (FXla-
LC) and compared them with those of the full-length dimeric
enzyme FXla. Our initial experimental observation was a
surprise. A reversible active site inhibitor PAB was found
to be a noncompetitive inhibitor of FIX activation by FXla-
LC. We expected that PAB would prove to be a classical
competitive inhibitor of FXla-LC since the FIX-binding
exosite that resides in the heavy chain of FXla is missing in
FXla-LC. This observation led us to investigate FXla-LC
in further detail and to examine the cleavage products of
FIX resulting from activation by FXla and FXla-LC.
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Ficure 6: FIX cleavage by FXla or FXla-LC in the presence or absence &f.GdX was incubated with FXla or FXla-LC at a substrate
to active site ratio of 50:1 in the presence of 5 mMFCar in the presence of 2 mM EDTA. At different intervals, as indicated, aliquots
were boiled in SDSPAGE buffer and fractionated under reducing conditions using-45% gradient gel. The bands were visualized
using GelCode Blue. (A) Activation of FIX by FXla in the presence of 5 mMC#&B) Activation of FIX by FXla-LC in the presence of

5 mM C&*. (C) Activation of FIX by FXla in the presence of 2 mM EDTA. (D) Activation of FIX by FXla-LC in the presence of 2 mM
EDTA.

A reversible active-site inhibitor of serine proteases such the rate of bond cleavage at R145 in FIX to generateoFIX
as PAB is expected to inhibit hydrolysis of S-2366 or is only ~15-fold slower for the isolated monomeric catalytic
activation of FIX by FXla or by FXla-LC in a purely domain than for the dimeric full-length FXla (compare the
competitive fashion if the substrate and the inhibitor binding 1-min time point for FXla in panel 6A with the 15-min time
sites on the enzymes are mutually exclusive, i.e., identical. point for FXla-LC in panel 6B). Thus, it can be concluded
This in fact was the case when PAB was used as an inhibitorthat FXla-LC is only 15-fold less efficient than FXla in
for the hydrolysis of S-2366 by FXla or FXla-LC (Figure cleaving FIX at R145, and that the major advantage of the
2). Inhibition by PAB of FIX activation by FXla was, presence of the heavy chain substrate-binding site is to
however, found to be noncompetitive (Figure 3A). A similar promote efficient cleavage of FIX at R180. Our hypothesis
result has recently been reported when aprotinin, anotheris that these two exosites, located in the heavy chain and
reversible inhibitor of FXla, was used instead of PARI) the light chain act in concert to position the macromolecular
This result was not surprising considering the fact that substrate for efficient cleavage by the enzymatic active sites.
previous studies identified the presence of a substrate-bindingHowever, we cannot understand the contribution of the LC
exosite on the heavy chain of FXI29, 30). If the substrate  exosite until the mechanism of cleavages of the two scissile
binding exosite is present only in the heavy chain of FXla, bonds of FIX by full length dimeric FXla is elucidated, and
then PAB should inhibit the activation of FIX by FXla-LC the location and functional contribution of the two exosites
in a competitive fashion, but it is evident from our results acting in concert are defined.
that the mechanism is purely noncompetitive (Figure 3B). If the exosite on the heavy chain of FXla were the only
Activation of the macromolecular substrate FIX by FXla- substrate-enzyme binding site required for optimal func-
LC was further examined with the active site of the enzyme tional activity of FXla, then FIX activation by FXla would
occupied by a peptidyl substrate. It is quite clear from the remain unaffected in the presence of LCi. However, LCi was
results (Figure 4B) that the inhibition resulting from occupa- found to inhibit FIXa generation as demonstrated in Figure
tion of the active site by the small peptidyl substrate S-2366 5A and B. This result demonstrates that LCi by binding to
was noncompetitive, that is, a decreas&/jinx without any FIX through an exosite forms a nonproductive complex and
significant change iy, further confirming that the binding  thereby depletes the substrate. The formation of a productive
sites for the macromolecular and the peptidyl substrates arecomplex at higher substrate concentrations overcomes this
separate and distinct. Therefore, during activation of FIX inhibitory effect @3). A plot of V vs Sfor such an inhibition
by FXla-LC, the macromolecular substrate FIX binds to should produce a sigmoidal curve when an enzyme with one
FXla-LC at a site remote from its active site. FXla-LC active site and a substrate with a single cleavage site are
activates FIX with aK, of ~386 nM, which is quite involved. However, the data in Figure 5A depicts the
comparable to the-210 nM obtained for the activation of  proteolytic cleavage of a substrate with two scissile bonds
FIX by FXla. The turnover numberk{y) for FXla-LC is by an enzyme with two active sites, whereas LCi is a
~465-fold impaired, and the catalytic efficiendg4/Kn) is monomer. Therefore, although the curve depicted in Figure
~850-fold impaired compared with intact dimeric FXla 5A demonstrates some sigmoidicity, we did not attempt a
(Table 1), suggesting that the exosite on the light chain is formal analysis of these data by models that assume a single
necessary but not sufficient for optimal catalysis. However, enzyme active site and a single substrate cleavage site.
this impairment serves to emphasize the kinetic contribution Studies are planned in the future to re-examine the inhibitory
of the heavy chain exosite and in no way implies that the effects of LCi on the cleavage of FIX mutants with a single
light chain exosite makes a minor contribution. In fact, an cleavage site by monomeric FXla. Nonetheless, since LCi
observation from the experiment shown in Figure 6 is that had no effect on the hydrolysis of Spectrozyme flXa by FIXa,
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the observed effects shown in Figure 5A and B must be duerole when FXla-LC was the enzyme (Figure 6, panels B and
to the formation of a nonproductive SI complex. This result D). For the activation of FIX by FXla in the presence of
confirms further that FIX binds to the FXla light chain at a C&" (Figure 6, panel A), the major activation product even
site remote from the active site. The results of these studiesat earlier time points was FIXa, although minor10%)
demonstrate that the mechanism by which FXla or FXla- accumulation of FIXt was evident. When the cleavage
LC hydrolyzes the small peptidyl substrate S-2366 is quite patterns in panels A and C of Figure 6 are compared, it is
different from the way it activates its macromolecular clear that in the absence of €ahe rate of cleavage of the
substrate FIX. Similar conclusions have previously been scissile bond Ar¢f°—Val'8! of FIX by FXla is much slower
drawn for the activation of FX by the extrinsic Xase complex compared to that of the At¢p—Alal*é bond that results in
and for activation of prothrombin by prothrombinass,( the accumulation of inactive intermediate EiXWhen FXla-
37). LC was the enzyme (panels B and D of Figure 6) the rate of

Using an ELISA-based system for FIX activation by FXla, cleavage of the scissile bond Afg-Val'®is slow, irrespec-
Pedicord et al.44) reported mixed type inhibition for active  tive of the presence or absence ofCdlhis result explains
site inhibitors such as leupeptin or aprotonin, and they why FIX-activating activities of FXla and FXla-LC were
concluded that the active site of FXla does not contribute found to be very similar in the absence of?C#29).
significantly to the affinity of FXla toward FIX. A similar In the present study, we have examined the cleavage
conclusion was reached by Ogawa et 24l) (using aprotinin products of FIX resulting from activation by FXla at several
as an inhibitor and a peptidyl substrate to measure FIXa different substrate to enzyme ratios (56250:1), and some
formation. Our data showing noncompetitive inhibition by accumulation of FIXx was detected consistently at earlier
PAB of FIX activation by FXla further confirm the existence time points. This result is in contrast to that reported by
of an exosite outside the active site of FXla for its Wolberg et al. 22). We believe that the discrepancy is due
macromolecular substrate FIX. The interesting new observa-to the use of different detection systems. We used a direct
tion that we are reporting is the existence of a second exositestaining method, whereas Wolberg et al. used western blot
on the catalytic domain of FXla. Ogawa et al24f analysis. This observation, however, does not rule out the
demonstrated that whereas FIX inhibits S-2366 hydrolysis possessive mechanism that the authors proposed for the
by FXla no inhibition by FIX of S-2366 hydrolysis by FXla-  activation of FIX by FXla. At this point, we are investigating
LC could be observed, and they attributed this result as beingwhether cleavage of the scissile bond XpgAlal® is a
due to the loss of a FIX binding site in the heavy chain of requirement for the subsequent cleavage of thé%sg/al's!
FXla. These results do not contradict the existence of a FIX bond to generate fully active FIXa.
substrate binding exosite within the light chain or catalytic ~ Since FIX has been shown to bind to the heavy chain of
domain of FXla that is distinct and separate from that FXI through itsy-carboxyglutamic acid domaid®), the lack
occupied by the same peptidyl substrate, S2366. of an ordered structure of thecarboxyglutamic acid domain

It has been well documented that when FIX is activated in the absence of Ga may prevent it from binding to the
by FVllal/tissue factor in the extrinsic pathway, initial heavy chain of FXla. Therefore, the absence of'Ga the
cleavage occurs at the Ar§—Ala'*® bond followed by heavy chain produces similar effects. We speculate that
Arg'8°—Val'8lthat results in accumulation of the intermediate binding to the two exosites one on the heavy chain and the
FIXo. Subsequent cleavage of Aff-Val'®l in FIXa other on the light chain is likely to be required to overcome
generates FIXa (13, 21, 22, 45). However, for activation ~ the geometric constraints for active site docking before
of FIX by FXla, there are controversial reports regarding cleavage of the two spatially distinct peptide bonds. On the
whether the two peptide bonds are simultaneously or basis of these results, we propose a model for the activation
sequentially cleavedle—14, 21, 22, 27). Since our kinetic of FIX by FXla and FXla-LC as shown in Figure 7. Binding
data demonstrated that FXla-LC is comparable to the parentof FIX to two exosites, one on the heavy chain and the other
enzyme in its effectiveness to hydrolyze the small peptidyl in the light chain of FXla, brings the two scissile bonds into
substrate but is a poor activator of the macromolecular favorable positions to be docked and cleaved by FXla in
substrate FIX, we investigated how FXla-LC hydrolyzes the rapid succession (Figure 7A). Lack of either the heavy chain
two scissile bonds of FIX compared to FXla. Examination (Figure 7C) or of C&" (Figure 7B) allows the binding of
of the cleavage products of FIX activation in the presence the substrate to occur only through the light chain, which
of C&" by FXla (Figure 6, panel A) and by FXla-LC (Figure results in reduced rates of cleavage of the'®gVal' bond
6, panel B) clearly demonstrated that the formation of FIXa and consequent accumulation of lXThe absence of the
resulting from the cleavages of both of the scissile bonds is heavy chain in FXla-LC is not the only difference between
much faster when FXla was the enzyme. Moreover, for FXla and FXla-LC since FXla is a dimer with two active
activation of FIX by FXla-LC (Figure 6, panel B), the rate sites, whereas FXla-LC is a monomer. Therefore, the
of cleavage of the Af>—Ala*® peptide bond in FIX was  presence of two active sites in FXla might contribute to the
much faster than that of AKf—Val'®, resulting in the accelerated rate of cleavages of the two scissile bonds in
accumulation of the inactive intermediate FIX This FIX, as suggested by Wolberg et a22j.
explains why FIX activation by FXla-LC is characterized The presence of substrate binding exosites has been well
by a severely reducedl.;: Examination of the cleavage documented in thrombimd{), prothrombinase, and the FX
products of FIX activation generated in the presence and activating complex 36, 37, 39), but FXla is unique by
absence of C4 demonstrated very clearly that while there possessing two substrate binding exosites for its macromo-
is a distinct difference between the Talependent (Figure  lecular substrate FIX. The heavy chain of FXIa in this respect
6, panel A) and the Ca-independent (Figure 6, panel C) can be compared to the cofactor FVa in prothrombinase, to
activation of FIX by FXla, C&" did not seem to play any  FVllla in Xase in the intrinsic pathway, or to tissue factor
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Ficure 7: Proposed model illustrating the cleavages of the two
spatially separated scissile bonds of FIX. (A) In the presence of
Ca&*, FXla binds to FIX through both its heavy and light chains
that brings the two spatially separated scissile bonds closer together

to be docked and cleaved almost simultaneously by the enzyme to 14,

form FIXa with very little accumulation of FI¥ since the
subsequent cleavage of the scissile bond'®rgval'®lis fast. (B)

FIX binds only to the exosite in the light chain of FXla since in
the absence of G4, they-carboxyglutamic acid-domain of FIX is
either unable or binds with low affinity to the heavy chain of FXla,
resulting in sequential cleavages with substantial accumulation of
FIXa resulting from the slower cleavage of the scissile bond
Arg80—Vall8L (C) FIX can bind only to the light chain of the
enzyme in the absence of its heavy chain, and there is substantial
accumulation of FIXt as in the case of C&independent activation

of FIX by FXla.

18.

in the extrinsic pathway. Prothrombinase cleaves the two
spatially distinct peptide bonds in prothrombin at different
rates, which results in the accumulation of meizothrombin,
and Boskovic and Krishnaswamy have clearly demonstrated
that the difference in these rates arises from differences in
the intramolecular binding step for docking to elements
around the scissile bond42). Whether the same is true for
FIX activation by FXla-LC remains to be investigated.
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