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ABSTRACT. Factor IXa binding to the activated platelet surface is required for efficient catalysis of factor

X activation. Platelets possess a specific binding site for factor IXa, occupancy of which has been correlated
with rates of factor X activation. However, the specific regions of the factor IXa molecule that are critical
to this interaction have not yet been fully elucidated. To assess the importance of the second epidermal
growth factor (EGF2) domain of factor IXa for platelet binding and catalysis, a chimeric protein (factor
[Xaxegr2) Was created by replacement of the EGF2 domain of factor 1X with that of factor X. Competition
binding experiments showed 2 different binding sites on activated platel@s0(each/platelet): (1) a
specific factor 1Xa binding site requiring the intact EGF2 domain; and (2) a shared factor IX/IXa binding
site mediated by residues;&Qi1 within the Gla domain. In kinetic studies, the decreagggk of factor

[Xaxegr2 activation of factor X on the platelet surface.x 2.90 & 0.37 pM/min) versus normal factor

IXa (37.6+ 0.15 pM/min) was due to its decreased affinity for the platelet surfigé4.7 + 3.9 nM)

versus normal factor 1XaKy 1.21 + 0.07 nM), resulting in less bound enzyme (functional complex)
under experimental conditions. The hypothesis that the binding defects of faci@gbéae the cause of

the kinetic perturbations is further supported by the norkgalof bound factor IX&egr, (1701 min?)
indicating (1) an intact catalytic site and (2) the normal behavior of bound factaiedXalhe EGF2
domain is not a cofactor binding site since the mutant shows a normal rate enhancement upon the addition
of cofactor. Thus, the intact EGF2 domain of factor 1Xa is critical for the formation of the factor X
activating complex on the surface of activated platelets.

Blood coagulation factor 1X is critical for normal blood and protein S)&). Exon | encodes the signal peptide whereas
coagulation since its deficiency results in a severe bleedingexons I-Ill encode the propeptide (which is cleaved from
disorder (). A single-chain glycoproteinM; 57 000) con- the mature protein prior to secretion through the Golgi
taining 18% carbohydrate and consisting of 415 amino acids apparatus) and thg-carboxyglutamic acid (Gla)domain
(1—3), it circulates in plasma as a zymogen that is activated (comprising residues -146, including 12 glutamic acid
by limited proteolysis either by the factor VHdissue factor residues that are posttranslationally modified to the dicar-
complex (extrinsic or initiating pathway) or by factor Xla boxylic Gla form by a vitamin K-dependent carboxylase)
(intrinsic or sustaining pathway)1{5). Factor IXa M, (7). Exons IV and V encode two nonidentical epidermal
45 000) results from cleavage of two peptide bonds and the growth factor (EGF)-like domains (residues-4I45), each
formation of an activation peptidévk ~11 000) and two-  of which contains six cysteines. The specific functions of
chain factor 1Xa, which consists of disulfide-linked, heavy the EGF domains are unknown, but the EGF1 domain of
(M; ~28 000) and lightM, ~18 000) chains4). The factor factor IX contains one high-affinity Ca binding site 7—

IX gene (~34 kb) contains 7 introns and 8 exons coding for 10). Exon VI encodes an activation peptide (residues-146
distinct structural domains that are highly conserved among 180, containing two carbohydrate binding sites), and exons
the other homologous vitamin K-dependent plasma coagula-VIl —VIII (and the 3 portion of exon VI) code for residues
tion proteins (factor X, factor VII, prothrombin, protein C, 181—415, which comprise the trypsin-like, heavy-chain,
catalytic domain of factor IXa6—9, 11). Factor |Xa activates
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factor X by cleaving a specific peptide bond (Arg-5iZe
53) in the amino-terminal region of the factor X heavy chain
(12, 13. It recognizes factor X as its normal macromolecular

substrate and can also cleave and activate factor VIII but

less effectively than thrombin or factor Xa4, 15.

Factor 1Xa is a component of the factor X activating
complex @, 2) which forms on the surface of activated
platelets in conjunction with factor Vllla, a cofactor involved
in the conversion of factor X to factor Xa§—18). A discrete
number of high-affinity, saturable receptors for factor 1Xa
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EXPERIMENTAL PROCEDURES
Materials

Heparin from porcine intestinal mucosa (168 units/mg),
Sepharose 2B-CL, and ELISA-grade bovine serum albumin
(BSA) were purchased from Sigma Chemical Co. (St. Louis,
MO). Sephadex G-50 was purchased from Pharmacia Bio-
tech, Inc. (Piscataway, NJ). Nucleopore polycarbonate
membranes were purchased from Costar Corp. (Cambridge,
MA). Bovine brain phosphatidylserine anet-dioleoylphos-

are expressed on the surface of thrombin-activated plateletsphatidylcholine were purchased from Avanti Polar Lipids

in the presence of calcium ion&7). In the absence of factor
VIl and factor X, factor IXa can occupy500—600 binding
sites per platelet of which250—300 can also be occupied
by factor IX, the zymogeni(7). Although in the absence of
factor VIl and factor X the affinity of binding of factor IX
and factor IXa are similaty ~2.5 nM), in the presence of
factor VIl and factor X the affinity of factor 1Xa binding is
increased 5-fold{q ~0.5 nM), whereas the binding of factor
IX is unaffected 7). Nesheim et al.19) have demonstrated
the presence on thrombin-activated platelets-450 binding
sites per platelet for factor VIII with &4 ~3.0 nM (i.e.,

(Birmingham, AL). Nucleopore polycarbonate membranes
(100 nm pore diameter) were purchased from Costar Corp.
Centri-prep 3 concentration units were purchased from
Amicon Division, W. R. Grace & Co. (Danvers, MA). The
lodo-Gen iodination reagent (1,3,4,6-tetrachloog&s.-
diphenylglycuril) was obtained from the Pierce Chemical Co.
(Rockford, IL).

Human factor IX and the mutant factor k& CDNA were
obtained as a generous gift from Dr. Darrel W. Stafford from
the University of North Carolina, Chapel Hill. Restriction
enzymes were obtained from Promega (Madison, WI) and

with a StOiChiometry and affmlty similar to those that describe were used according to manufacturer’s Specificationsl Taq
factor IXa blndlng) Although unactivated platelets have no DNA po]ymerase was Supp”ed by Perkin-Elmer Cetus
significant effect on the kinetics of factor X activation by (Foster City, CA) and thermocycling done in a MJ Research
factor IXa either in the presence or in the absence of |nc. thermocycler (Cambridge, MA). Sequenase version 2.0
thrombin-activated factor VIII, thrombin-activated platelets and reagents were Supp“ed by the United States Biochemical
decrease th&m, by more than 200-fold and permit factor  Corp. (Cleveland, OH), and sequencing gels were run on a
Vllila to increase thek,; more than 50 000-fold1@). Thus, Bio-Rad bio-gel apparatus. The mammalian expression vector
the combined effects of thrombin-activated platelets and pCMV5 was a generous gift from Dr. David W. Russel from
factor Vllla result in an overall increase in catalytic efficiency the University of Texas Southwestern Medical Center

(keafKm) of more than 2x 107-fold.

To identify platelet binding domains within factor IX and
factor 1Xa, we have employed a variety of biochemically

(Dallas, TX). Plasmids were transformed and overexpressed
in E. coli of the DH5a f' strain. Supercoiled plasmid DNA
was purified using cesium chloride density gradient purifica-

modified, mutant and chimeric proteins as well as synthetic tion (25) and then transfected into 293 human embryo kidney
peptides. These studies have shown that the Gla-containingeells using the calcium chloride transfection meth@g)(

domain of factor IX/IXa is essential for its normal binding
to activated platelets2Q), and that specific factor IX/IXa

Antibodies were either purchased from Enzyme Research
Laboratories (South Bend, IN) or purified from serum or

binding to platelets is mediated at least in part by residues ascites using caprylic acid and ammonium sulfate precipita-

3—11 within the Gla domain of factor IX2(1). However,

tion (26). A HRP chemiluminescent substrate was purchased

recent studies with a conformationally constrained synthetic from Kirkegaard & Perry Laboratories, Inc. (Gaithersburg,
D).

peptide comprising residues,&Q;; demonstrate that the
Gla domain mediates the binding of factor IXa to only 250
300 of the total 506600 sites per platelefp), leaving the
remaining 256-300 sites that are functionally active in factor
X activation still occupied by factor IXa. Moreover, studies
were carried out with chimeric factor 1Xa molecules after
replacing the first or second growth factor domain (EGF1
or EGF2) with the corresponding polypeptide region of factor
X (23, 24. The studies with factor 1Xagn suggest either
that the EGF1 domain of factor IXa is not involved in factor
IXa binding to platelets or that the EGF1 domain from factor
X, when inserted into the factor 1Xa molecule, suffices to
promote normal factor 1Xa binding28). The studies with
factor Xaxegr2 SUggest that an intact EGF2 domain may be
important for specific, high-affinity factor 1Xa binding to
platelets in the presence of factor Vllla and factor 24)(

To define the role of the EGF2 domain of factor 1Xa in the
assembly of the factor X activating complex, we have now
carried out detailed kinetic and equilibrium binding studies
with factor IXaxegr.

Dulbecco’s modification of Eagle’s medium was pur-
chased from Mediatech (Herndon, VA). Fetal bovine serum
and Fast Flow Q-Sepharose were purchased from Sigma. The
insulin/transferrin/selenite supplement was purchased from
Boehringer Mannheim Biochemicals (Indianapolis, IN). Acid
citrate dextrose (ACD) anticoagulant for blood collection
consisted of trisodium citateH,O (12 mM), citric acid
monohydrate (10 mM), and dextrose (15 mM). HEPES-
buffered Tyrode’s solution consisted Nf(2-hydroxethyl)-
piperazineN'-2-ethanesulfonic acid (HEPES, 15 mM), 3 mM
KCI, 1 mM MgCl,, 0.4 mM monosodium phosphate, pH 6.5
or 7.4 with BSA, 2 mg/mL.

Human factors IX, X, and Xla and thrombin were obtained
from Enzyme Research Laboratories (South Bend, IN) in
Tris-buffered saline+ 1 mM benzamidine. High-purity
recombinant factor VIII (3058 units/mL) was obtained as a
generous gift from Baxter Healthcare Corp. (Duarte, CA).
The chromogenic substrates S2238 (H-D-F-Pip-R-pNA) and
S2765 N-a-Cho-R-G-R-pNA) were purchased from AB
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Kabi Diagnostica (Stockholm, Sweden). Phospholipid vesicles then was discarded and replaced with fresh serum-free media.
were composed of bovine brain phosphatidylserine and This serum-free medium was then harvested every43th

phosphatidylcholine (1:3) from Avanti Polar Lipids (Bir-
mingham, AL) and were made by extrusion through a 100
nm membrane at 500 psi. A conformationally constrained
synthetic peptide (CPGKLDEFVQPC) comprising-€Q;;

of the Gla domain of factor IX was synthesized and
characterized as previously reporte2R)( by the Protein
Chemistry Laboratory (Dr. John Lambris) of the University

for use in the factor IX purification protocol. EDTA (4 mM)

and benzamidine hydrochloride (5 mM) were added to the
collected medium which was then transferred to 500 mL
centrifuge bottles and centrifuged at 5000 rpm in a Sorvall
GS-3 rotor for 10 min at 4C to pellet cellular debris. The

supernatant containing the factor IX was then carefully

removed and filtered through a 0.22 mm pore size surfactant-

of Pennsylvania (Philadelphia, PA). The thrombin receptor free cellulose acetate filter. The secreted recombinant proteins
agonist peptide SFLLRN-amide was synthesized as previ- were purified using “pseudo-affinity” chromatography on fast

ously described?7).

Methods

Factor X PreparationHuman factor X was passed through
a soybean trypsin inhibitor column to remove any serine

protease contamination. The factor X was subsequently

dialyzed against HEPESTyrode’s buffer to remove any
residual benzamidine in the preparation. The factor X

concentration was then determined spectrophotometrically
by measuring its absorbance at 280 nm using an extinction

coefficient of 1.16 mkmg t-cm™ (28). The purified factor
X contained<0.01% contamination by factor Xa as mea-
sured by chromogenic substrate cleavage.

Expression of Mutant ProteiThe chimeric and wild-type

flow Q Sepharose as described by Yan et 29, (30. The
fully carboxylated recombinant protein was eluted with TBS

+ 5 mM CacC}. All proteins (factor I%p, factor X, and

factor [Xxegr2) Were >97% pure, showing a single band at

69 kDa upon SDSPAGE. The protein-containing fractions

were pooled and concentrateds0-fold and then dialyzed

against HEPESTyrode’s buffer, pH 7.4, for 24 h at 2C.
Characterization of Plasma-Dered and Recombinant
Proteins by Gla AnalysisSince factor IX contains 12 Gla
residues that are critical for normal factor 1Xa function, Gla
analysis of the plasma-derived and recombinant factor IX
molecules was performed utilizing the modified alkaline
hydrolysis method of Przysiecki et aBY). These analyses

were generously performed by Dr. Peter Larson of the

Children’s Hospital of Philadelphia (Philadelphia, PA) for

constructs were purified using a cesium chloride gradient t0 gach factor 1X-containing Caglraction. An aliquot (2Q:g)
separate genomic and nicked DNA from supercoiled plasmid 4t each fraction was dialyzed against 50 mM NaH®@fore

DNA (25). Driven by a CMV promoter in the vector pPCMV5

analysis. The factor I3 that was eluted at 5 mM Cagl

along with the selection vector pSV2Neo, they were then gntained 9.6 Gla residues per molecule, whereas the
transfected into 293 cells (human embryo kidney cells) which molecules that were eluted at 10 mM CaCbntained 6.65
were selected using G418 at a concentration of 600 mg/mL G| residues per molecule, and the molecules that were eluted
of media. Stable cell lines were established and individual 5¢ 15 mMm CaG contained 2.8 Gla residues per molecule.
clones were assayed for factor IX expression with an ELISA The plasma-derived factor IX contained 9.8 Gla residues per

utilizing an affinity-purified goat anti-human factor IX

molecule and the factor g chimera contained 9.9 Gla

polyclonal antibody as the capture antibody. The secondary esiques per molecule using the same analysis, indicating

antibody was a polyclonal goat anti-factor 1X antibody

conjugated to horseradish peroxidase. Detection by hydroly-

sis of the chromogenic substra@ephenylaminediamine was

that the fraction eluted at 5 mM Caloncentration yielded
identically modified recombinant wild-type factor IX and

factor IXxegr2 chimera compared to plasma-derived factor IX.

measured at 490 nm spectrophotometrically. Measured valuessijnce it is known that the catalytic functions of factor IX

were compared to a standard curve.
Western Blot of Cell Culture Supernatanis ensure that

remain intact despite incomplete modification of some
normally carboxylated residue82), and since the recom-

the recombinant protein was not being degraded, serum-freebinant and plasma-derived factor IX molecules were modified

culture medium from stable cell lines following transfection

to a similar extent, the differences between the chimeric,

was analyzed using Western blots with a polyclonal goat wild-type, and plasma-derived proteins observed in this study
antibody directed against human factor IX. Detection was were regarded as unlikely to result from differences in
done using a chemiluminescent substrate from Kirkegaard carboxylation.

& Perry Laboratories, Inc. (Gaithersburg, MD).
Production and Purification of Recombinant Factor IX.

Activation of Factor IX The recombinant and plasma-
derived factor IX was activated with factor Xla to factor

The stable cell lines expressing the highest amounts ofXa using a 200:1 molar ratio of factor IX to factor Xla.

recombinant factor IX as detected by ELISA were isolated
and grown to confluence in four 100 mm dishes supple-
mented with DMEM. Next, the cells were trypsinized, and
the cells from each dish were transferred into 856 tissue
culture roller bottles and then grown to approximately 70%
confluence in 100 mL of supplemented DMEM in a Wheaton
bottle roller at less than 1 rpm. At 70% confluence, the
supplemented DMEM was removed and replaced with
serum-free DMEM containing 5 mg/L insulin, 5 mg/L
sodium selenite, 5 mg/L transferrin, 2 mM glutamine, 100
ug/mL penicillin, and 5Q:g/mL streptomycin. The cells were
grown in the serum-free DMEM for 24 h, and the medium

The reaction was carried out in HEPE®yrode’s buffer+

5 mM CaCj +1 mg/mL PEG 8000 at 37C for 1 h.
Complete activation was observed upon SIPRGE. The
heavy chain migrated &, ~28 000 and the poorly staining
light chain at~23 000, in agreement with results of other
investigators 33).

Determination of Factor IXa ConcentratiorActivated
plasma-derived and recombinant factor IXa was analyzed
by SDS-PAGE, and then the protein concentration was
determined by densitometric scanning of the heavy chain
against a purified factor IXa standard that was previously
guantitated by its absorbance at 280 nm using an extinction
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coefficient of 1.32 mkmg *-cm™ as previously described
(5).

Active Site Titration of Factor IXa with Antithrombin 1lI
Thrombin was active site titrated with FMGB-H4, 35.

Biochemistry, Vol. 38, No. 28, 1998951

platelets were allowed to stand for 30 min at 37. The
platelets were loaded on a 50 mL Sepharose CL-2B column
preequilibrated with HEPESTyrode’s buffer+ 1 mg/mL
BSA, pH 7.4, and 2 mL fractions were collected. The middle

This active site titrated thrombin was used to standardize fractions containing the most concentrated platelets were

human antithrombin Ill by active site titration. The standard-
ized antithrombin Il was diluted from 0 to 100 nM in 20
nM increments in HEPESTyrode’s buffer+ 5 mM CaC}

+ 20 ug/mL heparin, incubated with factor IXa diluted to
~100 nM, mixed (1:1 v/v) with each of the antithrombin IlI
dilutions, and finally incubated for 15 min at 3. The
reaction was stopped by 10-fold dilution in HEPES
Tyrode’s buffer. The remaining factor IXa activity was

pooled and allowed to stand for 30 min at37. The platelet
suspension was counted on a Coulter Counter to determine
concentration.

lodination of Factor IX.Factor IX was iodinated using
the lodo-Gen method (Pierce Chemical Co., Rockford, IL),
as previously described §). Specific radioactivity was-5
x 10 cpmjug of protein as determined by countipgemis-
sion of known dilutions of the radiolabeled factor IX in a

measured in a factor Xa generation assay. Twenty microlitersWallac 1470 Wizard gamma counter (Gaithersburg, MD).

of the diluted antithrombin lll/factor IXa reaction was mixed
with 20 uL of HEPES-Tyrode’s buffer containing 5 mM
CaCl, 1.2 uM factor X, 12 units/mL factor VIII, and 60

The *29-labeled factor IX was activated with factor Xla as
previously described und@ctivation of Factor IX Complete
activation was observed upon SBBAGE and autoradiog-

uM PS/PC. The reaction was started by the addition of 20 raphy. Greater than 95% of factor IX functional activity was

uL of 10 units/mL thrombin in HEPESTyrode’s buffer and
incubated at 37C for 2 min. The reaction was stopped by
the addition of 6QuL of cold 175 mM NaCl, 50 mM HEPPS,
0.5 mg/mL BSA, 20 mM EDTA, pH 8.1. The factor Xa thus

formed was quantitated by incubation with an equal volume

of 700 uM S2765 diluted in stopping solution (50L).

retained as measured in a factor X activation assay.
Competition Binding Experiment8inding experiments
were performed in 1.5 mL microcentrifuge tubes in a final
reaction volume of 10QL, as previously described 6, 17).
Measurement of Kinetic Constanigelocity of factor Xa
generation was plotted against varying factor X concentra-

Substrate cleavage was monitored kinetically at 405 nm in tions in order to determin€y.xandK,. Gel-filtered platelets
a Molecular Devices ThermoMax microplate reader (Menlo (~3 x 10°/mL for experiments without factor VIII;~5 x

Park, CA) at 37C. The factor Xa activity was plotted against
the antithrombin Il concentration of the initial incubations.
A straight line was fit to all points with a nonzero velocity
using Kaleidagraph, and theintercept was determined,
which is equal to the concentration of active factor I1Xa in
the initial dilution. Active site titration yielded a ratio of 1.22
antithrombin 11l molecules per factor IXamolecule with a
corresponding value of 1.46 for factor 1%g». Therefore,

it is concluded that the concentrations of factor JxXand
factor IXaxegrz from Aggo nm determinations underestimated

10°/mL with factor VIIl) in HEPES-Tyrode’s buffer, pH
7.4, were activated using the thrombin receptor peptide
SFLLRN-amide (25«M). Either activated platelets or PS/
PC vesicles (2@M for experiments without factor VIII; 500
pM for experiments with factor VIII) were then incubated
with factor IXa (10 nM in the absence of factor VIII; 500
pM with factor VIII) and 5 mM CaC{ for 6 min at 37°C.
Varying concentrations of factor X were added to each
reaction vessel and incubated at 3Z for 20 min for
experiments without factor VIII. Alternatively, in a separate

the protein concentration. The enzyme concentrations weretube, factor VIII (500 units/mL) in HEPESTyrode’s buffer
thereby adjusted on the basis of the active site titration values,containing 10 mM CaGlwas activated with thrombin (0.05

and the initial estimates of enzyme concentrations based onunit/mL, 45 s, 37°C) and added to the reaction mixture at
protein concentration were adjusted accordingly. The maxi- a final concentration of 15 units/mL. The reaction was
mal activity of factor IXa, was used as the 100% activity allowed to proceed for 3 min (during which time the rates
standard for all subsequent measurements. of factor Xa formation were linear). The reaction was stopped
Phospholipid Vesicle Phospholipid vesicles were com- by the addition of EDTA to a final concentration of 10 mM.
posed of bovine brain phosphatidylserine and phosphatidyl- The amount of factor Xa formed was measured in a
choline (1:3) from Avanti Polar Lipids (Birmingham, AL)  Molecular Devices ThermoMax microplate reader (Menlo
and were prepared by extrusion through three stackedPark, CA) at 405 nm following the addition of the chro-
polycarbonate 100 nm membranes at 500 psi which wasmogenic substrate S2765 at 3J. The values obtained were
repeated 5 times36). compared to a standard curve to determine the factor Xa
Purification of PlateletsCitrated blood (43 mL of blood ~ concentration and to calculate rates of factor Xa formed,
+ 7 mL of ACD) was centrifuged at 1000 rpm for 20 min  which were linear during the time course of the experiment.
at room temperature. The top layer of platelet-rich plasma Factor IXa Titrations.Rates of factor Xa formation were
(PRP) was carefully removed and recentrifuged at 1000 rpm plotted against various factor IXa concentrations using
(~150g) for 5 min to remove any residual red blood cells previously described conditions in the presence of factor
and leukocytes. The platelets were pelleted from the PRPVllla and excess factor X (2& Ky on an activated platelet
by centrifugation at 1700 rpm~300g) for 15 min. The surface or phospholipid surface.
supernatant was removed and the pellet was carefully The apparent dissociation consta#iy)( for factor 1Xa
resuspended in 7 mL of HEPESyrode’s buffer+ 1 mg/ binding to platelets or phospholipid vesicles was determined
mL BSA, pH 6.5. The platelets were allowed to stand for using the equation:
30 min at 37°C. The platelets were repelleted by centrifuga-
tion at 1700 rpm £300g) for 15 min. The supernatant was
removed, and the pellet was carefully resuspended in 3 mL
of HEPES-Tyrode’s buffer+ 1 mg/mL BSA, pH 6.5. The

v = V*[factor IXa)/(K, + [factor IXa]) (D)

where
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_ keuffactor X] A
= W[factor IXa]Bmax (2)

Direct Binding

V* is not a trueVmax but rather a derived binding constant

that is proportional td/max (derivation not shown)Kq was 700

determined by a nonlinear least-squares fit to eq 1 using the 600 —_—

program Kaleidagraph on a Macintosh Quadra 900 computer seor - o

(Apple Computer, Cupertina, CA). 400¢ is"mf‘“ FiXa binding site
Determination of k; for Bound Enzyme on the Agtited %00k

Platelet SurfaceUsing the equation: fzz l

sites/platelet

Shared FIX/FIXa binding site

[enzymeB, ..
[factor IXa],ouna= Kq + [enzyme] ©

FIX
FIXa

FIXXEGFZ
leaXEGFZ

the amount of bound factor IXa was determined usiya
value of 282 sites/platelet. Thé,ax values were then divided
by the concentration of bound enzyme to obtak.avalue
adjusted for bound enzyme.

Determination of k for Bound Enzyme on the Phospho-
lipid Surface.The same method was used as for the platelet
surface except since th#nax value was not known thk.y
value was left as a factor of tH&.x per vesicle.

= 200
100
RESULTS 0

Factor IX/IXa Binding

Contribution of the EGF2 Domain of Factor IXa for
Binding to Actvated PlateletsTo determine whether the

EGF2 domain might play a part in the binding of factor IX Ficure 1: Direct and competition binding experiments witil

or factor I_Xa. to a.ctlvafted platelets and to ascertam.wmch labeled factor IXa to activated platelets. (A) The number of factor
class of binding sites (i.e., the shared factor IX/IXa binding |xa binding sites per platelet was first measured by determining
site or the specific factor IXa binding site) might require an the amount of?3-factor 1Xapp bound. Either factor I¥p, factor
intact EGF2 domain, competition binding studies with the 1Xapp, factor [Xxegr, Or factor IXaegr: Was added in excess, and
factor IXaxeg chimera were performed (Figure 1). The the amount of23-factor IXa,; remaining was subtracted from the

T . total bound in the absence of competitor to obtain an estimate of
platelet binding experiments were performed usifg- the number of sites occupied by each competitor. The data are

Iabeled. factor IXa in .the presence of various unlabeled expressed as direct binding data to facilitate clarity of presentation.
competitor molecules in the absence of the cofactor, factor Ten nanomola#?3-labeled factor IXa was incubated with4 x
Vllla. The results show that the zymogen factor IX can 18 activated platelets/mL in the presence and absence of 60 nM

; ; cold competitor, and binding was assayed as detailed under
occupy 306+ 16 sites per platelet (Figure 1A) and can Experimental Procedures. (B) Competition binding experiments with

compete with (Figure 1B) approximately half of the total 125 |apeled factor IXa, and activated platelets in the presence of
factor IXa binding sites on activated platelets withKaof excess unlabeled factor $% zymogen or Gla peptide (5Q11).
2.6+ 0.25 nM (data not shown). Factor IXa can also occupy Ten nanomolar radiolabeled factor IXa was incubated withx
(Figure 1A) and compete with (Figure 1B) all 565 138 10 activated platelets/mL in the presence of 60 nM unlabeled factor

o ; ; — IX zymogen plus 60 nM unlabeled competitor or 1 mM Gla peptide
factor IXa binding sites per platelet withiq = 1.9+ 0.36 plus 60 nM unlabeled competitor. Each column represents the mean

nM (data not shown). Similarly, the zymogen factor. of three independent experiments each performed in duplicate on
chimera occupied approximately half of the factor IXa separate days. Error bars represent the standard error of the mean.

binding sites (340+ 72 sites/platelet; Figure 1A) and
displaced~50% of factor IXa; (Figure 1B) with akK; of factor IX to establish a standardized value that did not include
1.33 + 0.61 nM (data not shown), indicating normal !3-labeled factor IXa bound to the shared factor IX/IXa
interaction of the chimeric protein with the zymogen binding binding site. In effect, only specific factor IXa binding was
site. However, upon activation of the EGF2 chimera to factor allowed by saturating the shared factor IX/IXa site with
IXaxegr2, NO additional sites were exposed (Figure 1A), and unlabeled zymogen. Identical methods were used in this
the factor IXaegr, Chimera was able to bind only 145141 experiment as in the previous binding experiment with the
sites/platelet. We therefore conclude that the EGF2 chimeraexception that excess unlabeled zymogen or Gla peptide (10
possesses an intact shared factor IX/IXa binding site and is x K;) was added to each reaction. The results are shown in
lacking the specific factor 1Xa binding site that is exposed Figure 1B. Addition of excess factor 1X alone could compete
upon activation from zymogen to active enzyme. for approximately half of the factor IXa binding sites, leaving
Factor 1Xa Competition Binding Experiment$o dif- 258+ 22 sites/platelet occupied by factor IXa. However, in
ferentiate between the specific factor IXa binding site and the presence of excess factor IX competitor, the addition of
shared factor IX/IXa binding site interactions, competition the factor IXaeg, chimera had no additional effect upon
binding studies were performed in the presence of excessfactor 1Xa binding, whereas, as expected, factor J4Xa

Competition Binding
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FiIGURe 2: Competition by factor IXg, or factor Xaegr, for
binding of 123-labeled factor IX to activated platelets. Increasing B
concentrations of factor I1%a (®) or factor IXaegr (O) were 0.0035 T
titrated against 10 nM23-factor IX and ~4 x 10® activated 0.003 b % 3
platelets/mL. Each point represents the mean of two independent b
experiments each carried out in duplicate. Error bars representthe — 0.0025 3
standard error of the mean. €

S 0.002 3

o
displaced all the remaining®-labeled factor IXa molecules. o 0.0015 ¢ 3
Thus, the factor IXgg. chimera failed to compete for any £ 5.001 : ]
of the specific factor IXa binding. The chimera appears to f
possess the same platelet binding properties as the zymogen ~ 9-0005 E
factor IX; that is, they both bind to the shared factor 1X/1Xa 0 R B v N S
site with similar affinity and stoichiometry. It has been 0 soo 1000 1500 2000 2500
previously shown that the Gla domain, specifically residues [FX] (nM)

G4—Qu1, mediates binding of factor IXa to the shared factor Ficure3: Rates of factor Xa formation by factor IXa on activated
IX/IXa site (22). To exclude the possibility that the EGF2 platelets in the absence of factor Vllla. (A) Rates of factor Xa
domain is involved in this interaction, a peptide comprising formation were measured as a function of varying concentrations

: : . . of factor X using 10 nM plasma-derive®), wild-type ©), or
residues G—Qu, was used instead of zymogen. This peptide, EGF2 chimeric k) factor IXa molecules. The reactions were carried

which is not an effective inhibitor in a functional ass@py, out as described under Methods using 3 (f activated platelets/
can still compete for~50% of factor IXa binding to platelets  mL in HEPES-Tyrode’s buffer, pH 7.4 with 5 mM Cagl Each
(Figure 1B). Similarly, in the presence of excess Gla peptide, point represents the mean of four independent experiments each

the factor IXaege chimera failed to compete for any performed in duplicate on separate days. Error bars represent the
" . : . . standard error of the mean. (B) Rates of factor Xa formation were
additional sites with radiolabeled factor IXa. Since the Gla |,c.sired against higher concentrations of factor X using 10 nM

domain peptide appears to possess the same platelet bindingactor IXaxeq (x) to achieve saturation with substrate. Each point
properties as factor I1X, we conclude that the shared factor represents the mean of duplicate determinations. Curves were drawn
IX/IXa binding site is mediated by residues-6Q:; within by a nonlinear least-squares fit of the data to the Michadlienten

the Gla domain and is distinct from the site in which the €duation using Kaleidagraph.

EGF2 domain is involved.

Factor IX Competition Binding ExperimenfBo demon-
strate that the shared factor IX/IXa binding site is intact in
factor 1Xaxegrz, COMpetition binding experiments were per-
formed with 129-labeled factor IX zymogen and activated
platelets using various concentrations of unlabeled competitor
(Figure 2). The factor IXag. chimera Ki = 1.9 + 0.36
nM) was nearly as effective in competing with the zymogen
as the normal factor 1Xa contrdK(= 1.0+ 0.18 nM). Thus,
factor [Xaxegro appears to bind normally to the shared factor
IX/IXa binding site. Since we have previously shown that
the Gla domain of factor IXa binds to the shared factor IX/
IXa binding site, we conclude from the above data that factor
[Xaxegr, is defective in its interaction with the specific, high-
affinity factor IXa binding site on the plasma membrane of
activated platelets, and that the Gla domain,<Qiy)
mediates binding to the shared factor 1X/IXa binding site.

and by factor 1Xap were measured on thrombin-activated
platelets in the absence of cofactor to determine whether the
intact EGF2 domain is critical for factor X activating
complex function, and, more specifically, for platelet binding
(Figure 3). The kinetic constants derived from these experi-
ments are shown in Table 1. The appari&gpt for factor
[Xaxegrs Was 12-fold higher than normal, suggesting that the
affinity of the enzyme for the substrate was decreased.
However, at saturating substrate concentrationsythgof
factor 1Xaxegr Was also decreased 10-fold compared to the
normal and wild-type molecules. The latter observation
shows that the decreased substrate affinity of the chimera is
not the sole cause of the velocity perturbations since
saturating substrate still results in a kinetic deféé¢taf).
These data suggest that an intact EGF2 domain of factor
IXa is essential for normal catalysis in the absence of cofactor
(factor VIII), i.e., for the assembly of the factor X activating
complex on the platelet surface.

Phospholipid SurfaceTo determine whether the kinetic

Activated Platelet Surfac&he kinetic constantd/,axand abnormalities seen with the EGF2 domain would be observed
Km) for factor X activation by factor [Xagr, by factor IXau, on phospholipid vesicles, the kinetic constang.( andKr)

Kinetic Studies
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Table 1: Summary of Kinetic Parameters of Various Factor IXa Molecules on Activated Platelets or Phospholipid Vesicles in the Absence or
Presence of Factor Vllfa

Keaf Keaf’
condition enzyme Km (NM) Vimax VinaxdKm (relative) (s  Kakinetic (NM)
activated platelets factor 1%a 10.1+0.20 37.6% 0.15 (pM/min}) 3.7 - - =
factor IXaw 8.4+ 0.33 33.9+0.26 4.0 - - -
factor IXakegr 91.2+58.4  2.90+ 0.37 0.03 (0.8%) — - -
activated platelets and factor Villa factor Ida ~ 17.84+0.26 4.8+ 0.022 (nM/min) 269.7 16.5 79% 1.214+0.072
factor IXay 18.2+0.35 4.4+ 0.026 241.8 198 799 1.38+0.174
factor |Xaxegrz 471+ 116 0.27+ 0.023 0.57 (0.2%) 35¢%2 170F 64.7+3.9
phospholipids factor IX& 75.3+ 4.8 96.74 2.4 (pM/miny 1.3 - - =
factor IXau 73.0+ 3.6 1127422 15 - - =
factor [Xaegrr 566.1+ 88.4  33.6+ 2.2 0.06 - - -
phospholipids and factor Vllla factor 1%a 233+ 15 13.84+ 0.25 (nM/min}  592.3 34.0 — 0.660+ 0.034
factor IXay 228+ 1.6 13.2+0.25 578.9 273 — 0.863+0.103
factor [Xaegre 54.8+21.3  0.27+ 0.037 4.9 (0.8%) 19% — 35.7+6.77

aThe kinetic constants shown were calculated as described under Methods and represent the SEkhsf data presented in Figures 3
through 8.° Calculated as described under Methods by dividifygx values by the concentration of bound enzyme assuming 282 binding sites/
platelet.c Calculated as a factor of the concentration of the maximum number of binding sites per platelet or Y&sielaumbers in parentheses
represent the values &./Kn (catalytic efficiency) for the factor IXagr chimera, expressed as a percentage of the riwgarK, value for the
factor IXap and the factor [Xa.

for factor X activation by factor IXggr, by factor 1Xay, A
and by factor |Xap were determined (Figure 4 and Table 04
1). Similar to results with platelets (Figure 3), the apparent
K of factor X activation by factor [Xgmgr was 10-fold
higher than normal, and at saturating substrate concentrations,
the Vmax Of factor IXaxegr Was also decreased 4-fold
compared to the normal and wild-type molecules.

Activated Platelet Surface in the Presence of Cofactor
To determine whether a defective cofactor interaction is a
cause of the observed velocity perturbation of the EGF2
chimera, the kinetic behavior of the chimera was determined
in the presence of cofactor on the platelet surface (Figure 5 : o e so 00 ane 00
and Table 1). A 20-fold decreaseVfy.x Wwas observed with FX] (M)
factor IXaxegr, COMpared to factor IXa and factor IXa:
controls, which was similar to the decrease in the absence B
of factor VI (i.e., 12-fold). TheVmax €nhancement observed 003 ¢ T T T T
in the presence of factor Vllla was100-fold for all factor 0.025 F X 3
IXa molecules (factor IXggr, factor IXap, and factor
IXaw). A 25-fold increase ik, (compared with factor IXa
or factor IXap) was found for the EGF2 chimera in the

FXa (nM/min)

0.02 + E

FXa (nM/min)

presence of factor Vllla compared to a 10-fold increase in oot p x ]

Km (compared with factor IXg or factor IXap) in the 0.01 [ ]
absence of cofactor. These data provide no evidence that

the EGF2 domain is involved in cofactor binding, and 0.005 5 ]
strongly suggest that the abnormalities in the kinetics of 0 , . e ]
factor X activation by the EGF2 chimera on the activated 0 500 1000 1500 2000 2500
platelet surface are not a consequence of deficient binding (FX (i)

of factor VIII. FIGURE 4: Rates of factor Xa formation by factor IXa on PS/PC

Phospholipid Surface in the Presence of Factor Vllia vesicles in the absence of factor Vllla. (A) Rates of factor Xa

A . . formation were measured as a function of varying concentrations
Kinetic experiments were performed in the presence of factor ;¢ ¢ 0 '« using 10 nM plasma-derive®), wild-type (©), or

Vlila on phospholipid v_esicles (Figure 6 and Table 1). The EGF2 chimeric ) factor IXa molecules. The reactions were carried
results showed a 2-fold increaselp and a 50-fold decrease  out as described under Methods using20 PS/PC vesicles in

iN Vimax With factor [Xaxeqr» compared to factor X and HEPES-Tyrode’s buffer, pH 7.4 with 5 mM Cagl Each point
factor IXa,. The enhancement 0¥ observed in the represents the mean of three independent experiments each

. performed in duplicate on separate days. Error bars represent the
presence of factor Vllla was-10-fold for the chimera on standard error of the mean. (B) Rates of factor Xa formation were

PS/PC vesicles compared to an increase-200-fold for measured against higher concentrations of factor X using 10 nM
the normal controls, suggesting a defective cofactor interac-factor [Xaxegr (x) to achieve saturation with substrate. Each point
tion for the chimera on the PS/PC surface. represents the mean of duplicate determinations. Curves were drawn

by a nonlinear least-squares fit of the data to the Michadlisnten

Kinetic Studies of Factor IXa Binding to Platelets equation using Kaleidagraph.

Affinity of Factor IXa for the Functional Platelet Binding  malities observed (i.e., increaskg and decreased,y with
Site A possible explanation for the complex kinetic abnor- factor 1Xaxegs, is the failure of this chimeric protein to bind
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. . FIGURE 6: Rates of factor Xa formation by factor IXa on PS/PC
Ficure 5: Rates of factor Xa formation by factor IXa on activated yasicles in the presence of cofactor. (A) Rates of factor Xa

platelets in the presence of cofactor. (A) Rates of factor Xa fomation were measured against varying concentrations of factor
formation were measured against varying concentrations of factor x using 500 pM plasma-derived®j, wild-type ©), or EGF2

X using 500 pM plasma-derived®j, wild-type (©), or EGF2 chimeric (x) factor IXa molecules. The reactions were carried out
chimeric (x) factor IXa molecules. The reactions were carried out 55 gescribed under Methods using 200 nM PS/PC vesicles in
as described under Methods using 5107 activated platelets/mL HEPES-Tyrode’s buffer, pH 7.4 with 5 mM CagJland 10 units/

in HEPES-Tyrode's buffer, pH 7.4 with 5 mM Cagland 15 units/ ) tactor Villa. Each point represents the mean of four independent
mL factor Vllla. Each point represents the mean of five independent gyperiments each performed in duplicate on separate days. Error
experiments each performed in duplicate on separate days. Ermor s represent the standard error of the mean. (B) Rates of factor

bars represent the standard error of the mean. (B) Rates of factory, formation were measured against higher concentrations of factor
Xa formation were measured against higher concentrations of factory using 500 pM factor IXaeg2 (x) to achieve saturation with

X using 500 pM factor IXgegr (x) to achieve saturation with g pirate. Each point represents the mean of duplicate determina-
substrate. Each point represents the mean of duplicate determinaions, Curves were drawn by a linear least-squares fit of the data

tions. Curves were drawn by a linear least-squares fit of the data g the Michaelis-Menten equation using Kaleidagraph
to the Michaelis-Menten equation using Kaleidagraph. q 9 grapn.

with normal affinity to the platelet receptor, occupancy of and factor IX&egr2) Used in this study were determined by
which is essential for assembly of the factor X activating active site titration. This ensures that equal concentrations
complex. To explore this possibility, rates of factor Xa Of catalytically competent normal and chimeric factor IXa
formation were determined at varying factor 1Xa concentra- molecules are compared. Therefore, the decreased value of
tions in order to calculate values of the apparent affinity Vmax Obtained for factor IXggr either could be a conse-
(K429 for binding of factor IXa or factor IXgeg to the guence of catalytically incompetent factor IXa molecules
functional enzyme binding site (Figure 7). The calculated bound normally to the macromolecular factor X activating
KPP values are summarized in Table 1. TiKg®P of factor complex or, alternatively, could be due to deficient binding
IXaxegrz Was 64.7+ 3.9 nM, and 1.2 0.072 and 1.38 of factor IXa molecules that are functionally normal when
0.174 nM for factor IXap and factor IXa,, respectively. assembled (albeit with decreased affinity) within the com-
Similar results were obtained with phospholipid vesicles plex. To distinguish between these two possibilities, we
(Figure 8 and Table 1): Th&g@FP of factor 1Xakegrz Was calculated thek.y values (turnover number) for factor
35.7+ 6.77 nM, compared with 0.66& 0.034 and 0.863  |Xaxegr, factor IXay,, and factor |Xap, based upon the
+ 0.103 nM for factor IXap and factor IXa., respectively.  measured/na values (nMmin~?) divided by the concentra-
The 60-fold higher values d{;2°°determined in the presence tion (nM) of bound factor IXa molecules, determined as
of either platelets or phospholipids for factor KXg. described under Methods. Tlke, values are presented in
compared with factor IXa or factor IXap indicate thatthe ~ Table 1. Values fokqy Of 793 + 47 and 799 100 min'!
EGF2 chimera binds to platelets or phospholipids with were obtained for factor I%@ and factor IX&:, respectively.
decreased affinity, which could account for the observed Factor IXaegr Yielded ake of 1701 + 176 mimt. To
kinetic abnormalities. determine whether these differences were significant, the
Determination of k. As previously discussed, the con- t-distribution between thk.,values of the chimera and wild-
centrations of enzyme molecules (factor pgafactor [Xay, type and plasma-derived controls was calculated. ¥he
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Ficure 7: Determination oK PP of various factor 1Xa molecules m;gshgrse%hg“gﬁls\,/te\s/:rlei% (éz)r?caetr?tsragifofr?gtglt Xlz;‘cr;:arﬂgt;?%vge(re
for the activated platelet surface. (A) Rates of factor Xa formation _ . g ying conc P

: - : = wild-type (O), and EGF2 chimericx) factor IXa molecules. The
were measured against varying concentrations of plasma-de”vedreactions were carried out as described under Methods using 200
(@), wild type (©), and EGF2 chimericX) factor IXa molecules. v/ 60/pe yesicles in HEPESTyrode’s buffer, pH 7.4 with 5 mM
The reactions were carried out as described under Methods usin aCh, 15 units/mL factor Villa, and factor X at a. concentration
5x 1-07 activated platelets/mL in HEPESTyrode’s buffer, pH ~20 x Km (250 nM). Each pdint represents the mean of three
Zbizvelztnhtrgtmmgg ?‘Kls Eggﬁ/g]cl)‘lrf? fé%rrg{slggt‘sat?gf&?g; ﬁﬁ;?ee independent experiments, each performed in duplicate. Error bars
independent experiments, each performed in duplicate. Error bars/éPresent the standard error of the mean. (B) Rates of factor Xa

' y formation were measured against higher concentrations of factor

represent the standard error of the mean. (B) Rates of factor XaIXa (x) to achieve saturation at a factor X concentraties0
formation were measured against higher concentrations of factor éegfz(mo nM). Each point represents the mean of duplicate
IXaxeqz (x) t0 achieve saturation. Each point represents the mean deterrnminations Curves were drawn by a linear least-squares fit of
of duplicate determinations. Curves were drawn by a linear least- the data to eq 1 usina Kaleidaaraph
squares fit of the data to eq 1 using Kaleidagraph. q 9 grapn.
DISCUSSION

Using equilibrium binding studies to examine the specific

t-distribution value between t values of the chimera interaction of the factor IXagr chir_nera with activate.d
e platelets, we have shown that the intact EGF2 domain of

and pIasmg—derlved factor IXa was 4.9%8< 0.01). factor IXa plays a role in the platelet receptor mediated
The relativeke values for factor IXgege, factor IXaw, binding that is essential for the assembly of the functional
and factor IXap were also determined in the presence of ¢5:10r X activating complex. The binding studies demonstrate
phospholipid vesicles as described under the Methods. Actuakpat factor IX&egz binds to~200-300 sites per platelet,
kear values could not be determined due to the unknown tnat the number of sites recognized by the chimeric zymogen
number of factor IXa binding sites per phospholipid vesicle. ang the chimeric enzyme are approximately the same, that
The relativekea values are presented in Table 1. Compared the site to which factor X binds is the shared factor
with keat values of 34.0 and 27.3 mif obtained for factor  |x/1xa binding site, and that factor %@z does not bind
IXapp and factor IXa, respectively, factor [Xagr yielded normally to the specific factor 1Xa binding site (Figure 1).
a relativekea; of 19.6 mirr™. The relatively normakeavalues |t follows from this analysis (a) that the intact EGF2 domain
for factor IXaxeqr2 Obtained in the presence of either activated promotes the interaction of factor IXa with its specific
platelets or phospholipid vesicles imply that the decreasedbinding site on activated platelets and (b) that the factor
Vmax Values obtained with the chimera are not a consequencelXayeq, chimera interacts normally with the shared factor
of defective catalytic activity of the bound chimera but rather [X/IXa binding site which is mediated by residues-@Q:1
are due to the decreased affinity of the chimera for the within the Gla domain. This region of factor IX is relatively
surface. Furthermore, sinkg;values are cofactor dependent, unaffected by activation of factor IXa (and therefore is
relatively normal kea: values suggest a normal cofactor conformationally similar in factor IX and factor 1Xa), as
interaction. demonstrated by Astermark and StenfBY)(using confor-

distribution value between theg, values of the chimera and
wild-type factor IXa was 4.413p( < 0.01), and the
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mationally specific antibodies. The conclusion that the Gla
domain (G—Qq1) mediates binding to the shared factor IX/
IXa binding site is consistent with data from several
laboratories on the interaction of other vitamin K-dependent
proteins, such as factor X and prothrombin, with phospho-
lipid surfaces 27, 38-40). Both the zymogen factor IX and

a conformationally constrained synthetic peptida{Q11)
within the so-called “omega loop” of the amino terminus of
the Gla domain compete with factor IX/IXa binding to the
shared site with &; of ~3 nM (22). However, a 55 000-
fold higher concentration above th& of the synthetic
peptide is required to cause significant inhibition of platelet-
mediated factor X activation by factor IX&~165 uM).
These observations suggest that the Gla domain-(z)

site mediates binding of factor IXa and factor IX to a shared
platelet binding site but not to a specific factor IXa binding

Biochemistry, Vol. 38, No. 28, 1998957

The observation that residues-6Q;; mediate binding to
the shared factor IX/IXa binding site is consistent with NMR
studies which identify residues Leu 6 and Phe 9 as compris-
ing portions of a hydrophobic patch that interacts with
artificial lipid membranes46). Interestingly, Ryan et al4Q)
have shown that the Gla and EGF-like domains are involved
in the binding of factor IX to endothelial cells but not to
phospholipids, which suggests a protein receptor interaction
of either the Gla or the EGF-like domains of factor 1Xa.
Our data show that it is unlikely that the EGF2 domain is
involved in cofactor binding since the kinetic defects
characteristic of factor IXagr, were observed both in the
presence and in the absence of factor Vllla and were not
significantly exacerbated by the addition of factor Vllla.
Typically, the addition of cofactor results in a 10 000-fold
increase inkey, or a 100-fold increase iWmax under the

site occupancy which is essential for the assembly of the experimental conditions employed het8B), If the EGF2

functional factor X activating complex on the platelet surface

domain were involved solely in cofactor interaction, the

(22). The hypothesis that the intact EGF2 domain is required chimeric mutant would be expected to display a defective

to mediate this interaction, either directly or indirectly, is
supported by the kinetic studies which show that factor
[Xaxegro, Which binds with normal affinity to the shared factor
IX/IXa site (Figures 1 and 2), binds with significantly
reduced affinity Ky = 65 + 3.9 nM) to the functional,
specific factor IXa binding site (Figures 7 and 8 and Table
1). However, once bound to this site, albeit with reduced
affinity, the chimeric enzyme is catalytically normal or

rate enhancement upon the addition of factor Vllla, whereas
in the absence of cofactor, the rate of factor Xa formation
should be normal. Such results were obtained by Larson and
co-workers 47) in studies of a novel, mutant, human factor
IX protein from a patient with hemophilia B, demonstrating
that structural integrity of the Gla domain of factor IXa is
required for its binding to cofactor Vllla. In the present
studies, factor IXggrp was shown to be defective in

possibly even supranormal (Table 1). This contention is catalyzing factor X activation in the absence of factor VIIl,
confirmed by the data (Figure 7) demonstrating that the and the 93-fold increase i¥max observed with the EGF2
maximal rates of factor Xa generation achieved at saturating chimera upon the addition of factor Vllla to the reaction
concentrations of factor IX@g (~40 nM/min) are close to  (an increase from 2.4 0.37 to 270+ 23 pM/min, see Table
those achieved at saturating concentrations of factopdXa 1) was quantitatively similar to that observed with factor
or factor IXay (~25—30 nM/min). Although factor IXgegr IXaw (130-fold) and factor IXgp (128-fold). Furthermore,
has a decreased affinity for the platelet surface, the normalsincek.,is predominantly affected by factor Vllla interaction
velocity observed at saturating factor IXa concentrations and the platelet-bound mutant appears to possess normal
indicates that once the mutant is bound, it behaves normally.values forks, the factor Villa binding site responsible for
That is, the finite number of factor IXa binding sites available enhanced catalysis is intact in the mutant. We therefore
for factor X activating complex formation on the platelet conclude that in surface-mediated catalysis, factorda
surface can be saturated by factor @, although the interacts relatively normally with cofactor.
concentration required to achieve this effect is higher than In seeking to explain the complex kinetic abnormalities
for plasma-derived or wild-type factor IXa, indicating a observed with factor IXagr. (decreasei¥may increasen),
binding defect. we postulate that defective binding of the chimera to a
The data implicating the Gla domain of factor IXa in the functionally important platelet or phospholipid binding site
high-affinity binding of the enzyme to the shared factor X/ might reveal itself as diminished maximal rates of catalysis
IXa binding site on the activated platelet surface are as a consequence of a decreased concentration of bound (i.e.,
consistent with data obtained by other investigators from this functionally active) enzyme. The apparent decrease in
laboratory and elsewher2@-22, 27, 38, 41+-44). Investiga- substrate affinity (i.e., increaséd,) could also result from
tors from these laboratories have shown that the Gla domainsdiminished colocalization of factor IXay» and factor X
of various vitamin K-dependent coagulation proteins are within the functional enzymesubstrate complex on the
involved in their surface binding properties. Specifically platelet surface. Studies from our laboratory and others have
Schwalbe et al.44) and Scandura et a7, 45 have shown demonstrated the validity of a three-receptor complex in
that the Gla domains of several other vitamin K-dependent which coordinate occupancy of binding sites for factor IXa,
clotting factors bind to phospholipid surfaces. These interac- factor VIII, and factor X is required for optimal rates of factor
tions have been shown to be of relatively low affinity and X activation on the platelet surfac&q, 17, 19, 27, 45, 48

low specificity. For example, factor X and prothrombin
compete with one another for low-affinity<g = 320+ 40
nM) binding to a single high-capacity (16 0804000 sites/

In the absence of factor IXa and factor VIII, factor X binds
to a high-capacity (16 008 2000 sites per platelet), low-
affinity (Kg = 320+ 40 nM) site, shared with prothrombin,

platelet) site on activated platelets (presumably phospholipid) on the activated platelet surfac&7). Factor X bound to this
(27). This generalized binding property of the Gla domain site is preferentially activated by platelet-bound factor IXa
to the same site is consistent with our observations that the(45). An additional high-affinity Kq = 10—30 nM), low-
Gla domain of factor 1Xa binds to a shared high-affinity capacity (1006-1500 sites per platelet) site, absolutely
receptor for either factor 1X zymogen or active factor 1Xa. specific for factor X, is generated in the presence of the
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enzyme (factor IXa) and the cofactor (factor VII49, 50.
This high-affinity factor X binding site probably represents
binding of substrate to the functional factor X activating
complex @7). Thus, the binary complex of factor IXa and
factor Vllla on the activated platelet surface may stabilize
factor X binding to the platelet surface by formation of the
ternary factor X activating complex consisting of factor 1Xa,
factor Vllla, and factor X. These facts could explain the
increase, observed with factor IXagr if the sole defect
of the chimera were its capacity to bind to the functional
platelet receptor and generate (with factor VIII) a high-
affinity substrate (factor X) binding site.

Alternatively, the increaselr, of the mutant may simply
reflect the influence of the fluid phad€, of a molecule
(factor [Xaxegr2,) Which does not bind surface properly. Thus,
factor X activation by factor IXa in the absence of a surface
is characterized by a very higk, (~80 «M), and the
predominant kinetic effect of the presence of activated
platelets or phospholipids is a large decreas&in(18).
Consequently, the increaskg, characteristic of the chimera

Wong et al.

suggest that different mechanisms, possibly involving protein
receptors in platelets, mediate the assembly of the factor X
activating complex on surfaces consisting of activated platelet
membranes and phospholipid vesicles.

The hypothesis that the intact EGF2 domain is required
for binding to the specific functional factor IXa binding site
on the platelet surface is consistent with the observations of
Ryan et al. 43), Nishimura et al. $3), and Murphy and
McGregor 64) confirming the importance of EGF-like
domains in protein/protein interactions. Murphy and McGre-
gor (54) have shown that the lectin and EGF-like domains
of p-selectin mediate the binding of monocytes to thrombin-
activated endothelial cells. Since EGF primarily functions
as a ligand for its membrane-bound receptor, the EGF
receptor §5), it seems plausible to postulate that through
the mechanisms of divergent evolution, the EGF-like mod-
ules of factor IX have retained the membrane receptor
binding properties of EGF from which it may have evolved.

Several additional studies have focused on the functions
of the EGF-like domains of factor IX/IXa2@, 24, 33, 37,

may reflect a composite of fluid-phase and surface-dependent6—61). Hughes et al. have shown that Tyr 69 in the EGF1

catalysis by factor IXggr, Which binds with decreased
affinity to the surface.

The rationale for carrying out kinetic studies of factor X
activation by factor 1Xgegr. 0N phospholipids compared with

domain of factor IXa is critical for factor Vllla dependent
factor X activation in site-directed mutagenesis studsé. (
The possibility that the EGF1 domain of factor IXa contains
a cofactor binding site has also been suggested by O’Brien

the activated platelet surface was to determine whetheret al. 1) in their studies of the binding of the light chain of

platelet membrane proteins are involved in the specific, high-

affinity binding of factor IXa that apparently requires an

factor IXa to factor VIII. Pemberton et al6®) have also
suggested a similar function based on molecular modeling

intact EGF2 domain. Although the exact mechanism of rate techniques of factor VIIl. Zhong et al38) have shown that
enhancement due to a phospholipid surface in factor X the EGF1 domain plays a role in factor IX activation by

activation is not known, presumably it is proteireceptofr-

factor Vlla/tissue factor, whereas Astermark, Stenflo, and

independent since phospholipids contain no protein. It their colleagues have presented evidence suggesting that it

follows that a mutant chimeric factor IXa molecule, which
is only defective in its proteiareceptor binding interaction,
should manifest entirely normal kinetics on a phospholipid

may be involved in substrate (factor X) bindinbl( 33, 37,
58, 59, 63. Ambrosini et al. $6) have shown that the inter-
EGF sequence of factor X binds to effector cell protease

surface since the rate-enhancing properties of phospholipidreceptor-1, a protein receptor on human endothelial cells.

are independent of this receptor binding. In contrast, if

phospholipids comprise the surface agent in platelet mem-

Finally, the EGF domains of factor IX may be intimately
involved in interdomain interactions with one another and

branes that mediate the EGF2 domain-dependent binding ofwith the Gla domain and in conformational stabilization of

factor IXa, then identical defects would be seen with the

the factor IX (IXa) molecule@4, 65. Thus, the many roles

EGF2 chimera on phospholipid vesicles when compared to of the EGF-like domains of factor IX are complex and
activated platelets. Although there are some quantitative multifunctional, suggesting both direct and indirect interac-

differences in the kinetic constanté,(.x andKy,) observed

tions with either substrate, cofactor, and/or receptor by direct

with phospholipids compared with activated platelets, the binding or conformational stabilizatior6§, 67).

values of catalytic efficiency\mnadKm) for factor IXaxegr

The present functional studies utilizing a chimera (factor

expressed as percentages of normal (Table 1) are generallyXaxeqry) COnsisting of a normal factor IXa molecule with

similar for reactions carried out in the presence of activated the entire EGF2 domain replaced by homologous amino acid
platelets or phospholipids either in the presence or in the sequences from factor X were based on the premise that,
absence of factor VIII. Similarly, the values i§2°?for factor since the backbone structures of many serine proteases are
[Xaxegr are ~60-fold higher than those for normal factor highly conserved whereas surface-exposed amino acids that
IXa (either plasma-derived or wild type) for both the mediate ligand interactions are often not conserved and are
phospholipid and the activated platelet surfaces. These datainique to each specific protei@g, 68, replacement of the
provide no support for the conclusion that a specific protein EGF2 domain of factor IXa with the homologous region from
receptor, present in platelet membranes but absent fromfactor X should allow the protein to retain its general
phospholipid vesicles, mediates the EGF2-dependent bindingconformation, whereas any amino acid residues involved in
of factor IXa to activated platelets. However, the present ligand interactions or interdomain contacts should be lost.
studies do not directly address the biochemical nature of theln the chimera we have prepared, Arg 94 has been changed
platelet receptor and do not exclude the possibility of a to an Asp in the native factor X sequence. Brandstetter et
phospholipid-like protein receptor for factor IXa in platelet al. (67) have shown the existence of a salt bridge between
membranes. Moreover, previous studies from our laboratory Glu 78 in the EGF1 domain and Arg 94 in the EGF2 domain
on the role of electrostatic interactiorslf and the effects  of human factor IX. These two amino acids, Glu 78 and Arg
of annexin VB2) on factor IXa catalyzed factor X activation 94, are strictly conserved among factor IX sequences,
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suggesting an important interaction. Subsequently, Christopheanalyses; to Dr. Ronald Tallarida for valuable assistance in
et al. €9) have shown the importance of this interdomain statistical analyses; and to Patricia Pileggi and Virginia
interaction for factor Vllla binding on a phospholipid surface. Sheaffer for assistance in manuscript preparation.

A molecule with a Glu 78 Lys mutation was shown to have
normal amidolytic activity and normal catalytic activity on

a phospholipid surface6@). This mutant, however, only
possessed 10% of the normal catalytic activity in the presence
of cofactor on the phospholipid surface, suggesting that the
interaction of Glu 78 with Arg 94 may play a role in cofactor
binding on the PS/PC surface. Interestingly, the activity of
the mutant was restored when Arg 94 was also mutated to
Asp, suggesting that the electrostatic interaction between
EGF1 and EGF2 through residues 78 and 94 was critical
for factor Vllla binding. Thus, it is entirely plausible for
changes in one domain of factor IXa to affect interdomain
interactions within the same molecule. This idea is supported
by structural and mutational studies by other investigators
(64, 67 demonstrating the importance of interdomain
interactions of factor IXa in its function within the factor X
activating complex. The importance of this interaction is also
suggested by hemophilic mutations of these residues which
result in detectable antigen levels but minimal activit®,(

71). Moreover, Hertzberg et al.7@) have shown that a
hemophilic mutation in Arg 94 resulted in a protein with
near-normal antigen levels and minimal clotting activity-(1
2%). This mutant possessed an intact Gla domain based on
its normal calcium binding properties and normal amidolytic
activity. On a phospholipid surface, the factor X activating
activity of the mutant was markedly reduced with little effect
onKn. These resultsr@) are consistent with the present data
suggesting an important role of Arg 94 in assembly of the
factor X activating complex.

The functional roles of the two surface binding sites
defined herein, i.e., the shared factor IX/IXa (i.e., zymogen)
binding site, mediated by the Gla domain, and the specific
factor IXa (i.e., enzyme) binding site, mediated by the EGF2
domain, are subjects for future investigation. The binding
of factor 1Xa to its high-affinity receptor may possibly
function to orient the complex to promote optimal spatial
orientation of the active site and substrate cleavage site.
Although the importance of the shared factor IX/IXa site is
not yet understood since it is not required for normal
catalysis, it may function to promote catalysis of factor IX
activation by colocalizing factor IX zymogen with its
activating enzyme factor Xla on the surface of activated
platelets 73, 74. Another possibility is that the zymogen
binding site may serve to provide a surface-bound pool of
activated factor IXa which can then be ‘passed’ to the
functional site receptor in a kinetically efficient two-

dimensional, surface-bound system. From the data presented 3

here, we conclude that the intact EGF2 domain of factor IXa
is critical for the binding of the enzyme to a specific

phospholipid-like platelet binding site which mediates the
assembly of the factor X activating complex whereas the
Gla domain interacts with a shared factor 1X/IXa binding

site on the platelet surface.
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