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Summary

Factor 1Xa (FIXa) is a vitamin K-dependent coagulation serine protease which binds to factor
Vllla (FVIlla) on negatively charged phospholipid vesicles (PCPS) to catalyze the activation of
factor X (FX) to factor Xa (FXa) in the intrinsic pathway. Fluorescence resonance energy transfer
(FRET) studies have indicated that the Gla-domain-dependent interaction of FI1Xa and FX with
PCPS in the presence of FVIlla positions the active-site of the protease at an appropriate height
above the membrane surface to optimize the catalytic reaction. In this study, we investigated the
contribution of the NH2-terminal EGF-domain (EGF1) of FIXa to the recognition specificity of
intrinsic Tenase by constructing an EGF1 deletion mutant of FIXa (FIXa-desEGF1) and
characterizing the properties of the mutant in kinetic, direct binding and FRET assays. The results
of direct binding and Kinetic studies demonstrated that the binding affinity of the mutant for
interaction with FVIlla on PCPS has been impaired greater than 10- fold and the catalytic
efficiency of the mutant protease-FVI1l1a-PCPS complex in the activation of FX has been
decreased ~100-fold. By contrast, the mutant protease exhibited a normal activity toward FX in
the absence of the protein cofactor. FRET measurements revealed that the distance of the active-
site of the mutant FIXa relative to PCPS vesicles has been decreased 10 A from 75 +2 A for FIXa
to 65 +2 A for FIXa-desEGF1 independent of FVIlla. These results suggest that the NH2-terminal
EGF-domain of FIXa provides a binding-site for FVIlla and plays an essential spacer function in
the intrinsic Tenase complex.
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Introduction

Factor IX (FI1X)! is a vitamin K-dependent coagulation serine protease zymogen that upon
activation to factor 1Xa (FIXa) by either one of its physiological activators, tissue factor-
factor Vlla (TF-FVIla) or factor Xla, binds to factor Vllla (FVIlla) on negatively charged
membrane surfaces in the presence of CaZ* (intrinsic Tenase) to activate factor X (FX) to
factor Xa (FXa) during the blood coagulation process (1-5). The complex formation with
FVIlla in intrinsic Tenase improves the catalytic efficiency of FIXa toward FX by more than
4-5 orders of magnitude by a not completely understood mechanism (1-5). Unlike its
dramatic rate accelerating effect on FX activation, FVI1lla has a minimal cofactor effect on
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the activity of FIXa toward small synthetic substrates (6,7). This and other observations

have lead to the hypothesis that FVVIlla-mediated exosite interactions with FX, involving
sites distant from the active-site pocket of FI1Xa, play dominant roles in determining the

catalytic specificity of the protease in the intrinsic Tenase complex (6-8).

Following activation by either TF-FVIla or FXla, the single chain zymogen FIX is
converted to a two-chain serine protease consisting of a light and a heavy chain held
together by a single disulfide bond (9). The N-terminal light chain of FIXa contains the non-
catalytic Gla and two epidermal growth factor (EGF)-like domains, while the C-terminal
heavy chain contains the trypsin-like catalytic domain of the protease (9). Similar to other
vitamin K-dependent coagulation proteases, the Gla domain of FIXa binds to negatively
charged phospholipids in the presence of Ca2* to facilitate the interaction of the protease
with its substrate FX on the membrane surface (9). While an interactive-site for FVIlla has
been identified in the catalytic domain of FIXa (10), conflicting results have been reported
as to whether or not the Gla and/or EGF1 domain of the protease directly interact with the
cofactor (11). One study, using synthetic Gla domain-derived peptides, identified a binding
site for the Gla domain of FIXa in FVIlla (12). Other studies using chimeric molecules in
which the EGF1 domain of FIX was replaced with the same domain of the homologous
vitamin K-dependent proteins, FVII, FX and protein C, have reported a role for EGF1 of
FIX in the activation of the zymogen by the FVIla-TF complex but not in its activation by
FXla (11). However, the protease activity of some of the EGF1 chimeric mutants was either
markedly improved or impaired in the intrinsic Tenase complex (13,14), thus rendering it
difficult to unambiguously determine what specific role the EGF1 domain plays in the
activation complex.

To address this question, we took a different mutagenesis approach. Thus, instead of
replacing EGF1 of FIXa with the homologous domain of other vitamin K-dependent
coagulation proteases, we deleted this domain and then characterized the biochemical and
biophysical properties of the mutant in the absence and presence of FVIlla by kinetic, direct
binding and FRET assays. The results demonstrate that EGF1 of FIXa is required for the
high affinity interaction of the protease with FVIlla in the intrinsic Tenase complex.
Furthermore, FRET analysis indicates that EGF1 plays an essential spacer function to
maintain the active-site pocket of FIXa above the membrane surface. Thus its deletion led to
lowering the height of the active-site pocket of FIXa by ~10 A relative to the membrane
surface, thereby leading to the inability of the protease to cleave the scissile bond of the
substrate FX in the intrinsic Tenase complex. Finally our results support the previous
observation that EGF1 of the zymogen FIX is dispensable for its activation by FXla,
however, this domain is required for the substrate activation by the TF-FVIla complex (11).

Materials and methods

Construction, expression and purification of recombinant FIX mutants

The EGF1 deletion mutant of FIX (FIX-desEGF1) was constructed by the PCR mutagenesis
approach and expressed in human embryonic kidney (HEK-293) cells as described (15). A
FIX mutant in which the catalytic residue Ser19 (chymotrypsinogen numbering) (15) was
substituted with a Cys (FIX-Cys19°) was constructed by the same methods and expressed in
the same expression/purification vector system as described (16). The construction and
expression of FIX in both full-length and Gla-domainless (GD-FIX) forms have been
described (16,17). Recombinant soluble tissue-factor (STF), and TF lacking the cytoplasmic
domain (dcTF) were prepared as described (18,19).

Human plasma-derived proteins FIXa, FXa and FX, and RVV-X and fluorescein-labeled
Phe-Pro-Arg-ck (FI-FPR) were purchased from (Haematologic Technologies, Essex
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Junction, VT). The fluorescent dyes; fluorescein-5-maleimide, octadecylrhodamine (OR)
and Oregon Greenygg (OGygg) were purchased from Invitrogen (Carlsbad, CA).
Dioleoylphosphatidylcholine (PC) and dioleoylphosphatidylserine (PS) were purchased
from Avanti Polar Lipids (Alabaster, AL). The N9-[(acetylthio) acetyl] derivative of EGR-
ck (ATA-EGR-ck) was a generous gift from Dr. Paul Bock (Vanderbilt University,
Nashville, TN). Human recombinant FV1lla was a generous gift from Dr. Philip Fay
(University of Rochester, Rochester, NY). Heparin-Sepharose was purchased from
Amersham Pharmacia (Piscataway, NJ). The chromogenic substrates, Spectrozyme FXa
(SpFXa) was purchased from American Diagnostica (Greenwich, CT) and CBS 31.39
(LGR-pNA) was purchased from Midwest Bio-Tech. Inc. (Fishers, IN).

Activation of FIX derivatives by RVV-X

All FIX derivatives were converted to active forms by RVV-X, separated from venom and
active-site titrated as described (16,17).

Activation by the Factor Vlla-TF Complex

The initial rate of recombinant FIX and FI1X-desEGF1 activation was studied in the presence
of both soluble TF (sTF) and dcTF incorporated into PCPS vesicles (15 uM) as described
(18,19). Briefly, the initial rate of the activation of wild-type and mutant FIX (1 uM) by
FVIla (50 nM in the presence of STF and 1 nM in the presence of dcTF) was monitored in
the presence of a saturating concentration of sTF (200 nM) and relipidated dcTF (5 nM) in
0.02 M NaCl, 0.02 M Tris-HCI, pH 7.4 (TBS) containing 0.1 mg/mL BSA, 0.1%
polyethylene glycol (PEG) 8000 and 5 mM Ca?* (TBS/Ca?*) at room temperature in 30 pL
reactions in 96-well assay plates. The activation reactions were terminated by an addition of
20 uL EDTA to obtain a final concentration of 20 mM. The concentration of FIXa generated
was determined from standard curves by a chromogenic substrate assay using CBS 31.39 as
described (16,17).

Phospholipid vesicles preparation

Phospholipid vesicles at a molar ratio of PC to PS of 4:1 containing or lacking different
amounts of the acceptor dye OR were prepared by extrusion method as described (20). The
OR containing vesicles received various amounts of the dye in ethyl acetate prior to
lyophilization and extrusion. The % yield of phospholipids recovery was determined by
comparing the amount of choline from small samples before and after centrifugation step by
a colorimetric assay using Wako phospholipid B kit (Wako Chemicals USA, Inc.,
Richmond, VA) as described (20). The concentration of OR in the acceptor-containing
samples was determined from absorbance at 564 nm using a molar extinction coefficient of
95,400 M~ cm™1 as described (21,22). The acceptor density of OR (o, in OR/A2) was
calculated using molecular weights 786.1 and 810.0 Da for PC and PS, respectively,
assuming that acceptors were distributed randomly at the phospholipid surface, and
assuming that each phospholipid molecule occupies 70 A2 of the surface area as described
(21,23).

FX activation by FIXa derivatives

The initial rate of FX activation by FIXa and FI1Xa-desEGF1 was measured on PCPS
vesicles both in the absence and presence of FVIlla in TBS containing 0.1 mg/mL BSA,
0.1% polyethylene glycol (PEG) 8000 and 5 mM Ca?* (TBS/Ca?*) at room temperature as
described (16). The apparent Ky for the interaction of FI1Xa derivatives with FVIlla and the
kinetic constants K, and K, for the activation of FX by the FIXa derivatives in intrinsic
Tenase parameters were determined as described (16,17).
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Fluorescein labeling

Both wild-type and FIXa-desEGF1 (~0.5 mg), in the Mono Q elution buffer (~0.45 M NacCl,
0.02 M Tris-HCI, pH 7.4) were incubated with 10-fold molar excess of FI-FPR for 2 h at
room temperature in the dark. The extent of active-site labeling was monitored by the loss of
the enzymatic activity using CBS 31.39. Incubation was continued until more than 99.9% of
the activity was inhibited. For the Cys19° labeling of both the FIXa-Cys!% enzyme and the
FIX-Cys19 zymogen, the same amount of the mutant proteins were incubated with
fluorescein-5-malimide (200 uM) in TBS containing 25 pM dithiothreitol to ensure
reduction of the free cysteine for 2h at room temperature in the dark. This level of reducing
agent did not influence the activity of FIXa. The free inhibitor or dye was separated from the
labeled proteins by gel filtration on the PD-10 column followed by their extensive dialysis in
0.1 M NaCl and 0.05 M Hepes, pH 7.4 containing 5 mM Ca?* at 4 °C in the dark. An
extinction coefficient of 84,000 M~ cm™1 at 498 nm was used to calculate the fluorescein
concentration and the ratio €xg0nm/€498nm = 0.19 was used to correct for the contribution of
the dye to 280-nm absorbance of the proteins as described (24).

Oregon Greengygg labeling

The methods developed by Bock were used to conjugate OG,gg to the active sites of the
ATA-EGR-ck inhibited FIXa derivatives as described (24).

Spectral measurements

Steady-state anisotropy and fluorescence measurements were made using an Aminco-
Bowman series 2 Spectrophotometer (Spectronic Unicam, Rochester, NY) equipped with an
automatic polarizer interfaced to a PC computer for data acquisition and analysis as
described (20). The equilibrium dissociation constants (Kp) for the interaction of OG,4gg-
EGR labeled FIXa derivatives with FVIlla on PCPS vesicles were determined from the
increase in the anisotropy of OGygg in the active-sites of FIXa derivatives upon interaction
with the cofactor as described (25). This was done by titrating increasing concentrations of
FVIlla (0.1-800 nM) with a fixed concentration of each labeled protease (20-50 nM) on
PCPS vesicles (50 uM) in TBS/Ca?*. The Kp for the interaction of the labeled FIXa with
FVIlla was calculated by nonlinear least-squares computer fitting of the data by the
quadratic binding equation as described (25).

The anisotropy of OR labeled PCPS vesicles containing a limiting concentration of the
acceptor (o = 0.9 x 1074 OR/A2) was measured as described above except that the excitation
and emission wavelengths were set to 521 nm and 586 nm, respectively. Absorbance
measurements were made using a Beckman Coulter DU 800 spectrophotometer. The values
for the quantum yield (Q), spectral overlap between donor (fluorescein) and acceptor (OR)
dyes (Jpa), and the distance between donor and acceptor dyes at the 50% FRET efficiency
(Rp) were calculated as described previously (20-22). The values of Q and Jpa were
separately measured for each fluorescein-labeled protein both in the absence and presence of
PCPS vesicles and FVilla.

FRET measurements

All FRET measurements were performed exactly as described (20-22). Briefly, the donor
(fluorescein) containing (cuvette D) and both the donor and acceptor (OR) containing
cuvettes (cuvette DA) each received 50 nM fluorescein-labeled FIXa derivatives in 0.1 M
NaCl, 0.05 M Hepes, pH 7.4, and 5 mM Ca2* while blanks (cuvette B) and acceptor-
containing cuvettes (cuvette A) received 50 nM of unlabeled FIXa derivatives in the same
buffer. The same procedures were used for the measurements in the presence of FVIlla (50
nM) with the exception that the concentrations of the labeled FIXa derivatives were reduced
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to 20 nM. The net initial emission intensities were obtained by subtracting the initial
intensities of A from DA (Fpa-Fa)o, @)nd B from D (Fp-Fg),. Samples D and B were then
titrated with PCPS vesicles lacking the acceptor OR, while samples DA and A were titrated
with PCPS vesicles containing the acceptor. Similarly, the intensities of A and B were
subtracted from DA and D, respectively and the values were then corrected for dilutions
(less than 4% at the end of titration). Following 5 min incubation emission intensities were
measured. The ratio of the donor quantum yields (Q) in the D and DA samples based on
their fluorescence emission intensities (F) is given by equation 1 as described (21):

QD/QDA:[(FD - FB) /(FD - FB)O]/[(FDA - FA) /(FDA - FA)O} (1)

at the end of experiments, the fluorescent labeled proteins were released from the membrane
surface by the addition of EDTA to 10 mM to ensure that energy transfer is reversible. For
calculating the distance of the closest approach by equation 2 below, the Qp/Qpa value was
calculated by dividing the value before EDTA by the value after addition of EDTA. This
normalization procedure corrects for the contribution of the acceptor inner filter effects and
a potential membrane-binding-independent energy transfer as described (21).

Calculation of the distance of closest approach

Results

Expression,

Assuming that both donor and acceptor dyes are randomly and uniformly distributed (k? =
2/3), the distance of closest approach (L) between the plane of the donor dye attached to the
active-site of the proteins and the plane of the acceptor dyes at the surface of PCPS vesicles
can be determined using equation 2 as described (21,22):

Qp/Opa=1+ (70R2/2) (Ro/L)* ()

where T is 3.14, o is the acceptor density at the membrane surface in OR/AZ and R, is the
distance at which the singlet-singlet energy transfer from the donor dye to the acceptor dye
is 50% efficient. The net Qp/Opa Vvalues were plotted as a function of product between R,2
and the acceptor density (o) for at least 5-16 different energy transfer experiments to obtain
the average value of L as described (20-22).

purification and characterization of mutant proteins

FIX derivatives were all expressed in HEK-293 cells and purified to homogeneity by a
combination of immunoaffinity and ion exchange chromatography using the HPC4
monoclonal antibody immobilized on Affi-gel 10 and FPLC Mono Q column, respectively,
as described (16). The purity of all mutants was verified by the SDS-PAGE. The FIX
derivatives were converted to their active forms by RVV-X as described under “Materials
and methods” and in refs. 16 and 17. We have characterized the Kinetic properties of the
Gla-domainless FIXa (GD-FIXa) in a previous study and noted a normal amidolytic activity
for the mutant protease (17). The FIXa-desEGF1 mutant also exhibited a normal amidolytic
activity toward hydrolysis of CBS 31.39 yielding Ky, and kg4 values of 6.9 £0.4 mM and
9.5 +0.3 571, respectively, which are similar to the corresponding values observed for wild-
type FIXa (6.6 +0.3 mM and 10.4 +0.2 s1). These results suggest that the deletion of EGF1
domain did not adversely affect the folding and the reactivity of the catalytic triad of the
mutant protease.

Next, the activation of FIX-desEGF1 was monitored by the two physiological activators of
FIX, the TF-FVIla complex and FXla. The results indicated that while FXla activates the
mutant zymogen at a near normal rate (data not shown), its activation by TF-FVIla on PCPS
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vesicles has been dramatically impaired. As presented in Fig. 1A, relative to activation of
recombinant wild-type FIX, the initial rate of FIX-desEGF1 activation by the TF-FVlla
complex on PCPS vesicles was impaired greater than 30-fold. In the absence of PCPS, the
extent of the activation of the deletion mutant by FVIla in complex with soluble TF in
solution was also severely impaired since no significant amount of the activated form of the
deletion mutant could be detected by the time course analysis for up to 120 min (Fig. 1B). In
agreement with previous data in the literature (11), these results suggest that EGF1 domain
of FIX is required for its activation by TF-FVIla but not by FXla. The activity of FIXa-
desEGF1 toward FX was then compared to that of wild-type FIXa in the absence and
presence of FVIlla on PCPS vesicles. Comparisons of the time course and concentration-
dependence of FX activation suggested that the FIXa-desEGF1 mutant activates FX with a
similar or improved rate on PCPS vesicles in the absence of FVIlla (Fig. 2, Table 1).
However, the FV1I1a concentration-dependence of FX activation revealed that the affinity of
the mutant protease for interaction with FVIl1a has been markedly decreased (Fig. 3). Thus,
in contrast to an apparent Ky of 17.6 nM for wild-type FIXa interaction with FVIlla, the
corresponding value was increased to ~190 nM for FIXa-desEGFL1 (Fig. 3, Table 1). Further
kinetic studies in the presence of saturating concentrations of FVIlla indicated that the
catalytic activity of FIXa-desEGF1 toward the substrate has been dramatically impaired in
the presence of the protein cofactor (Fig. 4). Thus, in contrast to apparent K, and K, values
of 67 nM and 75 nM/min/nM, respectively, observed for the wild-type FIXa activation of
FX in the presence of FVIlla, the corresponding values for the FIXa-desEGF1 activation of
FX were 86.5 nM and 0.88 nM/min/nM (Table 1), suggesting ~100-fold impairment in the
rate of substrate activation by the mutant protease.

Analysis of the FIXa-FVllla interaction by equilibrium binding measurements

Previous results have indicated the fluorescence anisotropy of the fluorescein (FI-FPR)-
labeled porcine FIXa is enhanced upon interaction with porcine FVIlla, yielding a Kp of ~2
nM for the protease-cofactor interaction (25). However, our titration of human FI-FPR-FIXa
with human FVIlla did not result in any change in the fluorescence anisotropy of the labeled
protein (data not shown). To determine whether a OG,4gg-based assay, similar to that used
for the analysis of FXa-FVa interaction (26,27), can be set up for measuring the affinity of
human FIXa for FVIlla at equilibrium, we labeled the active sites of FIXa derivatives with
OG4gg-EGR and monitored their fluorescence anisotropy in the presence of FVIlla on PCPS
vesicles. The results presented in Fig. 5 indicated that the binding of OG4gg-EGR labeled
F1Xa derivatives with FV1l1a is associated with different extents of changes in the
anisotropy of the labeled proteins. Thus, the OG4gg-labeled wild-type FIXa interacted with
FVIlla on PCPS vesicles with a Kp of ~1.5 nM (Fig. 5A). By contrast, OG4gg-EGR-FIXa-
desEGF exhibited a dramatically weaker Kp value of ~135 nM for FVIlla under the same
experimental conditions (Fig. 5B). Interestingly, the OG,4gg-EGR labeled GD-FIXa
exhibited a much larger increase in anisotropy and yielded a Kp value of above 300 nM for
FVIlla under the same experimental conditions (Fig. 5C). These direct binding data clearly
suggest that the NH2-termianl EGF domain of FIXa has an interactive-site for FVIlla in the
intrinsic Tenase complex.

Spectral characterization of fluorescein labeled FIX/IXa derivatives

The active-sites of FIXa and FIXa-desEGF1 were also labeled with the fluorescein dye
attached to the tripeptidy! inhibitor FI-FPR which covalently binds to His®’ of the catalytic
triad. In the case of the Cys19 mutant of FIX, the fluorescein dye was directly incorporated
to the Cys19 mutant residue in both in the zymogenic (F1X) and activated forms (FIXa) of
the molecule. The maximum excitation and emission wavelengths for all fluorescein labeled
proteins were determined to be identical values of 493 nm and 521 nm, respectively (data
not shown). The anisotropy of FI-FPR labeled proteins in the absence and presence of PCPS

Thromb Haemost. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qureshi et al.

Page 7

vesicles, respectively, determined to be 0.10 and 0.11 for FIXa; 0.10 and 0.12 for FIXa-
desEGF1; 0.14 and 0.15 for Cys19 mutant of zymogen FIX and protease FIXa (Table 2).
FVIlla did not significantly change the anisotropies of membrane-bound proteins. The
anisotropy of an OR containing PCPS preparation with a density of 0.9 x 10™* OR/AZ was
determined to be 0.10.

Membrane-dependent fluorescence resonance energy transfer (FRET)

The PCPS concentration dependent changes in the emission intensity of the donor
fluorescein dye in the active-site grooves of both FI-FPR-FIXa and FI-FIXa-desEGF1, in the
absence and presence of the acceptor dye OR, are presented in Fig. 6. While the fluorescein
emission intensity was decreased for FIXa on PCPS vesicles both lacking and containing
OR (Fig. 6A), the emission intensity of the donor dye in the active-site pocket of FIXa-
desEGF1 increased only in the presence of OR (Fig. 6B). Nevertheless, the decrease in the
emission intensity of fluorescein in the active-site of FIXa in the presence of OR was
significantly greater than that in its absence. These results suggest that the decreases in the
emission intensities in both cases are primarily due to singlet-singlet energy transfer
between fluorescein in the active-sites and OR at the surface of PCPS vesicles. The OR-
independent change in the emission intensity of the donor dye in the active-site of FI1Xa
likely represents a conformational change in the active-site groove of the protease which has
also been observed in a similar previous study (21). The energy transfer in all cases was
Ca?*-dependent since it was abolished when EDTA was added to the cuvettes at the end of
PCPS titrations. The EDTA reversible ratio of the donor quantum yields in the presence and
absence of the acceptor (Qpa/Qp), which was calculated according to equation 1, are
presented in Fig. 6C. The results demonstrate ~2—3% larger OR-dependent decrease in the
emission intensity of fluorescein in the active-site of FI-FPR-FIXa-desEGF1 (at the same
acceptor density), possibly suggesting that the fluorescent dye is closer to the membrane
surface in the active-site of des-EGF1, thus leading to more efficient singlet-singlet energy
transfer in the mutant protease. Assuming a random orientation of transition dipoles for
donor and acceptor dyes (k2 = 2/3) (21), the singlet-singlet energy transfer equation 2 was
used to calculate the average distance of the closest approach (L) between fluorescein in the
active-site pocket of FIXa and FI1Xa-desEGF1 and OR on PCPS vesicles at several acceptor
densities of 0.9 x 1074 - 2.5 x 1074 OR/AZ2. The average L values for FI-FPR-FIXa and
FIXa-desEGF1 were determined to be 75 +2 A (#SD, n = 16) and 65 + 2 A (+SD, n = 11),
respectively (Table 2). These results suggest that, relative to wild-type F1Xa, the fluorescein
dye in the active-site pocket of FIXa-desEGF1 is 10 A closer to the membrane surface
assuming a k2 value of 2/3 for both proteins. The linear dependence of the plot of Qp/Qpa
on the product between R,2 and the acceptor density (6R,2) for both F1Xa and FlXa-
desEGF1 (Fig. 7) suggested that the magnitude of the energy transfer correlates with the
density of the acceptor OR at the membrane surface as previously demonstrated (20-22).

FRET measurements for FIX/FIXa-Cys19 proteins

Since fluorescein is not actually tethered to the catalytic pocket but to a site near the P4/P3
binding site of the protease in the FI-EGR labeled FIXa, we decided to determine the
average L value for the FIXa-Cys!9 mutant in which the fluorescein dye is directly attached
to residue 195. Furthermore, we labeled the zymogenic form of the FIX-Cys19 mutant and
conducted the same FRET measurements with the labeled mutant proteins. The titration of
either active or zymogen forms of Cys19 mutant with PCPS vesicles lacking OR did not
result in significant changes in the emission intensity of the donor fluorescein dye attached
to the catalytic residue of the mutant proteins (Fig. 8). However, there was ~5-7% OR-
dependent decrease in the emission intensity of fluorescein attached to Cys%® in both
proteins (Fig. 8). The L values were determined from the EDTA reversible ratio of Qpa/Qp
(Fig. 8C) according to equations 1 and 2 assuming k2 = 2/3 as described above. Similar
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values of 84 +2 A (+SD, n = 7) for the zymogenic and 81 +2A (+SD, n = 5) for the active
form of Cys19 labeled proteins were determined (Table 2), suggesting that residue 195 in
both forms is located far above the membrane surface and that the actual distance of the
active-site of FIXa relative to the membrane surface, assuming a k2 value of 2/3 for both
proteins (21), may be slightly higher (~6 A) than the distance obtained using FI-FPR labeled
protease. Similarly, there was no effect on the emission intensity of residue 195 by FVIllia,
possibly suggesting that the cofactor has no conformational effect on the catalytic residue of
FIXa in the intrinsic Tenase complex. The comparable L values obtained for both the
zymogen and activated forms of Cys19° proteins suggest that the activation peptide of FIX
loops out of the molecule and does not contribute to the height of the active-site from the
membrane surface. Similar to results presented above (Fig. 7), the plots of Qp/Qpa
exhibited a linear dependence on the product between R,2 and the acceptor density (0R,?)
for all FRET measurements with Cys19® proteins (data not shown).

Discussion

The results of this study demonstrate that the EGF1 domain of FIXa contributes to the
catalytic specificity of intrinsic Tenase by at least two different mechanisms. First, this motif
provides a functionally critical interactive-site for FVI1lla in the activation complex. This
hypothesis is derived from the direct binding studies, yielding ~100-fold weaker affinity for
the interaction of F1Xa-desEGF1 with the cofactor on PCPS vesicles. Further support for
this hypothesis may come from the observation that the catalytic efficiency of FIXa-
desEGF1 toward FX was decreased by 100-fold in the presence of FVIlla. The mutant
exhibited normal activity for the substrate in the absence of the cofactor, ruling out the
possibility that the mutant has not folded properly. The direct binding data supports the
kinetic data that the binding affinity of FI1Xa-desEGF1 for FVIlla has been impaired. The
binding data with the GD-F1Xa appears to suggest that the Gla-domain of FIXa also
interacts with the cofactor, however, the possibility that EGF1 of FIXa is not able to interact
with FVIIla in the absence of the Gla-domain cannot be ruled out from this observation.
Nevertheless, it has been previously demonstrated that synthetic peptides derived from the
Gla-domain of FIXa inhibit the catalytic activity of the protease toward FX in a FVIlla-
dependent manner in the absence of phospholipid vesicles (12). Thus, the weaker affinity of
GD-FIXa for FVIlla in the intrinsic Tenase complex is likely due to the phospholipid-
independent loss of an interaction between the cofactor and the Gla-domain of the protease
that is missing in the mutant protease.

Previous FRET measurements have indicated that the active-site of FIXa is located ~89 A
above the membrane surface and that the interaction of FIXa with PCPS and/or FVIlla is
associated with a conformational change in the active-site of the protease (21). In this study,
the distance of closest approach (L) between the donor fluorescein dye in the active-site of
F1Xa and OR dyes on the PCPS vesicles was determined to be ~75A for the FI-FPR labeled
F1Xa and ~81A for the fluorescein labeled FIXa-Cys!9. By contrast, the corresponding L
value for the FI-FPR labeled FIXa-desEGF1 was determined to be ~65 A, suggesting that
the distance of the active-site of the mutant is ~10 A closer to the membrane surface. Thus, a
second function for EGF1 domain is to maintain the active-site of FIXa at an appropriate
topography and height above the membrane surface in order for the protease to optimally
interact and cleave the scissile bond on the activation peptide of the substrate. In the case of
FXa activation of prothrombin in the prothrombinase complex, it has been hypothesized that
a function for FVa in the activation complex is to maintain both the active-site of the
protease and the activation peptide of the substrate at a similar height above the membrane
surface (20,28), thereby effectively mediating the cleavage of the scissile bond of the
substrate. In this context, it appears that a spacer function for EGF1 of FIXa also contributes
to its effective activation of FX in the intrinsic Tenase complex. This is derived from the
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observation that the catalytic activity of FI1Xa-desEGF1 toward FX was markedly impaired
in the presence of FVIlla, though the mutant exhibited normal catalytic activity toward the
substrate in the absence of the cofactor. These results suggest that the free protease has
sufficient flexibility to access the activation peptide of the substrate even though its active-
site is closer to the membrane surface by ~10 A. The defect in the catalytic function of
FIXa-desEGFL1 in intrinsic Tenase may be due to the loss of the EGF1-FVIlla interactive
site in the mutant protease. It should be emphasized that these data cannot directly provide
evidence for this hypothesis since the possibility that complex formation with FVIlla on
PCPS vesicles traps the mutant protease in a stable unproductive complex with its active-site
residue spatially being located ~10 A below the scissile bond of the substrate cannot be
ruled out. However, a dramatically weaker binding of FIXa-desEGF1 to FVIlla, as
measured by a direct binding assay, clearly suggests that EGF1 of FIXa contains an
interactive-site for the cofactor.

Previous FRET results have indicated that F\Va alters the topography of the membrane-
bound FXa in the prothrombinase complex (20,28). This hypothesis is based on the findings
that the distance of the of the active-site pocket of FXa relative to the membrane surface in
the prothrombinase complex is ~3-7 A higher than the same distance in the free form of the
protease (20,28). Nevertheless, our spectral studies failed to provide any support for a
similar effect for FVIlla on the active-site pocket of FIXa since the emission intensities of
the fluorescent dyes in the active-sites of all FIXa derivatives (including FIXa-Cys19)
remained unaltered in the presence of the protein cofactor. These observations are in
keeping up with the hypothesis that the cofactor function of FVIlla is primarily mediated
through the cofactor altering the conformation of the secondary exosites/surface loops that
are located remote from the catalytic pocket of the protease (6). The observation that the
interaction of the fluorescein labeled F1Xa-Cys19° mutant (label is directly attached to the
catalytic residue) with PCPS did not alter the spectral properties of the label, suggests that
the conformational effect observed for the PCPS interaction with FI-FPR-FIXa may involve
sites in the proximity of the P4/P3 binding site, where the fluorescent dye is expected to be
located in the catalytic groove of the FPR inhibited FIXa.

A spacer function for EGF1 also appears to be critical for the recognition and activation of
the substrate FIX by FVIla-TF since the activation of the FIX-desEGF1 zymogen was
dramatically impaired by the extrinsic Tenase complex. By contrast, FXla, which does not
require the Gla-dependent interaction of the substrate with PCPS, exhibited an essentially
normal activity toward the EGF1 deletion mutant of the FIX zymogen. In the context of this
model of zymogen activation on the membrane surface by extrinsic Tenase, the observation
that the L value obtained for FI-FIXa-Cys!9 was similar to the same value for the zymogen
form of the mutant suggests that the activation peptide of FIX, containing 35 residues, is not
in an elongated configuration, but rather the sequence is horizontally looping out of the body
of the molecule without contributing to the height of the membrane-bound zymogen. Given
that the active-site of FV1la in extrinsic Tenase is also located far above the membrane
surface (~75 A) (29), it is not surprising that FV1la does not recognize the FIX-desEGF1
zymogen as a substrate since the scissile bond on the activation peptide of the mutant is
expected to be spatially aligned at a much lower height than the active-site of the protease. It
should be noted that, in addition to a spacer function, EGF1 of FIX may also possess an
interactive-site for TF in extrinsic Tenase. In support of this hypothesis, an interactive-site
for EGF1 of FX in TF has been reported (30). Further support for this hypothesis is provided
by the observation that, similar to the membrane-bound complex, FVI1la in complex with the
soluble TF exhibited dramatically lower activity toward the EGF1 deletion mutant of FIX in
solution. In summary, these results suggest that EGF1 of FIX/FIXa plays at least two
essential roles: It provides recognition sites for the cofactors (TF and FVIl1a) and functions
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as a spacer to spatially align and maintain the activation peptide and active-site of FIX/FIXa
at an appropriate height above the membrane surface for optimal catalysis.
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Figure 1.

Time course analysis of wild-type and mutant FIX activation by the TF-FVI1la complex. A,
the time course of activation of FIX () and FIX-desEGF1 (e) (1 uM each) by FV1la (1
nM) in complex with relipidated dcTF (5 nM) was monitored in TBS/Ca2* at room
temperature. At each time point, aliquots of the activation reactions were transferred to wells
of a 96-well plate containing 20 mM EDTA and the rate of FIXa generation was measured
by an amidolytic activity assay as described under “Materials and methods”. B, the same as
A except that the activation time course analysis was carried out by FVIla (50 nM) in
complex with soluble TF (200 nM) in solution.
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Figure2.

Time course and concentration-dependence of FX activation by recombinant FIXa
derivatives on PCPS vesicles. A, the time course of activation of FX (300 nM) by FIXa ( )
and FIXa-desEGF1 (e) (20 nM each) was monitored on PCPS (50 pM) vesicles in TBS/
Ca?* at room temperature. At each time point, aliquots of the activation reactions were
transferred to wells of a 96-well plate containing 20 mM EDTA and the rate of FXa
generation was measured by an amidolytic activity assay as described under “Materials and
methods”. B, the same as A except that the FX concentration-dependence (x-axis) of
activation by FIXa () and FIXa-desEGF1 (e) (20 nM each) was monitored on PCPS (50
MM) vesicles. Solid lines in panel B are nonlinear regression fits of kinetic data (three
independent measurements) according to the Michaelis-Menten equation. The K, and Keat
constants are presented in Table 1.

Thromb Haemost. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 14

FXa (nM/min/nM)
N P
o o

= =
N [

FXa (nM/min/nM)
(=]
N

0 100 200 300 400 500 600
[FVilla], nM

Figure 3.

Fagctor VIlla-concentration-dependence of FX activation by recombinant FI1Xa derivatives
on PCPS vesicles. A, FI1Xa (100 pM) was incubated with FX (300 nM) in the presence of
increasing concentrations of FVIIla (1.5-100 nM) on PCPS vesicles (50 uM) in TBS/Ca?*.
Following 1-2 min of activation at room temperature the reaction was terminated by
addition of 20 mM EDTA and the rate of FXa generation was measured by an amidolytic
activity assay as described under “Materials and methods”. B, the same as A except that
FIXa-desEGF1 (5 nM) was incubated with FX in the presence of increasing concentrations
of FVIlla as indicated on x-axis. Solid lines in both panels are nonlinear regression fits of
kinetic data (three independent measurements) to a hyperbolic equation, yielding Kgapp)
values of 17.6 £ 1.4 nM for FIXa (panel A) and 189.5 £ 34.3 nM for FIXa-desEGF1
interaction with FVIlla. These values are presented in Table 1.
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Figure4.

Concentration dependence of FX activation by recombinant FIXa derivatives in the intrinsic
Tenase complex. A, the concentration dependence of FX (4-500 nM) activation by FIXa
(100 pM) was measured in the presence of a saturating concentration of FVIlla (50 nM) on
PCPS vesicles (50 uM) in TBS/Ca?*. Following 1-2 min of activation at room temperature
the reaction was terminated by addition of 20 mM EDTA and the rate of FXa generation
was measured by an amidolytic activity assay using SpFXa as described under “Materials
and methods”. B, the same as A except that the activation of FX was monitored by FIXa-
desEGF1 (5 nM) in complex with 500 nM FVIlla in TBS/Ca?*. The solid lines are nonlinear
regression analysis of kinetic data (three independent measurements) according to the
Michaelis-Menten equation. The K, and k¢4t constants are presented in Table 1.

Thromb Haemost. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qureshi et al.

Page 16

0.08

006 |- yﬁ/ﬂ/ﬁ-

0.04

Ar

0.02

| 1 | I |

L | !
40 60 80 100 120

0.05
0.04 -
0.03 -
0.02 -

Ar

0.01 -

u 1 | | 1
0 80 160 240 2320 400

0.16

0.12

0.08

Ar

0.04

o(-f 1 | 1 1
0 160 320 480 640 B0O

[FVIlla], nM

Figureb.

Enhancement in the anisotropy of the OG,4gg-EGR labeled FIXa derivatives upon interaction
with FVIIla on PCPS vesicles. A, a fixed concentration of the OG4gg-EGR labeled wild-type
FIXa (50 nM) was titrated with increasing concentrations of FVIlla (0.25-120 nM) on PCPS
vesicles (50 pM) in TBS containing 0.1% PEG 8000 and 5 mM Ca2* at 25 °C. Kp (1.5 + 1.1
nM, n =3) of FIXa for interaction with FVIlla was calculated from the saturable changes in
the anisotropy (Ar) of the labeled protein according to a quadratic binding equation as
described under “Materials and methods”. B, the same as panel A except that OG4g3-EGR
labeled FIXa-desEGF1 (50 nM) was used in the FVIlla titration yielding a Kp of (135.4 +
13.7 nM, n =3) for the interaction of the mutant protease with the cofactor. C, the same as
above except that OG4gg-EGR labeled GD-FIXa (50 nM) was used in the FVIlla titration
yielding a Kp of (308.6 + 22.4 nM, n =3) for the interaction of the mutant protease with the
cofactor.
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Figure6.

Titration of FI-FIXa and FI-FIXa-desEGF1 with PCPS vesicles. A, changes in the emission
intensity of fluorescein in the active-site of FI-FPR inhibited FIXa (50 nM) were monitored
upon titration with PCPS vesicles containing () or lacking OR () as described under
“Materials and methods”. B, the same as panel A except that FI-FIXa-desEGF1 was used in
the titration. C, data of panels A and B are re-plotted for both FI-FIXa (m) and FI-
FIXadesEGF1 (OJ) according to equation 1 as described under “Materials and methods”.
Acceptor densities were 1.4 x 1074 OR/AZ2 for both FRET measurements.
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Linear dependence of FRET upon acceptor density. The R, values for FI-FPR-FIXa (panel
A) and FI-FIXa-desEGF1 (panel B) were determined by titrations with OR containing PCPS
vesicles at acceptor densities of 0.9-2.5 x 104 OR/AZ as described under “Materials and

methods”.
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Figure8.

Titration of FI-F1Xa-Cys19° and FI-FIX-Cys19® with PCPS vesicles. A, changes in the
emission intensity of fluorescein, covalently attached to Cys19° of the FIXa mutant (50 nM),
were monitored upon titration with PCPS vesicles containing () or lacking OR () as
described under “Materials and methods”. B, the same as panel A except that fluorescein-
labeled F1X-Cys19 zymogen was used for the titration. C, data of panels A and B are re-
plotted for both fluorescein-labeled FIXa-Cys!% (CJ) and FIX-Cys!9 (m) according to
equation 1 as described under “Materials and methods”. Acceptor densities were 1.4 x 1074
OR/AZ for both FRET measurements.
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Table 2

The distance of closet approach between the donor fluorescein dyes in the active-sites of FIX/FIXa derivatives
and the acceptor rhodamine dyes incorporated into PCPS vesicles and anisotropy (r) values for the labeled
proteins.

Donor Enzyme Ro L r r(+PCPS)
FI-FPR-FIXa 49+1 752 010 0.11
FI-FPR-FIXa-desEGF1 46+1 65+2 0.10 0.12
FI-FIXa-Cys1% 49+1 81%#3 014 0.15
FI-FIX-Cys!% 49+1 843 014 015

The Rg and L values (in A) were determined based on the efficiency of energy transfer due to decreases in the emission intensity of the donor
fluorescein dyes in the active-sites of proteins (20-50 nM) upon their titration with PCPS vesicles containing the acceptor OR dyes with densities

0f 0.9-2.5 x 1074 OR/AZin 0.1 M NaCl, 0.05 M Hepes, pH 7.4 containing 5 mM Ca2+, assuming a random orientation of transition dipoles for

donor and acceptor dyes (K2 = 2/3) as described in “Materials and methods”. The anisotropy values (r) for fluorescein in the active-sites of the
proteins were determined at excitation and emission wavelengths of 493 nm and 521 nm, respectively.
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