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ABSTRACT: It has been hypothesized that two antiparallel structures comprised of residu84 8ad
102-116 in factor Xa (fXa) may harbor a factor Va- (fVa-) dependent prothrombin recognition site in
the prothrombinase complex. There are 11 charged residues in #1EL820op of human fXa (Glu-84,
Glu-86, Lys-90, Arg-93, Lys-96, Glu-97, Asp-100, Asp-102, Arg-107, Lys-109, and Arg-115). With the
exception of Glu-84, which did not express, and Asp-102, which is a catalytic residue, we expressed the
Ala substitution mutants of all other residues and evaluated their proteolytic and amidolytic activities in
both the absence and presence of fVa. K96A and K109A activated prothrombin-with#ld impaired
catalytic efficiency in the absence of fVa. All mutants, however, exhibited normal activity toward the
substrate in the presence of fVa. K109A also exhibited impaired amidolytic activity and affinity for Na
however, both fVa and higher Naestored the catalytic defect caused by the mutation. Analysis of the
X-ray crystal structure of fXa indicated that Glu-84 may interact by a salt bridge with Lys-109, explaining
the lack of expression of E84A and the lower activity of K109A in the absence of fVa. These results
suggest that none of the residues under study is a fVa-dependent recognition site for prothrombin in the
prothrombinase complex; however, Lys-96 is a recognition site for the substrate independent of the cofactor.
Moreover, the 82116 loop is energetically linked to fVa and Nainding sites of the protease.

Factor X (fX)! is a vitamin K-dependent serine protease been proposed that fVa may provide a direct binding site
zymogen in plasma that upon activation to factor Xa (fXa) for the substrate prothrombin in the prothrombinase complex
forms a high-affinity complex with factor Va (fVa) on (7, 8). In support of this hypothesis, kinetics and mutagenesis
negatively charged membrane surfaces in the presence otlata have indicated that the basic residues of proexosite 1
calcium (prothrombinase) to generate thrombin from pro- on prothrombin interact with an acidic hirudin-like sequence
thrombin (—5). The catalytic efficiency of fXa in the  on fva in the prothrombinase compleS, (L0). Moreover, a
prothrombinase complex is 5 orders of magnitude higher thanrole for the C-terminal residues of prothrombin in interaction
that of fXa alone , 2). The dramatic improvement in the  with fVa in the prothrombinase complex has been demon-
catalytic efficiency of fXa is believed to arise from an strated {1, 12). Second, a hypothesis postulates that the
approximately 2 orders of magnitude decrease inkhef binding of fVa to fXa allosteriocally exposes extended
substrate recognition due to the Gla-dependent assembly okyrfaces on fXa that are specific recognition sites for
proteins on the negatively charged membrane surfates (  interaction with the substrate prothrombin in the prothrom-
6). The other 3 orders of magnitude enhancement irkthe  pinase complexi(3—15). The identity of this cryptic exosite
is attributed to factor Va (fVa) interaction with fXa in the  gn fxa, which fVa makes available for interaction with
prothrombinase complei(2, 6). The mechanism by which  yrothrombin, is not known. Nevertheless, recent inhibition
fVa improves the catalytic activity of fXa in the prothrom-  gy,gies with a monoclonal antibody specific for bovine fXa
binase complex is not very well understood. Two different 1,y rajsed the possibility that the putative allosteric site on

nonexclusive mechanisms have been presented. First, it ha?Xa may reside between residues-g216 in the protease
domain of the moleculeld).
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1 Abbreviations: fX, factor X; fXa, activated factor X; fVa, activated " . . .
factor V: AT, antithrombin; E86A, K90A, R93A, K96A, E97A, D100A,  are also conserved in bovine fXa. Noting that electrostatic
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substitution at the indicated positions in the chymotrypsinogen number- i ; ;
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of these residues interacts with prothrombin specifically in viper venom, the N-terminal HPC4 epitope is removed along
the presence of fVa. The catalytic Asp-102 was not mutated with the activation peptide from all fXa derivatives. Thus,
since this residue is essential for the catalytic function of with the exception of specific mutations, all fXa derivatives
fXa and all other serine proteases. The remaining mutants,have identical amino acid sequences as the plasma-derived
with the exception of Glu-84, which did not express, were fXa (17). The fully y-carboxylated proteins were eluted from

expressed in mammalian cells and purified to homogeneity,
and their catalytic properties were characterized in prothrom-

the ion-exchange column at0.4 M NaCl as described
previously (7). The expression and purification of recom-

bin activation assays in both the absence and presence obinant human prethrombin-2 (prothrombin lacking fhear-

fVa. It was discovered that two Lys-96 and Lys-109 mutants
activated prothrombin in the absence of fVa with B)-fold
impaired catalytic efficiency in comparison to wild-type fXa.
On the other hand, the catalytic activities of all mutants
including both Lys-96 and Lys-109 mutants toward pro-

boxyglutamic acid and kringle-1 and kringle-2 domains) in
the pNUT-PL2 expression/purification vector system in baby
hamster kidney cells have been described previouldy. (
Human plasma proteins including fVa, fXa, prothrombin,
and antithrombin (AT) and the factor X-activating enzyme

thrombin in the presence of fVa in the prothrombinase from Russell’s viper venom (RVV-X) were purchased from

complex were comparable to the activity of wild-type fXa.

Haematologic Technologies Inc. (Essex Junction, VT).

Further studies revealed that, unlike all other mutants which Phospholipid vesicles containing 80% phosphatidylcholine

exhibited normal amidolytic activity and reactivity with

antithrombin (AT), the Lys-109 mutant also had defective
catalytic activity in both of these reactions. The basis for
the global catalytic defect of K109A is likely to be due to
the elimination of a potential salt bridge between Lys-109

and 20% phosphatidylserine (PC/PS) were prepared as
described 21). Heparin-Sepharose was purchased from
Amersham Pharmacia (Piscataway, NJ). The chromogenic
substrate, spectrozyme FXa (SpFXa, MeO-&0yclohexyl-
glycyl-Gly-Arg-p-nitroanilide), was purchased from Ameri-

and Glu-84 by their mutagenesis to Ala, as evidenced by can Diagnostica (Greenwich, CT), and S2238 pifhe-

examination of the X-ray crystal structure of fXagj. It
was also discovered that the affinity of the Lys-109 mutant
for interaction with both sodium and fVa has been impaired
~4—6-fold. Interestingly, either 0.6 M sodium or a saturating
concentration of fVa overcame the impairment in the
amidolytic activity of the Lys-109 mutant. These results
suggest that none of the charged residues of theld8
loop in human fXa is a fVa-dependent recognition site for
prothrombin; however, Lys-96 is critical for the protease
interaction with prothrombin independent of the cofactor.
Furthermore, fVa interaction with the Lys-109 mutant is
associated with conformational changes in theé Kimding
and/or the catalytic cleft of K109A, leading to restoration
of both amidolytic and proteolytic activities of the mutant
protease. Thus, these sites are allosterically linked.

MATERIALS AND METHODS

Mutagenesis and Expression of Recombinant Pratd&ins
expression and purification of wild-type factor X (fX) in

pipecolyl-Argp-nitroanilide) was purchased from Kabi
Pharmacia/Chromogenix (Franklin, OH).

Activation of Factor X Deriatives by RVV-XFactor X
derivatives were converted to active forms by RVV-X as
describedZ?2). Briefly, each fX derivative {10—50ug) was
incubated with RVV-X (10 nM) at 37C for 0.5-1 hin 0.1
M NaCl and 0.02 M Tris-HCI, pH 7.5, containing 2.5 mM
Ca&" (TBS/C&"). Time course analysis of the activation
reactions indicated that all fX zymogens were converted to
their active forms under these experimental conditions. Factor
Xa derivatives were separated from the snake venom by
heparin-Sepharose column chromatography as described
(22). Active site concentrations of fXa derivatives were
determined by an amidolytic activity assay and titrations with
human AT assuming a 1:1 stoichiometry as descril23l (

Cleavage of Chromogenic SubstrateBhe steady-state
kinetics of hydrolysis of SpFXa (7-8L000 uM) by fXa
derivatives (0.51 nM) was determined in TBS/€acon-
taining 0.1 mg/mL bovine serum albumin (BSA) and 0.1%

human embryonic kidney 293 cells were described previously poly(ethylene glycol)- (PEG-) 8000. The rate of hydrolysis

(17). The fX mutants in the chymotrypsinogen numbering
(18), Glu-86— Ala (E86A), Lys-90— Ala (K90A), Arg-
93 — Ala (R93A), Lys-96— Ala (K96A), Glu-97 — Ala
(E97A), Asp-100— Ala (D100A), Arg-107— Ala (R107A),
Lys-109 — Ala (K109A), and Arg-115— Ala (R115A),

was measured at 405 nm at room temperature DA
kinetic microplate reader (Molecular Devices, Menlo Park,
CA) as described1(7). The K, and ks values for the
substrate hydrolysis were calculated from the Michaelis
Menten equation. The steady-state hydrolysis of the chro-

corresponding to residues Glu-306, Lys-310, Arg-313, Lys- mogenic substrate in the presence of fVa was also examined
316, Glu-317, Asp-320, Arg-327, Lys-329, and Arg-335 in with certain mutants. In this case, the experimental conditions
the X cDNA numbering 19), were generated in the same were the same except that cleavage reactions were carried
expression/purification vector system by standard PCR out with fXa (1 nM) in complex with a saturating concentra-
mutagenesis methods as describ®d).(After confirmation tion of fVa (25 nM) on PC/PS vesicles (1M).

of the accuracy of the mutagenesis by DNA sequencing, the Apparent Dissociation Constant ) for Na*. The
constructs were introduced into the same cell line, and the Kypp) Values for Na interaction with each protease were
mutant proteins were isolated from 20 L cell culture determined from the effect of varying concentrations of Na
supernatants by a combination of immunoaffinity and ion- on the activity of the protease toward SpFXa (109) at
exchange chromatography using the HPC4 monoclonalroom temperature in TBS/€acontaining 0.1 mg/mL BSA
antibody and a Mono Q ion-exchange column as describedand 0.1% PEG-8000. The background amidolytic activities
(17). In this vector system, the HPC4 epitope replaces the at zero Na were deducted from the activities in the presence
first 12 residues of the fX activation peptide on the heavy of increasing concentrations of N40—800 mM), and data
chain of the molecule, and since the activation peptide of were fit to the Langmuir binding isotherm to estim#&tgapp)

the zymogen is cleaved off during activation by Russell’s values as describe@3).
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InaCti?fati(.m by AntithrombinThe rate of inactivation O_f Table 1: Kinetic Constants for Cleavage of Spectrozyme FXa by
fXa derivatives by AT was measured under pseudo-first- fxa Derivatives
order rate conditions by a discontinuous assay as described
(17). Briefly, each protease {12 nM) was incubated with Ko (M) k(S (@M1s?)  (x1GM-1s?

- . A i

AT (0.5 _1 uM) in TBS/Ca&" for 10-30 min in 50 uL WT 1024+ 62 2032L37 20L02 31L01
volumes in 96-well polystyrene assay plates at room tem- ggea 98.44+32 205.7+2.0 2.1+0.1 3.14+0.1
perature. All reactions were stopped by addition of:&0 K90A  88.444.1 207.0£28 23+0.1 3.7+ 0.2
of SpFXa (final concentration of 0.2 mM), and the remaining Eggﬁ g%-fi g; ig‘ll-gi %g %gi 8-1 g(l)i 8-%
aqtlvmes of enzymes were measured byVaax kinetic 096491 1737447 17402 241 0.2
microplate reader at 405 nm as described above. ThepiooaA 87.9+45 184.3+28 2.1+0.1 3.2+ 0.3

observed pseudo-first-order and second-order rate constantR107A  84.8+3.8 179.9+23 2.1+0.1 3.2£0.2
(k) R115A 97.9+4.9 1559+49 1.64+0.1 3.0+ 0.3

Activation of ProthrombinThe initial rate of prothrombin N — . -
L b ild-tvoe and mutant fXa derivatives was The km_etlc constants were determined from the stgad_y—state kinetics

activation by wild-typ of hydrolysis of SpFXa (7.81000uM) by each fXa derivative (051
measured in both the absence and presence of fVa aswmy) in TBS/C&" containing 0.1 mg/mL BSA and 0.1% PEG-8000.
described23). In the absence of the cofactor, the concentra- The second-order rate constaﬂ@_ ()_f the an_ti;hrombin (AT) inhibition
tion dependence of prothrombin activation was studied by ‘f"’ﬁre Fa'cr‘:""_‘tefd frgm_ the .rﬁrR"_’l‘_'r(‘(')”g f‘C&")'tfy olfoen;g mes Z1nM)
. . . . . . . ollowing their incubation wit . u or — min at room
incubating _each fXa derivative (2% nM) with increasing temperature as described under Materials and Methods. Kinetic values
concentrations C_’f the zymogen (773_000 nM) on PC/PS  gre the average of two to three measurementtandard errors.
vesicles (1quM) in TBS/C&" containing 0.1 mg/mL BSA
and 0.1% PEG-8000 at room temperature. Following-15 RESULTS
30 min activation in 96-well assay plates, EDTA was added . . . Lo . .
to a final concentration of 20 mM, and the rate of thrombin K AT'dOM'C Acttv ity ?ndtﬁeictgty ;N't_h Ar]:tlttaron;]bm The .
generation was determined by an amidolytic activity assay |nbe ,:C tpaéarlr;)e( etr)s tk?r fxe dy_rotysu; of the ¢ r:)rgt_)g?_mbcl
using S2238 (10@M) as described43). The concentration iu %r;ethp a yt' € ? ;{B’SA\/GS Fa].rehpres;]e.rtlj_? dm aole
of thrombin generated in each activation reaction was ~ : € exception 0 » which exnibited ap-

determined from a standard curve prepared from the cIeavagé)rox'.n.qa.Itely an order of magnitude impairment in its
rate of S2238 by known concentrations of thrombin under Specificity constanti¢(Km) toward SpFXa, all other mutants

s cleaved the chromogenic substrate with a normal catalytic

exactly the same conditions. ) . efficiency. The primary defect in substrate hydrolysis by
In the presence of the cofactor, first the apparent affinity k109A was in the K, parameter 7-fold elevation),

of fXa derivatives for interaction with fVa was evaluated in - g,ggesting that the chromogenic substrate cannot effectively
the prothrombinase assay as descril@3) @riefly, fXa (100 pind to the active site cleft of the mutant protease. Examina-
pM) was mixed with varying concentrations of human fVa  tion of the X-ray crystal structure of the protease domain of
(0-20 nM) on PC/PS vesicles (1@M) in TBS/C&"  fxa (16) revealed that the side chain of Lys-109 is oriented
containing 0.1 mg/mL BSA and 0.1% PEG-8000 at room toward Glu-84 and is situated three dimensionally at a close
temperature. The activation reaction was initiated with the distance (2.886 A) to interact by a salt bridge with this
addition of 1M human prothrombin (final concentration)  resjdue, and thus mutation of either residue may result in
for 1 min, following which it was terminated by addition of  mjsfolding and/or alteration of the conformation of the active
EDTA to a final concentration of 20 mM. The concentrations gjte pocket of the mutant molecules. Indeed, this may explain

of thrombin generated in the activation reactions were our failure to express the E84A mutant in mammalian cells.
determined from a standard curve as described above. Next, The 82-116 loop of fXa extends out of the &€abinding

the concentration dependence of prothrombin activation in 70—-80 loop and becomes organized into two antiparallel
the presence of fVa on PC/PS vesicles was studied by astructures comprised of residues-821 and 102-116 (14,
similar prothrombinase assay. In this case, fXa(300 pM) 16). It has been previously demonstrated that the @®loop

in complex with a saturating concentration of fVa (25 nM  of fXa is allosterically linked to the Nabinding site of the

in all reactions) on PC/PS vesicles (&) was incubated  proteaseZ4). Moreover, it is known that the S1 pocket and
with varying concentrations of human prothrombin (7.8  the Na binding site of fXa are energetically linke@, 26).
1000 nM) in TBS/C&" containing 0.1 mg/mL BSAand 0.1%  To determine whether the conformation of the'Nnding
PEG-8000. Following 30 s of incubation at room tempera- site of K109A has also been affected, the chromogenic
ture, EDTA was added to a final concentration of 20 mM, substrate assay was used to evaluate the affinity of the
and the concentration of thrombin generated was determinedmonovalent cation for interaction with K1L09A and other fXa
by an amidolytic activity assay as described above. The initial derivatives. Consistent with previous resu8)( wild type
rate of prethrombin-2 activation by all fXa derivatives was and all mutants, with the exception of K109A, exhibited
also measured by a similar assay with the exception that thesimilar Kq(pp) values of 86-140 mM for interaction with
activation of different concentrations of prethrombin-2-(1  Na® (data not shown). On the other hand, relative to
62 uM) by fXa (100 pM) in complex with fVa (25 nM) on interaction with wild-type fXa Kg@ppy= 113+ 9 mM), the
PC/PS vesicles (10M) was monitored at room temperature K109A mutant interacted with Nawith a much weaker
for 3—4 min. The activation reactions were stopped by the affinity of 606 4+ 68 mM (Figure 1). All mutants also reacted
addition of EDTA (20 mM), and the rate of thrombin normally with the target protease inhibitor AT; however,
generation was calculated as described above. It was ensuredimilar to the amidolytic activity, the reactivity of the K109A
that less than 15% substrate was activated in all reactions.mutant with the inhibitor was also impaired by an order of
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fVa in the prothrombinase comple23) (further discussed
below).

Next, the ability of fXa derivatives to activate prothrombin
was evaluated in the presence of a saturating concentration
of fVa (25 nM). The results presented in Figure 2B and Table
2 suggest that, with the exception of a2-fold impairment
in the Kmpp) Of prothrombin activation by K109A, all other
mutants activate the substrate withypp) and kea: values

L similar to those observed for the wild-type fXa. These results

200 400 600 800 suggest that the cofactor function of fVa can overcome the

[Na’], mM catalytic defects caused by the K96A and K109A mutations.
FiGURE 1: Na" dependence of the amidolytic activity of wild-type  Thus, in contrast to 510-fold impairment inke.a/Ky, of

type ©) (1 nM) and mutant fXa®) (1.4 nM) was monitored in :
the presence of increasing concentrations of Baroom temper- vesicles, thékea/Km value for K96A was comparable to that

ature using 10865004M SpFXa as described under Materials and Of wild-type fXa and was only lower by-2-fold with the
Methods. The solid lines are nonlinear regression fits of kinetic K109 mutant due to slightly elevateldappy Noting the
data to the Langmuir isotherm equation. dramatic effect of PC/PS vesicles on lowering Kigapp) of
prothrombin activation by fXa, we decided to further assess
magnitude (Table 1). Taken together, these results suggesthe role of mutant residues using prethrombin-2, which is a
that, with the exception of K109A, the mutagenesis did not good substrate for prothrombinas&3( 20), yet it is not
adversely affect the conformation of either the active site capable of interacting with the PC/PS vesicles. The results
cleft or the functionally critical Na binding site of the fXa  presented in Figure 3 suggest that, similar to prothrombin
mutants. activation in the absence of fVa, the activity of the K96A
Prothrombin Actiation. The concentration dependence of mutant toward prethrombin-2 has been markedly impaired.
prothrombin activation by the fXa derivatives on PC/PS Thus, relative to wild-type fXa, the catalytic efficiendy4/
vesicles in both the absence and presence of fVa is presentet,) of the K96A mutant toward prethrombin-2 was impaired
in panels A and B of Figure 2, respectively. In the absence ~10-fold (Table 2). There was also arB-fold impairment
of fVa, with the exception of two K96A and K109A mutants, in the activity of K109A, which is consistent with the general
all other mutants activated the substrate with a near normallower activity of this mutant in all other reactions. The
catalytic efficiency. Analysis of data suggested that both the activities of all other mutants toward prethrombin-2 were
Km@ppandkea parameters with the K96A and K109A mutants  either comparable or affected less than 2-fold. These results
have been impaired5—10-fold (Table 2). Similar to other  suggest that only Lys-96 is a recognition site on fXa for
reactions, the impairment in the proteolytic activity of the interaction with prothrombin. Nevertheless, the similar lower
K109A mutant is most likely nonspecific and may be activity of this mutant toward the substrate in both the
attributed to the mutagenesis-induced general conformationalabsence and presence of fVa suggests that its interaction with
alterations in the structure of the mutant molecule. This is, the substrate is independent of the cofactor.
however, not true for the K96A mutant since none of the  Noting that fVa was capable of restoring the catalytic
other activities of this mutant were altered. Thus the lower defect of the KI109A mutant toward prothrombin in the
proteolytic activity of this mutant is an indication that Lys- prothrombinase complex, we decided to determine whether
96 is a specific recognition site on fXa for interaction with  the cofactor can similarly influence the amidolytic activity

[s]

(g
=]

-
o

-
(=]

o

Amidolytic Activity (mODimin)

=]

(=]

prothrombin. of the mutant. The concentration dependence of the hydroly-
Before studying the proteolytic properties of fXa deriva- sis of SpFXa on PC/PS vesicles in both the absence and
tives in the presence of fVa, we evaluated first #g.pp) presence of a saturating concentration of fVa revealed that

for the interaction of mutants with the cofactor in the the cofactor elevates th&.pp)0f the chromogenic substrate
prothrombinase assay. The results presented in Table 2Zrom ~100 to~200uM for wild-type fXa (Figure 4A). A
indicate that most of the fXa derivatives interact with fVa similar fVa-mediated elevation i, for hydrolysis of the
with a Kgapp) Value of -2 nM in the prothrombinase chromogenic substrates by fXa has been reported in the
complex. Noting that similaKggpp) values of 2 nM for literature @8). Interestingly, unlike wild-type, fVa improved
the wild-type fXa interaction with fVa have been reported the Kmpp0of SpFXa hydrolysis by the K109A mutant more
by this type of assay2@, 27), the significance of slightly  than 3-fold (Figure 4B). Thus, in contrastk@(app)of ~680
weakerKq@app)values for these mutants with fVa is not clear. «M in the absence of fVa, this value was decreasetd2@0
However, the values with two mutants, K109K(app) = uM in the presence of the cofactor. To examine whether,
3.5 nM) and K93A Kg@pp) = 2.7 NM), were impaired the  similar to fVa, higher concentrations of Naan also restore
most. In the case of the K109A mutant, similar to other the amidolytic activity of the K1I09A mutant, the concentra-
activities, a global conformational change as the result of tion dependence of SpFXa hydrolysis was also studied in
the disruption of a potential salt bridge between this residue 0.6 NaCl. Similarly, a 3-fold improvement iidmapp) Of the

and Glu-84 may account for the weaker affinity of the mutant chromogenic substrate hydrolysis by K109A was observed
for interaction with fVa. However, in the case of the R93A at the high salt concentration (Figure 4C). These results
mutant, the result may indicate a specific interaction betweenconfirm the hypothesis that the neutralization of the basic
Arg-93 and fVa in the prothrombinase complex. This is charge of Lys-109 alters the conformation of both the
consistent with our previous report in which we showed that catalytic cleft and the Nabinding loop @9) of the mutant
Arg-93 is critical for fXa interaction with both heparin and protease, and thus these sites are energetically linked.
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Table 2: Kinetic Constants for Activation of Prothrombin by fXa Derivatives in the Absence and Presence of fVa and Apparent Dissociation
Constants Kqpp) for Their Interaction with the Cofactdr

Km(app)(NM) Keat(NM min~1 nM~1) Keal Km (NM~tmin—1) Kd(app)(NM)
fXa
prothrombin, PC/PS, Ca 115.6+ 30.9 0.39+ 0.03 0.003
prothrombin, PC/PS, fVa, Ca 57.6+ 3.1 1506.8+ 21.5 26.2 0.95: 0.1
prethrombin-2, PC/PS, fVa, €a (10.6+0.7) x 1¢° 757.4+ 16.7 0.071
E86A
prothrombin, PC/PS, Ca 167.5+ 30.7 0.43+ 0.03 0.003
prothrombin, PC/PS, fVa, Ca 53.9+ 4.8 1008.14+42.6 18.7 0.A0.1
prethrombin-2, PC/PS, fVa, €a 11.7£1.2)x 1C° 657.24+24.5 0.056
K90A
prothrombin, PC/PS, Ga 139.9+23.2 0.28+ 0.02 0.002
prothrombin, PC/PS, fVa, Ca 59.8+ 2.7 1285.3+ 15.5 21.5 17401
prethrombin-2, PC/PS, fVa, €a (16.2+ 2.4)x 10° 685.4+ 40.8 0.042
R93A
prothrombin, PC/PS, Ca 100.1+ 21.7 0.32+0.02 0.003
prothrombin, PC/PS, fVa, Ca 67.8+ 1.9 1670.4+ 67.8 24.6 27401
prethrombin-2, PC/PS, fVa, €a (12.7+1.1)x 10° 743.1+23.4 0.058
K96A
prothrombin, PC/PS, Ga 229.9+11.4 0.15+ 0.03 0.0007
prothrombin, PC/PS, fVa, Ca 78.2+ 125 1277.8-58.9 16.3 1.6:0.1
prethrombin-2, PC/PS, fVa, €a (21.1+1.8)x 1C° 152.5+5.5 0.007
E97A
prothrombin, PC/PS, Ga 137.84+23.2 0.38+ 0.02 0.003
prothrombin, PC/PS, fVa, Ca 73.7+11.2 1091.H-47.1 14.8 2.0:t0.4
prethrombin-2, PC/PS, fVa, €a (11.8+1.5)x 1¢° 337.5+ 15.0 0.029
D100A
prothrombin, PC/PS, Ga 144.8425.2 0.39+ 0.02 0.003
prothrombin, PC/PS, fVa, Ga 63.7+ 3.6 1216.14+ 18.7 19.1 1.A40.1
prethrombin-2, PC/PS, fVa, €a (19.2+ 3.0) x 1¢® 723.12+47.1 0.038
R107A
prothrombin, PC/PS, Ca 130.2+ 135 0.30+ 0.01 0.002
prothrombin, PC/PS, fVa, Ca 60.0+ 7.3 933.4+ 3.1 15.6 1.40.1
prethrombin-2, PC/PS, fVa, €a (19.7+2.0) x 1¢° 712.7+29.8 0.036
K109A
prothrombin, PC/PS, Ca 442.2+ 49.9 0.12+ 0.01 0.0003
prothrombin, PC/PS, fVa, Ca 124.6+ 28.0 1399.0+ 101.8 11.2 3.5 0.2
prethrombin-2, PC/PS, fVa, €a (20.7+ 4.6) x 1C¢° 433.7+£ 40.9 0.021
R115A
prothrombin, PC/PS, Ca 105.0+ 17.9 0.25+ 0.01 0.002
prothrombin, PC/PS, fVa, Ca 59.8+ 2.7 1098.9+ 50.2 18.4 1.8:0.1
prethrombin-2, PC/PS, fVa, €a (9.5+3.1) x 10° 498.8+ 55.1 0.053

aThe kinetic parametermpp) and kea; were determined from the concentration dependence of prothrombin (or prethrombin-2) activation by
fXa derivatives on PC/PS vesicles in TBS/Caontaining 0.1 mg/mL BSA and 0.1% PEG-8000 in the absence and presence of a saturating
concentration of fVa as described under Materials and Methods Kifg, values for interaction with fVa were determined from the saturable
cofactor concentration dependence of thrombin generation by each fXa derivative at room temperature as described under Materials and Methods.
All values are the average of at least two to three measuremestandard errors.

DISCUSSION

In this study, we have demonstrated that neither one of
the charged residues of the-8216 loop of fXa is a fVa-

of Lys-109 has caused global conformational changes and,
thus, adversely affected the structure of the active site cleft
of the mutant molecule. Despite the global effect of the

dependent recognition site for interaction with prothrombin mutagenesis with K109A, it was interesting to note that Va

in the prothrombinase complex. Nevertheless, the observationE"eViated the catalytip def_ect with this muFant as .evidenced
that the catalytic efficiency of the K96A mutant toward both PY @ near normal amidolytic and proteolytic activity for the
prothrombin in the absence of fVa and prethrombin-2 in the mutant in the presence of the cofactor. The exam_lnauon of
presence of fVa was impaired-30-fold suggests that Lys- € X-ray crystal structure of the protease domain of fXa
96 is a recognition site for interaction with prothrombin (16) provided a possible basis for the impaired catalytic
independent of the cofactor. The catalytic activities of both activity of the K109A mutant. It was found that the side
K96A and K109A mutants toward prothrombin were mark- chain of Lys-109 is oriented toward Glu-84 and that the two
edly impaired. However, fVa overcame the defects in both residues are three dimensionally at a close distance (Glu-
Kmapp and Kea Of prothrombin activation by the mutant 84A.OE — Lys-109A.NZ = 2.886 A) to establish a salt
proteases in the prothrombinase complex. Thus, our resultsbridge interaction6). The relative three-dimensional loca-
do not provide additional support for the hypothesis that fva tions of the residues under study are shown in Figure 5A. In
interaction with fXa may expose extended surfaces on the addition to these two residues, the side chains of Glu-86 and
82—116 loop that could specifically interact with prothrom- Arg-107 are also located in close proximity (Glu-84A.©E

bin in the prothrombinase complet4). The observation  Arg-107A.NH= 2.487 A) to establish ionic interactionig).

that the catalytic activity of the K109A mutant was markedly Both pairs of the basic and acidic residues are part of two
impaired in all relevant reactions suggests that mutagenesisantiparallel structures extending out of the?Chinding 70~
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Ficure 2: Prothrombin activation by fXa derivatives in the absence
and presence of fVa. (A) In the absence of fVa, different
concentrations of human prothrombin (10000 nM) were incu-
bated with each fXa derivative [wild type], ES86A @), K90A
(0), R93A @), K96A (»), E97A (a), D100A (v), R107A (v),
K109A (¢), and R115A #) (2.5-5 nM each)] on PC/PS vesicles
(10uM) in TBS/C&* containing 0.1 mg/mL BSA and 0.1% PEG-
8000. Following 15-30 min activation at room temperature, EDTA
was added to a final concentration of 20 mM, and the rate of 0 200 400 €00 200 1000

thrombin generation was measured from the cleavage rate of S2238 [SpFXa], uM

as described under Materials and Methods. (B) Same as (A) except !

that the activation reactions by each fXa derivative (50 pM) were FIGURE 4. Concentration dependence of the SpFXa hydrolysis by
carried out in the presence of human fVa (25 nM) for 30 s. Solid wild-type fXa and the K109A mutant of fXa in the absence and
lines in both panels are nonlinear regression fits of kinetic data to presence of fVa. (A) The amidolytic activity of wild-type fXa (1
the Michaelis-Menten equation. The kinetic values are presented nM) was monitored as a function of increasing concentrations of
in Table 2. SpFXa in the absenc®) and presence of a saturating concentration
of fVa (@) on PC/PS vesicles (1£M) at room temperature in TBS/
C&" containing 0.1 mg/mL BSA and 0.1% PEG-8000 as described

Aurni dolytic Activity (0D min)

600 under Materials and Methods. (B) Same as (A) with the exception
that K109A (1.4 nM) was used in the amidolytic activity assay.
= (C) The amidolytic activity of K109A (1.4 nM) was monitored as
£ 400 a function of increasing concentrations of SpFXa in the same TBS/
g C&" buffer containing either 0.1 M NaC{) or 0.6 M NaCl @)
% 200 under the same experimental conditions described above. The solid

lines in all panels are nonlinear regression fits of kinetic data to
the Michaelis-Menten equation.

Glu-86 or Arg-107 did not result in an observable negative
0 2 4 60 effect in the mutant molecules, as evidenced by their normal
[Prethrombin-2], .M amidolytic and proteolytic activity and reactivity with AT.

FIGURE 3! fF;\r;?thg?fTbin-IZ aCtiVﬁtiO?_ by f?a defig_atiVetS i“ththe It was also interesting to note that the mutagenesis of Lys-
presence o a. biirerent concentrations of recombinant prethrom- ; : H
bin-2 (162 uM) were incubated with each fXa derivative wild 02, dramatically affected the conformation of the *Na

type ©), ESGA @), K90A (), R93A @), K96A (»), E97A (a), binding loop which is located some 40 A away on the other
D100A (¥), R107A (), K109A (¢), and R115A #) (0.1 nM end of the moleculel, 29), suggesting that the two sites
each)] in the presence of fVa (25 nM) on PC/PS vesiclesu{llp are energetically linked. This is consistent with our previous

;2 JBS./Cég_ZO”t?‘i“i”% O-t.l mgimL BS{“‘ and Ot-l% FéED(%fOOO- data showing that the conformation of the-7D loop and
e ionan Na bindng site of Xa s alloserically inkec2).
generation was measured from the cleavage rate of S2238 as Another interesting observation of this study is that, similar
described under Materials and Methods. Solid lines in both panels to interaction with N4, the Kyapp) for the interaction of the

are nonlinear regression fits of kinetic data to the Michaditenten Lys-109 mutant with fVa was markedly-@-fold) impaired.
equation. The kinetic values are presented in Table 2. However, in the presence of a saturating concentration of
80 loop of fXa (L6). The ionic interactions of these residues fVa, the fXa mutant exhibited normal activity toward
appear to be critical for the stability of this loop. This may prothrombin in the prothrombinase complex. Noting that Lys-
explain our repeated failure to express the E84A mutant in 109 may be involved in ionic interaction with Glu-84 as
mammalian cells. Nevertheless, the mutagenesis of eitherevidenced by the structural data, and the fact that all catalytic
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Arg93 Lys-90 Arg-93

Asp-189  ger.195

Ficure 5: Crystal structure of the catalytic domain of fXa. (A) Space-filling representation of the catalytic domain of fXa with the basic
residues under study colored in blue and acidic residues colored in red. The catalytic residue Ser-195 is colored in green, and the S1 pocket
residue Asp-189 is colored in red. (B) Same as (A) with the exception that the structure is rotated by a full turn. The fVa binding residues
of the 162 helix and 186 loop are colored in purple. Only three residues, Arg-93, Glu-97, and Asp-100, out of all residues under study are
visible on this face of the molecule. The coordinates (Protein Data Bank code 1HCG) were used to prepare thesfigure (

activity of K109A was impaired in all reactions tested, the conformational changes in the structure of residues of the
weaker affinity of the mutant for fVa cannot be construed 82—116 loop that are critical for interaction with prothrom-
as an indication that Lys-109 constitutes a specific binding bin, but do not involve any one of the charged residues under
site for the cofactor. Further support for this proposal may study, cannot be ruled out.

be provided by examining the relative positions of residues
in the X-ray crystal structure of fXa which are known to
interact with fVa (Figure 5B). It is known that two basic
residues of the 162 helix including Arg-165 and Lys-169
(22, 30) as well as Lys-18623) at the base of the S1
specificity pocket directly interact with fVa. Relative to Lys-
109 and most other charged residues under study, these three
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