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Contribution of the Prothrombin Fragment 2 Domain to the Function of Factor Va
in the Prothrombinase Complex
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ABSTRACT. The prothrombinase complex assembles through reversible interactions between factor Xa,
factor Va and acidic phospholipid-containing membranes in the presence of calcium ions. This complex
catalyses the conversion of prothrombin to thrombin through two proteolytic steps. We have used
prethrombin 2 as a substrate analog for the first cleavage reaction of prothrombin activation (cleavage at
Arg323—|le32%) catalyzed by the prothrombinase complex and have also relied on the known ability of
prethrombin 2 to interact tightly but reversibly with fragment 2 or fragment 1.2. The kinetics of cleavage

at Arg®?-1le®?4have been assessed with these substrate analogs to investigate the contribution of-cofactor
substrate interactions mediated by the fragment 2 domain to the ability of factor Va to enhance the catalytic
efficiency of factor Xa within the prothrombinase complex. Initial velocity measurements indicated that
the rate of prethrombin 2 cleavage by the factor=R&LCPS binary complex was increased by a factor of
~1300 upon the addition of saturating concentrations of factor Va to assemble prothrombinase. Although
the measured initial velocity was higher when either fragment 2 or fragment 1.2 was present, the factor
Va-dependent enhancement in initial rate (2600- and 1500-fold) was comparable in each case. Steady
state kinetic constants were obtained using prethrombin 2, prethronphis 2agment 2, and prethrombin

2 plusfragment 1.2 as substrates. For each substrate, the addition of saturating concentrations of factor
Va to the Xa-PCPS binary complex led to increases in catalytic efficiency of between 1000 and 9000-
fold. The kcat/Km for prethrombin 2 cleavage by prothrombinase was essentially identical to that obtained
for prethrombin 2 saturated with fragment 2. Thus, comparable accelerating effects of factor Va are
observed independent of the presence of the fragment 2 domain in the substrate. The results indicate that
interactions between factor Va and the substrate mediated by the fragment 2 domain do not contribute in
a dominant way to the ability of factor Va to enhance the catalytic efficiency of factor Xa within the
prothrombinase complex.

The proteolytic conversion of prothrombin to thrombin is factor of ~100 000 when the protease is assembled into the
a requisite step of the blood coagulation cascade (Jacksorprothrombinase complex (Mann et al., 1988, 1990).
& Nemerson, 1980; Mann et al., 1988). This reaction is  Explanations for the enhanced activity of the prothrom-
catalyzed by a multicomponent complex, composed of a binase complex have largely been sought from steady state
serine protease, factor Xa, a protein cofactor, factor Va, andkinetic measurements of thrombin formation comparing the
membranes containing acidic phospholipids (Jackson & activity of factor Xa alone with that observed using binary
Nemerson, 1980; Mann et al., 1988, 1990). The reversible @nd ternary combinations of the protease with factor Va and
interactions between these macromolecules in the presencénodel membranes containing acidic/amino phospholipids
of calcium ions yields the prothrombinase complex (Mann (R0sing et al., 1980; Nesheim et al., 1979, 1984; van Rijn
et al., 1988, 1990). The functional properties of factor Xa €t @l 1984). It is generally observed that membranes
are significantly altered as a result of macromolecular decrease 'the Km for prothrombin by a factor-e100 apd
interactions within the prothrombinase complex. At the factor Va ms:reases_the kcat by a f.actorﬂeil@_OOO (Rosing
physiological concentration of prothrombin, the rate of etal, 1980; Nesheim et al., 1979; van Rijn et _aI., 1984).
thrombin formation by factor Xa alone is increased by a Thege mdmdgal eﬁects seem (o adequately explain-the-

fold increase in catalytic efficiency observed upon assembly

of the prothrombinase complex (Rosing et al., 1980; Nesheim
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these two possible effects by using reagents directed to the Prothrombin
active site or macromolecular recognition sites of factor Xa R B
with no known interactions with factor Va or membranes | — 4 — I .
(Walker & Krishnaswamy, 1993; Krishnaswamy et al., i il Lt E—-
1994). These approaches indicate that the incorporation of
factor Xa into the prothrombinase complex does not lead to
detectable changes in the reactivity of the catalytic residues Fragment 1.2 ®"  Prethrombin 2
but may perturb extended macromolecular recognition sites |
on the protease. Recent studies with a recombinant deriva-
tive of the specific factor Xa inhibitor, tick anticoagulant
peptide, suggest that the interaction of factor Xa with factor
Va can lead to a large enhancementl(®-fold) in the Fragment 2 i Prethrombin 2
affinity of macromolecular interactions with the protease
(Betz et al., 1997). However, the significance of these types 1 1

of changes with respect to recognition of prothrombin by

prothrombinase are unknown since previous observations of

factor Va-induced changes in substrate affinity have generally {  Prethrombin 2

been attributed to result from the ability of factor Va to | A B |
directly bind prothrombin (van Rijn et al., 1984; van de 7 I

S s
Waart et al., 1984; Boskovic et al., 1990). Ficure 1. Schematic illustration of cleavage sites in prothrombin
The potential for factor Va to influence the kcat for and derivatives. Thrombin formation requires cleavage of pro-
prothrombin activation by binding and altering the substrate thrombin at Arg—le* (R°2)) followed by Arg?"*—Thr27® (R2")

. . . . by prothrombinase. Prior cleavage &/Ryields prethrombin 2 plus
derives from evidence demonstrating that prothrombin can fr)r;gment 1.2. The fragment 1 30maﬁ/ medi%tes the high-%ffinity

interact reversibly with factor Va (Ke- 8 uM) through the interaction of prothrombin with membranes, and fragment 2 is
fragment 2 domain of the substrate (Esmon et al., 1973; responsible for binding factor Va. The site denoted B3R subject
Esmon & Jackson, 1974; Luckow et al., 1989; Guinto & 10 cilr:aavag_e byfthrombiplwzhi%rr\] |i%¢rates lfrlagm%nt ltfrct)rr1n eitt)f_ﬁr
. H ; : rothrompnin or frragment 1.Z2. € diagonal lines denote the ablll
Esmon, 19_84’ BO.SkO\”C et_ al._, 1990). Stu_d|es with fact(_)rs gf prethrombin 2 t% interact tightly ng]th the fragment 2 domain.y
Xa and Va in solution have indicated a dominant contribution The prethrombin 2 derivatives require further cleavage %t ®
of the substratecofactor interaction to prothrombin activa-  form thrombin and represent substrates which cannot interact with
tion (Boskovic et al., 1990). Previous studies have also membranes or factor Va (Prethrombin 2), which can bind to factor
demonstrated a near absolute requirement of fragment 2 forVa but not membranes (Prethrombin 2 plus Fragment 2) and which
factor \_/a to significantly accelerate the cleavage of pre- ,C:?ggr?q'gﬂt tl)o%] factor Va and membranes (Prethrombin 2 plus
thrombin 2 by factor Xa (Esmon & Jackson, 1974).
However, these lines of evidence have been derived from _
solution-phase studies with factor Xa only fractionally derived Km and kcat values or changes in these terms
saturated with factor Va. Therefore, the significance and attributed to specific macromolecular interactions within the
guantitative contribution of the substrateofactor interaction ~ Prothrombinase complex can be interpreted in the traditional
to the function of factor Va in the membrane assembled Way.

prothrombinase complex is not clear. Prior cleavage of prothrombin at Ag—Thr?’s yields

The interpretation of the steady state kinetic studies of pPrethrombin 2 (Figure 1), which interacts tightly but non-
prothrombin activation is complicated by the fact that the covalently with the fragment 1.2 activation peptide (Esmon
conversion of the substrate to thrombin requires the cleavageet al., 1974a; Myrmel et al., 1976). The kinetics of cleavage
of two peptide bonds (Figure 1) (Jackson & Nemerson, 1980; Of the intact Ar§?*~lle3?*bond in this prothrombin derivative
Mann et al., 1988). Product formation catalyzed by pro- e€ither by factor Xa or by prothrombinase has been shown to
thrombinase predominantly results from cleavage at%&rg be indistinguishable from the cleavage of the same bond in
lle®2 followed by cleavage at ARF'—Thr?’s, yielding the ~ prothrombin by either enzyme (Walker & Krishnaswamy,
protease meizothrombin as an intermediate (Krishnaswamy1994; Carlisle et al., 1990). Prethrombin 2 is therefore an
et al., 1986, 1987; Rosing et al., 1986). Cleavage of the appropriate substrate analog for studies of the first cleavage
bonds in the opposite order yielding prethrombin 2 as an reaction in the activation of prothrombin which is also the
intermediate accounts for most of the thrombin formed in step most profoundly influenced by factor Va and membranes
the absence of factor Va (Esmon et al., 1974a; Krishnaswamy(Nesheim & Mann, 1983; Krishnaswamy et al., 1986, 1987;
et al., 1987; Rosing et al., 1986). Since prethrombin 2 is Walker & Krishnaswamy, 1994). We have relied on these
inactive and meizothrombin differs from thrombin in its features of prethrombin 2 as well as its established ability
reaction with a variety of substrates and inhibitors, initial to interact tightly with fragment 2 or fragment 1.2 (Figure
velocity measurements using prothrombin reflect complex 1) to provide a family of substrates with a single cleavage
contributions of the products of two enzymatic reactions as site without or noncovalently associated with the cofactor
well as two possible kinetic pathways (Walker & Krish- binding domain. In combination with the directly measured
naswamy, 1994). Consequently, even though initial rates equilibrium constants for the binary and ternary interactions
of thrombin formation determined at varying concentrations within the prothrombinase complex we have used these
of prothrombin are adequately described by a rectangularsubstrates to assess the requirement of the fragment 2 domain
hyperbola (Rosing et al., 1980; Nesheim et al., 1979; for the ability of factor Va to accelerate bond cleavage by
Krishnaswamy et al., 1986, 1987), it is unlikely that the factor Xa within the prothrombinase complex.
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Acceleration of Prothrombin Cleavage by Factor Va
EXPERIMENTAL PROCEDURES

Materials

Hepes,L-a-phosphatidylserine (bovine brain) ameo-
phosphatidylcholine (hen egg) were from Sigma (St. Louis,
MO). The thrombin substrate, S2238yas from Kabi-
Pharmacia (Franklin, OH), and polyethylene glycol with an
average molecular weight of 8000 was from J. T. Baker
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Ssepharose equilibrated in the same buffer. Fragment 2 was
not retained by the resin. Bound prethrombin 2 was eluted
with a linear gradient of increasing NaCl (0 to 1.0 M, 4 mL/
min, 150 min) prepared in the same buffer. Fractions
containing prethrombin 2 and fragment 2 were pooled
separately and precipitated with ammonium sulfate (80%
saturation). Precipitated protein was collected by centrifuga-
tion (5300@, 30 min) and dissolved in 50% glycerol. The

(Danvers, MA). Stock solutions of S2238 were prepared in Individual protein preparations were then subject to gel-
water and substrate concentrations were determined usingiltration chromatography using Sephadex G-75 (2.300

EQ’LZ = 8270 Mt cm™® (Lottenberg & Jackson, 1983).

PCPS were prepared as previously described (Higgins &
Mann, 1983). Phospholipid concentrations were determined

by a colorimetric phosphate assay following oxidation

(Gomori, 1942), and concentrations are expressed in terms

of total phospholipid. Characterization of the vesicles by
quasielastic light scattering (Nicomp 370, NICOMP Instru-

ments, Santa Barbara, CA) yielded a gaussian distribution

centered atl = 20.5+ 8.5 nm. These dimensions yield an
average of~3000 phospholipids/vesicle on the basis of

published values for the surface area occupied by head group

on outer and inner leaflets of small unilamellar vesicles
(Mason & Huang, 1978).

Protein

Prothrombin and factor X was purified from bovine plasma

as previously described (Krishnaswamy et al., 1986, 1990).

Factor X was activated using the purified activator from
Russell's viper venom and the resultant factor Xa was
purified using benzamidine sepharose (Jesty & Nemerson
1976; Krishnaswamy et al., 1987). Bovine factor Va was
purified using established procedures (Krishnaswamy &
Mann, 1988; Kalafatis et al., 1993). wt-TAP was expressed
in Pichia Pastoris and purified as described (Laroche et al.
1994). The purified monoclonal IgGaHII-5, directed

against a peptidyl sequence present in the kringle 2 domain

of prothrombin (Church et al., 1991), was a generous gift of
Dr. William Church, University of Vermont. Prothrombin
fragment 1.2, prethrombin 1, and thrombin were prepared
as previously described (Mann et al., 1981; Lundblad et al.,
1976). The isolation of prethrombin 2 and fragment 2 was
according to modifications of existing methods (Mann et al.,
1981; Carlisle et al., 1990). Prethrombin 1 (18081, 150
mg) in 0.85 M NaCitrate was treated with 220 nM factor
Xa. Following cleavage for 30 min at room temperature,
the reaction mixture was directly applied to benzamidine
sepharose (1.5 8 cm) (Pharmacia-LKB, Piscataway, NJ)
equilibrated in the same buffer. Development of the resin
with 20 mM Hepes, 0.15 M NaCl, pH 7.4, resulted in the
elution of a sharp peak containing prethrombin 2 and
fragment 2. Thrombin and factor Xa bound to the resin could
be eluted with the same buffer containing 4 mM benzami-
dine. Fractions containing prethrombin 2 and fragment 2
were pooled, applied to a column of trypsin inhibitor
sepharose (1.6« 5 cm) (Sigma) to remove trace amounts
of factor Xa, dialyzed against 25 mM sodium phosphate,
pH 6.5, and applied to a column (2.5% 30 cm) of

cm) equilibrated in 20 mM Hepes, 2.5 M NaCl, pH 7.4, to
remove possible traces of cross-contaminating fragments
(Carlisle et al., 1990). In each case, the pooled fractions
were dialyzed against 20 mM Hepes, pH 7.4, concentrated
by precipitation with ammonium sulfate and centrifugation
and stored at-20 °C as concentrated solutions 200 uM)
in 50% glycerol. Typical yields were 40 mg of prethrombin
2 and 20 mg of fragment 2. Prethrombin 2, fragment 2,
and fragment 1.2 were exchanged into 20 mM Hepes, 0.15
M NacCl, 2.0 mM Ca(}, 0.1% (w/v) PEG, pH 7.4, either by
ialysis or by desalting using centrifuge columns (Sephadex
-25, 5 mL) before use.

The purity of protein preparations was established by
SDS-PAGE followed by staining with Coomassie Brilliant
Blue (Laemmli, 1970). SDSPAGE analysis revealed three
closely spaced bands in all fragment 2 preparations. N-
terminal sequencing yielded a single sequence expected for
bovine fragment 2 (Mann et al., 1981). Laser desorption
mass spectrometry of fragment 2 (peptide formula weight
12 791) yielded a major species at 12 825 with a minor peak
at 13 456. The basis for this heterogeneity was not further
investigated but may be related to partial glycosylation
(Carlisle et al., 1990) or heterogeneity in some other
modification (Owen et al., 1974). Titration of factor Xa or

"thrombin with p-nitrophenyl p-guanidinobenzoate (Chase,

& Shaw, 1967) yielded 1.12 and 0.96 mol active sites/mol
protein, respectively. Protein concentrations were determined
using the following molecular weights and extinction coef-
ficients Engy): factor Xa, 45300, 1.24 (Jackson et al.,
1968; Fujikawa et al., 1974); factor Va, 168 000, 1.74 (Laue
et al., 1984; Krishnaswamy & Mann, 1988), prethrombin 1,
50 200, 1.64; prethrombin 2, 37 400, 1.95; fragment 1.2,
34 800, 1.12; fragment 2, 12 800, 1.25 (Mann et al., 1981);
wt-TAP, 6 980, 2.54 (Krishnaswamy et al., 1994).

Progress Cures for Thrombin Formation

All kinetic measurements were performed in 20 mM
Hepes, 0.15 M NacCl, 0.1% (w/v) PEG, 2 mM CaCbH
7.4. Final concentrations of 1:M prethrombin 2, 1.4M
prethrombin 2plus2.8uM fragment 2, or 1.4«M prethrom-
bin 2 plus 2.8 uM fragment 1.2 were used for these
measurements. Reaction mixtures (280 were prepared
containing 1.4uM substrate with no addition, with 56M
PCPS, 30 nM Va or 30 nM Valus50 uM PCPS and were
incubated for 10 min at 28C. Thrombin formation was
initiated by the addition of a factor Xa solution (14) to
achieve the indicated concentration and the reactions were
maintained at 25C. Samples (1@L) were withdrawn at

1The abbreviations used are PCPS, small unilamellar vesicles various times and guenched by mixing with 80 of 20

composed of 75% (w/w)-a-phosphatidylcholine and 25% (w/w)a.-
phosphatidylserine; PEG, polyethylene glycol; S2238-phenylala-
nylpipecoylargininep-nitroaniline; wt-TAP, recombinant Tick Anti-
coagulant Peptide.

mM Hepes, 0.15 M NaCl, 50 mM EDTA, 0.1% (w/v) PEG,
2uM wt-TAP, pH 7.4. Quenched samples were then further
diluted in the same buffer lacking wt-TAP and initial



3322 Biochemistry, Vol. 36, No. 11, 1997 Krishnaswamy and Walker

velocities of S2238 hydrolysis were determined in 96-well and data analysis were performed using Origin software
plates at ambient temperature in a Vmax kinetic plate reader(Microcal) with appropriate script files provided by the
(Molecular Devices, Menlo Park, CA) using 20M S2238 manufacturer to extrackH, Kd, and stoichiometry.

in 20 mM Hepes, 0.15 M NaCl, 50 mM EDTA, 0.1% (w/v) ]

PEG, pH 7.4. Measured rates were related to the concentraPata Analysis

tion of thrombin from the linear dependence of initial velocity Steady State Kinetic Constant&he results of initial

on known concentrations of thrombin determined in each velocity measurements were analyzed according to the
experiment. The addition of fragment 2 or fragment 1.2 at pyeni-Michaelis-Menten equation by nonlinear least squares

concentrations exceeding those carried over into the assaYynalysis using the Marquardt algorithm (Bevington, 1969).

had no detectable effect on the rate of S2238 hydrolysis by The fitted parameters are report&85% confidence limits.

thrombin. For certain substrate combinations, the apparentyyhen substrate concentrations were well below Km, the kcat/
lack of quantitative conversion of subst_rate to thror_nbln iN Km term was calculated by linear regression analysis
complete progress curves was established to arise fromyeighted according to the reciprocal of 1 standard deviation
significant product inhibition by thrombin. in the measured velocity (Bevington, 1969). When the kcat/
Km term was calculated from fitted values of kcat and Km,
the uncertainty in the calculated value was determined by
Initial, steady state velocities for thrombin formation were propagating the errors of the fitted constants.
measured using discontinuous measurements of S2238 hy- Equilibrium Constant for Prothrombinase Assembilyhe
drolysis (above) in samples withdrawn at 0, 0.5, 1, 1.5, 2, initial velocity for prethrombin 2 activation increased with
and 3 min following initiation with factor Xa. The steady increasing concentrations of factor Va at a single fixed
state rate of thrombin formation was extracted from the slope concentration of factor Xa and a saturating concentration of
of the linear appearance of product as a function of time. PCPS. The concentration of PCPS was chosen to bind most
When prethrombin dlusfragment 2 or prethrombin glus (>90%) of the factor Xa present yet ensuring that the
fragment 1.2 was the varied substrate, the activation fragmentconcentration of vesicles was not vastly greater than the
was present at 1.5-fold molar excess to ensure saturation ofconcentration of protease. Assuming that the increase in
prethrombin 2. Steady state kinetic constants were alsovelocity results from the assembly of prothrombinase, the
determined by varying prethrombin 2 in the presence of a data were analyzed using the model and equations previously

Initial Velocity Measurements

single fixed concentration (58M) of fragment 2. developed to yield the equilibrium dissociation constant for
_ the interaction of factor Va with factor Xa on the membrane
Western Blot Analysis surface, the stoichiometry for the interaction, velocities in

the absence of Vay) and at infinite concentrations of factor
Va (V) (Krishnaswamy, 1990; Krishnaswamy et al., 1987).
The assembly of prothrombinase is accompanied by a large

blotting apparatus (Hoeffer Scientific, San Francisco, CA). décrease in the Km for prethrombin 2. As a result,

Electrophoretic transfer was achieved in 10 mM CAPS, 10% prothromb!nase assembly .is .favored in the presence of
(viv) methanol, pH 11.0, at 0.04 mA cr for 16 h. prethrombin 2. The dissociation constant for the-X&

Following blocking of the membranes with 20 mM Hepes interaction on membranes inferred from rates of prethrombin

0.15 M NaCl, 0.1% (v/v) Tween-20, 0.1% (w/v) bovine 2 cleavage therefore requires correction for the enhancing
serum albumin bH 74 the membrane was incubated with €ffect of the substrate on this interaction. The observed Kd

a solution of 5ug/mL aHII-5 antibody for 45 min in the from activity measurements was corrected for substrate

same buffer lacking albumin. Following several washes with €ff€Cts assuming K= Ks and the relationship
buffer, bound antibody was detected using biotinoylated

Samples containing &g of protein separated by SBS
PAGE were electrophoretically transferred to Immobilon
PSQ membranes (Millipore, Bedford, MA) using a semidry

antimouse 1gG, avidin and biotinoylated horseradish per- 1+ S

oxidase provided with the Vectastain Elite kit (Vector, Kd = Kd KSxavaL 1)
Burlingame, CA) and following the instructions of the ob 14 S

manufacturer. Immunoreactive bands were visualized using KSyar

H20, and 4-chloronaphthol or at higher sensitivity with the \heresiis the concentration of prethrombin 2, and the Km

Luminol reagent_ (Amersham, Arlington Heights, IL) fol- \aues for prothrombinase (Ks/a. = 2.584M) and for the
lowed by d_ete_ctlon of chemiluminescence by exposure t0 y,_pcps binary complex (Ks = 197 uM) were taken
photographic film. from Table 2. In addition to the rapid equilibrium assump-
tion, this correction also requires that keatKsxa <
kcakava/KsSxavaL @s a result of Kg, > Ksxava. and/or
Isothermal titration calorimetry was carried out using a kcaka. << kcakava. This requirement is borne out by the
Microcal Omega 2 (Microcal, Northhampton, MA) at the data (Table 2). The correction was relatively small since
Biocalorimetry Center, Johns Hopkins University, Baltimore, the prethrombin 2 concentration was lower than both Km
MD. The sample cell (1.362 mL) contained either 80 or (Ks) terms.
120uM prethrombin 2 in 20 mM Hepes, 0.15 M NaCl, 0.1% Equilibrium Constant for the Interaction of Prethrombin
(w/v) PEG, 2 mM CaCl, pH 7.4. Titrations were performed 2 with Fragment 2. Initial velocity measurements of
at 24.8°C by successive injections (20 or a0 each at 4 prethrombin 2 cleavage by prothrombinase at increasing
min intervals) of 870uM fragment 2 in the same buffer. concentrations of fragment 2 were analyzed assuming that
Titrations were terminated when further additions of fragment fragment 2 could function as a nonessential activator by
2 did not yield appreciable heat flow. Numerical integration binding prethrombin 2 (Segel, 1975). The initial velocity

Calorimetry
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Table 1: Influence of Fragment 2 and Fragment 1.2 on the Ability of Factor Va to Accelerate Cleavagé?&t lha$*2

prethrombin 2 prethrombin 2/fragment 2 prethrombin 2/fragment 1.2
enzyme enzyme initial velocityd rel initial velocity rel initial velocity rel
components specie$ (nM lla/min/nM Xa) rate (nM lla/min/nM Xa) rate (nM lla/min/nM Xa) rate
Xa Xa 0.016 1 0.026 1 0.45 1
Xa, PCPS Xa-PCPS 0.036 2.3 0.029 11 0.99 2.2
Xa, Va Xa+ (Xa—Va) 0.09 5.9 0.97 37.3 98.16 219.1
Xa, Va, PCPS  XaVa—PCPS 28.80 1858 75.17 2891 1530 3415

2 |nitial velocities were determined from progress curves as illustrated in Figliré/2h the exception of the Xé& Va data set, concentrations
of PCPS and factor Va were selected to saturate factor Xa with PCPS or factor Va and°P@&ficted distribution of enzyme species on the
basis of published dissociation constants. Species in parentheses represent an unknown fraction of the total factor Xanfiiaseelocities
were normalized to the total concentration of factor Xa in the reaction mixtiRelative rates were calculated for each substrate by assigning the
initial velocity observed with factor Xa alone a value of 1.

expression for this case is given by A loo

P2 P2F2
Er{kcab,, — + kcab,pg, —— 091 ]

T tszSPZ 'iozeKSPZF) (2) °l 6

P2 | P2F2 '

1+ =+

KSp,  KSpars

V=

130

wherekEr is the total concentration of prothrombinase, P2 is
the free concentration of prethrombin 2, P2F2 is the
concentration of prethrombin 2 bound to fragment 2, and
the subscripted kcat and Ks terms are the kinetic constants
for the cleavage of the two substrates. The data were
analyzed assuming K+ Ks using mean values of Ks=
2.58uM and K, = 14.18uM (Table 2). The free and
bound concentrations of prethrombin 2 are related to total
concentrations by the expression

(2,) YuAIXT UONIBIY

[Thrombin Formed] (uM)

P2F2=
(P2 + NF2; + Kdpy ) — 4/ (P2 + NF2; + Kdp, )% — 4P21F2;

2
3

where P2 and F2 represent total concentrations of pre- T s 1 16 20
thrombin 2 and fragment 2y mol of F2 combine per mol . .
of P2, and Kg,r;is the equilibrium dissociation constant Time (min)

for that interaction. Analysis of the data according to eqs 2 FIGURE 2: Effect of factor Va on the rate of cleavage of

; ' Kel prothrombin derivatives at APf§*—Ile3?4 Progress curves are
End 3 y'?rlgedk fitted values of | 'F?. npé'Fz kcaps, andd illustrated for thrombin formation from 14M prethrombin 2 (panel
Cabara e kcat terms were also fitted to accommodate A), 1.4 uM prethrombin 2 plus 2.&M fragment 2 (panel B), and

the uncertainty in the ability of averaged kinetic constants 1.4 4uM prethrombin 2 plus 2.&M fragment 1.2 (panel C) using
to accurately predict velocities at any one given substrate factor Xa concentrations of 10 nM (panel A), 3 nM (panel B), and

concentration. 0.25 nM (panel C). In each panel, the reaction mixtures contained
no addition ©), 55uM PCPS @), 30 nM factor Va ), or 55uM
RESULTS PCPS and 30 nM factor Va®. The lines were arbitrarily drawn.

membrane binding by factor Xa alone is not sufficient to
elicit large changes in the rate of cleavage at3kglle3?*
in prethrombin 2. Factor Va interacts weakly with factor
Progress curves illustrating the effects of prothrombinase Xa in solution with an equilibrium dissociation constant of
components on the conversion of prethrombin 2 to thrombin 10°¢ M (Boskovic et al., 1990; Pryzdial & Mann, 1991) and
are provided in Figure 2A. Factor Xa was a poor catalyst only a small fraction £1.5%) of factor Xa present would
for the activation of prethrombin 2. Minor differences in be expected to be complexed with factor Va at the concen-
the rate of thrombin formation were evident when either trations used in the absence of membranes. This expectation
PCPS (5Q«M) or factor Va (30 nM) were individually added  is consistent with the small differences in the rate of thrombin
to the reaction mixture (Figure 2A). formation from prethrombin 2 by factor Xa alone in
Factor Xa binds reversibly to PCPS with moderate affinity comparison to a mixture of factors Xa and Va.
(Nelsestuen & Broderius, 1977; Krishnaswamy et al., 1988). The rate of thrombin formation catalyzed by factor Xa
On the basis of published equilibrium constants for this was dramatically enhanced when both factor Va and PCPS
interaction, greater than 90% of the factor Xa would be were present in the reaction mixture (Figure 2A). On the
expected to be membrane bound under these conditionshasis of equilibrium constants determined in physical studies
(Krishnaswamy et al., 1988; Krishnaswamy, 1990). Thus, of prothrombinase assembly (Krishnaswamy et al., 1988;

Effects of Prothrombinase Components on the Rate of
Cleavage at Arg?3—Ile3?
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s

Krishnaswamy, 1990), the concentrations of Va and PCPS
were sufficient to incorporate more than 95% of the factor
Xa present into the prothrombinase complex. A comparison
of the initial rate of thrombin formation by the X&PCPS .
binary complex to the rate observed with prothrombinase
(Table 1), indicates that the presence of the cofactor in the
prothrombinase complex increases the rate of#rgle3*
cleavage by a factor 6£1000. Since prethrombin 2 lacks
the fragment 2 domain, which is considered to mediate the
substrate-cofactor interaction, it follows that factor Va can
significantly accelerate substrate cleavage by factor Xa within
the membrane-assembled prothrombinase complex by 1000-
fold even in the absence of substratofactor interactions
mediated by fragment 2. 0
. S . . . 0
Previous studies have established a minor accelerating

effect of factor Va on prethrombin 2 cleavage relative to . ,
the effect of the cofactor on the cleavage of prethrombin 2 FIGURE 3: Dependence on the rate of cleavage of prethrombin 2
on prothrombinase assembly. Reaction mixtures containingM.4

plus fragment 2 (Esmon & Jackson, 1974). Therefore, prethrombin 2, 58:M PCPS, and the indicated concentrations
equivalent experiments were conducted in the presence of af factor Va in 20 mM Hepes, 0.15 M NaCl, 2 mM CaC0.1%
molar excess of fragment 2 (Figure 2B) or fragment 1.2 (w/v) PEG, pH 7.5, at 28C, were initiated with 5 nM factor Xa.

i inlnitial velocities determined as a function of factor Va were ana-
(Figure 2C) to assess the effects of the fragment 2 domamlly.z;eo: usling. t.he gssum;-)tiois andf equ;sltion;fdescri?)/ed under Data
on ggf ab;;'}y of .faCtor Va. to accelerat.e cleavage at the Analysis. The line was drawn using k& 0.71+ 0.25 nM,n =
Arg=*—lle?>* peptide bond in prethrombin 2. The rate of (.89 0.09 mol of Va/mol of Xa at saturation and, v= 164 +
thrombin formation was significantly enhanced by the 6.6 nM lla/min. The residuals to the fitted line are shown in the

presence of fragment 2 and more so by fragment 1.2, upper panel.
requiring the use of lower concentrations of catalyst. i o
However, the relationship between initial rates of thrombin Cant effects of this type are implied by an apparent Kd of
formation catalyzed by factor Xa, the X@CPS binary 25 hM measured from initial velocity measurements of
complex or by factor Xa saturably incorporated into the-Xa  Prothrombin activation (Skogen et al., 1984), relative to a
Va—PCPS ternary complex was largely maintained (Figure directly measured equilibrium dissociation constant 621
2). For each substrate, the rate of product formation was“M for the Xa-Va interaction in solution (Boskovic et al.,
increased by a factor of-10® following the addition of ~ 1990; Pryzdial & Mann, 1991; Krishnaswamy et al., 1993).
saturating concentrations of factor Va to the XRCPS Detalled_ kinetic |n_format|_on_ that is necessary for the
binary complex. adequate interpretation of initial velocities obtained with

Initial rates normalized to the concentration of factor Xa factor Xa partially saturated with factor Va in solution is
as well as rates relative to those observed with solution phasePrésently unavailable. Thus, only reaction rates observed
factor Xa are presented in Table 1. Interpretation of these With factor Xa alone, Xa saturated with PCPS, or Xa
data requires explicit knowledge of catalyst concentration, Saturated with Va and PCPS can be interpreted in a
which can be reliably predicted at saturating concentrations Meaningful way. The initial velocity measurements (Table
of PCPS or Va and PCPS on the basis of direct equilibrium 1) With these combinations of catalyst components permit
binding measurements (Krishnaswamy et al., 1988; Krish- the preliminary conclusion that while there may be minor
naswamy, 1990). In the case of each substrate, the rate 0fi|fferences in the extent of rate enhancement by the cofactgr
the reaction observed with X&PCPS as the catalyst was N the presence of fragment 2 or fragment 1.2, the predomi-
increased by a factor of 800 to 2500 upon saturable nant accelerating effect of factor Va on the rate of cleavage
incorporation into the membrane assembled prothrombinasedt Arg***~1le®** by the prothrombinase complex does not
complex (Xa-Va—PCPS). Thus, the bulk of the factor Va- eduire the fragment 2 domain.
ggggg(rjsegtr énecl;eiizz F;gnrggr?:lgpt rrlzt(;.; rgggﬁgéhci‘stﬁecgrggﬁ%?%ﬁed of Prothrombinase Assembly on the Rate of
2 domain. leavage of Prethrombin 2

In contrast, results of initial velocity measurements  The initial velocity measurements (Table 1) at saturating
comparing rates observed with factor Xa alone with those concentrations of factor Va imply that the accelerated
observed in the presence of nanomolar concentrations ofcleavage of prethrombin 2 in the absence of added pro-
factor Va in the absence of membranes imply a significant thrombin fragments is the consequence of the effect of factor
effect of the activation fragments on the factor Va-dependent Va within the membrane assembled prothrombinase com-
rate enhancement (Figure 2, Table 1). These findings, plex. This interpretation requires that acceleration of pre-
illustrated for the purposes of comparison, are in good thrombin 2 cleavage should correspond directly to the known
agreement with previous observations (Esmon & Jackson,requirements for the assembly of the prothrombinase com-
1974). However, since the fractional saturation of factor Xa plex.
by factor Va is small, rate comparisons normalized to the Measurements of the conversion of prethrombin 2 to
total concentration of factor Xa are invalid. These conditions thrombin were conducted using increasing concentrations of
are also particularly sensitive to even small effects of factor Va at a single, fixed concentration of factor Xa and
different substrates or activation fragments on the apparentPCPS (Figure 3). The initial velocity was found to increase
affinity for the solution-phase XaVa interaction. Signifi- saturably with increasing concentrations of the cofactor,
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— . — T limiting value at concentrations just slightly greater than the
® __ fixed concentration of prethrombin 2. The initial velocity

120 o - . .

observed at saturating concentrations of fragment 2 was
~3.5-fold greater than that observed with prethrombin 2
alone. Analysis assuming that the observed increase in
velocity results from the interaction between prethrombin 2
and fragment 2 (Data Analysis) yielded an inferred equilib-
60 - i rium dissociation constant of 38 13 nM for the binding
of fragment 2 to prethrombin 2 with a stoichiometry of
approximately 1.

No obvious evidence for inhibition by fragment 2 was

observed at concentrations as high agBb(Figure 4). This
observation implies that putative interactions between frag-

9 [ y

Initial Velocity (nM 11a/min)
S
1

O os 0 15 20 % ment 2 and factor Va contribute weakly, if at all, to
[Fragment 2] (uM) productive cleavage at A¥—Ile3?* in prethrombin 2 by

FiGUre4: Effect of the fragment 2 domain on the rate of cleavage prothrombinase. Therefore, nonessential activation schemes
at Arg?2-1le%* by prothrombinase. Reaction mixtures containing More complex than that accounted for by eqs 2 and 3 need
1.0uM prethrombin 2, the indicated concentrations of fragment 2, not be invoked to account for the data (Segel, 1975).

55uM PCPS, and 26 nM factor Va in 20 mM Hepes, 0.15 M NaCl,  The interaction between fragment 2 and prethrombin 2 in

2 mM CacCl}, 0.1% (w/v) PEG, pH 7.5, were initiated with 2 nM . . .
factor Xa. Initial rates were determined at 26. The line was the absence of catalyst was further investigated by isothermal

drawn following analysis according to egs 2 and 3 using the terms litration calorimetry (data not shown). This approach yielded
Kdporo= 33 + 13 NM, npa ;2= 1.1 + 0.05 mol of F2/mol of P2, AH = —8.8 & 0.06 kcal mot?, n = 1.03 mol of fragment

kcab, = 1.0+ 0.03 s, and kcagoro = 17.1+ 0.95 s™. 2/mol of prethrombin 2 and an upper limit estimate of-Ke

< 0.2uM. Collectively, the data indicate that the interaction
reaching a maximum value that was approximately 1000- between prethrombin 2 and fragment 2 is tight relative to
fold greater than the rate observed in its absence. As thethe concentrations used in this study and that saturating
concentration of PCPS was saturating relative to the indi- concentrations of fragment 2 lead to a modest increase in
vidual equilibrium dissociation constants for the binding of the rate of cleavage at AR—Ile32* in prethrombin 2 by
Xa or Va to these membranes (Krishnaswamy, 1990), the prothrombinase.
data were analyzed as described under Experimental Proce-
dures to extract the equilibrium parameters describing the Assessment of the Extent of Contamination of
interaction between factors Xa and Va on the membrane Prethrombin 2 by Fragment 2 Containing Degitives
surface. The inferred dissociation constant (.71 + ) . ) )
0.25 nM) and stoichiometryn(= 0.89 + 0.09 mol of Va/ The observation that substoichiometric concentrations of

mol of Xa) are comparable to those previously determined fragment 2 or fragment 1.2 are sufficignt to increase the rate
from direct physical or activity measurements using similar ©f cléavage of most of the prethrombin 2 present has led to
assumptions under a wide range of conditions (Krish- the suggestion that th_ese activation peptides may function
naswamy, 1990). Thus, the increase in the rate of cleavagetatalytically in thrombin formation (Esmon et al., 1974D).

of prethrombin 2 observed following the addition of saturat- | 1S type of phenomenon and contamination of prethrombin
ing concentrations of factor Va to XdCPS (Table 1) results 2 By small amounts of these polypeptides could explain the
from a change which approximates the saturable incorpora-12r9€ eénhancement in prethrombin 2 cleavage by the as-
tion of the protease into the membrane-assembled prothrom-S€Mbly of the prothrombinase complex observed in the

binase complex. present study. . -
SDS-PAGE analysis of several prethrombin 2 prepara-

Contribution of Fragment 2 to Prethrombin 2 Clesge tions showed no obvious evidence of contamination by other
Catalysed by Prothrombinase prothrombin derivatives including fragment 2 or fragment
1.2. Staining of heavily overloaded gels indicated that, if
Evidence for a tight interaction between fragment 2 and these fragments were present, the level of contamination was
thrombin (Kd= 0.8 nM) or prethrombin 2 (Ke= 0.13 nM) probably less than 10 mol % of the prethrombin 2. This
derives from measurements performed at low ionic strengthwas further investigated using a monoclonal antibody
(Myrmel et al., 1976). An ionic strength dependence for directed against a polypeptide sequence present in the kringle
this interaction is implied by the much larger equilibrium 2 domain of human prothrombin (Church et al., 1991).
dissociation constant determined for the binding of fragment Western blotting indicated that this antibody could detect
2 to thrombin (Kd= 5 uM) at | = 0.15 M (Bock, 1992).  povine prothrombin and all possible derivatives containing
Therefore, the relatively small effects of fragment 2 on the fragment 2 (prethrombin 1, meizothrombin, meizothrombin
rate of prethrombin 2 cleavage by prothrombinase (Table 1) des fragment 1, fragment 1.2, fragment 2) with moderate
could reflect incomplete saturation by fragment 2 at physi- sensitivity (data not shown).
ological ionic strength. A representative Western Blot of a gel containing pre-
This possibility was investigated by initial velocity mea- thrombin 2, fragment 2 and fragment 1.2 is illustrated in
surements of prethrombin 2 cleavage by prothrombinase inFigure 5B along with a gel analyzed by protein staining
the presence of increasing concentrations of fragment 2(Figure 5A). Prethrombin 2 and fragment 1.2 yielded single
(Figure 4). Initial rate was found to increase saturably with bands, but three closely spaced bands were observed with
increasing concentrations of fragment 2 and approached afragment 2 (Figure 5A). The antibody used could readily
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A B these substrates were obtained using factor Xa saturated with
PCPS or factor Xa saturated with PCPS and with factor Va.
Fl2¢ &= _F1.2 This approach was used to permit an assessment of both the
P2- - S '“PZ kinetic contribution of factor Va within the prothrombinase
- —= = complex to the rate of cleavage at A%y-1le%?* as well as
F2- - = F2 the contribution of the substrateofactor interaction medi-

ated by the fragment 2 domain to the ability of saturating
1 23 1 23 45 67 concentrations of factor Va to accelerate bond cleavage.
FIGURE 5: SDS-PAGE and Western Blot analysis of prethrombin Representative plots showing the dependence of initial
f2- Panelt/;. (Flieprezs)entagve p{ﬁpar%t_ionzs (C|>f ffa%;nem 12 ganéi él),velocity on increasing substrate concentrations are presented
ragment 2 fan€ 2), and pretnrombin £ {fan€ 5) were SUbject 10 jn Figyre 6 and the derived steady state kinetic constants
SDS-PAGE following disulphide bond reduction, and protein . . .
bands were visualize% by stgining with Coomassie BriIIiaﬁt Blue. from these and othe_r. expenmentg are listed in Table 2. For
Each lane contained 129 of protein. Panel B. Proteins initially ~ €ach substrate, addition of saturating concentrations of factor
separated by SDSPAGE following disulphide bond reduction were  Va to the Xa-PCPS binary complex resulted in an equivalent
_electrophoret_ically transferreq to PVDF r_nembranes, and_bandsincrease in the catalytic efficiency (kcat/Km). Comparable
immunoreactive wittuHII-5 antibody were visualized as dercribed 4 stants were observed for several different preparations
under Experimental Procedures. The lanes contained (1) &f . N
prethrombin 2; (2) Geg of prethrombin 2+ 34 ng of fragment 2: of prethrombin 2, fragment 2,_ am_j fragment 1.2, indicating
(3) 5 ug of prethrombin 2+ 85 ng of fragment 2; (4) %g of that unforeseen trace contamination of one or more of these
prethrombin 2+ 90 ng of fragment 1.2; (5) &g of prethrombin protein preparations is not a likely explanation for the
ﬁg+ §f3(¥rgg rg;;rtaglfgenﬁrﬁg: r(%g;_gr? ?ffr#ggﬁnigtn? ?nzd ((|7:)1223)0 observed results. The factor Va-dependent increase in
. L igration ot Ira . <) catalytic efficiency ranged from 1000-fold for prethrombin
prethrombin 2 (P2), and fragment 2 (F2) is indicated in the margins. 2 to 10 000-fold for prethrombin @lusfragment 2 or 2200-
fold for prethrombin 2olusfragment 1.2. A principal source
of uncertainty in some of these comparisons derives from
the low rates in the absence of the cofactor coupled with
the need for high substrate concentrations for these measure-
ments. Thus, while there may be some contribution of the

detect small amounts of purified fragment 2 or fragment 1.2
(Figure 5B). However, no antibody reactivity was detected
in the lane containing purified prethrombin 2, indicating the
absence of prothrombin or derivatives containing the frag-

ment 2 domain. Fragment 2 or fragment 1.2 intentionall . y. .
9 g y fragment 2 domain to the ability of factor Va to increase

added to prethrombin 2 could be detected at levels corre- h vtic effici for ¢l 7 (1692 the d
sponding to 2 mol % contamination. These data indicate? e catalytic efficiency for cleavage at Afg-lle*", the data

that possible contamination of prethrombin 2 by these " Table 2 indicate that the majority of the effects of the

activation fragments is less than 2 mol %. cofactor on the catalytic efficiency of the prothrombinase
An indistinct band migrating in the region of prethrombin comp!ex are mde_pendent of the fragment 2 domain and the

2 was reproducibly revealed by the antibody when higher resulting interactions between substrate and factor Va that

amounts of fragment 1.2 or fragment 2 were added to thlliodrogl]lilr?r&aé/ungst?;fs' obvious evidence for saturation
prethrombin 2 independent of protein preparation or the btained when th ’ talvst 4 of th

presence of protease inhibitors (lanes 5 and 3, Figure SB).Wa?ho at;!"e when | € (;ijz%{s wfafs comp(t)sze ? €
Although the data suggest some interaction between thesd'© rgrg Inase ﬁom%gx.z IIIOQ o r?gmenh or ral%-

proteins during SDSPAGE even after disulphide reduction, ment 1.2 to prethrombin 2 resulted in a large change (

this possibility seems unlikely. The basis for this observation 20-f0ld) in the kcat for product formation catalyzed by
was not further investigated. prothrombinase. These results are consistent with significant

Other lines of evidence also indicate that the observed effects of fragment 2 or fragment 1.2 on prethrombin 2

lerati f prethrombin 2 ¢l b thrombi cleavage previously established in a number of studies. The
acceleration ot prethrombin < cleavage by prothrombinase presence of saturating concentrations of fragment 2 was
assembly is probably unrelated to trace contamination byfound to increase both Km and kcat for prethrombin 2
fragment 2 containing derivatives of prothrombin: (1) The

Lo . cleavage by prothrombinase by a factoref0O leading to a
initial velocity measurements (Table 1) could be reproduced ., . : : -
with eight different preparations of prethrombin 2. (2) 2-fold increase in catalytic efficiency. As these changes

Passage of prethrombin 2 over a column of immobilized appear unrelated to effects mediated by factor Va, the data
aHII-5 antibody did not alter cleavage kinetics or behavior imply that the interaction between fragment 2 and prethrom-

tern blots. Control . ts established that th bin 2 in some way alters substrate structures important for
on western biols. - Lontrol experiments establisned tha eproductive recognition of the APg—I1le3?* bond and its
antibody column could deplete fragment 2 from preparations

. X ) ; ; L cleavage by the prothrombinase complex.
of prethrombm 2 intentionally mixed W'.th the act|vat.|0n. The reversible interaction of fragment 1.2 with prethrom-
peptide. (3) The dependence of reaction rate or kinetic

. bin 2 confers the substrate with the potential macromolecular
constants (Table 2, below) on the concentration of fragment P

2 is inconsistent with tr ntamination of brethrombin 2 recognition elements of the fragment 2 domain as well as
witsh frcz;c;r:esntez ace contamination ot prethro with membrane binding properties mediated by the fragment

1 region (Figure 1). If the effects of these domains are
Steady State Kinetics of the Cleme at Arg?3—Ile32 in_deed _ind_ependent, the Iiste_d ki_netic constants for prothrom-
binase indicate that a reduction in the Km term is a dominant
The basis for the effects of prothrombinase assembly on consequence of membrane binding by the substrate. This
the rate of cleavage at At§—Ile®** was investigated by  conclusion is consistent with prior kinetic models for
steady state kinetic studies of the conversion of prethrombin prothrombin activation (Rosing et al., 1980; Nesheim et al.,
2, prethrombin 2plus fragment 2, and prethrombin [@us 1979, 1984; van Rijn et al., 1984) as well as more recent
fragment 1.2. Kinetic constants for the cleavage of each of studies demonstrating a large effect of the substrate
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A ' ' ' ; ' and PCPS. A similar comparison can be made for the
1 kinetics of cleavage at Afg*—Ile3?* using the membrane-
binding substrate, prethrombingus fragment 1.2 (Table
2). In agreement with the observations made with intact
prothrombin, the kinetic constants obtained with this substrate
suggest that factor Va alters the kcat for bond cleavage
without significantly changing the Km term. However, the
physical significance of kinetic constants obtained for such
a membrane-binding substrate is questionable (Gentry et al.,
1995; Lu & Nelsestuen, 1996a). These apparent kinetic
constants have been shown to vary with the concentration
of PCPS, membrane composition and vesicle size (Rosing
: : et al., 1980; Gerads et al., 1990; Pei et al., 1993; Giesen et
. al.,, 1991; Lu & Nelsestuen, 1996a). These findings are
g consistent with the demonstration that the rate of the
3 1 substrate-membrane interaction can limit catalysis by
membrane-assembled prothrombinase (Giesen et al., 1991).
If membrane binding by the substrate indeed precedes
catalysis as is implied by rapid kinetic measurements (Walker
e | & Krishnaswamy, 1994), both steady state kinetic constants
are likely to be influenced in an unpredictable, mechanism-
O brethrambin 2/Frament 2] o) specific way by the rate constants for membrane binding and
e 1 s u w6 dissociation, which are estimated to be slow relative to
[Prethrombin 2/Fragment 2] (4M) catalysis (Nelsestuen & Lim, 1977; Kung et al., 1994; Lu &
Nelsestuen, 1996b). It therefore seems unlikely that a
| superficial interpretation of the observed kcat change for
. prethrombin 2plus fragment 1.2 cleavage following the
. addition of factor Va accurately reflects the effects of the
| cofactor on the function of the prothrombinase complex.

Complexities arising from the substratmembrane in-
teraction are mimized in the case of prethrombin 2 or
prethrombin 2plus fragment 2. For example, a 4-fold
increase in the concentration of PCPS had no obvious effect
on the kinetic constants for cleavage of either substrate by
prothrombinase (data not shown). Comparisons with these
substrates indicate that, in the absence of the fragment 1
FIGURE 6: Effect of Factor Va and the Fragment 2 Domain on the domain, addition of factor Va to the XeéCPS binary
Kinetic Constants for Cleavage at Afg—1le3?%. Representative complex results in a large change in the Km for the reaction.
versusS plots are illustrated for the activation of prethrombin 2 This is suggested by the linear increase in initial velocity of
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(panel A), prethrombin 2 plus fragment 2 (panel B) and prethrombin

2 plus fragment 1.2 (panel C) either by factor Xa assembled in the

prothrombinase complex or by the X®CPS binary complex

thrombin formation in the absence of factor Va over a wide
range of substrate concentrations. In the case of prethrombin

(insets). When prethrombin 2 was the varied substrate, reactant2 where a rough estimate for the Km for cleavage by-Xa

concentrations were 56M PCPS, 25 nM factor Va, and 5 nM
factor Xa (panel A) or 20M PCPS and 48 nM factor Xa (panel
A, inset). When prethrombin 2 plus fragment 2 was varied, the

concentration of fragment 2 was 1.5-fold greater than the concentra-

tion of prethrombin 2. Other reactant concentrations wergM5
PCPS, 25 nM factor Va, and 1 nM factor Xa (panel B) or 200

PCPS could in fact be obtained, the data indicate that the
~1000-fold increase in kcat/Km is achieved through a large
decrease in Km~80-fold) and a smaller increase in kcat
(~12-fold). Since these effects were observed in the absence
of the fragment 2 domain, the data suggest that an important

PCPS and 98 nM factor Xa (panel B, inset). The total concentration functional consequence of the interaction between factors

of prethrombin 2 plus fragment 1.2 was varied at a constant ratio

of 1:1.5, using 5%«M PCPS, 25 nM factor Va, and 0.25 nM factor

Xa and Va on the membrane surface is an enhanced affinity
of the protease component for its macromolecular substrate.

Xa (panel C) or 20uM PCPS and 50 nM factor Xa (panel C,
inset). The lines are drawn following analysis as described under
Experimental Procedures using the fitted steady state kinetic DISCUSSION
constants illustrated in Table 2.

The enhanced activity of prothrombinase toward its
membrane interaction on the rate of cleavage at*%rg biological substrate, prothrombin, is a consequence of
lle3?* by prothrombinase (Walker & Krishnaswamy, 1994). macromolecular interactions within this enzyme complex

Previous studies have concluded that factor Va functions mediated by the membrane surface as well as the cofactor
in the prothrombinase complex to increase the kcat for (Mann et al., 1988, 1990). In the present study, we have
prothrombin activation (Rosing et al., 1980; Nesheim et al., applied the accumulated information on the thermodynamics
1979, 1984; van Rijn et al., 1984). These conclusions are of the various binary and ternary interactions within the
based on a comparison of steady state kinetic constants foenzyme complex to examine the potential contribution of
prothrombin activation catalyzed by reaction mixtures con- interactions between prothrombin and factor Va to cofactor
taining Xa and PCPS relative to those containing Xa, Va, function.
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Table 2: Kinetic Constants for the Cleavage at B#glle3?*in the Absence and Presence of Factof Va

substrate enzyme speciés kcatd (st & SE) Km @M =+ SE) kcat/Km (Mt s~ £ SE)
Prethrombin 2 XaPCPS ND ND 576+ 19
0.1 (est) 197 (est) 482 56
Xa—Va—PCPS 1.240.01 244+ 0.1 (5.2+£0.2) x 1C°
1.3+0.02 2.58+ 0.15 (5.04+ 0.3) x 1P
1.75+ 0.03 2.73+0.15 (6.41+ 0.4) x 10°
Prethrombin 2 XaPCPS >0.06 (est) >500 (est) 114+ 3.2
plus Fragment 2 XaVa—PCPS 158 1.1 16.06+ 1.5 (9.8+0.8) x 1C°
175+ 0.5 12.3+ 0.9 (1.42+0.1) x 1¢°
15.0+ 0.6 11.95+1.15 (1.26+£0.1) x 1¢°
Prethrombin 2 XaPCPS 0.01% 0.001 0.45+ 0.05 (3.8 0.5) x 10*
plus Fragment 1.2 XaVa—PCPS 26.3: 0.3 0.22+0.01 (1.2 0.07)x 1C®
21.5+ 0.6 0.32+0.03 (6.83+ 0.75) x 107
23.1+0.7 0.38+ 0.04 (5.99+ 0.63) x 107

aKinetic constants were determined as illustrated in Figure 6. The results of multiple experiments are pre&swtmat. where noted, when
kinetic constants were determined in the presence of fragment 2 or fragment 1.2, the prethrombin 2 concentration was varied at a fixed ratio of
1:1.5 molar equiv of each fragmenitFactor Xa was either saturated with PCPS or with factor Va and P&Rat was calculated by dividing
Vmax by the total concentration of factor XaND = not determined. (estr estimated! Constants determined using 14 different concentrations
of prethrombin 2 (6-36 uM) in the presence of 55.0M fragment 2.

Steady state kinetic measurements were conducted usinghe presence of fragment 2 and more so by fragment 1.2
prethrombin 2 derivatives which have been established to (Table 1). However, this finding is not borne out either by
be appropriate analog substrates for the first half reaction of initial velocity measurements or by steady state kinetic
prothrombin activation catalyzed by the prothrombinase constants measured in the presence of membranes and
complex (Walker & Krishnaswamy, 1994). This approach saturating concentrations of factor Va. Since factor Va
was used to examine the effects of factor Va on the kinetics accelerates cleavage at At¥-1le?4in prethrombin 2 greatly
of cleavage of the Arfgg*—Ile3?* peptide bond in the absence and to a comparable extent both in the presence or absence
or presence of prothrombin activation fragments, which are of fragment 2, the data suggest that putative interactions
known to bind tightly to prethrombin 2 and contain the between cofactor and the fragment 2 domain of the substrate
cofactor binding domain or both the cofactor binding domain are not required for this aspect of Va function within the
as well as the membrane binding domain (Figure 1). Initial prothrombinase complex.
rate and catalytic efficiency of cleavage at Afg-11e3?*in Detailed kinetic information required for adequate inter-
prethrombin 2 or prethrombin Dlus fragment 2 was pretation of initial velocity measurements with solution-phase
increased to an equivalent extent by the addition of saturatingfactors Xa and Va is not presently available. The available
concentrations of factor Va to the X&CPS binary complex.  information is, however, consistent with the preliminary
This observation indicates that the cofactor has a large conclusion that disproportionate changes observed in the
accelerating effect on prothrombinase function even when presence of fragment 2 or fragment 1.2 may be related to
the substrate is unable to interact with factor Va. The their effects on the apparent affinity for the interaction
presence of saturating concentrations of fragment 2 furtherbetween factors Xa and Va in solution. This could readily
contributed in a relatively small way to the ability of factor arise from effects of the activation fragments on the large
Va to increase reaction rate. It therefore follows that difference in the Ks for substrate binding to the two forms
interactions between substrate and factor Va mediated byof enzyme (eq 1). Alternatively, the interaction between
the fragment 2 domain are neither requisite nor a major cofactor and the fragment 2 region of the substrate £Kd
influence on the large increase in activity that accompanies 10 M) could have a significant enhancing effect on the weak
the assembly of the prothrombinase complex. interaction between Xa and Va in solution that is not evident

Several independent lines of evidence support the ability in the presence of membranes. This type of consideration
of prothrombin derivatives containing the fragment 2 domain may also help explain the recent observation that prothrombin
to interact reversibly with factor Va (Esmon et al., 1973; enhances prothrombinase assembly on membranes with
Luckow et al., 1989; Guinto & Esmon, 1984; Boskovic et suboptimal PS content, conditions which might be expected
al., 1990). However, the relevance of this interaction toward to engender weak interactions between factors Xa and Va
the function of factor Va within the prothrombinase complex (Billy et al., 1995).
is essentially entirely based on initial velocity measurements The function of the fragment 2 domain in prothrombin
with prethrombin 2 in the absence of membranes using activation has previously been assessed using a recombinant
concentrations of factor Va~10-8 M) well below those deletion mutant lacking the kringle 2 region (Kotkow et al.,
required to saturate the Xa&/a interaction in solution 1995). Deletion of this domain led to the demonstrable loss
(Esmon & Jackson, 1974). These measurements haveof factor Va binding, yet only yielded a marginal change in
formed the basis for the prevailing idea that the ability of Km and a 7-fold decrease in kcat for the reaction catalyzed
the cofactor to accelerate thrombin formation is specifically by prothrombinase (Kotkow et al., 1995). These findings also
dependent upon the interaction between the fragment 2 regiorsuggest that the bulk of the rate enhancement observed in
and factor Va (Esmon & Jackson, 1974). Initial velocity the presence of factor Va does not derive from an interaction
measurements under comparable conditions illustrate that thebetween the cofactor and the substrate.
perceived effects of the cofactor at nonsaturating concentra- Although the addition of factor Va resulted in an equiva-
tions of factor Va and substrate appear to be influenced by lent increase in activity for all three substrates, cleavage at
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Arg323—|le324in prethrombin 2 by prothrombinase was itself ~ In summary, the present results indicate that substrate
enhanced by the presence of fragment 2 or fragment 1.2. Acofactor interactions mediated by the fragment 2 domain are
comparison of the kinetic constants (kcat/Km) for the not a critical feature of the mechanism(s) underlying the
cleavage of Aré?3—Ile®?*in prethrombin 2 or prethrombin  accelerating effects of factor Va on the function of factor
2 plus fragment 2 by prothrombinase raises the possibility Xa within the membrane-assembled prothrombinase com-
that a major consequence of the interaction between fragmenplex. This conclusion, based entirely on kinetic studies of
2 and prethrombin 2 is to alter substrate structure and increasecleavage at Argf*—l1le32#in the biological substrate, seems
the probability of productive recognition and cleavage of the justified since the second cleavage reaction (cleavage at
scissile bond rather than to lead to catalytic improvements Arg?”*—Thr?" is only modestly influenced by factor Va.
by simply providing added binding interactions with the Clearly, we are unable to exclude the possibilities that
cofactor within the enzyme complex. A similar suggestion interactions between fragment 2 and factor Va have a
has been made on the basis of studies with a recombinansignificant effect on some other aspect of factor Va or
derivative of factor Xa (Rezaie & Esmon, 1995). prothrombinase function or in some way influence reaction
In contrast to the small effect of fragment 2 on the catalytic steps i.n the kinetic pathway that are not ra;e-limiting for
efficiency of the cleavage of prethrombin 2 by prothrombi- Cata'YS'S by membrane-assembled p_rothrombmase. Itis also
nase, fragment 1.2 caused a large change in the kcat/KmpOSS'ble that previously und_etected interactions between the
term for this reaction (Table 2). Assuming that the fragment Substrate an.d fggtor Va mediated by regions outside fragment
1 and fragment 2 domains contribute independently to the 2 become s!gnlflca_mft upon asse”?b'y of the prothrombmase
kinetic effects, these results indicate an increase in catalyticcomplex' Finally, it is also conceivable fcha_t _the Interaction
efficiency by a factor 070 which can be attributed to the between fragment 2. and factor Va has significant functlona[
effects of membrane binding by the substrate. This conclu- consequences only in the presence of the fragment 1 domain
sion is consistent with previous rapid kinetic studies indicat- Wh.'Ch |mp§1r.t§ membrane binding properpes to the substrate.
ing a 60-fold decrease in the rate constant for cleavage atThIS possibility cannot be addressed without a more com-

Arg®2—|le32¢following proteolytic removal of the fragment prehensive knowledge of the kinetic pathway for the cleavage
1 domain (Walker & Krishnaswamy, 1994) of the membrane binding substrate. Bearing these qualifica-

o ] ) tions in mind, the data are consistent with the interpretation
The contribution of factor Va to prothrombinase function  that the dominant mechanism by which factor Va increases

has been previously inferred from comparisons of the steadythe catalytic efficiency of factor Xa within the prothrombi-

Xa in the presence of membranes relative to those obtainedrather than by binding the substrate through the fragment 2

in the presence of membranes as well as factor Va (Rosingdomain and altering the structure about the scissile bond(s).
et al.,, 1980; Nesheim et al., 1979, 1984; van Rijn et al,,

1984). Such comparisons are complicated by the fact that
two cleavage reactions are required to convert prothrombin
to the final product and because factor Va substantially
changes the relative contributions of the two possible
pathways for thrombin formation (Krishnaswamy et al., 1986,
1987; Rosing et al., 1986; Esmon et al., 1974a). These
particular complexities are eliminated in the interpretation
of the kinetic constants for the cleavage at &fglle3?*
provided in the present work. However, the potential
problems in the interpretation of kinetic constants under
conditions where membrane binding by the substrate can
precede and limit the rate of catalysis have not been
circumvented. Consequently, we have restricted our com-
parisons to the steady state kinetic constants obtained with
prethrombin 2 or prethrombin Blus fragment 2 with the REFERENCES

caveat that the changes observed with these substrates may _ . I
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