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ABSTRACT: Factor \4is a cofactor for the serine protease factgitbat activates prothrombin to thrombin

in the presence of Ga and a platelet membrane surface. A platelet membrane lipid, phosphatidylserine
(PS), regulates the proteolytic activity of factog %s well as the structure of prothrombin. Here we ask
whether PS also regulates the structure and cofactor activity of fagtarth is a heterodimer composed

of one heavy chain (A1-A2 domains) and one light chain (A3-C1-C2 domains). We use fluorescence,
circular dichroism, equilibrium dialysis, and activity measurements to demonstrate the following: (1)
Factor \4 has four sites for dicapron-glycero-3-phospha-serine (GPS, a soluble form of PS); the

heavy and light chains each bind twg@RS molecules. (2) In the absence ofCanly two sites remain,

one in the heavy chain and another in the light chain. (3) Binding to these sites causes conformational
changes evidenced by changes in intrinsic fluorescence and in CD spectra and changes in cofactor activity.
(4) At least some of the four lipid binding sites are nonspecific with respect to soluble lipid species, but
the site(s) that regulate(s) cofactor activity is (are) specific fg?S; phosphatidic acid, or phosphatidyl-
(homo)serine and produce a response comparable to that seen with a PS-containing membrane. (5) Like
Ca&*, CsPS also mediates the interaction between factgndavy (V4-HC) and light (\i-LC) chains. We
conclude that PS regulates both the cofactor and the enzyme of the prothrombin-activating complex.

During blood coagulation, the zymogen prothrombin is (4, 5). It appears that the appearance of PS on the surface of
activated to thrombin, the central enzyme of the homeostaticthese platelet-derived vesicles is essential for the assembly
process 13). This proteolytic activation is catalyzed by the of an active prothrombinaséd.@, 18, 43.

factor Xo.—factor Vi complex on membranous vesicles  The specific effects of PS-containing membranes on bound
released from activated platele6 42, 43. Activated factor prothrombin structured 27 and on the apparent kinetic
V (V) is the protein cofactor to the serine protease (factor constants for the assembled prothrombinade 87 suggest
Xa). The resting platelet plasma membrane has nearly all itsthat PS may play a specific regulatory role in the activation
phosphatidylserine (PSpcated on its cytoplasmic face, but  of prothrombin. Any such regulatory role could originate
release of platelet vesicles is associated with trans-bilayerfrom PS-specific effects on prothrombin, factoy ot factor
migration of nearly half of this to the extracytoplasmic leaflet v/, or any combination of these. Previously, we have shown
substantial effects of soluble short-chain PSRE) both on

* Supported by USPHS Grants HL45916 (B.R.L.) and GM47230 the proteolytic activity of factor Xtoward prothrombing,

(D.D.) and by an American Heart Association grant-in-aid (D.D.). 24) as well as on factor Xstructure 2, 46, 49. Is factor \,
* To whom correspondence should be addressed. Email: uncbrl@ also regulated by soluble. short-chain PS?
med.unc.edu. ' )
* University of North Carolina at Chapel Hill. Little is known about the effect of PS on factog Structure

® These two authors contributed equally to this work. and cofactor activity. Unlike other components of the

"Indiana University. . -
1 Abbreviations: GPS, 1,2-dicaproynglycero-3-phospha-serine: prothrombinase, factor Mnteracts with neutral membranes

CsPG, 1,2-dicaproybn-glycero-3-phosphoac-1-glycerol; GPC, 1,2- free of PS 23). It has been reported that factog binds by
dicaproylsnglycero-3-phosphocholine;¢BA, 1,2-dicaproylsn-glyc- a different mechanism to PS-rich versus PS-poor or PS-free

eLO-SHpPOSpEate;chSXCfPC’ 1-C|a§rr?ytlj-2'hydVIGMW%EVC;&DEO? membranes and has a different conformation on a PS-poor
phocholine; Lyso , 1-caproyl-2-hydrosyglycero-3-phosphate; i . -
CP(D)S, 1.2-dicaproybnglycero-3-phospha-serine; GP(h)S, 1,2- versus a PS-rich membrane surfat®,(24. This raises the

dicaproylsnglycero-3-phosph@-homoserine; €P(N-CH)S, 1,2-di- possibility of PS-regulation of factor /

Cﬁpmﬂm?'y‘?ero'g'p';oss%‘mfN‘E“e.thy'ﬁe””ﬁ? t%'DISL'@'g'g?ngE’(‘: L. Because binding to a membrane involves interactions with
phosphnoryiserine; bovi , bovine brain phosphatiaylserine; , 1,2~ . . .. ..
dioleoyl-3sn-phosphatidylcholine; PS, phosphatidylserine; PL, phospho- the membra}n(_a surface as We'_l as .V\.”th 'nd'\_”dual lipid
lipid; DAPA, dansylarginineN-(3-ethyl-1,5-pentanediyl)amine; ANS, ~ molecules within the membrane, it is difficult to discern from
8-anilino-1-naphthalenesulfonic acid;\/C, factor Va4 light chain; Vi membrane binding studies whether a protein might be

HC, factor V4 heavy chain; SDSPAGE, sodium dodecyl sulfate [T ; ; indivi i
polyacrylamide gel electrophoresis; CD, circular dichroism; QELS regulated by specific interactions with individual lipid

quasi-elastic light scattering; CMC, critical micelle concentration; Tris, m0|eCU|e.S-. In the present work, we take a different approach
tris(hydroxymethyl)aminomethane. by examining the effects of various soluble PS analogues
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on the structure and cofactor activity of factor. MWe
demonstrate that both heavy and light chains of factgr V . : ) :
bind soluble lipids, with each chain binding two molecules "~ 1 "”wnr“ w20 o

of CsPS in the presence and one in the absence éf.Ca cops C6P()S C6PA
Our results have also shown that, like factay ¥actor V,

has preference for L-PS. All the PS analogues used in this ot s,iowﬁf
study bound to factor ¥and induced a conformational g Xk s,
change. However, only 8S, dicaproylphosphatidic acid "CGP('I’))S cenh
(CsPA), and dicaproylphosphatidyl(home)seringRP(h)S]

enhanced the cofactor activity of factor,Wvith the full S UON-

functional response of factora\6een only when the binding b
sites were occupied with¢S molecules. Finally, soluble ’
CsPS induced an interaction between the heavy and light
chains of factor Y in the absence of Ca

MATERIALS AND METHODS

Materials. Lipid stock suspensions in buffer were prepared s
fresh for titration experiments by measuring aliquots of TN
appropriate lipid stocks in chloroform, evaporating the GP§
chloroform under a stream of nitrogen, dissolving the lipid
in cyclohexane, and then lyophilizing these frozen solutions R=R,=CiHy,

overnight. The resulting dry powder was dispersed in the pigure 1: Structures of the various ¢S analogues used for
appropriate buffer and vortexed thoroughly. Lipid stock binding studies are shown.,RR; represents ;.

suspensions were observed to be stable for several weeks

when frozen at-70 °C but were generally used without dodecyl sulfate-polyacrylamide gel electrophoresis (SBS
freezing and within 15 h of preparation. 1,2-Dicaprew- PAGEY) to be greater than 90%. Protein concentrations of
glycero-3-phosphae-serine (GPS)! 1,2-dicaproylsnglyc- factor Vap and Vo were determined by absorban@&2), using
ero-3-phosphaac-1-glycerol (GPG)! 1,2-dicaproylsn an extinction coefficient of 1.74 (mg/mt) at 280 nm.
glycero-3-phosphocholine EC)! 1,2-dicaproylsnglycero- Fluorescence MeasuremeniBhe intrinsic fluorescence
3-phosphate (§PA),! 1-caproyl-2-hydroxysnglycero-3- intensity of factor \{ or of its isolated subunits was recorded
phosphocholine (LysofPC)} and 1-caproyl-2-hydroxgn with an SLM 48000-MHF spectrofluorometer (SLM Aminco,
glycero-3-phosphate (Lys@PA)! were purchased from Urbana, IL) at 24°C. The excitation wavelength was 285
Avanti Polar Lipids (Alabaster, AL).-a-Glycerophospho-  nm (band-pass 4 nm), and the emission intensity was
rylserine (GPS)was purchased from Sigma Chemical Co. recorded at 340 nm (band-pass 4 nm). Slits were kept closed
(St. Louis, MO). 1,2-Dicaproysnglycero-3-phospho- except during the measurements to avoid photodegradation
serine [GP(D)S]} 1,2-dicaproylsnglycero-3-phospho- of the sample. All buffer solutions were filtered through a
homoserine [gP(h)S]} and 1,2-dicaproybnglycero-3- 0.2um polycarbonate filter (white AAWP, 47 mm, Millipore
phospho:=-N-methylserine [GP(N-CH)SJ* were synthesized  Corp., Bedford, MA) to decrease light scattering. Titrations
by a phospholipase D catalyzed transphosphatidylationwere performed at 23C. Upon each addition of lipid, the
reaction, using a one-phase system as described previouslguvette solution was stirred for at least 4 min before reading
(2). The chemical structures of these lipid analogues are the fluorescence intensity to ensure that equilibrium had been
shown in Figure 1. Bovine brain phosphatidylserine (bovPS) established. The total volume added to a sample during the
and 1,2-dioleoyl-3sn-phosphatidylcholine (DOPC€)were titration was always<5% of the total sample volume, and
purchased from Avanti Polar Lipids Inc. (Alabaster, AL). corrections were made for sample dilution. For each addition,
DAPA,* bovine factor %, bovine thrombin, and bovine several intensity measurements were performed and aver-
prothrombin were obtained from Haematologic Technologies aged. As a control, buffer in the absence of protein was
Inc. (Essex Junction, VT). 8-Anilino-1-naphthalenesulfonic titrated. The fluorescence from a standard containing 0.17
acid (ANS} was from Sigma Chemical Co. All other uM factor V, in buffer containing 1 mM C& was used as
chemicals were ACS reagent grade or the best availablea referenceKy) for all experiments. Experiments on samples

grade. from a given protein preparation were performed in duplicate,
Isolation of Factor \, Vo-LC,! and \4-HC .1 Factor \, and with results being essentially identicalQ.2% variation in

its light and heavy chains were prepared as previously absolute intensities between experiments).

described 23). The two forms of factor Y (factor Va; and Assay for Prothrombin Actation in the Presence of Short-

Va2 were purified directly from activated factor V by Chain PhospholipidsThe rate of prothrombin activation was
separation on a Mono-S column, using a J/OHgradient estimated from the time-dependent fluorescence change of
(23, 39. Human factor ¥ differs from human factor ¥in DAPA bound to the activation products. Stopped-flow
that it contains a polysaccharide group at A8hin the C2 measurements were performed at 37 using an SLM-
domain of the light chain20) and it binds somewhat less Aminco Milliflow stopped-flow reactor (Spectronic Instru-
tightly to PS-containing membranes and perhaps to factor ments, Inc., Rochester, NY) attached to the SLM 48000
Xa (20, 39. The two forms of the bovine protein are less spectrofluorometer (Spectronic Instruments) with 280 nm
well characterized but seem to behave simila@@)( The excitation (4 nm slit) and a 515 nm cutoff filter. Reactions
final purity of the proteins was ascertained by sodium were initiated by rapidly mixing equal volumes (200) of
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the contents of the two driving syringes. Syringe A contained
2 uM prothrombin and 1«tM DAPA in 50 mM Tris, 150
mM NaCl, 5 mM CaC}, pH 7.5. Syringe B contained the
same buffer plus 2 nM factor Xand 0.8 mM phospholipid
either in the absence or in the presence of 10 nM factar V
We used factor ¥, instead of the natural mixture of,yand

V a2 for the activity measurements because factgrbinds
nearly 3 orders of magnitude tighter to factor X the
presence of gPS than does factor .y allowing assembly

of a fully functional prothrombinase complex in solutic®).
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the corresponding protein-free cells at room temperature for
24 h while being rotated horizontally at 20 rpm. The
difference in total phosphate concentration between the two
chambers AP) was then measured by taking eight aliquots
(100 uL) out of each chamber and assaying these for total
phosphate content according to the method of Chen et al.
(8). Total phosphate content was also measured for buffer
plus protein alone as a control. Based on simple equilibrium
binding expressions for binding to equivalent and inde-
pendent sitesAP should vary linearly with factor Y

Control experiments were performed in exactly the same way concentration with a slope equal tgL]/[ ky(1 + [L]/ kd)],

except syringe B did not contain soluble phospholipids. An
additional control was performed using 200/ bovPS/
DOPC (25:75) large, unilamellar vesicle3l in place of
soluble lipids. Prior to mixing, both syringes were allowed
to incubate at 37C for 4—-5 min. Fluorescence intensity at
the completion of the reaction (infinite time) was considered
to represent quantitative conversion of prothrombin to
thrombin. The initial rate of thrombin generation was then
determined from the initial rate of fluorescence intensity
change normalized to the intensity at complete thrombin
formation @3, 37.

Circular Dichroism Measurement<Circular dichroism
(CD) spectra were recorded from 250 to 200 nm on an Aviv

model 620S spectrometer (Aviv Associates, Inc., Lake Wood,

NJ) in a 1 cmpath-length cell at 24C with a bandwidth of

where [L] is the free lipid concentratioky is the effective
site dissociation constant for lipid binding (taken agd
based on titrations of intrinsic fluorescence or CD changes;
see Results), and is the stoichiometry of binding. We
calculated [L] under the conditions of each point from
assumed integer valuesfinteger values from 1 to 8) and
then calculated expected values AP using the stated
equation. To estimate, we compared the plot of expected
AP versus factor Y concentration with the observed plots,
with the calculated curve that best matched the observed data
defining the stoichiometry.

Determination of GPS Critical Micelle Concentration
(CMC)1 To verify that we were determining the effect of
soluble GPS and its analogues on factog, We needed to
determine the effect of factoron the CMC of short-chain

1.0 nm. Data were collected at every 0.5 nm with an average phospholipids. We did not have sufficient quantities of all

time of 5 s. The digital data were processed, smoothed,

baseline-corrected, and converted to molar ellipticity units.
For baseline correction, CD spectra of buffer (0.8 mM Tris,
120 mM NacCl, 1.0 mM CaG| pH 7.5) containing various
concentrations of soluble (S were collected and were

analogues to determine their CMCs in the presence of factor
V., but we have found previously that none of these formed
micelles below the CMC of €PS in the presence of €a
and factor X (2, 24). Thus, we focused on the CMC ofS
under the conditions of the relevant lipid titrations, since

subtracted from sample spectra. We used the ellipticity ratio C&", ionic strength, and proteins all cause variation in the

0224005 (15) as a convenient parameter to follow changes
in the secondary structure of factog pon addition of GPS.
In addition, we estimated-helix content using the average

CMC (24). The diameter of €PS aggregates was measured
by quasi-elastic light scattering (QEL'Sh the presence of
factor V,, as described earlieB(). Increasing concentrations

of results from the two published software packages CDSSTRof lipid were added to the sample cell, a>6 50 mm

and CONTIN, which are available in the program CDPRO
(44), in order to give context to th@ 2,/ g ratio.
Determination of the Stoichiometry of€S Binding to
Factor V,. The stoichiometry of soluble §£S binding to
factor V, in the presence of 1 mM Gaor 1.2 mM EDTA
was determined by equilibrium dialysis experiments in which

borosilicate glass disposable culture tube (Baxter Healthcare
Corp., McGraw Park, IL), containing 0.4 mL of 0.%aM
bovine factor \4in 50 mM Tris, 3 mM CaCJ, 150 mM NaCl

at pH 7.4. All buffer solutions were filtered through an 0.8
um polycarbonate filter (white AAWP, 47 mm, Millipore
Corp., Bedford, MA) to minimize light scattering from dust

the difference in total phosphate concentration between theparticles. The sizes of the various aggregates were measured

two chambers of the dialysis cell was monitor@d45, 46.

as intensity-weighted diameters, which were calculated from

Due to the limited sensitivity of the phosphate assay, this theZ-averaged diffusion coefficient. The fluorescence of the

experiment had to be carried out at fairly high lipid

hydrophobic dye ANS was also recorded as described

concentrations, although these needed to be below the criticapreviously @4) to provide a second measure of the CMC.

micelle concentration (CMC) of £S. It was also necessary
to saturate factor ybinding sites, and, to preserve protein,
we had to work with reasonably low protein concentrations.
Therefore, we performed dialysis experiments at a fixgiSC
concentration and varied factor,\¢oncentrations such that
greater than 97% of protein sites were occupied by lipid for

each experimental point determined. Experiments were

performed using 2.0 mL Teflon dialysis cells (Spectrum
Medical, Los Angeles, CA) with the two cells separated by
a 6000-8000 dalton molecular mass cut-off membrane. Both
chambers contained 0.29 mMES in 50 mM Tris, 150 mM
NaCl, pH 7.5, and either 1 mM Gaor 1.2 mM NaEDTA.
Factor \, was added to one set of cells to final concentrations
of 1.7, 2.7, 4.2, or 6.3M and allowed to equilibrate with

DATA ANALYSIS

The response of soluble lipids to factor, dnd their
isolated chains (¥LC and V,-HC) was fitted to a single
binding site model:

[L]

R= RO + ARsam; ARsat: Rsat_ RO (1)

whereR andR, are the observed response and the response
at zero lipid concentration, respectiveks. is the effective

site dissociation constant, and [L] is the free soluble lipid
concentration, which, under our conditions, is approximately
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the total lipid concentration added to a cuvette. Note khat
is not an actual site dissociation constant, but an effective 1.03 -
site dissociation constant that reflects the shape of the binding
curve and not the number of sites present on the macromol- 102+ |
ecule. If n equivalent and independent sites exist on a %
macromolecule, the number of bound ligandsiis]/( kg + 1.01 +
1LD. d
In cases where a single-binding-site model did not w 1.00 + | 00 05 10 15

adequately describe the binding curve, the data were fitted w ! [EDTA], (mM)
to a model assuming two independent binding sites: 0.99 +

[L] [L] 0.98 +

0.97 +

where ARsain and ARgar are the changes in the observable i f % f I 1
response at saturation for sites 1 and 2, respectikglyand 0 1 2 3 4 5 6
ki are the effective site dissociation constants for sites 1 2+
and 2, respectively. [Ca™], (mM)

Data were fit to these equations using a Marquardt Fiure 2: Factor 4 (0.17 «M) in 50 mM Tris, 150 mM NaCl,
Levenberg weighted, nonlinear least-squares algorithm sup-1.0 mM CaC}, pH 7.5, was titrated with Cagl(closed circles)

plied with Sigmaplot (v 4.2; Jandel Scientific, Corte Madera, 1d NaEDTA (open circles, shown in inset). The free *Ca
concentration in solution in the presence of ,KBTA was

CA). . " calculated using Chelator (1992, Th. Schoenmakers, The Nether-
Effect of Soluble Lipids on the Cofactor Adty of Factor lands), and fluorescence intensity is plotted as open circles versus
Va. Enhancement of cofactor activit§g) by soluble lipids the calculated free G& concentration in the main figure. The
was measured using the following equation: fluorescence intensity in the presence of 1 mMGaas arbitrarily
taken as 1.
r r r r L .
_ MavarTxapL _ Mxavari/Mxave 3) Effect of Soluble Short-Chain Lipids on the Intrinsic
Mavallxa Mapl/ xa Fluorescence of FactorVThe various PS analogues shown

) ] o in Figure 1 were used to titrate factor,VThe effects of
Here rxavapL is the rate of prothrombin activation measured epresentative lipids on the intrinsic fluorescence of factor

as the initial slope of the rate of change of normalized DAPA V., are shown in Figure 3A. The intrinsic fluorescence of
fluorescence with time by enzyme in the presence of factor ¢5ct0r V, decreased with the addition of solubleRC
V. and lipid, and other terms are defined analogously. The (circles), GP(N-CHy)S (squares), and £(h)S (triangles).
ratio rxava/fxa Was determined as the average from five gatyration occurred at about 8:2.15 mM in all cases. The
independent experiments, whilg.vapi/Ixap Was the aver- - pinging curves in all cases were well fitted by a single-
age of three independent measurements for each soluble "pidbinding-site model, and the binding parameteks &
The physical meaning of this expression can be seen best inyfeciive site dissociation constamkFe = fluorescence
the rearranged right-most form. The ratj@var/r xava gives change at saturation) derived from the titrations are given
the effect of phospholipid binding to both.nd V,, while in Table 1. As can be seen in Table 1, solub®E and all
the ratiorxari/rxa gives the effect of phospholipid binding  gher pS analogues bound to factenaith similar affinities
to factor X, The ratio of these two quantities gives the rate 5,4 responses at saturation.
enhancement that is specific to the presence of factor V Effect of lonic Strength on Soluble®S Binding to Factor
RESULTS V.. To obtain insight into the mechanism of solublgPS
binding to factor \4 0.17 uM factor V, was titrated with
Effect of C&" on the Intrinsic Fluorescence of FactorV  soluble GPS at 0.15 M (closed circles) and 0.8 M (open
To determine the optimal Gaconcentration for studying  circles) NaCl, with the results shown in Figure 3B. The
lipid binding to factor \4, the intrinsic fluorescence of factor  binding parameters obtained from fitting these curves to a
V,at 1 mM C&" was titrated with additional G4 and Na- single-binding-site model are reported in Table 2. lonic
EDTA (Figure 2). Upon addition of Ca beyond 1 mM, strength did not affect the binding affinity of solublgRS
the total fluorescence intensity of factog ecreased by as  for factor V,, but it had significant effect on the intrinsic
much as 6% at saturation (closed circles). Upon addition of fluorescence change at saturatidYf(,).
EDTA to factor V, in the presence of 1 mM €& the Effect of Factor Y on the CMC of @PS Since factor ¥
fluorescence intensity decreased by 4% at saturation (Figureand its individual chains are known to bind to PS-containing
2, inset). These data are also plotted versus calculated (seenembranes 12, 23, 23, it is essential to know that the
Materials and Methods) free €aconcentration in Figure 2 interaction recorded here is withs@S in a single-molecule
(open circles). state rather than in an aggregated or micellar state. We have
The variation of the intrinsic fluorescence of factqqwith previously characterized carefully the formation of micelles
free C&" concentration in solution suggests that factar V. by GPS and have reported the CMC ofS at 1 mM Ca"
light and heavy chains continue to bind 2abeyond as 5.3 mM in a buffer containing 50 mM Tris, 175 mM NacCl,
concentrations needed for reconstitution. Our experiments0.6 wt % PEG, pH 7.424). However, we have also shown
were performed with 1 mM C4&, sufficient to reconstitute  that factor % (but not prothrombin) had substantial effects
factor V; and support prothrombinase activity. on short-chain lipid CMC’s Z4). Thus, controls were
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Ficure 3: Intrinsic fluorescence of bovine factor, ¥0.17uM) in
50 mM Tris, 150 mM NaCl, 1.0 mM G4, pH 7.5, is plotted versus
concentration of soluble £C (closed circles), §£(N-CH)S

(squares), and§2(h)S (triangles) at 24C in frame A. The intrinsic
fluorescence of factor ¥in 800 mM NaCl and 1.0 mM C4 is

150
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ing roughly 220 molecules2é) and by our equilibrium
dialysis stoichiometry measurements showing just 4 or 2
molecules bound to factorMn the presence or absence of
C&", respectively (Figure 8). We have further shown that a
single GPS molecule binds to and alters the conformation
of the C2 domain of the factor Ylight chain @5). These
observations and our controls make a compelling argument
that the effects we report are of individua}fS molecules
binding to sites on factor ¥ Since GPS has the lowest and
most C&*-sensitive CMC of the various lipid analogues we
have considere®( 24), it is safe to assume that the titrations
performed with other lipids were also performed well below
their CMC’s.

Effect of Soluble Lipids on the Cofactor Aéty of Factor
Va&. The time courses of activation of prothrombin by the
species % CgPS (open circles), X& »CgPS (closed circles),
Xa-VCsPA (closed squares), and X&:CsP(h)S (closed
triangles) are shown in Figure 4. SolublgRS, GPA, and
CsP(h)S all enhanced the catalytic ability of factoyiX the
presence of factor M. We show also the activity of factor
Xain the presence of S without factor W, (open squares).
Because gPS and some other phospholipids enhance the

recorded as open circles in frame B. The solid lines passing throughrate of thrombin generation by factor X3), the ratio of the

the curves are the fits of the data to a single-binding-site model.
The binding parameters obtained from these fits are given in Table
1. The size of @PS aggregates in the presence of factpimvthis
buffer was measured with increasingRS concentration by QELS.
The variation of particle size (circles) and ANS fluorescence
(triangles) with soluble ¢PS concentration is shown in the inset,
establishing that the S CMC under these conditions was 800
900 uM.

Table 1: Parameter@\ssociated with Binding of Various PS
Analogues to Bovine Factor\and with the Effect of Binding on
Cofactor Activity

lipid Ka (uM) AFsa(fraction) EP
CePS 9.0+ 0.6 —0.26+ 0.03 15.1
CePA 4444+ 1.2 —0.22+ 0.02 8.3
CsP(h)S 19.9+-1.3 —0.17+ 0.03 7.7
CsP(D)S 39.7+ 4.6 —0.17+ 0.04 1.1
CePC 11.0+1.1 —0.22+ 0.02 1.0
CePG 5.0+ 0.5 —0.22+0.03 0.98
CsP(N-CH;)S 29.44+1.2 —0.24+0.04 0.92
LysoGPC 9.3+1.1 —0.18+ 0.03 1.0
LysoGPA 10.7£ 1.3 —0.22+ 0.04 0.92
GPS 45.8+ 3.3 —0.10+ 0.01 0.93

aBinding parametersky and AFs,) were obtained from fitting the
data to a simple hyperbolic model, with errors being taken as the
standard errors of the hyperbolic paramet&B..is the fluorescence
change at saturation relative to the fluorescence of factan\t mM
Ca&* (see Materials and Methods). Note tH&f values are simply
phenomenological and have no relationship to the affinities of individual
sites on factor Yfor soluble lipids.” E: Enhancement of the cofactor
activity of factor \, by the addition of soluble lipids as calculated from
eqg 3 under Materials and Methods.

performed under exactly the conditions of the 150 mM NacCl
titration using QELS and ANS fluorescence (inset to Figure
3B). Both methods established the CMC @PS under these
conditions as 806900 uM. Thus, factor \4 dramatically
lowered the @PS CMC, as was seen for factor, X24).
However, this value is much larger than the highest lipid
concentration used for any of our lipid titrations.

Since the limit of resolution of our QELS instrument is
about 5-10 nm, one could argue that very small aggregates
might account for our data. This possibility can be discounted
both by the observation thatES forms aggregates contain-

rates of thrombin generation by,X/-PL t0 Xa'PL (rxa-va
PUrxa-p) Was measured to determine the effect of factgr V
in the presence of phospholipid. The cofactor effect of factor
Va2in the absence of lipid was also measured as the ratio of
the rate of thrombin generation by,X , to the rate by factor

Xa alone (xavalfxa, data not shown). Factorzyalone, in

the absence of lipid, increased the rate of prothrombin
activation by only about 2-fold (data not shown), a result
that was expected, since tKg of factor X, binding to factor

V., in the absence of PS is roughly-3 uM (7), meaning
that very little X, is bound to \{ under the conditions of our
assay. We have found, however, that the presenceREC
causes th&y for the interaction between factor, ¥nd factor
Va2to drop to 3 nM R9). Thus, the ratio of xa.va-p/I xa-pL tO
Irxavallxa (S€€ €q 3; values reported in Table 1) essentially
describes the abilities of various lipids to influence the ability
of factor V; to bind to factor X and to alter its enzymatic
properties. Among all the PS analogues studie®SZ GPA,

and GP(h)D enhanced the cofactor activity of factoy vy

15, 8, and 8 times, respectively. By comparison, bovPS/
DOPC (25:75) membrane vesicles increased this ratio by only
1.8-fold relative to the value obtained withgfS. This
demonstrates that the greatest effect of a PS-containing
membrane on factor Mcofactor activity is due to molecular
PS rather than to a membrane surface. None of the other
analogues enhanced cofactor activity. ClearlyP€ dem-
onstrated a specific ability to enhance the cofactor activity
of factor V; toward factor X%.

Effect of GPS on the Secondary Structure of Factqr V
The effect of GPS on the secondary structure of factqr V
was investigated using circular dichroism spectroscopy. The
CD spectra of factor ¥(1.3 uM) at various concentrations
of soluble GPS (Figure 5, inset) were analyzed in terms of
the ratio of ellipticity at 222 nm to 208 nm. Although we
could obtain spectra only to 200 nm under our conditions,
estimates ofo-helix content can also be made with good
accuracy from such spectra® by published procedures
(44). The variations 0fQ.24Q20s and a-helicity with the
addition of GPS are shown in Figure 5. The ellipticity ratio
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Table 2: Parametet@\ssociated with the Binding of SolublesES to Factor \, V.-LC and V,-HC at 0.15 and 0.8 M NacCl

protein/chain Ka1 (uM) Kaz (uM) AFsa 1 (fraction) AFsa2(fraction)

CePS at 0.15 M NaCl

FV,at 1.0 mM C&" 9.0+ 0.6 NA —0.26+ 0.03 NA

FV,LC at 1.0 mM C&" 1042 474 28 —0.003+ 0.01 —0.017+ 0.001

FV,-HC at 1.0 mM C&" 22+0.7 260+ 1000 —0.021+ 0.001 —0.032+ 0.002
CsPC at 0.15 M NaCl

FVg,LC at 1.0 mM C&" 31+3 NA —0.043+ 0.002 NA

FV,HC at 1.0 mM Ca 4p4 2 200+ 800 —0.026+ 0.008 —0.043+0.10

CsPS at0.15 M NaCland 1.2 mM EDTA

FVa 154+ 1.7 NA —0.094+ 0.003 NA

FVa.LC 20+1.2 NA —0.0144+ 0.0003 NA

FV,-HC 3.3+ 0.2 NA —0.0259+ 0.0003 NA
CePS at 0.8 M NaCl

FV.at 1.0 MM C&" 7704 NA —0.094+ 0.010 NA

FV,LC at 1.0 mM C&" NA 30.0+4 NA —0.012+ 0.002

FV,HC at 1.0 mM C&" NA NA NA NA

aBinding isotherms were fit to the simplest model that would give an adequate description of the data, either a single- or two-independent-site
model (see Materials and Method#)Fsx is the fluorescence change at saturation relative to the fluorescence of fadtorl\inM C&* (see
Materials and Methods)Xy values are in general phenomenological and do not represent site binding cofsthetse parameters were not
well-defined by regression analysis, with-gest givingP > 0.05.
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Ficure 5: Variations of the molar ellipticity ratioQ.,J4Q.og) (left-
0 2 4 6 8 10 12 14 hand scale) andr-helicity (right-hand scale) of factor Mwith
addition of soluble GPS are shown with circles and squares,
Time, (sec) respectively. The solid lines passing through the curves represent

the fit of the variation 0fQ,,4Q20s and a-helicity with CsPS to a

Ficure 4: Effect of soluble lipids on the rate of prothrombin  single-binding-site model, to yield apparent binding constants of

activation. Activation was initiated by stopped-flow mixing of equal 9.3 and 10.2uM, respectively. The CD spectra of factor, Y1.3

volumes of prothrombin and DAPA in one syringe with enzyme uM) in the presence of 0, 4.5, 15.0, and 22M Cg¢PS and 1 mM

(Xa Va lipid) in another syringe at 37C. Final concentrations  C&" are shown in the inset for reference.

were: 0.82uM prothrombin, 5uM DAPA, 1 nM X, 5 nM V,,

and 400uM CePS (closed circles), A (closed squares), or  factor V. Factors \¢-LC and V,-HC in the standard 1 mM
CsP(h)S (closed triangles). Controls were also done in the absenceCa2+ buffer were titrated with soluble §2S in the presence

of factor V, but in the presence of 400M lipid. In agreement . .
with our previous results?}, the rate of prothrombin activation in of 0.15 M (closed circles) and 0.8 mM NaCl (open circles),

the absence of factor Mvas nearly the same for all three of these and the results are shown in Figure 6A,B, respectively. Small
lipids, so only the results for S are shown by open circles. The  but reproducible decreases in the intrinsic fluorescence
absolute rates of thrombin generation by enzymesCePS, demonstrate that factors.C and V,;-HC both bound to

XaVaCsPS, XVaCePA, and %V, CsP(h)S were 0.0020, 0.10, ; ;
0.061, and 0.04%M/s, respectively. The GMC for @S under soluble GPS at 0.15 M NaCl (closed circles, Figure 6A,B).

these conditions was determined by both ANS fluorescence andWhile both the \-LC and the \\-HC data were ap-
QELS to be 656-700 «uM with substrate and-800 M without proximately described by a single-site-binding model (dashed
substrate 29). lines in Figure 6), both were statistically better described by
a two-independent-binding-site model (solid lines; see Ma-
ando-helicity both decreased hyperbolically with the addi- terials and Methods), with parameters obtained from these
tion of soluble GPS, yielding apparent single-site dissocia- fits reported in Table 2. Repeat experiments on both LC and
tion constants of 9 and 10M, respectively. The fact that HC were nearly identical to those recorded here and also
these two parameters decreased in a parallel fashion indicateshowed that the two-binding-site model gave statistically
that the major change in factor,\secondary structure improved descriptions of the titration data. Both chains bound
associated with €PS binding was a decrease in helical CgPS under these normal ionic strength conditions, although
content. factor V,-HC apparently bound S substantially more
CsPS Binding to Factor yLight and Heay Chains.Factor tightly than did \i,-LC. At 0.8 M NacCl, V,-HC did not bind
V. is a large protein that has two noncovalently associated at all to GPS (open circles in Figure 6B), while ALC
chains (\¢-LC and V;-HC) with five domains (Al, A2 in binding was not much affected by high ionic strength.
V+HC; and A3, C1, and C2 in ¥LC). The capability to However, in contrast to the data at 0.15 M NaCl, a single-
separate the two subunits provides an approach for determinsite model was fully adequate to fit the 0.8 M NaCl data
ing the distribution of lipid sites between the two chains of (open circles in Figure 6A), with the parameters recorded in




Phosphatidylserine Regulation of Factoy V Biochemistry, Vol. 41, No. 17, 2005681

0.44 50 .
) 40 4 8
= 40 T : n=
g ;s
T 30T S
© . L ]
2 e
S : ~
0.42 § 20 1 / S T e
© s /S - <
i < 10+ Ve
0O . O a_ oo B 10 / rY -
g < T ) / o) n=2
0.58 Zé/
o E———+—+——+—+—+

0.56 + e ' [Factor V,], (uM)
FIGURE 7: Determination of the stoichiometry ofES binding to
} f factor V.. Predicted values of the difference of phosphate concen-
0.00 0.03 0.06 trations A[phosphate]) between the two chambers of equilibrium
[C6PS], (mM) dialysis cells (as described under Materials and Methods) are plotted

as a function of increasing concentrations of factqrfof four
FIGURE 6: Changes in factor ¥ light-chain and heavy-chain  assumed values of stoichiometrys 2 (solid line), 4 (daskhdash

fluorescence in response tgFS titration. Factor Ylight chain line), 6 (dash-dot line), and 8 (dashdot—dot)]. The experimentally
(0.69uM) (frame A) and heavy chain (0.68M) (frame B) were determinedA[phosphate] values in the absence (closed circles) and
titrated with soluble GPS in 50 mM Tris, 1.0 mM CaGJ pH 7.5, in the presence (open circles) of €ashow clearly that the

in the presence of either 150 mM NaCl (filled circles) or 800 mM stoichiometry of @PS binding to factor Y under these two

NacCl (open circles). In the presence of 0.15 M NaCl, the binding conditions is 4 and 2, respectively.

isotherms were best described by a two-independent-binding-site

model (solid lines through closed circles). Single-site fits are shown gptained with \t-LC (Figure 8A) and \-HC (Figure 8B)

for reference by dashed lines. In the presence of 0.8 M NacCl, the - . : .

titration of Va-ngas well described bypa single-binding-site model chains also in the presence of EDTA' This eXpeCtatlon clearly

(dashed line through open circles in frame A). The binding Was not met. All three curves in Figure 8 were well fitted to

parameters associated with the fits are tabulated in Table 2. a single-binding-site model with the binding parameters
reported in Table 2. Since only two molecules @PS bind

Table 2. This suggests that at least one of the sitesAinG/ to factor V, in the absence of G4, this must mean that that

may be sensitive to charg&harge interactions, as are both one GPS bound to each of the chains in the absence 8f,Ca

sites in \,-HC. and that this binding somehow mediates an interaction
Stoichiometry of gPS Binding to Factor ¥ The titrations ~ between factor ¥light and heavy chains.
so far presented (CD and intrinsic fluorescence) demonstrate In the presence of NEDTA to chelate C& and dissociate
binding of soluble lipids indirectly, through the structural the heavy and light chains of factor,Mthe GPS CMC was
changes they induce. To confirm binding by a direct method found to be 0.9-1 mM (inset to Figure 8A), compared to 8
and to determine the stoichiometry of binding, we measured mM in the absence of Cain a similar buffer 24). Despite
soluble GPS binding to factor Yby equilibrium dialysis in the dramatic effect of the light and heavy chains of factor
the presence 1 mM Gaor 1 mM C&" and 1.2 mM Ng Va 0n GPS aggregation, the CMCs we have measured in
EDTA (Figure 7). The experimentally observed differences the presence of these proteins under our experimental
in phosphate concentration between the two dialysis cham-conditions are well below the concentrations needed to see
bers in the presence (closed circles) and absence (operstructural and functional responses from factqgravid its
circles) of C&" were compared to values calculated for subunits to binding of §PS and its analogues. It is clear,
various assumed values of binding stoichiometry (see then, that the effects we report are due to binding of
Materials and Methods). The results show clearly that factor molecular, not aggregatedg®S to individual sites.

Va binds four molecules of £S in the presence of €a Soluble GPC Binding to Factor Y Light and Heay
and two in its absence. Chains in the Presence of &a The purpose of this
Effect of GPS on the Interaction of M.C and \4-HC in experiment was to test whether binding sites located in the

the Absence of Ca. The aims of this experiment were, first, light or heavy chains of factor Mare specific for GPS by

to ask whether there are;ES binding sites in both the light  testing for binding to @C. The observed variation of
and heavy chains of factor,\in the absence of G4, and, intrinsic fluorescence intensity of factor,\ight and heavy
second, to determine whether occupancy of these sites causeshain upon titration with soluble £C is shown in Figure
factors \i-LC and V,-HC to interact with each other in the  9A,B, respectively. The light and heavy chains both bound
absence of Ga. Factor \,-LC, factor V;-HC, and factor { to GsPC, but the binding data require description in terms
all bound to soluble €PS in the absence of &a(Figure 8). of two, independent binding sites only for-¥AC (Figure
Factor \,, after incubation for an hour with 1.2 mM Ka 9B, solid line), with the \\-LC data well described by a
EDTA, has been shown to dissociate into a 1:1 mixture of single-binding-site model (Figure 9A, dashed curve). The
light chain and heavy chaingd®). If we assume that ¥LC parameters for these fits are reported in Table 2. This is
and V,;-HC chains do not interact with each other in the similar to what we saw with §PS binding, except that
absence of Ca, then the GPS binding isotherm for factor  binding of this lipid to both \-HC and \,-LC was better
V,in the presence of EDTA (Figure 8C, filled circles) should described by the two-independent-site model (Figure 6).
be a simple sum (Figure 8C, open circles) of the curves Overall, the binding data are consistent with there being two
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Ficure 9: Intrinsic fluorescence changes of-\C and V,-HC in
response to §PC in the presence of €a Factor \4 light chain
0.90 T (0.69uM) (frame A) and heavy chain (0.68M) (frame B) were
t } } titrated with GPC in 50 mM Tris, 1.0 mM CaGJ] 150 mM NacCl,

0 50 100 150 pH 7.5. The solid line passing through the frame B curve was
obtained by fitting the data to a two-binding-site-model, while the
[C6PS] (M) dashed lines represent a single-site model. The binding parameters

FiGURE 8: Intrinsic fluorescence changes of factag VLC, and associated with the fits are recorded in Table 2.

VHC in response to S in the absence of €a Factor \4 light

chain (0.6%uM) (frame A), factor \4 heavy chain (0.62M) (frame

B), and factor Va (0.69%M) (frame C) were incubated with 1.2
mM Na&EDTA in a buffer of 50 mM Tris, 150 mM NacCl, 1
mMCaClb, pH 7.5, for an hour at 23C and then titrated with
soluble GPS in the same buffer. Since factog &Ubunits dissociate
slowly in the absence of Ca (48), this assured that frame C
represents titration of an equal mixture of dissociated factpr V
heavy and light chains. The fluorescence intensities gf ¥, V-

HC, and factor ¥ were normalized to the fluorescence intensity
of factor V4 in the presence of 1.0 mM €4a Lines passing through

the filled circles are single-site (dashed lines) or two-site (solid
line) fits to the data. The sum of the results in frames A and B was
calculated, assuming no interaction between light and heavy chains,
and normalized to the observed fluorescence intensity for factor
V4 in the presence of NEDTA and no GPS. This sum is plotted

as the open circles in frame C. The binding parameters associated
with fits are reported in Table 2. The variation of particle size
(circles) and ANS fluorescence (triangles) with solublgPE
concentration is shown in the inset, establishing that $#RSCCMC
under these conditions (separated light and heavy chains in the
absence of Cd) was 906-1000uM.

Ficure 10: Cartoon summarizing the main conclusions.
sites in both the heavy and light chains that bind short-chain

phospholipids in a nonspecific manner. in its light and heavy chains. The conformational changes
induced by GPS in factor \{light and heavy chains influence
DISCUSSION the interaction between the chains. (3) Binding ePS, G-

The purpose of this work was to ask whether short-chain, PA, or GP(h)S all specifically enhance the cofactor activity
soluble phospholipids interact with and regulate factgr V of factor V, for factor X, activation of prothrombin. Other
as they do with factor ¥xand, if so, to locate the lipid binding  lipids, including thep-stereoisomer of S, have no effect
sites in bovine factor Yheavy or light chain and then to  on cofactor activity. Each of these conclusions is discussed
define their specificity for different lipid species. The main below.
conclusions of this paper are summarized below and in the Factor \, Has Four GPS Sites, Two in FactorM_C and
cartoon given in Figure 10: (1) Factor,\binds four Two in Factor \,-HC. Equilibrium dialysis measurements
molecules of soluble S in the presence of €a two in unequivocally establish that four solublg®RS molecules
the light and two in the heavy chain. Each chain binds only bind to factor \4 in the presence of 1 mM Ga(Figure 7).
one GPS molecule in the absence ofZ€a(2) Binding of V,LC and V,-HC also bound soluble BS in the presence
soluble GPS as well as of all the other short-chain lipids to of 1 mM C&" (Figure 6). Out of four GPS binding sites on
factor V, induces a conformational change in factorand factor V, two are probably located in the light chain and
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two in the heavy chain. This interpretation is based on the sites on factor Xis not involved in membrane binding or in

fact that the two-binding-site model gave statistically better

regulation of that enzyme but rather is part of the substrate

descriptions of our fluorescence titration data (Figure 6) than recognition site 46). Similarly, one or both of the £S
did a single-site model. Because the difference between thebinding sites in \-HC could be associated with protein
single-site and two-site descriptions was not large, our datarecognition sites, since theA\HC contains recognition sites

do not rule a 3/1 or 1/3 distribution of2S sites between
the LC and HC, but it seems most likely at this point that
two CsPS sites exist in each of the factog ¥hains.

It is worth asking whether these;RS sites are involved

in factor V, binding to PS-containing membranes. Consistent

with this possibility, we showed that binding of two to four
molecules of PS to sites on factog, \dlong with a substantial
PS-independent interactiofd), can account for PS-depend-
ent binding of factor ¥ to a membranel@). Binding of

for factor X, (1, 34 and for prothrombin16, 28. We will
need more information about the location and specificities
of the GPS sites in the ¥HC and about the structure of
factor V, on a membrane before we can resolve this issue.
While one or more of the four £S sites we have defined
may be involved in other than membrane binding, at least
one of these sites enhances factgfs\tofactor activity
during prothrombin activation in a £S-specific fashion
(Table 1), just as PS-containing membranes have been

factor V,to PS/PC membranes is generally thought to occur reported to doX4, 18, 37. Since theC2 domain site is not

through the light chain, with many studies pointing to the
C2 domain 9, 21, 25, 26, 35, 36, 38, A1Consistent with
this, recent direct measurements have demonstrate& C
binding to a single site on the C2 domain of-MC with a

kg of 2 uM (45). Our results could not clearly define the
affinities of the two sites that appear to exist in the LC (Table
2), but do indicate that one is fairly tighk(~ 1 £+ 2 uM)

specific for GPS @5), the activity-regulating site(s) may be
elsewhere. At this point, we have no information on where
the regulatory site(s) may be, but we remain open to the
possibility that it could be in either the light or the heavy
chain.

Soluble GPS Binding to Factor YInduced a Conforma-
tional Change in Whole Factor vand Probably in Its

and the other one roughly 2 orders of magnitude less tight Isolated SubunitsUpon addition of soluble S, the

(ka ~ 47 + 28 uM). The similarity in apparenky values
suggests that the tight site might correspond to teSCsite
located in the C2 domairb). Binding of the C2 domain to
PS-containing membranes occurs witkgof 0.17uM (45),
meaning that the C2 site must contribute significantly to

fluorescence intensities of factora,VV,-LC, and V,-HC
decreased in the presence (Figures 3A and 6) and in the
absence (Figure 8) of €a This suggests that factor,\W .-

LC, and V,-HC all undergo conformational changes upon
binding to soluble GPS. While the intrinsic fluorescence

membrane binding but that at least one other site must existchanges we have observed were small, they were completely

to account for the much smalld¢y of whole factor \4
binding to a similar membrane (2 nM}.2).

reproducible. Of course, a small decrease in intrinsic
fluorescence can mean that one or two Trp residues become

Our data also clearly show that at least one and likely two exposed to water uponsES binding, not an event that would

molecules of @PS bind to the factor yheavy chain (Figure

be described as a substantial conformational change. How-

6B). Remarkably, this binding appeared to be considerably ever, our conclusion is supported by the fact thgR€also

tighter than was the binding to light chain (Figure 6).
However, our two-site binding analysis suggests this is
caused by the tight site contributing roughly one-fifth of the
overall intrinsic fluorescence change of thg MC but about
half of the intrinsic fluorescence change associated WjBSC
binding to the \{-HC (seeAFsy values in Table 2). The site
binding constants derived from this analysis (Table 2)
showed that the §2S binding affinity to \¢-HC was actually
comparable to the ¥LC affinity for the tight site, but was
considerably weaker for the weak site. Is it possible thRSC
sites in the factor ¥HC are involved in providing binding
free energy needed for association of whole factgith

induced secondary structural changes in factei(Rigure
5). Upon addition of a saturating concentration @PS, the
o-helical content of factor Ydecreased from 7.4% to 5.6%,
confirming that a significant change in global factog V
conformation did occur upon binding of factor.V

It appears that the conformational changes induced by
CsPS binding can induce intersubunit interactions within
factor V.. This conclusion is based on the observation that
binding of GPS to the light- and heavy-chain subunits is
not additive under conditions that these subunits are presum-
ably dissociated by removal of €a(32). CsPS apparently
induces some interaction between subunits even in the

a PS-containing membrane? Current models of the domainabsence of Cd (Figure 8). This means that lipid binding to

organization of factor Yon a membrane would dispute this
possibility @7), but these models are far from proven. A
stronger argument against this possibility is that\C, but
not V-HC, competes factor ) off of a PS-containing

the light chain may alter the conformation of the heavy chain
and thus the interaction of factor,Mvith factor X, or
prothrombin.

At Least One Site on Factor,\Alters Cofactor Actiity

membrane with an apparent affinity close to that seen with in a Stereospecific ManneiAll PS analogues shown in

whole factor \4 (25). However, given the results presented
here and the fact that M\HC has been shown to interact
weakly with membrane@), we are open to the possibility
that the domain structure of factor,\dn a membrane may

Figure 1 bound to factor ¥with similar affinities and
induced similar changes in intrinsic fluorescence (Table 1).
This differs from the behavior seen for the binding ePS
analogues to factor Xwhere one set of lipids gave a full

be other than is currently envisioned and that the heavy chainstructural response, another set gave partial responses, and
may at some point contact the membrane and that this contactmany did not bind at allZ). This difference in the response

could contribute to membrane binding or to PS regulation
of cofactor activity. Alternatively, the binding of¢S- and
PS-containing membranes tg-¥IC may be anomalous. In
this regard, we have recently shown that one of w8 &

of factor X, and its cofactor to soluble4BS lipid analogues
could be because there are fowPS sites on factor Yand
only two on factor X%. Thus, there are many more opportuni-
ties for nonspecific interactions of soluble lipid analogues
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with sites on factor \. Indeed, only one site on factor,X
regulates activity; the second is an anomal@liseit fairly
specific, site located in the substrate binding regid6).(

17.

18.

To test whether any of these sites would have specific affects ;o
on the cofactor activity of factor ¥ we devised the activity
assay described under Materials and Methods and illustrated 20.
in Figure 4. The results (Table 1) make it clear that the effect
of soluble lipids on the cofactor activity of factor,\s
specific for PS or for lipid species that we and others have
shown allow for assembly of an active prothrombinase
complex (1, 14, 18, 4D The three lipids that showed
activity in our assay [ePS, GPA, and GP(h)S] all had
equivalent and maximal effects on the activity of factar X
toward prothrombin in the absence of factqy(8). However,

the effect of these three lipids summarized in Table 1 is due
to an effect on factor Yand not factor X Thus, within
experimental uncertainty, all three of these lipids produced
identical effects on factor X(3), whereas there was a
difference between their effects on factog (Table 1). In
addition, we specifically removed the effect of lipid on factor
Xa by taking the ratio of ratios described by eq 3 under

Materials and Methods. Thus, our observations suggest that

occupancy of at least one of the four lipid binding sites on
factor V, enhances cofactor activity with a specificity similar
to that seen for the lipid-induced enhancement of factpr X
activity. This certainly points to a specific role of platelet
membrane PS in regulating prothrombinase activity in vivo.

ACKNOWLEDGMENT

We thank Dr. Rinku Majumder for help with some of the
CMC measurements.

REFERENCES

1.

9.
10.

11.
12.
13.
14.

15.
16.

Bakker, H. M., Tans, G., Thomassen, M. C., Yukelson, L.
Y., Ebberink, R., Hemker, H. C., and Rosing, J. (1994Biol.
Chem. 26920662-20667.

. Banerjee, M., Drummond, D. C., Srivastava, A., Daleke, D.,

and Lentz, B. R. (2002Biochemistry(submitted).

. Banerjee, M., Majumder, R., Weinreb, G., Wang, J. F,,

Majumder, R., and Lentz, B. R. (200Bjochemistry 41950—
957.

. Basse, F., Gaffet, P., Rendu, F., and Bienvenue, A. (1993)

Biochemistry 322337-2344.

. Bevers, E. M., Comfurius, P., and Zwaal, R. F. (19Bi®)chim.

Biophys. Acta 73657—66.

. Bode, A. P., Sandberg, H., Dombrose, F. A., and Lentz, B. R.

(1985) Thromb. Res. 3949-61.

. Boskovic, D. S., Giles, A. R., and Nesheim, M. E. (1990)

Biol. Chem. 26510497-10505.

.Chen, P. S., Jr,, Toribara, T. Y., and Warner, H. (195@l.

Chem. 281756-1758.

Chen, Q., and Lentz, B. R. (199Bjochemistry 364701
4711.

Comfurius, P., Senden, J. M., Tilly, R. H., Schroit, A. J.,
Bevers, E. M., and Zwaal, R. F. (199Bjochim. Biophys. Acta
1026 153-160.

Comfurius, P., Smeets, E. F., Willems, G. M., Bevers, E. M.,
and Zwaal, R. F. (1994Biochemistry 3310319-10324.
Cutsforth, G. A., Koppaka, V., Krishnaswamy, S., Wu, J. R.,
Mann, K. G., and Lentz, B. R. (199®iophys. J. 702938-
2949,

Fenton, J. W. D. (19814nn. N.Y. Acad. Sci. 37@68-495.
Gerads, |., Govers-Riemslag, J. W., Tans, G., Zwaal, R. F.,
and Rosing, J. (199@iochemistry 297967-7974.
Greenfield, N. J. (1996)nal. Biochem235, 1—10.

Guinto, E. R., and Esmon, C. T. (198%)Biol. Chem. 259
13986-13992.

21.

22.

23.

24,

25.

26.

27.

Zhai et al.

Johnson, W. C., Jr. (199@yoteins: Struct., Funct., Genet.
7, 205-214.

Jones, M. E., Lentz, B. R., Dombrose, F. A., and Sandberg,
H. (1985)Thromb. Res. 39711-724.

Kalafatis, M., Rand, M. D., and Mann, K. G. (1994)
Biochemistry 33486—-493.

Kim, S. W., Ortel, T. L., Quinn-Allen, M. A., Yoo, L.,
Worfolk, L., Zhai, X., Lentz, B. R., and Kane, W. H. (1999)
Biochemistry 3811448-11454.

Kim, S. W., Quinn-Allen, M. A., Camp, J. T., Macedo-Ribeiro,
S., Fuentes-Prior, P., Bode, W., and Kane, W. H. (2000)
Biochemistry 391951-1958.

Koppaka, V., and Lentz, B. R. (199B)ophys. J. 702930~
2937.

Koppaka, V., Talbot, W. F., Zhai, X., and Lentz, B. R. (1997)
Biophys. J. 732638-2652.

Koppaka, V., Wang, J., Banerjee, M., and Lentz, B. R. (1996)
Biochemistry 357482-7491.

Krishnaswamy, S., and Mann, K. G. (198B)Biol. Chem.
263 5714-5723.

Lecompte, M. F., Krishnaswamy, S., Mann, K. G., Nesheim,
M. E., and Gitler, C. (1987). Biol. Chem. 2621935-1937.
Lentz, B. R., Zhou, C. M., and Wu, J. R. (19®tpchemistry
33, 5460-5468.

28. Luckow, E. A,, Lyons, D. A., Ridgeway, T. M., Esmon, C.

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.

40.

41.

42.

43.

47.

48.
49.

T., and Laue, T. M. (1989Biochemistry 282348-2354.
Majumder, R., Weinreb, G., and Lentz, B. R. (2002Biol.
Chem.(submitted for publication).

Massenburg, D., and Lentz, B. R. (19%pchemistry 32
9172-9180.

Mayer, L. D., Hope, M. J., and Cullis, P. R. (19&ipchim.
Biophys. Acta 858161—168.

Nesheim, M. E., Katzmann, J. A., Tracy, P. B., and Mann, K.
G. (1981)Methods EnzymoBO, 249-274.

Nesheim, M. E., and Mann, K. G. (1988)Biol. Chem. 258
5386-5391.

Nicolaes, G. A., Tans, G., Thomassen, M. C., Hemker, H. C.,
Pabinger, 1., Varadi, K., Schwarz, H. P., and Rosing, J. (1995)
J. Biol. Chem 270, 21158-21166.

Nicolaes, G. A., Villoutreix, B. O., and Dahlback, B. (2000)
Blood Coagulation Fibrinolysis 1189—100.

Ortel, T. L., Devore-Carter, D., Quinn-Allen, M., and Kane,
W. H. (1992)J. Biol. Chem. 26,74189-4198.

Pei, G., Powers, D. D., and Lentz, B. R. (1993Biol. Chem.
268 3226-3233.

Pusey, M. L., and Nelsestuen, G. L. (1984)chemistry 23
6202-6210.

Rosing, J., Bakker, H. M., Christella, M., Thomassen, L.G.
D., Hemker, H. C., and Tans, G. (1998)Biol. Chem. 268
21130-21136.

Rosing, J., Speijer, H., and Zwaal, R. F. (19B&)chemistry

27, 8—11.

Saleh, M., Quinn-Allen, M. A., Macedo-Ribeiro, S., Fuentes-
Prior, P., Bode, W., and Kane, W. H. (200Thromb.
Haemostasis, SupplAbstr. OC1655.

Sandberg, H., Bode, A. P., Dombrose, F. A., Hoechli, M., and
Lentz, B. R. (1985)Thromb. Res. 39%63—79.

Sims, P. J., Wiedmer, T., Esmon, C. T., Weiss, H. J., and
Shattil, S. J. (1989J. Biol. Chem 264, 17049-17057.

. Sreerama, N., and Woody, R. W. (20@0jal. Biochem. 287

252-260.

. Srivastava, A., Quinn-Allen, M. A., Kim, S. W., Kane, W.

H., and Lentz, B. R. (2001Biochemistry 408246-8255.

. Srivastava, A., Wang, J., Stenflo, J., Rezaie, A. R., Esmon,

C. T., and Lentz, B. R. (2002). Biol. Chem. 2771855~
1863.

Stoylova, S. S., Lenting, P. J., Kemball-Cook, G., and
Holzenburg, A. (1999). Biol. Chem. 27436573-36578.
Walker, F. J. (1992). Biol. Chem. 26,719896-19900.

Wang, J., Majumder, R., and Lentz, B. R. (20B&)phys. J.
(submitted for publication).

B1011844D



