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ABSTRACT: Factor 4 (FV,) is a cofactor for the serine protease factartifat activates prothrombin to
thrombin in the presence of €aand a membrane surface. ¢ a heterodimer composed of one heavy
chain (A1 and A2 domains) and one light chain (A3, C1, and C2 domains). We use fluorescence, circular
dichroism, and equilibrium dialysis to demonstrate that (1) the FV C2 domain expressed in Sf9 cells
binds one molecule of C6PS withla of ~2 uM, (2) stabilizing changes occur in the FV C2 domain
upon C6PS binding, (3) the C6PS binding site in the FV C2 domain is located near residii®, Cys
which reacts with DTNB, and (4) binding to a PS-containing membrane is an order of magnitude tighter
than that to soluble C6PS. Coupled with a recently published crystal structure of the C2 domain, these
results support a model for the mechanism of-@&mbrane interaction.

Blood coagulation factor ¥is an essential component of

identified in both the A314) and C2 86) domains of factor

the prothrombinase complex, which consists of serine V. However, recent molecular modeling studies have sug-

protease factor X cofactor factor ¥, C&*, and a phospho-
lipid membrane 16, 29, 40). The prothrombinase complex

catalyzes the rapid conversion of prothrombin to thrombin,

which is a crucial step in normal hemostasisZ9). Factor

gested that the phospholipid binding to the A3 domain may
not be physiological42).

Several lines of evidence suggest that the second C-type
domains of factor V and the homologous cofactor factor VIl

V exists in plasma as an inactive, large, single-chain contain PS-binding sites that are essential for assembly of

glycoprotein with little or no intrinsic procoagulant activity
(6, 31). It is composed of repeating domains: two A domains

the functional procoagulant comple35). First, deletion of
the C2 domain of factor V results in the loss of both its

at the amino-terminal end, a heavily glycosylated connecting procoagulant activity and its ability to bind a PS membrane

B domain, a third A domain, and two carboxyl-terminal C
domains {2, 15, 17). Limiting proteolysis of factor V by
thrombin @, 18), factor X, (30), or the factor V activator
from Russell's viper venom (RVV-V)18) results in the
expression of procoagulant activity. Thrombin-activated
factor V, is a heterodimer8) composed of a heavy chain
(M; = 94 000; M, = 105 000 in human) and a light chain
(M, = 74 000 or 71 000)§, 18). Heterogeneity of the light
chain is seen in both bovine and human factqr(®, 18,
36) and is due to alternative glycosylation at A%pin the
C2 domain 19, 32).

Factor \4 binds to a phosphatidylserine (B$ontaining
membrane with &, of 3 nM (25). Early studies suggested

(35). Second, naturally occurring immunoglobulins that bind
to the C2 domain of factor VIl X) and of factor V 85)
block binding to PS-containing membranes and inhibit
procoagulant activity. Third, the crystal structures of the
factor V (28) and factor VIII C2 88) domains suggest that
membrane binding is mediated by insertion of hydrophobic
amino acid side chains into the hydrophobic core of the
membrane bilayer and by specific interactions between polar
amino acid side chains and the PS headgroup. Finally, we
have recently shown that two hydrophobic amino acid sides
chains in the C2 domain, T#§2 and Trg%4 are required

for high-affinity binding to membranes containing phos-
phatidylserine. These hydrophobic amino acid side chains

that membrane binding was mediated solely by the light are also required for binding to monoclonal antibodies that
chain (L0), although more recent evidence points as well to block factor V binding to phosphatidylserinQ). The direct

interaction of the heavy chain with PS-containing membranes

(23). An analysis of binding to membranes of varying PS
content suggested that factor, Winds two to four PS
molecules ). Putative phospholipid binding sites have been
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interaction between the factor V C2 domain and phospholipid gen). The recombinant virus was plaque purified, and a high-
membranes has not been previously characterized. In thistiter stock was prepared using the protocols outlined by the
paper, we have expressed the factor V C2 domain (rHFV- manufacturerTrichnoplusia ni(Hi5) cells were grown in
C2) in insect cells and have determined the affinity and suspension culture using Excell 401 serum free medium (JRH
stoichiometry for binding to membrane and soluble phos- Biosciences, Lenexa, KS) and infected with the recombinant
pholipids. virus using an MOI of 5. The conditioned medium was
collected 7 days following infection. Cells were removed
by centrifugation, and the conditioned medium was stored
at —80 °C until purification. Levels of rHFV-C2 expression
were determined by an ELISA using monoclonal antibodies
6A5 and HV-1 as previously describe8].

Isolation of rHFV-C2.0ne liter of conditioned medium
containing rHFV-C2 was thawed at 3T and centrifuged

MATERIALS AND METHODS

Materials

1,2-Dicaproylsnglycero-3-phospha-serine (C6PS), 1,2-
dicaproylsnglycero-3-phosphocholine (C6PC), 1,2-dicap-
royl-snglycero-3-phospheoac-1-glycerol (C6PG), 1,2-dioleoyl- \ > e
snglycero-3-phospha-serine (DOPS), 1,2-dioleoydr at GOQ(g for. 15 min, sterile filtered, and then degassed for
glycero-3-phosphocholine (DOPC), 1,2-diolesyiglycero- 15 min on ice. All subsequent steps were carried out at 4
3-phosphoglycerol (DOPG), brain phosphatidylserine, and °C. The medium was then applied to an SP_Sepharose Fast
brain phosphatidylcholine were purchased from Avanti Polar Flow XK 26/40 column (Amersham Pharmacia Biotech Inc.,
Lipids Inc. (Alabaster, AL). Monoclonal antibody 6A5 was ~Piscataway, NJ) equilibrated with 5 mM Ca(30 mM NH,-
generated in our laboratory and was biotinylated as previ- Cl: ahd 25 mM HEPES (pH 8.0) at a flow rate of 3 mL/
ously described34). Monoclonal antibody HV-1 and DTNB ~ Min. The column was then wash_ed fvit L of equ_lllbratlon
were obtained from Sigma (St. Louis, MO). All other buffer and eluted with a2_50 mL linear I\_AEII grad|en_t (from
chemicals were American Chemical Society (ACS) reagent 90 to 1000 mM), collecting 3 mL fractions. Fractions-50

grade or the best available grade. 75, which contained rHFV-C2, were pooled and concentrated
to a final volume of 10 mL using an Amicon stirred cell
concentrator and a YM-1 membrane (Millipore, Bedford,
MA). The concentrate was then diluted 5-fold in equilibration
buffer and applied to a Mono S column (Amersham

Methods
Preparation of Soluble C6PS, C6PG, and C6RIBPS,

C6PG, and C6PC solutions were prepared from measuredpharmacia Biotech Inc.) using a 50 mL Superloop at a flow

quantities of 10 mg/mL stock solutions in chloroform. The

rate of 0.5 mL/min. The column was washed with 10 mL of

chloroform was evaporated under a stream of nitrogen. The equilibration buffer and then eluted with a 15 mL linear NH

lipid was redissolved in cyclohexane, and then the shell
frozen solution was lyophilized overnight to a white powder.

Cl gradient (from 50 to 1000 mM). To remove minor
contaminants that were present in some preparations, selected

The resulting dry powder was dispersed in the appropriate rHFV-C2 preparations were rechromatographed on the Mono

volume of buffer and vortexed thoroughly to reach a
concentration of approximately 2 mM. The final concentra-
tion of the phospholipid stock solutions was determined by
an inorganic phosphate assa).(

Preparation of Small Unilamellar VesicleSmall unila-
mellar vesicles (SUV) composed of 80:20 (mole ratio) of

S column in the presence of 5% betaine to minimize
nonspecific protein interactions. In the presence of 5%
betaine, rHFV-C2 eluted at 650 mM NEI. The concentra-
tion of purified rHFV-C2 was estimated using the extinction
coefficient of 2.85 OD/mg that was calculated on the basis
of the predicted amino acid composition of rHFV-C2).(

DOPC/DOPS and DOPC/DOPG mixtures and pure DOPC  Sequence and Amino Acid Analy&&combinant proteins

were prepared by subjecting a multilamellar vesicle suspen-

sion to sonic disruption in a Heat System (Plainview, NY)
model 350 sonicator2@). SUV preparations were fraction-
ated by centrifugation at 70 000 rpm for 25 min in a
Beckman (Palo Alto, CA) TL-100 ultracentrifuge. Phospho-
lipid concentrations were determined by the analysis of
inorganic phosphate3]. SUV were used the same day of
preparation.

Insect Cell ExpressionThe C2 domain of human factor
V was amplified by PCR using the factor V cDNA as a
template and the primers-EACACATCGATAGCTAGC-
CATGTTCCCAGGCTGCCCACGCCTC 3and B-CA-
CAGTCGACAGCTAGCTAGTAAATATCACAGCCAAA-
GAGT-3. The amplified fragment was subcloned into
pBluescript (Life Technologies, Rockville, MD) for DNA

were first dialyzed against 0.1% trifluoroacetic acid and 10
mM ammonium bicarbonate. Sequence analysis was per-
formed with an Applied Biosystems 477A pulsed liquid-
phase sequencer with on-line phenylthiohydantoin analysis
using an Applied Biosystems 120A high-pressure liquid
chromatography system operated according to the manufac-
turer’'s recommendations.

MALDI Mass SpectrometryMALDI mass spectrometry
was carried out by R. Marshall Pope at the mass spectrometry
laboratory at the University of North Carolina School of
Medicine. Samples were dialyzed into 20 mM ammonium
acetate (pH 6.1) prior to analysis.

Titration of SulfhydrylsThe concentration of accessible
sulfhydryls was determined under native or denaturing
conditions with 5,5dithiobis(2-nitrobenzoid acid) (DTNB).

sequencing and restriction mapping. The cDNA insert was For continuous titrations, sample cuvettes contained 8.1 mM

then excised usinglhd and subcloned into the expression
vector pBluebac Il (Invitrogen, Carlsbad, CA). The pBluebac
Il rtHFV-C2 expression plasmid was cotransfected with
linearized wild-typeAutographa californicanuclear poly-
hedrosis virus (AcMNPV) DNA int&spodoptera frugiperda
cells (Sf9) using the MaxBac Expression System (Invitro-

C2 domain in 25 mM Hepes, 50 mM NBI, and 5 mM
CaCb (pH 7.4) either without denaturant for the determina-
tion of the number of accessible sulfhydryl groups in the
native conformation or wit 8 M urea for the determination
of total sulfhydryl content. Sulfhydryl modification was
initiated by the addition of DTNB (1.7 mM) to the sample
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cuvette, and the formation of 5-thionitrobenzoate was fol-

Srivastava et al.

volume. As a control, buffer in the absence of rHFV-C2 was

lowed continuously by the increase in absorbance at 412 nm.titrated with the same lipid.
The same solution without the protein was used to assess Circular Dichroism Measurement<Circular dichroism
the spontaneous breakdown of the reagent for subsequen{CD) spectra were recorded from 250 to 200 nm on an Aviv

correction of the value determined in the titration the protein.

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

Absorbance readings were converted to molar concentrationdNJ) in a 1 cmpath length cell at 24C with a bandwidth of

of sulfhydryls modified using a molar extinction coefficient
of 14 000 at this wavelength.

Solid-Phase ELISAThe solid-phase ELISA was used to
detect the effect of HV-1 antibody and DTNB on binding
of rHFV-C2 to immobilized phospholipids. Brain phospha-
tidylserine or phosphatidylcholine was dissolved in methanol
to a final concentration of 2g/mL, and 100uL aliquots
were added to each well of a 96-well microtiter plate. The
wells were allowed to air-dry at room temperature overnight.
The wells were blocked with 200L of 5 mg/mL gelatin in
0.05 M Tris-HCl and 0.15 M NaCl (pH 7.2) (blocking buffer)
for 1 h at 37°C. The wells were then washed three times
with 0.01 M phosphate buffer, 0.12 M NacCl, and 2.7 mM
KCI (pH 7.4) with 0.05% (v/v) Tween 20 (washing buffer),
and 50uL samples of the C2 domain were added to each
well. After 1 h at 37°C, the wells were washed three times
with washing buffer, and rHFV-C2 binding was detected by
using the biotinylated monoclonal antibody 6A5. To deter-
mine the effect of monoclonal antibody HV-1 on the binding
of rHFV-C2 to phospholipids, rHFV-C2 was incubated with
HV-1 for 30 min at 37°C prior to incubation in the
phospholipid-coated wells. To determine the effect of DTNB
on the binding of the C2 domain to phospholipids, rHFV-
C2 was modified with DTNB and dialyzed prior to incuba-
tion in the phospholipid-coated wells.

Determination of the Critical Micelle Concentration
(CMC). The diameters of C6PS aggregates were measure
by quasi-elastic light scattering, as described previo@ty (

Increasing concentrations of C6PS were added to the sampl

cell, a 6 mmx 50 mm borosilicate glass disposable culture
tube (Baxter Healthcare Corp., McGraw Park, IL), containing
0.4 mL of 0.2uM rHFV,-C2 in 20 mM KH,PO, and 100
mM NaF (pH 7.4). All buffer solutions were filtered through
a 0.8 um polycarbonate filter (white AAWP, 47 mm,
Millipore Corp., Bedford, MA) to decrease the degree of

light scattering. The sizes of the various aggregates were
measured as intensity-weighted diameters, which were

calculated from th&-averaged diffusion coefficient.

Fluorescence Measuremenistrinsic fluorescence inten-
sity was recorded with an SLM 48000-MHF spectropho-
tometer (SLM Aminco, Urbana, IL). The excitation wave-

1.0 nm. Data points were collected every 0.5 nm with an
average time ©5 s oneach point. The digital data were
processed, smoothed, and baseline-corrected. For baseline
correction, CD spectra of buffer [20 mM KRQO, and 100

mM NaF (pH 7.4)] containing various concentrations of
soluble C6PS were collected. Finally, baseline spectra were
subtracted from sample spectra, and the data were converted
to molar ellipticity units.

Determination of the Stoichiometry of Phospholipids
Binding to rHFV-C2.The stoichiometries of soluble C6PS
and C6PC binding to rHFV-C2 were determined by equi-
librium dialysis measurements. Experiments were performed
using 2.0 mL Teflon dialysis cells (Spectrum Medical) with
the two cells separated by &h = 6000-8000 molecular
weight cutoff membrane. The membrane pore was smaller
than the protein but larger than the lipid. Initially, one
chamber contained 28M C6PS (or C6PC) and &M rHFV-

C2 (or DTNB-labeled rHFVC-2) while the other chamber
contained only 25«:M C6PS (or C6PC). The initial phos-
pholipid concentration was sufficient to saturat85% of
rHFV-C2. The chamber containing rHFV-C2 was allowed
to equilibrate with the other chamber at room temperature
for 24 h while being rotated horizontally at 20 rpm. The
protein concentration gradient between the two halves of the
cell causes a difference in the total phosphate concentration
between the two halves of the cell. The concentration of
rotein-bound C6PS (or C6PC) was measured as the differ-
nce in total phosphate concentration between the two
chambers of the dialysis cell using the inorganic phosphate

eassay 3).

The relationship between the difference in the phosphate
concentration in the two halves of the cell and stoichiometry
is given as follows

[AL] _ [P} n[P]
0 k+[0° [

(1)

where [AL] is the difference in lipid concentration between
two chambers, [L] the concentration of phospholipid added
to each chamber, [P] the protein concentration present in
one half of the chamber, ank} the equilibrium binding

length was 285 nm (band-pass at 4 nm), and the emissionconstant. The stoichiometr_y(s) was calculated frqm the
intensity was recorded at 340 nm (band-pass at 4 nm). Slismeasured ALJ/[L] value using the second approximate
were kept closed except during the measurements to avoid€XPression. This expression holds whent ki, a condition

photodegradation of the sample. All buffer solutions were
filtered through a 0.&m polycarbonate filter (white AAWP,
47 mm, Millipore Corp.) to decrease the degree of light
scattering. All measurements were carried out at°¢4
Samples containing 0.2M rHFV-C2 in 20 mM KH,PO,
and 100 mM NaF (pH 7.4) were titrated with soluble and
membrane lipids. Upon each addition of lipid, the cuvette
was continuously stirred for at least 4 min before the

that we were able to generate on the basis of the estimates
of ky made from intrinsic fluorescence titrations as described
in the next section.

DATA ANALYSIS

The response of rHFV-C2 intrinsic fluorescence to soluble
and membrane lipids was fitted to a binding model described
below using a MarquardtLevenberg weighted, nonlinear

fluorescence intensity was read to ensure that equilibrium least-squares algorithm supplied with Sigmaplot (version 4.2,
had been established. The total volume added to a samplelandel Scientific, Corte Madera, CA). Weighting of indi-

during the titration was always5% of the total sample

vidual points assumed errors were proportional to the square
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Table 1: Binding Parameters Associated with the rbHE2 and rHF\-C2 Binding to Soluble and Membrane Lipids

lipid kg (uM) ARsat (%)2 Nird stoichiometry Nim
rHFV,-C2
soluble C6PS at 100 mM salt 240.1 -50+3 5 0.99+ 0.2 2
soluble C6PS at 600 mM salt 14430.3 —22+2 2 NMf 0
soluble C6PC at 100 mM salt 450.3 —37+4 2 0.97+ 0.2 2
soluble C6PC at 600 mM salt 5002 —24+2 2 NM 0
soluble C6PG at 100 mM salt 6:80.3 —42+3 1 NM 0
DOPS/DOPC membrane at 100 mM salt 0tD703 +66+ 3 3 45+ 3¢ 3
DOPS/DOPC membrane at 600 mM salt 048.02 +22+3 1 30+ 7° 1
DOPG/DOPC membrane at 100 mM salt 0-89.03 +21+2 1 42+ 6° 1
DOPC membrane at 100 mM salt RD ND 2 NM 0
DTNB-labeled rHF\4-C2
soluble C6PS at 100 mM salt ND ND 2 0.04 1
soluble C6PC at 100 mM salt ND ND 1 NM 0
DOPS/DOPC membrane (20:80) at 100 mM salt 0i40.01 +20+1 2 30+ 4° 2
rHFV-C2
soluble C6PS at 100 mM salt 4470.9 —13+2 2 0.96+ 0.2 1
soluble C6PC at 100 mM salt 5:80.9 -11+1 2 0.97+ 0.2 1
DOPS/DOPC membrane at 100 mM salt 0#48.08 +80+ 3 2 50+ 1¢¢ 2
DOPC membrane at 100 mM salt ND ND 2 NM 0

2 ARsatis the percentage change that is observable at satufdiga: — Ro)/Ro] x 100G . P Measured using the equilibrium dialysis method (see
Methods). ¢ Stoichiometry number comes from data fitting described in Methbils, is the number of measurementdID, not detected. NM,

not measured.

root of the observable. In our experiments, soluble or
membrane lipids were added to «®1 rHFV-C2 in buffer
[20 mM KH,PO, and 100 mM NaF (pH 7.4)], and the

observed fluorescence response was taken to represent the

fraction of protein bound to lipid22).

[P]b . Rops — Ro

[Pl; ARy

where [P} and [P} are the bound and total protein
concentrations, respectivelgsis the observed fluorescence
of the protein in the presence of lipidRsat (=Rsat — Ro) is

the observed change in fluorescence when all the protein
sites are occupied by lipid, arigh is the observed response
before addition of any lipid.

()

1 2 3
97—
45' —
31—
HFV, C2
i -— /T 1
217 == =L =) hiFy, C2
14 e

Ficure 1: SDS-PAGE analysis of rHFV-C2 glycoforms. Samples
(10ug) were electrophoresed on a 15% acrylamide gel and stained
with Coomassie blue: MW standards (lane 1), rHFS2 (lane 2),

and rHF\L-C2 (lane 3).

RESULTS

Preliminary Characterization of rHFV-CZhe rHFV-C2
construct utilized in these studies encodes the 28-amino acid

The observed response is described below in terms of thefactor V leader sequence, a five-amino acid peptide linker

total concentration of phospholipid added, [PI22).

Rps=Ro + —R‘“‘;E;]TRO([PL]TH + [Pl + k) —
Rsat_ RO . 2 _ .
270 (P + [PLI i + k)2 — (AIPLIPLL) (3)
2Pl

where kg is the site dissociation constant anmdis the
stoichiometry of lipid binding to rHFV-C2. The stoichiom-
etry of soluble C6PS, C6PC, and C6PG binding to rHFV-
C2 was initially estimated to be 1:1 to obtain a lower limit
of kg. Using thisky, we calculated the concentration of C6PS
needed to 85% saturated rHFV-C2 and used this amount
in equilibrium dialysis experiments to obtain an improved
estimate of. The assumption of a 1:1 stoichiometry affects
kg, but theiky product remains unchanged as does the
calculation of the 85% saturating C6PS concentration. The
measured value aofwas then used to obtain the final estimate
of k. The stoichiometry of DOPC/DOPS, DOPC/DOPG, and
DOPC membrane binding to rHFV-C2 was taken to be a

(AQWYQ), and amino acids 20372196 from human factor

V. Conditioned medium obtained from insect cell cultures
expressing rHFV-C2 typically contained-8 «g/mL recom-
binant protein as determined by an ELISA. Approximately
3 mg of purified rHFV-C2 could be isolated firo 1 L of
conditioned medium. Analysis of purified rHFV-C2 using
SDS-PAGE revealed two peptide bands with apparent
molecular masses of 19 and 21 kDa (Figure 1). The 21 kDa
species, rHFV-C2, was eluted in fractions 3315, whereas
the 19 kDa species, rHFMC2, was eluted in fractions 15

24. The amino-terminal sequences AQXYQG for rHFV
C2 and AQWYQGXSTPLGMEN for rHF¥C2 were iden-
tical to the predicted sequence (AQWYQGCSTPLGMEN)
of mature rHFV-C2, suggesting that the observed difference
in mass was due to alternative glycosylation of A8h(19).
MALDI mass spectrometry of rHF¥C2 yielded a molecular
mass of 19 231 kDa, which is in good agreement with the
predicted molecular mass of 19 230.6 kDa. The factor V C2
domain contains one disulfide pair (CY%8—Cy<1%) and one
free cysteine (Cy319 (28, 43). The reactivity of Cy&'13in
rHFV,-C2 was confirmed by titration with DTNB, which

variable, and the values that best fitted the data are reportecconfirmed the presence of one free cysteine residue (data

in Table 1.

not shown).
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FIGURE 2: Binding of the factor V C2 domain to immobilized [C6PS] (uM) (Log scale)

phosphatidylserine. Microtiter plate wells were coated wittg3 ) o .
mL rabbit brain PS (black columns) or®)/mL rabbit brain PC ~ FIGURE 3: Size distribution of C6PS aggregates in the presence of
(white columns) and blocked with washed buffer. The wells were 'HFV2-C2 using quasi-elastic light scattering (QELS). The intensity-
then incubated with rHF¥C2 or rHFV;-C2. Binding was detected ~ Weighted diameters of C6P8HFV,-C2 aggregates in 100 mM
using the biotinylated antibody 6A5. The binding responses of NaF and 20 mM KHPQ, (pH 7.4) in the presence of 0/2M
native recombinant proteins (control), recombinant proteins prein- THFV2-C2 at various concentrations of C6PS are shown. No
cubated with monoclonal antibody HV-1, and recombinant proteins 29gregates were detected<®.1 mM C6PS.

modified by DTNB are shown.

16 + -
Factor V C2 Domain Binding to Immobilized PS and PC. 12 L "

In previous studies, we used an ELISA to measure the level o o

of C2-dependent binding of factor V and factor V mutants 0.8 -

to immobilized PS 20, 34—36). In preliminary studies, we 04 .

confirmed that rHFY-C2 bound to immobilized PS and that 16 -

binding was blocked by the monoclonal antibody HV-1,
which recognizes amino acids 2032087 in the factor V
C2 domain (Figure 2). Modification of C§83with DTNB
also blocked binding of rHF¥C2 to immobilized PS. The
level of binding of rHF\4-C2 to immobilized PC was b ! —
significantly lower than that observed for immobilized PS, 0 20 40 60 &0 100

and the observed binding to immobilized PC was also [Lipid] (nM)

inhibited by both HV-1 and DTNB modification. Glycosy-  Ficure 4: (A) Binding of rHFV,-C2 to DOPC/DOPS membranes

lation of Asr?!8! (rHFV;-C2) also inhibits binding to im- and soluble C6PS. The intrinsic fluorescence of @\ rHFV -
mobilized PS. Similar to the binding of rHRAC2, the C2 was measured in a buffer containing 100 mM NaF and 20 mM

- _ . L Lo KH,PO, (pH 7.4) at 24°C. Proteins were titrated with DOPC/DOPS
binding of rHFV4-C2 to immobilized phospholipid was also (80:20) SUV membranesa) and soluble C6PS&). Data for the

inhibited by HV-1 and DTNB modification. titration of DTNB-modified rHF\s-C2 with DOPC/DOPS (80:20)
Effect of rHFV-C2 on C6PS Micelle Formatioo use SUV membranes/) and soluble C6PS are also shown).((B)
spectroscopic methods to study the interaction of C6PS with Binding of rHFV;-C2 to DOPC/DOPS membranes and soluble

a ; i ; _ C6PS: The intrinsic fluorescence of 0@ rHFV;-C2 was
rHFV-C2, we had to determine the critical micelle concen measured in a buffer containing 100 mM NaF and 20 mMKH

tration (CMC) of CGRS in the presence Of QBN THFV - POy (pH 7.4) at 24°C. Proteins were titrated with DOPC/DOPS
C2. The aggregate size of soluble C6PS in the presence 0{80:20) SUV membranesa) and soluble C6PS®). Solid lines
rHFV,-C2 was measured with increasing concentrations of through the data show the results of fitting the data to eq 3 as

C6PS. The variation in average particle size with soluble discussed in Methods.

C6PS concentration is shown in Figure 3. As expected and

previously reported for C6PS in the presence of facter X DOPG MembranesThe binding of rHF\{-C2 and rHF\-

(24), we could not detect any aggregates at low C6PS C2 to soluble and membrane phospholipids was studied in

concentrations (determination limit of our instrumentfO a buffer containing 100 mM NaF and 20 mM KIPO, (pH

nM) but did detect aggregates once the critical C6PS 7.4). We used NaF instead of NaCl in all experiments to

concentration was reached. Above the CMC, aggregates werevoid the complication that could arise from chloride ions

always observed, and on the basis of these measurementsn circular dichroism experiments. Titration of rHRC2

the CMC of C6PS was estimated to be 0.1 mM in the with C6PS resulted in a 50% decrease in fluorescence at

presence of 0.2M rHFV,-C2. This CMC is 78-fold lower  saturating concentrations of C6PS, with a best fit to these

than that observed in the absence of proté®).(This is as data yielding a dissociation constant of 2uM for a

expected, since the presence of factghxs been shown to  stoichiometry of 1:1 [Figure 4A®) and Table 1]. In contrast,

lower the concentration at which C6PS forms aggregatesno change in fluorescence was observed when DTNB-

(24). modified rHF\V,-C2 was titrated with C6PS)), consistent
rHFV;-C2 and rHF\4-C2 Binding to the Soluble C6PS, with our preliminary observation that DTNB modification

C6PC, and C6PG and to DOPC/DOPS, DOPC, and DOPC/ of Cys*'2blocks binding of rHF\-C2 to immobilized PS.

1.2 1

0.8 +

Fluorescence Intensity (F/Fg)
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Titration of rHFV,-C2 with DOPC/DOPS (80:20) SUV

resulted in a 66% increase in the intrinsic fluorescence at 1.0
saturating lipid concentrations [Figure 4A)]. Regression
analysis of these data with eq 3 yielded a dissociation
constant of 0.1ZM. DTNB modification reduced the affinity

of rHFV,-C2 for DOPC/DOPS (80:20) membranes by 2.4-
fold compared to that of the native protein and reduced the
relative change in fluorescence observed at saturation [Figure
4A (»)] by 3.3-fold. The rHF\{-C2 glycoform of the C2
domain is glycosylated at A3HL Titration of rHFV;-C2

with C6PS resulted in a substantially decreased change in !
fluorescence [Figure 4B®)] compared to that of rHFY +—d—t

C2. In addition, the regression-derived binding affinity of 0 20 40 60 80 100

C6PS for rHF\{-C2 was 2.2-fold weaker than that for [Lipid] (uM)

rHFV,-C2 (Table 1). In contrast, titration of rHRMC2 with FIGURE 5: (A) Binding of rHFV,-C2 to DOPC membranes and
DOPC/DOPS (80:20) membranes resulted in an 80% in- soluble C6PC. The intrinsic fluorescence of @M rHFV,-C2 was
crease in fluorescence at saturating lipid concentrations withmeasured in a buffer containing 100 mM NaF and 20 mM;KH
an estimated of 0.13 uM [Figure 4B (a) and Table 1], PO, (pH 7.4) at 24°C. Proteins were titrated with DOPC SUV

. s membranes £) and soluble C6PC®&). Data for the titration of
similar to the results observed for rHEC2. The stoichi-  prNB modified rHFV,-C2 with soluble C6PC are also show)(

ometries for membrane binding estimated from regression () Binding of rHFV;-C2 to DOPC membranes and soluble C6PC.
analysis were similar for rHF¥C2 and rHF\4-C2 with 45 The intrinsic fluorescence of 02M rHFV;-C2 was measured in

and 50 phospholipid molecules bound per protein molecule & buffer containing 100 mM NaF and 20 mM KPO, (pH 7.4) at
at saturation, respectively. 24 °C. Proteins were titrated with DOPC SUV membranesdnd

k ] ] ) ) soluble C6PCH). Solid lines through the data show the results of
If we consider the C2 domain to sit as a cylinder with a fitting the data to eq 3 as discussed in Methods.

radius of 10 A and a height of 38 A on the membrane surface,
we can calculate the stoichiometry to be B, based on

the assumption of 70 A per lipid molecule on the outer leaflet
of SUV (11). The discrepancy between this estimate and our
measured value suggests either that the C2 domain does not
occupy the surface at a close packed density at saturation or
that the C2 cylinder lies on the membrane surface. Since
the expected stoichiometry in the case of completely reclining
C2 domains (1820) would still be lower than the measured

value, we must conclude that C2 seems not to pack at optimal | | f I
packing density on the surface of a membrane. This may be 0 20 40 60 80
because of clusters of basic residues that line the surface oficure 6: Binding of rHFV,-C2 to DOPC/DOPG membranes and
the protein 28). Neither rHF\A-C2 nor rHF\4-C2 bound to soluble C6PG. The intrinsic fluorescence of AN rHFV,-C2 was
membranes Containing Oniy DOPC [Figure 5A73)I In measured in a buffer Containing 100 mM NaF and 20 mMyKH

~ PO, (pH 7.4) at 24°C. Proteins were titrated with DOPC/DOPG
contrast, both rHF¥C2 and rHF\(-C2 bound to the soluble (80:20) SUV membranesa and soluble C6PG&). Solid lines

phospholipid C6PC with regression-derived dissociation through the data show the results of fitting the data to eq 3 as
constants only slight larger than those observed for binding discussed in Methods.

to C6PS [Figure 5A,B®) and Table 1]. Titration of rHFY
X ; 0 .
C2 with C6PG resulted in a 42% decrease in ﬂuorescenceeffect of ionic strength on the affinity of the binding

at saturating concentrations of C6PG, and a best fit to these, . .
data yieldegd a dissociation constant of 81 for a interactions. In the presence of 600 mM NaF, the affinity of

stoichiometry of 1:1 [Figure 6®) and Table 1]. Titration rHFV,-C2 for C6PS, C6PC, and DOPC/DOPS (80:20)

of rHFV,-C2 with DOPC/DOPG (80:20) membranes resulted inﬁjmbranest_wals declf]reased appr?jxtlmatclaly 6'8& 1.1"390'%-8'
in a 21% increase in intrinsic fluorescence at saturating lipid old, respectively, when compared to values obtained in the

concentrations [Figure €, Regression analysis of these 3000l tracions play a sgniicant ok n the nding.
data with eq 3 yielded a dissociation constant of QB8 " ~555 " C6pE “and DOPC/DOPS (80:20) membranes to
These observations indicate that binding of soluble phos- \yEy-c2.

pholipid analogues to rHFV-C2 does not show phospholipid  ggichiometry of Soluble Phospholipids Binding to the FV
headgroup specificity, although binding to a membrane ¢ pomain.The stoichiometries for the binding of soluble
surface did require a negatlvely charged lipid component. phospholipids to rHFC2 and rHF\4-C2 were determined
Furthermore, the affinity of rHF\C2 and rHF\-C2 for by equilibrium dialysis as described in Methods. Values
DOPC/DOPS (80:20) and DOPC/DOPG (80:20) membranes cz|culated with eq 1 are listed in Table 1. Both rHF®2
was 10-fold higher than for soluble C6PS, C6PC, or C6PG. anq rHF\-C2 bound one molecule of C6PS or C6PC. No
Effect of lonic Strength on Soluble C6PS, C6PC, and binding of C6PS or C6PC to DTNB-modified rHRAC2 was
DOPC/DOPS (80:20) Membrane Binding to rHFV-Clb detected in equivalent equilibrium dialysis experiments.
investigate potential mechanisms for the binding of soluble  Effect of Soluble C6PS on the Secondary Structure of
phospholipid molecules to rHFV-C2, we determined the rHFV,-C2. The potential effect of C6PS on the secondary
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FIGURE 7: Effect of soluble C6PS on the CD spectrum of rHFV 0.0 —t —— —rt
C2 domain. The CD spectrum of &M rHFV,-C2 in a buffer 0 10 20 30 40 50 60 70 80
containing 20 mM KHPO, and 100 mM NaF (pH 7.4) was Temperature (OC)
recorded at 24°C in the absence—), or presence of 2xM )
(—+——) and 75uM (— — —) C6PS. Ficure 8: Effect of C6PS on the thermal denaturation of rHFV

C2. The intrinsic fluorescence of O rHFV-C2 in the buffer

. . . . containing 100 mM NaF and 20 mM KIRO, (pH 7.4) was
structure of rHFV-C2 was investigated using circular ocorded over the temperature range of75 °C. Experiments were

dichroism (CD) spectroscopy. The CD spectra oj/g performed in the absenc®) or presence®) of 90 uM C6PS.

rHFV,-C2 are shown in Figure 7. Clearly, binding of C6PS The dashed (absence) and solid (8@ C6PS) lines indicate the

to rHFV>C2 did not result in conformational changes that & Baae e, The meet depicts the difference

can be detected by CD speciroscopy. betwgen th(leo observed and expected quorescgnce intensity. This
Thermal Denaturation of rHF¥C2 in the Presence and difference is expected to reflect thermal denaturation of the C2

Absence of C6P3Ve next investigated the effects of C6PS domain.

binding on the thermal stability of rHRMC2. The thermal

denaturation of 0.1 mg/mL rHRYC2 was studied using

differential scanning calorimetry (DSC). At this protein

concentration, we could not detect the thermal melting of

rHFV,-C2 over the temperature range of-1000 °C either

in the absence or in the presence of®0 C6PS. This could

be because rHRYC2 could not be denatured in the tem- ! . N . .

perature range or because the enthalpy of the process wa the putative membrane—blndnlg reg|o"n at fheandwch

too small to detect, sinc&H must be at least 10 times larger aseare e.xposgd to water. In a “closed conf_o r”!a“"”' thgse

than the baseline reproducibility of the DSC sca® 8 kcal/ hydrophqblc fe_s'd“es cover anc_i are pqrtly buried in a putative

mol) to detect denaturation. We next investigated thethermaIPS'SpeC'f'C binding pocked lined with hydrophobic and

denaturation of rHFYC2 using fluorescence spectroscopy. srllightly EaSiC residues ((Ij:igufre ?) - Basic residﬁe? z?]dje:jcent to
The fluorescence intensity of 0.2M rHFV,-C2 in the L€ Pocketare proposed to facilitate approach of the domain

absence and presence of @B C6PS was recorded over to a negatively charged PS-containing membrane and trigger
the temperature range of 55 °C (Figure 8). In both cases opening of the pocket that is predominantly closed in solution
the fluorescence intensity decreased in the absedren (Figure 9). In_ the open conformatlon, 'FP_ﬁand Trg**are
presence of C6PS®) with an increase in temperature. The proposed to insert into the interface region of the membrane
fluorescence of tryptophan residues is expected to decreas .h'(lf the PS hf(_aa_ldgrcg;; occ;gles trlle olpen pOCkit pror\]/ iding
linearly with increasing temperature in the absence of | Inding specificity. Other molecules are thougnt to
structural change£(). The solid and dashed lines represent Interact W'th basic re5|dues near the pocket to complete the
this expected decrease estimated from the low- and high-rmalebrfflne |rf1t_?rr]act|o|r?26). | he Model for C2 Bindi
temperature regions of the data in the presence and absence Me atkl)on Olf' ese kesu ;[js LO t DeTN% Iebol'r fg '29 to
of C6PS, respectively. The differences between the observed? V€M ra||’1e IT:IS assume ftr?t c2d a.emhgo %

data and these lines are plotted in the inset of Figure 8. Thesé!0€S not alter the structure of the C2 domain, the experiments

; P ted here demonstrate the following:
difference data indicate that rHRAC2 undergoes a broad presentec o
melting transition at 40C in the absence of C6PS and at (1) A single soluble phospholipid binds to rHFV-C2 at a

48 °C in the presence of 99M C6PS. Thus, binding of binding site that is blocked by DTNB labeling of Cy%,

C6PS appears to stabilize the structure of ro2. vv.hic.h is located at the base of the putative PS-specific
binding pocket.

DISCUSSION (2) Occupancy of this site is not specific for PS.
(3) Binding of C6PS to rHF%C2 occurs without a

The purpose of this work was to identify the lipid binding detectable change in the backbone secondary structure of
site within rHFV-C2 and to shed light on the mechanism by this domain but with a somewhat increased level of exposure
which this domain binds to a PS-containing membrane. The of Trp or Tyr residues to solvent.
structures of the structurally analogous C2 domains from (4) Binding of rHF\,-C2 to a PS-containing membrane
blood coagulation factors Mand VI, have recently been  involves a significantly increased level of protection of Trp
published 28, 38). On the basis of these structures, it was or Tyr residues from the solvent, but labeling of &y3
proposed that membrane binding of these domains alsodecreases this extent.

occurs through a hydrophobic residue (Trp in rHFS2)
rich patch at the base of the @2sandwich 28, 38). In the
case of factor ¥, a rather detailed working model for
membrane binding was propos&8). rHFV,-C2 was found
to exist in two crystal forms having different conformations
(28). In an “open” conformation, TA3%3, Trp?°4 and Led!®
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PS head group @ This could account for some of the well-documented
A specificity of the prothrombinase for P& (3, 37). However,
PC head group O

it is not clear that factor Ycontributes any of this specificity,
Scale —>

6. Xa (2, 22).

A(-— which could be due entirely to the PS specificity of factor
Second, not only is occupancy of the binding pocket not
*

CoPL specific for PS, but full occupancy of the pocket is not needed
for membrane binding. Thus, DTNB labeling of C¥/$ did
not block membrane binding and caused only a slight
increase in the free energy for this procelR¥ (h 0.41/0.17
~ 0.52 kcal/mol). Nonetheless, DTNB labeling did reduce
by a factor of 3 the increase in intrinsic rHERZ?2 fluores-
cence associated with membrane binding (Table 1). This
suggests that PS occupancy of the binding pocket is necessary
for optimal penetration of the membrane by the hydrophobic

—>
Negative
membrane
surface
Closed form  Open form
PL-membrane
residues surrounding the binding pocket. On the other hand,

Ficure 9: Proposed mechanism of soluble lipids and PS-containing ; ; P PR
membranes binding to the C2 domain. The cartoon represents theDT'\IB Iab.elling did _ellmlna.te binding of soluble C6PS or
binding of tHFV-C2 to soluble lipids and PS-containing membranes. CBPC. This is consistent with the conclusion reached above

The C2 domain is assumed to exist in two forms, one with its that occupancy of the binding pocket by short chain lipids
binding pocket open and one with it closed, as suggested by ais driven by the favorable free energy of removing the

recently published X-ray structur@®). The cartoon is based on  hydrophobic parts of these molecules from water.
the X-ray structure, with the red circles representing the tryptophans

(residues 2063, 2064, and 2068) that surround the binding pocket. Third, it does seem that approach to a negatively charged
The blue star represents the &y3residue that is labeled by DTNB.  membrane surface is required for membrane binding (lack
I\'Ned propose tt;‘at the C2 ?omai? bi”gs © 5t°|utb|*|9 and mter?lf)raneof DOPC membrane binding in Figure 5A). This is consistent
ipids only in the open conformation. A substantial amount of free _ : .

err)wergy ofybinding c%mes from moving the lipid molecule from water with the proposal .by Macedo-Ribeiro et al2g] that
into the hydrophobic binding pocket. Membrane binding is further favorable electrostatic contacts favor the open or membrane-
supported by the free energy releases from the insertion of sidebinding form of rHF\A,-C2. In this form, the burial of Tr{563
chains of the binding pocket to the hydrophobic core of the Trp20%4 and Led'!%in the membrane interface would provide
membrane. Binding of C2 to a membrane is PS-specific due to a 5 gypstantial free energy of binding. Trp has been docu-

small favorable interaction of basic residues in the binding pocket o . .
with the acidic PS headgroup. This draws PS out of the bilayer MeNted as partitioning strongly to the interface region of

and allows insertion of hydrophobic Trp residues that surround the membranes44). However, our data show that the required
binding pocket into the membrane interface, an environment known negatively charged surface can be provided by either PS or

to be favorable to Trp residues. Binding of soluble lipids to C2is pG and that occupancy of the putative binding pocket is not

not PS-specific because the major interaction stabilizing the complex i ;
is the hydrophobic effect. This strongly suggests that the apparentsDelelC to PS. These Obsgrvatlons do not support .the
binding pocket containing C§&2 s the site for PS binding. proposal that PS acts specifically as a molecular switch

between these two conformatiori2g).

- . . Next, our data suggest that soluble phospholipids can
(5) Membrane binding requires a negatively charged occupy the binding pocket and switch rHEZ2 from a

membrane surface but not necessarily a PS—containingCIcheol to an open state. This suggestion is based on the

surface. _ _ observation that all short chain phospholipid (C6PS, C6PC,
(6) Glycosylation of rHF-C2 at Asii*® had little orno  or C6PG) binding leads to a decrease in intrinsic fluores-

effect on membrane binding but did eliminate the slight cence. We suggest this is because short chain phospholipid

preference shown for soluble C6PS over C6PC. binding expels tryptophans from a nonpolar region (presum-
These observations add to and amplify in several ways ably the binding pocket) to a region where their fluorescence
the previously proposed model for factor, €2 domain is quenched by polar water molecules (Figures6} By

membrane binding. First, it is clear that the binding pocket contrast, the increase in intrinsic fluorescence upon binding
is not specific for PS, at least in terms of binding of soluble to a membrane (e.g., see Figure 4) presumably reflects the
phospholipids. Only a small contribution to the total free insertion of Tr3%3 Trp?°%4 and Tr3%8into the membrane
energy of binding is provided by the serine as opposed to interface in the bound state (see Figure 9). The fact that the
the choline RTIn 2.1/4.5~ —0.45 kcal/mol; Table 1) or  open and closed states of rHFZ2 nearly superimpose
glycerol (~—0.65 kcal/mol) moiety. The fact that the effect throughout thei3-sandwich regions2@) is also consistent

of high salt on the free energy of binding was about the samewith our observation that the CD spectrum of rHFU2 was

for C6PS and C6PC (1.2 vs 1.4 kcal/mol; Table 1) implies unaffected by C6PS binding (Figure 7). But how can the
that the extra negative charge of C6PS was not important insuggestion that even a neutral phospholipid (C6PC) can
the occupancy of the binding pocket. We conclude that short trigger the close¢topen state change be reconciled in terms
chain lipid binding is mainly nonspecific and hydrophobic of the electrostatic switch mechanism described above? To
in nature. Nonetheless, occupancy of the binding pocket by address this, we note that the affinities of C6PS and C6PC
different soluble phospholipids elicits different fluorescence binding to rHFV-C2 were all ionic strength-dependent despite
responses (Table 1), so it is likely that different phospholipids the clear implications of our results that binding is dominated
lead to different structural and potentially different functional by nonspecific hydrophobic effects. Surprisingly, an increase
responses when the C2 domain is part of whole factpr V inionic strength increased the free energy of binding of both
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neutral (C6PC) and charged (C6PS) short chain phospho-immobilized PS. The results (Figure 2) suggested that the
lipids by about the same amountl.2—1.4 kcal/mol). This glycosylated form of C2 might bind much less tightly to PS
suggests that high salt must alter the stability of the openthan did the unglycosylated form, in agreement with the
versus the closed state of rHEZ2 rather than increase the  report of Rosing et al.39). By contrast, our results with
solubility of the short chain lipids, since the solubility of a PS-containing membranes show no difference in binding
neutral and charged lipid should respond differently to ionic affinity between these two forms of the C2 domain (Figure
strength. An increase in ionic strength also increased the free5 and Table 1). Similarly, in this study, we have found that
energy of rHF\4-C2 binding to DOPS/DOPC membranes, DTNB modification markedly reduced the level of binding
but by an amount~0.55 kcal/mol; Table 1) smaller than of rHFV,-C2 to immobilized PS or C6PS, while our
that observed for C6PS or C6PC. These effects of high ionic measurements showed that it had only a small effect on the
strength are consistent with the possibility that high salt affinity for binding to DOPS/DOPC membranes. These
favors the closed (nonbinding) state of C2 but to a lesser results illustrate the need to characterize factemvembrane
extent when C2 is near a charged membrane that presumablynteractions using membrane bilayers and equilibrium binding
favors the open state. assays rather than using soluble phospholipids or phospho-
Finally, it remains uncertain whether the switch between lipids immobilized on an ELISA plate.
these two states has any consequences in terms of the
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