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Unsaturated Phospholipid Acyl Chains Are Required To Constitute Membrane
Binding Sites for Factor VII
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ABSTRACT. Membranes containing phosphatidykerine (PS) and phosphatidylethanolamine (PE) greatly
enhance the function of the enzymatic cofactor factor VIIl. The mechanisms of enhanced function involve
condensation of enzyme (factor 1Xa), activated cofactor (factor Vllla), and substrate (factor X) at a common
location and, most dramatically, activation of the assembled enzgofactor complex. We asked whether
unsaturated phospholipid (PL) acyl chains are necessary to constitute factor VIII binding sites or to activate
the factor Vllla—factor 1Xa complex. We found that membranes composed of saturated, dimyristoyl
phospholipids had 20-fold fewer factor VIII binding sites and that these sites supported less than 5%
normal activity of the factor Vllla-factor IXa complex. Thrombin-activated factor VIl bound to a similar
number of membrane sites, and thrombin activation did not reduce the affinity for saturated membranes
more than 2-fold so that the loss of functional activity is due to a requirement of the factor-¥dtitor

IXa complex for unsaturated acyl chains that exceeds the requirement for factor VIII binding alone.
Replacement of dimyristoyl-PS, -PE, or -PC individually with the corresponding unsaturated phospholipid
restored 75%, 60%, and 15%, respectively, of factor VIl binding sites but less than 10% of factor Vllla
factor IXa activating activity. Lyso-PS did not support binding of factor VIII or function of the factor
Vllla—factor IXa complex even when PE and phosphatidylcholine contained unsaturated acyl chains.
We conclude that then2 acyl chain of PS and unsaturated phospholipid acyl chains are chemical
requirements for constitution of fully functional factor VIl binding sites on phospholipid membranes.

Factor VIII (antihemophilic factor) is a plasma glycopro- molecule has a repeating domain structure A1-A2-B-A3-C1-
tein which functions as an enzymatic cofactor for the serine C2 in which the A domains are homologous with a repeating
protease, factor IXa, on PS-containtnrgembranes [for re-  domain of ceruloplasmin, the highly glycosylated B domain
view, see {)]. The complex of activated factor VIII with  lacks homology to known proteins, and the C domains are
factor IXa on a membrane efficiently cleaves the zymogen, homologous with a domain of milk fat globule proteiris (
factor X, converting it to the active form. Activated factor 6) and with a PS binding slime mold lectif)( Single-

X then catalyzes cleavage of prothrombin to thrombin, the chain factor VIIl is cleaved in the Golgi apparatus to yield
chief effector molecule in hemostasis. The importance of a heterodimer consisting of a “heavy chain” composed of
the factor Vllla—factor IXa complex is illustrated by hemo-  the A1-A2-B fragment and a “light chain” consisting of the
philia, a disease in which deficiency of factor VIII or factor A3-C1-C2 fragment§). In plasma, factor VIII binds to von

IX causes life-threatening bleeding. Although phospholipid willebrand factor which prevents factor VIII from binding
membranes exert a critical regulatory role for the factor o membranes and premature proteolytic degradation [for
Vlilla—factor IXa complex, the chemical moieties of phos- review see §)]. In the course of blood coagulation, factor
pholipid membranes that constitute factor VIl binding sites /|| is cleaved by thrombin to the active form, factor Villa
and determine activation of the factor Vitdactor IXa  (10), which no longer binds to von Willebrand factor and is

complex have been only partially characterized. free to bind to phospholipid membrandd). The activated
_ The factor VIIl gene directs synthesis of a single polypep- factor VIIl molecule is a heterotrimer consisting of the Al
tide chain of approximately 280 kD@+<4). The factor VIII domain, the A2 domain, and the light chait2( 13. The

. A2 and A3 domains interact with factor 1Xd4, 19 while
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Factor VIl binds to PS-containing membranes with high age. The apparent requirement for unsaturated acyl chains
affinity (21) and with remarkable specificityl{). High- to support an allosteric change near the catalytic triad of
affinity binding is mediated by a multistep binding process factor Xa helps to motivate our study of unsaturated acyl
in which the first step is probably electrostatic interaction chains and the factor Vlltafactor IXa complex.
between the membrane binding motif of factor VIII and
exposed PS22). The specificity of the membrane binding EXPERIMENTAL PROCEDURES
interaction is illustrated by the failure of other plasma PS
binding proteins to compete with factor VIII for membrane
binding sites {1). Membrane binding is mediated in part
by stereoselective interaction of factor VIII wid-phospho-

L-Oleoyllyso-PS, bovine brain PS, dioleoyl-PS, 1-stearoyl-
2-oleoyl-PS, PE from egg yolk, dimyristoyl-PE, PC from
egg yolk, and dimyristoyl-PC were from Avanti Polar Lipids
L-serine, the ionic headgroup of PQ3[. High-affinity (Alabaster, AL). Recombinant human factor VIl was a gift

membrane binding of factor VIII requires PS conterg%, from D. Pittman of Genetics Institute, Cambridge, MA.
a condition rarely, if ever, encountered on membranes of Human factor IXa, factor X, and factor Xa were from
viable cells. However, if PE is included in the membranes, ENZyme Research Laboratories (South Bend, IN).
as little as 1% PS is sufficient to induce formation of high- ~ Preparation and &aluation of Proteins The purity of
affinity factor VIII binding sites @4). Thus, the external ~ proteins was evaluated by SDEAGE with silver staining.
leaflets of undifferentiated cell€§), and mature, stimulated ~ All preparations used in these studies exhibited only the
platelets 26) have the phospholipid compositions predicted bands corresponding to those previously attributed to the
to provide specific, high-affinity factor VIII binding sites.  respective proteins with the exception of a single contaminant
The importance of membrane b|nd|ng for function of factor band that comigrated with bovine albumin standards. This
VIIl in the factor Vllla—factor IXa membrane complex is ~contaminant was present as approximately 5% of the total
best illustrated by comparing the enzymatic parameters in protein for the factor IXa, factor X, and factor Xa prepara-
the presence and absence of phospholipid membranes. Pgions. Factor X was contaminated by factor Xa at a level of
containing membranes increase the affinity of factor Vllla approximately 1 part per 2000 as judged by the rate of
for factor IXa by approximately 20-fold and increase the development of the chromogenic substrate S-2765 (Helena,
affinity of the factor Vllla—factor I1Xa complex for the ~ Beaumont, TX). Therefore, stock factor X was incubated
substrate factor X by approximately 80-fold. However, the With 19 uM dansyl-Glu-Gly-Arg-CClH (Calbiochem, San
largest effect of PS-containing membranes is onkieof Diego, CA) for 90 min at RT and dialyzed against 0.14 M
the assembled factor Vlltafactor IXa complex which ~ NacCl, 0.05 M Tris/HCI, pH 7.5, yielding a product that did
increases 6000-fold when bound to PS-containing membranedot cleave S-2765 at a rate above buffer at the highest
(27). Thus, it appears that PS-containing membranes act asconcentrations used in these experiments. Recombinant
allosteric activators of the factor Vlltafactor IXa complex. ~ human factor VIl was activated by thrombin as described
The likely role of phospholipid structures in allosteric (19, 27. This factor Villa had activity, at a concentration
activation of the factor Vllla-factor IXa complex is il-  of 0.1 nM, ranging from 30 to 50% of factor VIII activity
lustrated by the capacity of soluble PS molecules with short When activated by thrombin in the presence of factor IXa
acyl chains to partially activate the enzyme complex at and phospholipid. The loss in activity was attributed to
submicellar concentration&®). Thus, while prior investiga-  dissociation of the A2 domain from the factor Vllla complex
tion indicates the importance of specific phospholipid head- during the approximately 2 min interval between dilution of
group moieties required to support binding of factor VIII, it factor Vllla and initiation of the reaction in keeping with
has not interrogated the importance of acyl chain structuresthe measured decay half-life of 2 mih9). Factor Vil was
which reside in the hydrophobic core of the membrane. labeled with fluorescein-maleimide as previously described
Factor VIII is homologous with factor V, another enzy- (11, 33. The protein concentration of factor VIII was
matic cofactor of blood coagulatiog9). Both proteins share ~ determined using a Micro-BCA Assay (Pierce, Rockford, IL)
the same repeating domain structure and, following pro- Using bovine albumin as a standard. All proteins were
teolytic activation, function as membrane-bound cofactors aliquoted into fractions for single usage, flash-frozen in liquid
for serine proteases [for review, seB]( Factor Xa, the  Nitrogen, and stored at80 °C until use.
product of the factor Vllla-factor IXa complex, serves as Lipospheres and Phospholipid Vesicle®hospholipid
the enzyme in the prothrombinase complex composed of vesicles were synthesized by sonication in a bath sonicator
membrane-bound factor Va assembled with factor Xa. The (Laboratory Supplies Co., Hicksville, NY) under argon until
two proteins differ from each other in that factor V circulates the suspension was visually clear. Phospholipid concentra-
in plasma primarily as a free molecule at a 100-fold higher tion was determined by phosphorus assa#).( Vesicles
concentration than factor VIII. Factor V also binds to were used fresh, or 1 mL aliquots were quick-frozen in liquid
membranes that contain a lower mole fraction of PS than nitrogen, stored at-80 °C, and thawed at 37C. Storage
that required by factor VIII Z1) and apparently binds via  at 4°C prior to incubation with microspheres did not exceed
the amino-terminal portion of the C2 domaB0j rather than 1 day. Glass microspheres of 1L.8n nominal diameter
the C-terminal portion homologous with the membrane (Duke Scientific, Palo Alto, CA) were cleaned, size-
binding motif of factor VIIl. Recent reports indicate that restricted, and covered with a phospholipid bilayer as
enzymatic function of the prothrombinase complex (mem- previously describedl() except that Tween 80 was omitted
brane-bound factor Vafactor Xa) is slowed 25-fold on  from the wash buffer and sonicated vesicles of 100% egg
membranes with saturated acyl chaii®d,(32. For this PC, 10uM, were included. Membranes supported by glass
enzyme complex, saturated acyl chains alter the preferredmicrospheres (lipospheres) were stored &C4and used
prothrombin peptide bond recognized and the rate of cleav- within 8 h of synthesis.
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Flow Cytometry Binding AssayFlow cytometry was
performed on 25L aliquots of 100uL samples with an
approximate liposphere concentration o&110°/mL using
a Becton Dickinson FACScan. Data acquisition was trig-
gered by 90 light scatter with all photomultipliers in the
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factor IXa, and 65 nM factor X in 0.15 M NacCl, 0.2 wt %/v
bovine serum albumin, 50 mM trizma-HCI, pH 7.8. The
reaction was started by adding®and factor Vllla at final
concentrations of 1.5 mM and 5 nM, taking care tket
min elapsed from dilution of concentrated factor Vllla until

log mode. Noise was reduced during analysis by eliminating reaction initiation. After 5 min at 28C, the reaction was

events with forward and side scatter values different from

those characteristic of the lipospheres. Mean log fluores-

stopped by diluting the mixture 1:0.8 with 16 mM EDTA,
and factor Xa activity was determined immediately in a

cence was converted to linear fluorescence for valuesthermostated kinetic microtiter plate reader (Molecular

depicted in the figures. Only experiments in which the
fluorescence histogram indicated a log-normal distribution,

Devices, Menlo Park, CA) at 25C using 0.1 mM S-2765.
A standard curve was prepared using pure factor Xa. The

as judged by inspection, were analyzed quantitatively. For results displayed in the figures are means of duplicates from
competition binding experiments, various concentrations of a representative experiment.

saturated vesicles were incubated with factor VIl for 10 min

prior to the addition of lipospheres. After 10 min, liposphere-

bound factor VIII was measured by flow cytometry.
Analysis of Binding Data.For simple binding experi-

RESULTS

We hypothesized that unsaturated phospholipid acyl chains
are constituents of factor VIII binding sites. To test this

ments, e.g., Figure 1A, data were fitted to the standard hypothesis, we compared binding of fluorescein-labeled fac-
binding equation by nonlinear least-squares analysis usingtor VIIl to membranes containing phospholipids with syn-

the software FitAll v 4.0. The assumptions were that factor
VIl recognizes a single class of binding sites and that the
fraction of factor VIII bound to lipospheres can be ignored
in calculating the free factor VIl concentration. The second
assumption is justified by the low concentration of phos-
pholipid associated with Xk 10° lipospheres/mL, 80 nM
(11), which is not predicted to bind more than 10% of free
factor VIII under experimental conditions. For competition
binding experiments (Figures 1B and 2B), free factor VI,

thetic, saturated acyl chains vs mixed acyl chains of biologic
origin (Figure 1A). While factor VIII bound saturably and
with high affinity to membranes supported by glass micro-
spheres (lipospheres) with a composition of 4% PS, 20%
PE, 76% PE of biologic origin, binding to lipospheres with
the same phospholipid composition but with all myristoyl
acyl chains was reduced more than 80%. Nonlinear, least
squares curve-fitting indicated that the number of factor VIII
binding sites was greatly reduced but that the affinity of

VIIl4, in the presence of saturated phospholipid vesicles wasfactor VIII for these sites remained approximately the same

calculated from liposphere-bound factor VIII using the
relationship:

Vil ] = —ro
Villd=1—57

where B is the fraction of occupied binding sites on
lipospheres andp is the dissociation constant describing
binding of factor VIII to the unsaturated phospholipid
membrane on liposphere® was determined by comparing

(Table 1). To confirm that the reduction in number of
binding sites reflects an effect of saturated acyl chains on
native membrane structure rather than altered structure related
to support of membranes by glass microspheres, we per-
formed competition binding experiments. Binding of factor
VIII to sonicated vesicles of biologic or dimyristoy! lipids
was detected as decreased free factor VIl available to bind
to lipospheres. Vesicles of biologic phospholipids competed
more than 90% of bound factor VIII from lipospheres at a
concentration of 4«M phospholipid, consistent with the

fluorescence readings to the maximal fluorescence projectedstoichiometry of 180 phospholipid molecules/binding site that
from nonllnear |eaSt—SquaI’eS CurVe'ﬁt“ng and the same batchwe have previous'y measured (data not Shown)_ |n Contrast,
of fluorescein-labeled factor VIl and unsaturated phospho- \yhen factor VIIl was incubated with sonicated vesicles of

lipid for the liposphere bilayers. The concentration of factor
VIII bound to vesicles of saturated phospholipids was
obtained from experimental data using the relationship:

VIIE, = VIl = VIl

These results were compared to predicted bound factor VI

from the relationship:
VIl )] = {Kp ¢+ [VIII ] + [PL)/Nn —
\/(KD st T [VIIT] + [PL)/n)? — 4[VIII J[PL)/n}/2

whereKp sarcharacterizes binding to saturated bilayers, the
phospholipid/binding site stoichiometry is and the con-
centration of saturated phospholipid is [PL]. Data from two
experiments with different factor VIII concentrations were
simultaneously fitted by eye using Microsoft Excel v 5.0.
Factor Xase AssayFactor Xase activity was measured

dimyristoyl phospholipids (Figure 1B) prior to addition of
lipospheres, much higher concentrations of sonicated vesicles
were required to bind significant fractions of factor VIII.
The smooth lines indicate fitted curves assumirgpaf 17
nM and 3300 phospholipid molecules/binding site. Deviation
from these curves for phospholipid concentratior&2 uM
is justified by noting that at these concentrations many large
vesicle aggregates are detected by flow cytometry and
rationalizing that vesicle aggregates display fewer factor VI
binding sites per phospholipid molecule because some sites
are blocked by other vesicles. The 95% reduction in the
number of factor VIII binding sites present on vesicles of
saturated phospholipids vs vesicles of biologic phospholipids
confirms that unsaturated phospholipids are necessary for
efficient formation of factor VIII binding sites.

To determine whether decreased binding of factor VIl
correlated to decreased function as a cofactor in the factor
Xase complex, we evaluated the capacity of sonicated

with a two-step amidolytic substrate assay. Phospholipid phospholipid vesicles of the same compositions to support

was mixed with a reaction mixture containing 0.025 nM

activity (Figure 1C). In preliminary experiments, we identi-
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1? —aA— PS:PE:PC A Table 1: Parameters for Factor VIII Binding to Saturated and
=2 —#— DMPS:DMPE:DMPC Unsaturated Phospholipid Membranes
=5 —®— PC —
f 3 phospholipid molar Kb ma (fluorescence/
ge 2007 composition rato  (nM) liposphere) n
EE PS:PE:PC 4:20:76 1*£6 289+ 74 7
°5 DMPS:DMPE.DMPC 4:20:76 1%6 45+ 14 6
S Q 100 1 PS:PC 2575 %1 2218+ 124 4
8 [ DMPS:DMPC 25:75 1%5 309+ 73 4
S PS:DMPE:DMPC 4:20:76 1x6 172+ 81 7
s DMPS:PE:DMPC 4:20:76 2% 3 81+9 4
0 o 10 20 DMPS:DMPE:PC 4:20:76 223 1%Zj: 38 4
DOPS:DMPE.DMPC 4:20:76 52 108 + 23 3
. [Factor VIli], (nM) SOPS:DMPE:DMPC ~ 4:20:76 188 93+14 3

B 2nMtotal Vil B

O &M total Vil @ Bmax is the maximum fluorescence per liposphere predicted when

all factor VIII binding sites are saturated. Values were obtained from
subjecting data such as those displayed in Figures 1A, 2A, 4, and 5 to
nonlinear least-squares curve-fitting. Values are mga8D for the
fitted values from the indicated number of experimehtshe lesser
value of the meaBmax for membranes with DOPS vs bovine brain PS

is in contrast to results displayed in Figure 5 whBrgx was greater

N D 4 for DOPS. BecausBmax for DOPS was greater than bovine brain PS
for 3 of 3 experiments where binding to these phospholipids was carried
out in parallel, we believe that membranes with DOPS actually provide

[Bound Factor VIII], (nM)

[Phos‘r’poholipid],u()ﬁM) 150 more factor VIII binding sites than membranes with bovine brain PS.
15 e fied protein concentrations that led to factor Xa production
— B DMPS.DMPEDMPG c that was proportional to an elapsed time of more than 4 min

at unsaturated phospholipid concentrations up tah
Although these conditions were predicted to produce an
artifactual lowVmax at the optimal concentration of biologic
phospholipids, they were utilized because they were more
sensitive to any residual Xase activity supported by saturated
phospholipids than an assay optimized to report maximal
Xase activity. While vesicles containing phospholipid of
ooB - - - j? w0 biologic origin efficiently .supported activity .of the Xasg
[Phospholipid], (uM) complex, as we havga prev'|ously reported, ve_S|_cIes containing
’ saturated phospholipid did not support activity. By com-
parison of the results in Figure 1B with those in Figure 1C,
Ficure 1: Effect of acyl chain saturation on binding of factor viil it iS evident that the highest concentration of phospholipid
to membranes with 4% PS. (A) Fluorescein-labeled factor VIIl at employed bound at least 30% of total factor VIII. Yet, the
the indicated concentrations was incubated with lipospheres con-reduction of factor Xase activity was greater than 95%, and
taining 4% PS and either biologic, (.U;)rffst‘gitggtr%ﬁ‘?is%hso'ihp;‘gss( the rate of color development was not greater than the
withymembr’anes of Pcpﬂ) er’re uF;iIized. Bound faétorr) VIFIJI was backgrpund rate in the absence of add_ed factor Xi These
measured by flow cytometry. The apparent number of factor VIl results indicate that unsaturated acyl chains have an influence
binding sites was reduced on membranes of saturated phospholipidupon the function of the factor Vlltafactor IXa complex
approaching fluorescence associated with the PC lipospheres. (B)that extends beyond their requirement for efficient formation
Binding of 2 nM @) or 8 nM fluorescein-labeled factor VIIL{) of factor VIII binding sites.

to sonicated phospholipid vesicles of saturated phospholipids was . . .
detected as reduced binding of factor VIII to lipospheres. The solid _ cholesterol was included in the phospholipid membranes

and dashed curves represent predicted binding assunigad at 20 mol % to ensure that the phospholipids were in the
17 nM and 3300 phospholipid molecules/factor VIII binding site. liquid-crystalline phase rather than the gel phase at23
Values displayed represent mear$D for 3 experiments performed  °C (35, 3§. To confirm that the loss of factor VIII binding

at each factor VIII concentration. (C) To determine whether the gjiag did not correlate to membrane fluidity changes that
factor VIl binding sites detected were functional, sonicated

phospholipid vesicles from the same lipid preparations used in panel°CCUr néar the phase transition temperature, we evaluated
A were incubated with factor Vllla, factor IXa, and factor X. the capacity of dimyristoyl vs biologic phospholipids to
Whereas free factor Vllla loses activity withTa), of 2 min (19), support function of the factor Xase complex at’®. While

the factor Vllla—factor IXa complex is stable for many minutes  the vesicles of biologic phospholipids efficiently supported

under these conditions because factor 1Xa binds to factor Vllla < : h
and slows the rate at which the A2 subunit dissocia?&. After activity of the factor Xase complex, the dimyristoyl phos-

5 min, the reaction was stopped, and the quantity of factor Xa Pholipids supported no measurable activity at concentrations
generated was measured in a kinetic microplate reader usingup to 32uM (data not shown). These results confirm that

chromogenic substrate S-2765. Vesicles prepared from biologic failure of membranes with saturated phospholipids to support
phospholipids supported efficient function of the factor \Afactor function of the factor Xase complex is not a consequence of

IXa complex while those prepared from saturated phospholipids e .
supported no detectable activity. The displayed experiment is the altered phase transition temperature and is not solely a

representative of 6 such experiments. The lipid compositions were COnsequence of decreased fluidity in these membranes.
(a) PS:PE:PC:Chol 4:20:76:20M) DMPS:DMPE:DMPC:Chol Membranes with>20% acidic phospholipid support func-

4:20:76:20, @) PC:Chol 100:20. tion of the factor Xase complex but, in contrast to membranes

0.5 1

[Factor Xa Generated], (nM/min.)
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with <15% acidic phospholipid, do not require th@- el e e— A
phospho:-serine motif or PEZ4). Because the hydrophilic _o —#— DMPSDMPC
constituents of binding sites differ on highly acidic mem- §'§ —e— re
branes, we asked whether the requirement for unsaturated 52
phospholipids might also be diminished. Therefore, we §§ 1000 4
measured binding of fluorescein-labeled factor VIII to "_; 2
membranes containing 25% PS, 75% PC containing biologic ] §
phospholipids vs dimyristoyl phospholipids (Figure 2A). The QL
number of binding sites on membranes with myristoyl acyl §
chains was reduced more than 80% compared to biologic = o r -0
phospholipids. However, the number of high-affinity binding 0 10 20
sites on these membranes was similar to the number of sites [Factor VI, (nM)
on membranes containing biologic lipids but with 4% PS s s B 2nMai B
and 20% PE (Table 1). These results indicate that unsatur- £ O  enMtotalfvi
ated acyl chains are necessary for approximately 80% of =
high-affinity factor VIII binding sites even on membranes >
with high mole fractions of acidic phospholipid. To confirm S
that the reduction in number of binding sites reflects an effect E-:
of saturated acyl chains rather than altered structure related o
to support of membranes by glass microspheres, we per- §
a

formed competition binding experiments utilizing sonicated
vesicles to bind factor VIII. Vesicles of biologic phospho-
lipids competed more than 90% of bound factor VIII from
lipospheres at a concentration ofu#il phospholipid, con-
sistent with the stoichiometry of approximately 125 phos-
pholipid molecules/binding site that we have previously mea-
sured 21) (data not shown). In contrast, when factor VIII
was incubated with sonicated vesicles of dimyristoyl phos-
pholipids (Figure 2B) prior to addition of lipospheres, much
higher concentrations of sonicated vesicles were required to
bind significant fractions of factor VIII. Both smooth lines
indicate fitted curves assumingkg of 10 nM (Table 1)
and 2500 phospholipid molecules/binding site. In contrast
to vesicles with 4% PS, 20% PE, these vesicles did not ag-
gregate detectably at the higher concentrations employed, [Phospholipid}, (LM)

presumably because of the greater electrostatic repulsion beficure 2: Effect of acyl chain saturation on binding of factor VIII
tween them. The results confirm that unsaturated acyl chainsto membranes with 25% PS. (A) Fluorescein-labeled factor VIII
are necessary for efficient formation of factor VIII binding Was incubated with lipospheres containing either biologic, unsatur-

. PSR . _ ated phospholipidsa() or synthetic, saturated phospholipid)(
sites but that some high aff'”,'tY sites form even on mem The results indicate that approximately 80% of the high-affinity
branes of saturated phospholipids.

binding sites require unsaturated acyl chains even when the
To determine whether the residual binding sites would membranes contain 25% PS. (B) Binding of 2 nM) (or 8 nM

support function of factor VIII, we compared phospholipid fluorescein-labeled factor VIIIT) to sonicated phospholipid
vesicles prepared from the same phospholipid preparations"es'des of saturated phospholipids was detected as reduced binding

. : . . ..~ ~of factor VIl to lipospheres. The solid and dashed curves represent
in the factor Xase assay (Figure 2C). Biologic phospholipids predicted binding assumingk& of 10 nM and 2500 phospholipid

efficiently supported the factor Xase complex with a half- molecules/factor VIl binding site. (C) To determine whether factor
maximal concentration approximately 4-fold lower than VIl binding sites on saturated membranes with 25% PS would
membranes with 4% PS, 20% PE. In contrast, those with support function of factor VI, sonicated vesicles from the same

: : - : P : phospholipid preparations used to prepare lipospheres used for panel
dle”Stoyl lipids did not s_upport activity at concgntra_tmns A were incubated with factor Vllla, factor IXa and factor X. After
as high as 322M. Comparison of these results with Figure 5 min the reaction was stopped, and the amount of factor X

2B indicates that the highest phospholipid concentration, 32 generated was measured using chromogenic substrate S-2765.
uM, was sufficient to bind more than 30% of factor VIII. Saturated phospholipid vesicles with 25% PS did not support
However, factor Xase activity was reduced more than 95%. measurable function of the factor Xase complex. Phospholipid
These reuits confim that unsaturated acyl chains are re SSTPESIENS et PPC Ol 257920 DNPS VPG,
quired not only to constitute most factor VIII binding sites  representative of 3 such experiments.
but also to support function of the membrane-bound factor
Vllla—factor IXa complex. fore, we measured membrane binding of unactivated factor
While unactivated factor VIII was used for the binding VIII vs thrombin-activated factor VIl to lipospheres with
experiments depicted in Figures 1 and 2, thrombin-activated membranes of unsaturated phospholipid (Figure 3A) and
factor VIII (factor Vllla) was used for the enzyme cofactor saturated phospholipid (Figure 3B). Factor VIII was exposed
experiments depicted in Figures 1C and 2C. It remained to thrombin either 10 min or 2 min prior to addition of
possible that factor Vllla has modified membrane binding lipospheres at concentrations previously shown to lead to
characteristics compared to unactivated factor VIII. There- efficient activation of factor VIII. Fitting the binding iso-

[Phospholipid], (LM)

10
—&— PSPC c
—— DMPSDMPC

0.8 9

0.6

0.4

0o 10 20 30 40

[Factor Xa Generated], (nM/min.)
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—q—; 250 A
o 10 —4&— PS:PE:PC .
£ — A o —O— PS.DMPE:DMPC
@ —— Factorz::: 2 mi A b | —&— DMPS:PE:.DMPC
o Factor Villa (2 min. _£ 201 —A— DMPS:DMPE:PC
o 0.81 —O— Factor Vllla (10 min.} § %
3 -
o O.= 1501
S5 os 3
29 5 o0l
= g ES 100
> s 0.4 33
5= @5
s o 2 50
Lf_g 0.2 =
®
g E ° 0 10 20
o@ 0.0LF T T T
ol 0 10 20 30 40 [Factor VIII], (nM)
[Factor VIIl/Villa], (nM) 05
08 —&— PS:PE:PC B

—O— PS:DMPE:DMPC
s —O— DMPS:PEDMPC
—&— DMPS:DMPE:PC

-—2&— Factor VIl B
—{— Factor Vlila (2 min.)
—O— Factor Vllla (10 min.)

[Factor Xa Generated], (nM)

o4 T T
A 1 10 100 1000

(normalized fluorescence/liposphere)

Bound Factor VIll/Villa

0 ° 20 % © [Phospholipid], (M)

[Factor VII/Villa], (nM) FiGURE 4: Effect of unsaturated acyl chains as constituents of a
FiGURE 3: Effect of thrombin-mediated activation of factor VIl single phospholipid species. (A) Bovine brain R3,(egg PC 4),
upon binding to lipospheres. Fluorescein-labeled factor VIII at the OF egg PE [[) was used to replace DMPS, DMPC, or DMPE,
indicated concentrations was incubated with 1 nM thrombin for 2 respectively. The number of factor VIl binding sites was increased
(O) or 10 ©) min or with no thrombin 4) prior to the addition of to more than 50% of the number observed when all phospholipids
lipospheres. After 10 min, binding of factor VIII to unsaturated Were unsaturated for PS and PC but only 15% of that maximum
liposphere membranes (A) or saturated membranes (B) wasfor PE. (B) Vesicles with the same phospholipid compositions were
measured by flow cytometry. The affinity of factor VIl and evaluated for capacity to support Xase enzyme complex function.
thrombin-activated factor Vill for unsaturated membranes of Replacement of individual saturated phospholipid species with
biologic origin was apparently unaltered. However, the affinity of biologic, unsaturated phospholipids led to partial reconstitution of
thrombin-activated factor VIII for saturated, dimyristoyl membranes the Xase supporting activity. The lipid composition was PS:PE:
was apparently reduced 2-fold. Displayed results are from a single PC:Chol 4:20:76:20 with the indicated lipids present entirely as
experiment (A) and meatt SD from 2 experiments (B). Data for  synthetic dimyristoyl phospholipid. Experimental conditions were
each panel were normalized to tBga, for unactivated factor VIII as described in the legend to Figure 1. Displayed experiments
for ease of comparison, prior to data averaging for panel B. are representative of 4 such experiments (A) and 4 such experi-
Membrane compositions were (A) PS:PE:PC:Chol 4:20:76:20 and ments (B).

B) DMPS:DMPC:Chol 25:75:20. . . .
(®) We asked which unsaturated phospholipids contribute to

therms to the standard binding model indicated that the factor VIl binding sites on membranes with phospholipid
affinity of factor VIII for lipospheres of biologic phospholipid  ratios of PS:PE:PC 4:20:76 (Figure 4). Substitution of
was unaltered by thrombin activation. However, the maxi- bovine brain PS for dimyristoyl-PS reconstituted approxi-
mum fluorescence for factor Vllla was approximately 30% mately 70% of factor VIII binding sites. Substitution of egg
less. We attributed this reduction to the time-dependent PC for dimyristoyl-PC restored approximately 55% of
dissociation of the fluorescein-labeled A2 domain from factor binding sites. Substitution of egg PE for dimyristoyl-PE
Vllla but not factor VIl (see Discussion). Thrombin- restored only about 20% of binding sites. These results
activated factor VIl also bound saturably to membranes with indicate that the unsaturated acyl chains of PS make the
saturated phospholipids (Figure 3B), but the affinity was largest contribution to the formation of factor VIII binding
reduced approximately 2-fold. The fluorescence at satura-sites even though PS constitutes only 4% of the membrane
tion, from nonlinear least-squares curve-fitting, was 35% less phospholipid. However, these results also indicate that
than for unactivated factor VIIl. These results indicate that unsaturated PS acyl chains are not strictly necessary because
the affinity of factor VIII for phospholipid membranes is a high mole fraction of unsaturated PC can provide a similar
not reduced more than 2-fold by thrombin activation and number of high-affinity binding sites. We also asked whether
are consistent with the interpretation that thrombin-activated binding sites from these membranes support function of the
factor VIII recognizes the same binding sites. factor Vllla—factor IXa complex (Figure 4B). The results
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FicURE 5: Effect of various unsaturated acyl chains on binding of FIGURE 6: Importance of then2 acyl chain of PS for factor VIII
factor VIII. Lipospheres were prepared from vesicles containing Pinding sites. Vesicles were prepared containing the indicated
4% dioleoyl-PS 4), bovine brain PS4), stearoyloleoyl-PS), fraction of PS or lyso-PS. Vesicles contained 20% PE, and the
and dimyristoyl-PS M). The other phospholipids had saturated balance of phospholipid was PC. Sonicated vesicles of the indicated
myristoyl acyl chains. Dioleoyl-PS supported the greatest number composition were mixed with lipospheres at a phospholipid
of factor sites, bovine brain PS was second, and stearoyloleoyl-PSconcentration of 5:M, a concentratiorr5-fold higher than the
third. Experimental conditions are as described in the legend to critical micellar concentration of lyso-PS. Fluorescein-labeled factor

Figure 1, and displayed data are representative of 4 such experi-V!ll was added, and after 10 min, factor VIII bound to lipospheres
ments. was measured by flow cytometry. Vesicles containing PS competed

with lipospheres for factor VIII binding while those containing lyso-
- - . . . . PS did not. The phospholipid composition of liposphere membranes
indicate that some binding sites resulting from inclusion of 5 ps:pE:PC:Chol 4:20:76:20, and that of competing vesicles was
unsaturated acyl chains as constituents of PS, PE, or PC ar:20:v:20 where X is the specified PS/lyso-PS content anet Y

functional. However, the effective phospholipid concentra- 80— X. Displayed results are representative of 3 such experiments
tions were approximately 50-fold higher for all three performed with 2 separate preparations of vesicles.
membranes containing a single unsaturated phospholipid ) N
species. Thus, these results, like those displayed in FigurelySo-PS was a membrane constituent. The competition
2, indicate that not all membrane sites that support high- binding format also ensured that binding would be detected
affinity binding of factor VIII will support function of the ~ €ven if the affinity was lower or a reduced number of binding
factor Vllla—factor IXa complex. sites were present (Figure 6). While control vesicles
To further explore the acyl chain features that influence containing PS competed with lipospheres for binding of
membrane binding of factor VIII, we asked whether factor factor VI!I, vesicles containing lyso-PS did not. !ncreasmg
VIl displays preferential affinity for PS species with different ~ the fraction of lyso-PS as high as 30%, conditions where
unsaturated acyl chains (Figure 5). We compared bindingthe _chemlcal requirements for formatl_on_ of factor VIlI
to membranes containing 4% dioleoyl-PS vs bovine brain blndmg_ sites are relaxed, suppor'ged no blnd_ln_g of factor VII_I.
PS, vs stearoyloleoyl-PS, vs dimyristoyl-PS. Dioleoyl-PS, In confirmatory expgrl_ments, vesicles gontalnmg lyso-PS did
with double bonds in both acyl chains, most efficiently Not support the activity of factor VI_II in the Xase enzyme
formed factor VIII binding sites. However, bovine brain PS complex (data not shown). Only micelles of 100% lyso-PS
supported approximately 80% as many sites. Stearoyloleoyl-bounc_’ f_actor VI, and th_ese were less effectl_ve than vesicles
PS supported only half as many binding sites as bovine braincontaining 8% PS. While 100% lyso-PS micelles enhance
PS. Because stearoyloleoyl-PS is the dominant species ofctivity of the Xase complex, the effect on tke.is very
bovine brain PS, these results suggest that minor PS specie§Mall as we have previously reporte2B). These results
with multiple double bonds in then-2 acyl chain are more  indicate that thesn-2 acyl chain of PS is a structural re-
effective than stearoyloleoyl-PS. quirement _for formation of factor VIl binding sites and
The results in this paper suggest that factor VIl interacts for activation of the factor Vllla-factor [Xa enzyme
preferentially with unsaturated acyl chain(s) adjacent to a Complex.
PS mole_cule. We hypothesized that the presence ef@n . DISCUSSION
acyl chain on PS may be a structural requirement for binding
of factor VIII. We therefore performed binding experiments  Our prior investigations have indicated that factor VIl
to see whether lyso-PS would support binding of factor VIII. binds to PS-containing membrane sites and that these sites
We first performed experiments of lyso-PS solubility to are highly specific for factor VIII 11). Binding is partially
determine what concentration of phospholipid vesicles would mediated by stereoselective recognition of @g@hospho-
be necessary to ensure that virtually all lyso-PS resided L-serine moiety of PS by factor VIIE@). The corresponding
within membrane bilayers rather than as soluble monomers.structure of factor VIl is apparently a PS binding peptide,
Under the conditions used in these studies, the critical from the membrane binding C2 domain which forms an
micellar concentration for lyso-PS wasl0 uM as deter- amphipathic helix that may penetrate the hydrophobic core
mined by 90 light scattering (data not shown). Therefore, of a phospholipid bilayer37). The results in this report
we utilized a competition binding assay that would provide identify two new phospholipid requirements to constitute
sufficiently high membrane concentrations to ensure that functional factor VIl binding sites. First, PS must contain

Bound Factor Vil
(fluorescence/liposphere)

Bound Factor Vi
(fluorescence/liposphere)
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an sn2 acyl chain. Second, some acyl chains in the the A3C1C2 light chain. The source of instability is rapid
membrane bilayer must be unsaturated. For membranes withdissociation of the A2 domain from the remaining het-
4% PS and for membranes with the supraphysiologic PS erodimer with a half-time of 2 minl©). Because membrane
content of 25% approximately, ¥20% of factor VIII binding determinants are localized within the C2 domain of
binding sites apparently do not require unsaturated acyl the light chain, the prediction is that membrane binding of
chains. However, although these sites bind factor VIII, they the heterodimer containing one fluorescently labeled moiety
do not support the function of factor VIII in the factor Xase in the A3 domain may be unaffected but would have less
complex. Therefore, unsaturated acyl chains are requiredfluorescence per molecule. Thus, we interpret the lower
to constitute functional binding sites even when the mem- curve, achieved with factor VIII exposed to thrombin, as
branes contain high mole fractions of PS. representing a mixture of factor VIII and the AA3C1C2

The major effect of unsaturated acyl chains was to increaseheterodimer which apparently retains normal membrane
the number of factor VIII binding sites whereas the affinity binding properties but is functionally inefficient.
for the residual binding sites on saturated membranes was The affinity of thrombin-activated factor VIl was appar-
equivalent to unsaturated membranes. Binding sites wereently unaltered for membranes with unsaturated phospho-
sufficiently rare on saturated phospholipid membranes, ap-lipids but 2-fold lower for membranes with saturated
proximately 1/3000 molecules, to raise the possibility that phospholipids (Figure 3). This difference is insufficient to
they result from trace contaminants of the saturated lipids account for loss of enzymatic cofactor activity for the
by unsaturated lipid species. We believe that this possibility experiments displayed in Figures 1C and 2C. The light chain
is unlikely because controlled addition of small quantities of factor VIII apparently undergoes a conformational change
of unsaturated phospholipid had a very modest effect on for- following thrombin-mediated activation, and this change
mation of binding sites unless the unsaturated phospholipid affects the affinity of factor VIII for von Willebrand factor
was phosphatidylserine. Alternatively, the scarce binding (41). The coincidence of the major membrane binding motif
sites could result from formation of rare, but reproducible with the major von Willebrand factor binding motif makes
membrane structural defects. This possibility is bolstered it possible that the same conformational change could be
because saturated phospholipid membranes on lipospherethe explanation for the modest decrease in affinity for binding
apparently display 24-fold more binding sites than soni- sites on saturated phospholipid membranes.
cated vesicles from the same phospholipids. It seems A membrane binding motif of factor VIII resides within
probable that the process of vesicle fusion on a glass surfacehe C-terminal residues of the C2 domai8(42. Thus, a
with microscopic irregularities results in more frequent 21 amino acid peptide corresponding to residues 22323
membrane defects than formation of sonicated vesicles. competes with factor VIII for binding to PS immobilized

Acyl chain double bonds decrease the packing density of on polystyrene, PS-containing synthetic membranes, and
phospholipid molecules in a bilayer and increase the fluidity maximally stimulated platelet87). The importance of this
(38). They also decrease the gel to liquid-crystalline phase membrane binding motif is illustrated by the fact that a
transition temperature. However, our data suggest that thesenonoclonal antibody with this epitope inhibits membrane
altered physical properties are not the primary means throughbinding and by the fact that patients with inhibitory antibod-
which acyl chain double bonds enhance binding and function ies that recognize this epitope have symptoms of bleeding
of factor VIII. Acyl chain double bonds of PS greatly characteristic of hemophilia despite receiving infusions of
increase the number of factor VIII binding sites even though factor VIII (17). The 21 amino acid peptide from this region
PS represents only 4% of total lipid. Addition of double spontaneously forms 3 turns of an amphipathic helix in the
bonds to only PS would have a small impact on lipid packing presence of SDS micelle87) or dodecylphosphocholine
or fluidity (Figure 4). By comparison, exchanging egg PC micelles é@3). The hydrophobic residues on one face of the
for dimyristoyl-PC achieves a comparable effect even though helix bury themselves within the hydrophobic cores of
this represents alteration of 76% of membrane phospholipid, dodecylphosphocholine micelles. Thus, it appears likely that
having a large impact on fluidity and packing. Thus, we factor VIII binds to membranes via a combination of
believe the results are best explained by a model in which hydrophobic interactions related to insertion of hydrophobic
the membrane-penetrating region of factor VIl interacts residues into a membrane core as well as electrostatic
preferentially with unsaturated phospholipid acyl chain(s). interactions that mediate recognition@fphospho:-serine.
The preferential effect of PS acyl chain double bonds may The probability of contributory hydrophobic interactions is
be rationalized by considering that the membrane-penetratingunderscored by a report indicating that factor VIII may be
moiety probably inserts adjacent to a PS headgroup. Thus,eluted from a membrane matrix with ethylene glycd)
PS with unsaturated acyl chains has these structures at th&Ve speculate that the hydrophobic residues of the membrane
location they are most likely to have a productive interaction binding peptide of factor VIII penetrate the hydrophobic core
with the membrane-penetrating portion of factor VIIl. of a membrane adjacent to a PS molecule. The requirement

The decrease iBnax for thrombin-activated factor VI for unsaturated PS acyl chains may reflect both the decreased
binding to lipospheres probably results from decreased meanheadgroup density on unsaturated phospholipid bilayers,
fluorescence per factor VIII molecule rather than recognition easing penetration through the hydrophilic surface to the
of fewer binding sites by thrombin-activated factor VIII. hydrophobic core, and the increased capacity of unsaturated
Factor VIII contains three free cysteinegd), of which two acyl chains to conform to the shape of penetrating hydro-
are readily derivatized by fluorescent probes. One is within phobic residues.
the A2 subunit and the other within the A3 suburD), We have found that phospholipid vesicles containing lyso-
While factor VIII is a stable dimer, thrombin-activated factor PS at mole fractions as high as 30% do not support binding
VIII is an unstable heterotrimer consisting of A1, A2, and of factor VIIl even when other phospholipid constituents
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have acyl chain double bonds. Our prior results indicate branes. The absence of effect on factor V/factor Va binding
that when the mole fraction of PS i20%, factor VIII apparently contrasts with the loss of binding sites for factor
binding sites no longer demonstrate stereoselective relianceVlll. Likewise, the inhibition of the prothrombinase complex

on phospha=serine or PE. Therefore, binding under these is less pronounced than the inhibition of the factor Xase

conditions is influenced by the large negative electrostatic complex. Rather than displaying a modestly decre&sgd
potential and less dependent upon interaction with specific the activity of the Xase complex is decreaseti00-fold by
structures. However, the results in this report indicate that saturated membranes with a PS:PE:PC ratio of 4:20:76. Thus,

the sn2 acyl chain is critical to formation of factor VIII

it appears likely that both enzyme complexes rely upon acyl

binding sites even when the mole fraction of lyso-PS is 30%. chain double bonds to enable a conformational change that

The requirement for then-2 acyl chain under these condi-
tions further emphasizes that the binding of factor VIII to

enhances catalytic activity of the active site.

phospholipid sites still relies on complimentary interaction ACKNOWLEDGMENT

of specific structures even when the electrostatic effect is
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membrane binding moiety of factor VIII interacts specifically

with the sn2 acyl chain of PS, it is also possible that the REFERENCES

sn2 acyl chain alters the conformation of PS or the
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conformation.
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