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ABSTRACT: â2-Glycoprotein I (â2GPI) is an essential cofactor for the binding to lipids of anticardiolipin
antibodies (ACA), isolated from patients with anti-phospholipid syndrome. We used ellipsometry to study
the binding ofâ2GPI and theâ2GPI-mediated binding of ACA to planar membranes composed of
phosphatidylcholine (PC) and 5-20 mol % phosphatidylserine (PS). No binding ofâ2GPI was observed
to neutral (PC) membranes. Maximal binding ofâ2GPI was 3.2-3.6 pmol‚cm-2. Affinity decreased
strongly with decreasing PS content; increasing the NaCl and CaCl2 concentrations also led to a decrease
in affinity. At physiologic conditions (10 mol % PS, 120 mM NaCl, and 3 mM CaCl2), aKd of 14 µM
was observed. Binding constants were insensitive to the chemical composition of the negatively charged
phospholipid headgroup. ACA (1.25-10µg‚mL-1) caused a 30-40-fold enhancement ofâ2GPI binding
to PS/PC membranes (20 mol % PS), resulting in the binding of about 2 pmol‚cm-2 divalent ACA-
(â2GPI)2 complexes at 100 nMâ2GPI. In the absence ofâ2GPI, binding of ACA was negligible. Ad-
and desorption kinetics of ACA-â2GPI complexes indicate that the initial monovalent association of
ACA to membrane-boundâ2GPI is rapidly followed by formation of divalent ACA-(â2GPI)2 complexes.
Experiments with monovalent Fab1 fragments of ACA showed no appreciable effect on theâ2GPI binding
to lipid, substantiating the notion that divalent interactions are essential for the high-affinity binding of
ACA-â2GPI. The anticoagulant effect of ACA is rationalized by the observation that binding of ACA-
â2GPI complexes to the PSPC membrane severely restricts the adsorption of blood coagulation factor Xa.

â2-Glycoprotein I (â2GPI)1 is a plasma protein circulating
both as a free protein and associated to lipoproteins. This
protein, also referred to as apolipoprotein H, was described
for the first time in 1961 by Schultze et al. (Schultze et al.,
1961). The protein consists of 345 amino acid residues,
including a 19 amino acid N-terminal signal peptide, and is
highly enriched in proline residues (Kato & Enjyoji, 1991;
Lozier et al., 1984; Matsuura et al., 1991; Mehdi et al., 1991;
Steinkasserer et al., 1991). The apparent molecular mass
of â2GPI is estimated at 50 kDa under nonreducing condi-
tions, shifting upward to 70 kDa upon reduction, in agree-
ment with the high number of disulfide bonds.â2GPI is a
single-chain molecule and is highly glycosylated, the vari-
ability of which is responsible for the existence of at least
five isoforms (Gries et al., 1989; Schousboe, 1982). The
amino acid sequence ofâ2GPI in human, rat, and bovine
appears to be highly conserved; the protein contains 5 internal
repeats of 60 amino acid residues, each with 2 internal
disulfide bonds, known as short consensus repeats or Sushi

domains (Aoyama et al., 1989; Bendixen et al., 1992; Kato
& Enjyoji, 1991).

Despite its rather high plasma concentration of 0.15-0.30
mg‚mL-1 (3-6 µM) (Cleve & Rittner, 1969), little is known
about the biological function ofâ2GPI; among the proposed
functions are modulation of the metabolism of triglyceride-
rich lipoproteins (Nakaya et al., 1980), modulation of platelet
function (Nimpf et al., 1985a,b; Schousboe, 1980), and
inhibition of blood coagulation (Nimpf et al., 1986; Schous-
boe, 1985), although this latter function has been questioned
(Bancsi et al., 1992).

Research onâ2GPI got further impetus by the demonstra-
tion that this protein appeared to be the plasma cofactor
required for the binding of so-called “anticardiolipin”
antibodies (ACA) to an anionic lipid surface (Galli et al.,
1990; McNeil et al., 1990). Together with lupus anticoagu-
lants (LA), ACA belong to the family of “antiphospholipid”
antibodies whose presence in plasma, in association with
clinical manifestations such as arterial and venous throm-
bosis, recurrent abortion, and thrombocytopenia, defines the
“Antiphospholipid Syndrome” (McNeil et al., 1991). It is
becoming more appreciated that these antibodies are not
directed to phospholipids, but recognize lipid-bound (plasma)
proteins; LA was found to be directed to lipid-bound
prothrombin (Bevers et al., 1991; Oosting et al., 1993;
Permpikul et al., 1994), whereas ACA recognizes lipid-bound
â2GPI (Galli et al., 1990; McNeil et al., 1990; Oosting et
al., 1991; Roubey et al., 1992) or evenâ2GPI bound to
particular plastic surfaces (Matsuura et al., 1994). Evidence
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has been presented that the anticoagulant activity of some
ACA is mediated viaâ2GPI (Galli et al., 1992; Oosting et
al., 1991; Roubey et al., 1992). In fact, it was demonstrated
that the inhibitory effect ofâ2GPI on the conversion of
prothrombin to thrombin by the factor Xa-factor Va
complex assembled on the lipid surface is strongly enhanced
by the presence of ACA (Galli et al., 1992). It is generally
assumed that the observed interference with lipid dependent
reactions is the consequence of high affinity binding of
ACA-â2GPI complexes to the membrane, thereby restricting
the available lipid surface. The precise mechanism of high-
affinity binding of ACA to lipid-bound â2GPI is still
unresolved: on the one hand, it has been suggested that ACA
binds to a neo-epitope formed onâ2GPI as result of a change
in conformation induced by the binding ofâ2GPI to the lipid
membrane (Matsuura et al., 1994; Wagenknecht & McIntyre,
1993). On the other hand, it was proposed that ACA are
low-affinity antibodies which bind toâ2GPI on lipid
membranes through a divalent interaction promoted by the
enhanced surface density of antigen (Roubey et al., 1995).
The interaction ofâ2GPI with negatively charged phos-

pholipids has been demonstrated in several studies (Kertesz
et al., 1995; Nakaya et al., 1980; Polz & Kostner, 1979;
Schousboe, 1979), but quantitative data on the binding
parameters are scarce and regard membranes containing 50-
100 mol % negatively charged lipids (Hagihara et al., 1995;
Wurm, 1984). In this report, we describe a quantitative study
on the interaction ofâ2GPI with membranes, composed of
lipid mixtures which are more physiological relevant. We
used highly purifiedâ2GPI to characterize its binding to well-
defined planar bilayers by means of ellipsometry. In
addition, we studied theâ2GPI-mediated binding of ACA
to lipid membranes and analyzed adsorption and desorption
kinetics in order to elucidate the mechanism of ACA-
â2GPI-lipid interaction.

METHODS

Materials. Bovine serum albumin (BSA, essentially fatty
acid free) and cardiolipin (CL) from bovine heart were from
Sigma (St. Louis, MO). 1,2-Dioleoyl-sn-glycero-3-phos-
phocholine (PC), 1,2-dioleoyl-sn-glycero-3-L-phosphoserine
(PS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE),
and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (PG) were
purchased from Avanti Polar Lipids (Alabaster, AL). Silicon
slides were obtained from Aurel GmbH (Landsberg, Ger-
many). Bovine factor X was purified and activated with
Russell’s viper venom (Fujikawa et al., 1972a,b), and factor
Xa (FXa) was quantitated as described before (Smith, 1973).
All other chemicals used were of analytical grade.
SDS-PAGE. SDS-PAGE was performed in 10-15%

gradient gels on a Phast system from Pharmacia (Uppsala,
Sweden).
Purification of â2GPI. Humanâ2GPI was purified ac-

cording to previously described methods (Wurm, 1984), with
minor modifications. Briefly, perchloric acid (70%) was
added to outdated pooled plasma to a final concentration of
1.2% and stirred for 30 min at 0-4 °C. After removal of
the precipitate, the supernatant was adjusted to pH 8.0 by
adding saturated Na2CO3, followed by extensive dialysis
against 20 mM Tris, pH 8.0. This material was applied to
a QAE column, and proteins were eluted using a gradient
from 0 to 350 mM NaCl. â2GPI-containing fractions, as

detected by SDS-PAGE and silver staining, were pooled,
dialyzed against 20 mM Tris, pH 8.0, and applied to a
heparin affinity column. Bound proteins were eluted using
a gradient from 0 to 1.0 M NaCl. Finally, theâ2GPI
preparation was further purified by FPLC over Mono-Q,
which removed traces of IgG present in the preparation.
(Using a less steep gradient, this last step also allowed
separation of the various isoforms ofâ2GPI.) The final
â2GPI preparation contained a homogeneous band at 50 kDa
as shown by unreduced SDS-PAGE and silver staining.
Isolation of ACA and Preparation of Fab1 Fragments.

Since we intended to perform a thorough kinetic analysis of
the interaction between ACA,â2GPI, and phospholipids, we
restricted ourselves to ACA isolated from one patient. The
patient, male, age 45, had repeated peripheral thrombosis,
but did not fulfill the criteria for the diagnosis of systemic
lupus erythematosus; antibodies, isolated via liposomal
adsorption from the plasma of this patient, have been part
of earlier studies (Galli et al., 1990, 1992). These ACA can
be considered to be representative for the group of ACA
patients, based on solid phase immunoassays and lipid-
dependent coagulation tests. ACA was isolated by adsorp-
tion to cardiolipin-containing liposomes and subsequent
affinity chromatography over protein A-Sepharose CL-4B
(Fine, Uppsala, Sweden) as described earlier (Galli et al.,
1990). The final preparation was run over an anti-â2GPI
affinity column, in order to make sure that ACA was free of
â2GPI contamination.
Fab1 fragments were obtained from purified ACA by

digestion with papain: 1 mL of purified ACA (4.9 mg) was
incubated in Tris-buffered saline (TBS) for 4 h with 98µg
of papain (Sigma) at 37°C. The reaction was stopped by
addition of 10 mM iodoacetamide followed by dialysis
against TBS. The reaction mixture was subsequently
separated by HPLC using a TSK 3000 SW column (Phar-
macia). Residual contaminating Fc fragments were finally
removed by affinity chromatography over protein A-
Sepharose. The final Fab1 preparation showed a homoge-
neous band at 50 kDa by unreduced, and 25 kDa by reduced,
SDS-PAGE and silver staining.
Phospholipids and Preparation of Lipid Bilayers.Phos-

pholipid concentrations were determined by phosphorus
analysis (Bo¨ttcher et al., 1962). Planar bilayers were
deposited on silicon slides as described previously (Giesen
et al., 1991): briefly, the slides were thoroughly cleaned,
treated with chromic sulfuric acid, and extensively rinsed
with water before use. Small unilamellar vesicles were
prepared from lipid mixtures containing variable (5-20 mol
%) amounts of PS, PG, PE, or CL complemented with PC.
A planar bilayer was deposited on the slide by immersion
for 5 min in a stirred suspension of small unilamellar lipid
vesicles (30µM) in Tris buffer (50 mM Tris, 120 mM NaCl,
and 3 mM CaCl2, pH 7.5).
Ellipsometric Determination of Protein Adsorption to Lipid

Bilayers. Measurement of protein adsorption to planar
bilayers is based on the change in reflection coefficients due
to the adsorption of very thin (0.1-10 nm) films. Such
changes result in an alteration of the polarization state of
reflected light, which can accurately be measured using an
ellipsometer (Azzam & Bashara, 1977). The instrument and
data analysis have been described earlier (Corsel et al., 1985;
Cuypers et al., 1983). For measurement on silicon slides
and an angle of incidence of 68°, the adsorbed protein mass
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(µg‚cm-2) is proportional to the change (degrees) in the
polarizer reading [P(t) - Po], due to the protein adsorption:
Γ(t) ) 0.085[P(t) - Po]. Binding experiments were per-
formed at ambient temperature (20-22°C) under continuous
stirring in a trapezoidal cuvette in Tris buffer containing 50
mM Tris, 120 mM NaCl, and 0.5 mg‚mL-1 bovine serum
albumin, pH 7.5 (TBSA). In some experiments, different
NaCl concentrations were used, and CaCl2 was added to the
buffer as indicated in the text and/or figure legends under
Results.
Analysis of Equilibrium Binding.The equilibrium binding

data were analyzed using the Langmuir model for indepen-
dent binding sites:

which relates the amount of protein (Γeq) bound on the
membrane to the protein concentration in solution (C), the
dissociation constantKd, and the maximal protein adsorption
(Γmax). The binding parametersKd andΓmax are estimated
by a least-squares fit of this model to experimental data.
Transport-Limited Adsorption and Desorption Kinetics.

The intrinsic kinetics of protein binding to macroscopic
surfaces often exceed the mass transfer of protein from bulk
solution to the surface (Andree et al., 1993; Corsel et al.,
1985; Levich, 1962). Thus, the protein in the fluid layer
immediately adjacent to the adsorbing surface is depleted,
and the local concentration (Co) is lower than the bulk
concentration (Cb). The mass transfer from bulk solution
to the surface then is equal to the concentration difference
(Cb - Co) times the mass transfer coefficient∆ (cm‚s-1):

The value of this mass transfer coefficient depends on the
flow conditions, e.g. the rotation rate and size of the stirring
bar, and the diffusion constant of the protein. For blood
coagulation factor Va, a protein with a molecular mass (168
kDa) close to IgG and with a transport-limited initial
adsorption rate to PS/PC bilayers (Willems et al., 1993), we
found under the experimental conditions used in this study
a value∆ ) 1.0× 10-3 cm‚s-1.
Kinetics of Adsorption of ACA-â2GPI Complexes.The

model depicted in Scheme 1 was used to analyze the sorption
kinetics. The first step is the second-order association
reaction of solution phase ACA with membrane-bound
â2GPI:

with ΓACA the amount of ACA (pmol‚cm-2) bound to the
membrane as ACA-â2GPI complexes,kon,1 the second-order
rate constant of association (M-1‚s-1), ACAo the concentra-
tion (M) of ACA in solution close to the lipid membrane,
andΓâ2GPI the amount of membrane-boundâ2GPI (pmol‚cm-2)
not associated to ACA. For the rather low ACA concentra-
tions used in this study, adsorption is a slow process with a
time scale of 30-150 min (cf. Figure 4). Lipid-bound
association reactions generally proceed rapidly because of
the high collisional efficiency [kon ∼ 1016 mol-1‚cm2‚s-1

(Giesen et al., 1991)] for two-dimensional reactions in
addition to the concentration of protein brought about by
binding to the membrane. Even for a value as low askon,2
) 1013 mol-1‚cm2‚s-1 for the rate constant of association

and a surface concentrationΓâ2GPI ) 10-15 mol‚cm-2, the
half-time of the secondary divalent binding step is shorter
than 1.2 min. Therefore, an instantaneous equilibrium (with
respect to the time scale of the adsorption) may be assumed
between the mono- and divalently bound ACA. The total
adsorption rate is then given by

This equation, which does not account for the transport
limitation, predicts an initial adsorption rate linear both with
the ACAo and with theâ2GPI concentration. If, however,
kon,1Γâ2GPI is of the same order of magnitude or exceeds the
mass transfer coefficient∆, the rapid adsorption of ACA
results in depletion of this protein near the adsorbing surface
and the ACA concentration near the surface, ACAo (cf. eq
22), drops appreciably below the bulk concentration. Mass
transport must balance the consumption of protein at the
surface; combining eqs 2 and 3 allows elimination of ACAo:

with Γâ2GPI,ads) ∆/kon,1and ACAb the concentration of ACA
in the bulk solution. Equation 4 predicts a saturable
hyperbolic dependence of the adsorption rate on the surface
coverage withâ2GPI,Γâ2GPI, with a half-maximal adsorption
rate at a coverageΓâ2GPI) Γâ2GPI,ads. It should be noted that
for â2GPI concentrations well below the dissociation con-
stant,Kd, the amount ofâ2GPI bound to the membrane is in
good approximation proportional to the solution concentra-
tion of â2GPI, Γâ2GPI ) Γmax,â2GPIâ2GPI/Kd,â2GPI (cf. eq 1),
and the above equation can be rearranged to

with â2GPIo,ads) (∆/kon,1)(Kd,â2GPI/Γmax,â2GPI) the concentra-
tion of â2GPI that results in a half-maximal adsorption rate.
Kinetics of Desorption of ACA-â2GPI Complexes.As

shown in Scheme 1, it is assumed that desorption of the
divalently bound ACA can be neglected, because of the high
affinity of the double attachment of bothâ2GPI molecules
to the lipid. The desorption of ACA from the membrane
then proceeds by dissociation of the monovalent ACA-
â2GPI complex:

In the situation that the majority of membrane-associated
ACA is present as divalent ACA-(â2GPI)2 complexes (ΓACA

∼ ΓACA-(â2GPI)2 . ΓACA-â2GPI), a quasi-steady-state surface

Γeq) ΓmaxC/(Kd + C) (1)

(d/dt)Γ ) ∆(Cb - Co) (2)

(d/dt)ΓACA ) kon,1ACAoΓâ2GPI

Scheme 1

(d/dt)ΓACA ) kon,1ACAoΓâ2GPI (3)

(d/dt)ΓACA ) ∆kon,1Γâ2GPI/(∆ + kon,1Γâ2GPI)ACAb

) ∆Γâ2GPI/(Γâ2GPI,ads+ Γâ2GPI)ACAb (4)

(d/dt)ΓACA ) ∆[â2GPI/(â2GPIo,ads+ â2GPI)]ACAb (5)

(d/dt)ΓACA ) -koff,1ΓACA-â2GPI

Divalent Binding of ACA toâ2-Glycoprotein I Biochemistry, Vol. 35, No. 43, 199613835

+ +

+ +



concentration of these monovalent ACA-â2GPI complexes
on the lipid membrane is established during desorption,
satisfying the relation:

Elimination ofΓACA-â2GPI from this equation results in

with Γâ2GPI,des) koff,1/kon,2. Equation 6 therefore predicts that
the desorption rate declines, proportional to 1/(Γâ2GPI +
Γâ2GPI,des), with increasing amounts of boundΓâ2GPI. Γâ2GPI,des

) koff,1/kon,2 presents the surface coverage of uncomplexed
â2GPI resulting in a half-maximal desorption rate. As in eq
4, Γâ2GPI can be replaced by the solution concentration of
â2GPI:

with â2GPIo,des) (koff,1/kon,2)(Kd,â2GPI/Γmax,â2GPI) the solution
concentration ofâ2GPI that corresponds to the half-maximal
desorption rate.

RESULTS

Figure 1A shows the adsorption ofâ2GPI to PC bilayers
containing 20 mol % PS. The initial adsorption rate is high
and proportional to the protein concentration. A stable
steady-state adsorption is reached within 100 s. At 400 s,
the cuvette (4 mL) was flushed with 30 mL of buffer, which
effectively depletes the protein from the solution. The
resulting desorption ofâ2GPI is rapid and virtually complete,
showing that â2GPI adsorption to lipid membranes is
reversible. The equilibrium binding isotherm ofâ2GPI to
PC membranes containing 20 mol % PS is shown in Figure
1B. A least-squares fit of the independent binding sites

model of eq 1 resulted in a value ofKd ) 0.17( 0.04µM
for the dissociation constant andΓmax ) 0.165 ( 0.004
µg‚cm-2 for the maximal binding. No obvious deviations
between data and the Langmuir model (eq 1) are apparent.
Various isoforms ofâ2GPI could be obtained by FPLC of
the total protein preparation over a Mono-Q column. Bind-
ing of the major three of these isoforms ofâ2GPI is
indistinguishable from that of the totalâ2GPI preparation
(data not shown), suggesting that the carbohydrate moieties
are of minor importance for lipid binding.
Dependence ofâ2GPI Binding on the Membrane Compo-

sition. Figure 2 shows adsorption ofâ2GPI to bilayers of
PC supplemented with 0, 5, 10, or 20 mol % PS as a function
of time upon stepwise addition of protein to the buffer.
Binding to pure PC membranes was found to be negligible.
Increasing the PS content results in a strong increase ofâ2GPI
binding to the membrane. TheKd for a surface containing
5 mol % PS was estimated at 26µM, which is more than a
hundredfold higher than theKd of 0.17 µM found for
membranes with 20 mol % PS. The binding parameters for
the different lipid mixtures in Figure 2 are summarized in
Table 1. Next we investigated whether the affinity ofâ2GPI
depends on the chemical composition of the polar headgroup
of the negatively-charged membrane component. Binding
of â2GPI to PC membranes containing PG or CL was
compared with binding to membranes containing 20 mol %
PS. In order to keep the total membrane surface charge
comparable to that of a membrane with 20 mol % PS, we
used 20 mol % for PG and 10 mol % for CL, the latter having
two negative charges per molecule at physiological pH. A
dissociation constant of 0.12( 0.02µM and 0.26( 0.02
µM was found for bilayers containing CL and PG, respec-
tively, which is only marginally different from that for PS
(Kd ) 0.17( 0.04 µM). In addition, the data in Table 1

FIGURE 1: Ellipsometric measurement ofâ2GPI adsorption to PS/
PC bilayers. Adsorption ofâ2GPI to PS/PC bilayers containing 20
mol % PS. (A) Att ) 100 s,â2GPI (0.025, 0.05, 0.1, 0.2, 0.4, or
1.6 µM) was added to the cuvette, andâ2GPI adsorption to the
lipid bilayer was measured by ellipsometry. At 400 s, the protein
was depleted from the solution by flushing the cuvette with 30 mL
of buffer. (B) Indicated are the equilibrium adsorptions ofâ2GPI
as a function of theâ2GPI concentration. The solid line represents
the best fit of eq 1 to the data. Experiments were performed at
room temperature (20-22 °C) in Tris-HCl buffer (pH 7.5, 120 mM
NaCl, 50 mM Tris, and 0 mM CaCl2) containing 0.5 mg‚mL-1

BSA.

(kon,2Γâ2GPI+ koff,1)ΓACA-â2GPI) koff,2ΓACA-(â2GPI)2

(d/dt)ΓACA ) -koff,2[koff,1/(kon,2Γâ2GPI+ koff,1)] ×
ΓACA-(â2GPI)2

) -koff,2[Γâ2GPI,des/(Γâ2GPI+ Γâ2GPI,des)]ΓACA

(6)

(d/dt)ΓACA )
-koff,2[â2GPIo,des/(â2GPIo,des+ â2GPI)]ΓACA (7)

FIGURE 2: Dependence of the binding affinity ofâ2GPI on the PS
content of the membrane. Adsorption ofâ2GPI in response to
successive additions ofâ2GPI to the cuvette ([â2GPI] ) 0.2, 0.4,
0.8, 1.6, or 3.2µM) was measured. The curves, from top to bottom,
show the binding ofâ2GPI to planar PS/PC bilayers containing
20%, 10%, 5%, and 0% PS. Other experimental conditions are as
in Figure 1.

Table 1: Binding Parameters ofâ2GPI to Planar Phospholipid
Membranesa

membrane composition Kd (µM) Γmax (µg‚cm-2)

PS/PC (5/95) 26.0 0.17b

PS/PC (10/90) 3.7 0.16
PS/PC (20/80) 0.17 0.17
CL/PC (5/95) 2.0 0.17
CL/PC (10/90) 0.12 0.17
PG/PC (20/80) 0.26 0.16

a Experiments were performed in Tris-HCl buffer containing 50 mM
Tris, 120 mM NaCl, and 0 mM CaCl2. b Kd was estimated using a fixed
valueΓmax ) 0.17µg‚cm-2 for the maximal binding.
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show that identical values were found for the maximal
binding at these different lipid surfaces. In contrast to the
findings for PG, CL, and PS, no detectable binding ofâ2GPI
could be observed for PC bilayers containing 20 or even 40
mol % PE (data not shown).
Dependence of the Affinity ofâ2GPI Binding on the

Concentration of NaCl and CaCl2. The results obtained so
far show thatâ2GPI binding depends on the presence of
negative charges in the membrane, suggesting that ionic
interaction between a positive moiety in the protein with
these negative charges governs the binding. This would
imply that the affinity is a function of the surface potential
of the membrane, which is strongly influenced by the
concentration of monovalent and divalent ions in the buffer.
Table 2 shows that this indeed is the case. A relatively high
affinity for membranes containing 20% PS is observed at
low ionic strength (NaCl) 60 mM, CaCl2 ) 0 mM), with
a dissociation constant (Kd ) 0.032µM) 5-fold lower than
the Kd ) 0.17 µM found at 120 mM NaCl. Addition of
divalent calcium ions to the buffer at 120 mM NaCl strongly
decreased the affinity, resulting inKd values of 0.63µM at
1 mM CaCl2 and 3.9µM at 3 mM CaCl2 and 120 mM NaCl.
Similar effects of NaCl and CaCl2 concentrations were found
for bilayers containing 10% PS.
Binding of ACA to Membrane-Associatedâ2GPI. Figure

3A shows that ACA (5µg‚mL-1) binding to membranes
containing 20 mol % PS is negligible (<1.5 × 10-3

µg‚cm-2). Only after addition of â2GPI (100 nM) a
significant adsorption of protein is observed. Figure 3B
shows that under identical conditions (120 mM NaCl and 3

mM CaCl2) 100 nM â2GPI alone results in a very small,
though measurable, protein adsorption (0.005µg‚cm-2),
completed within 40 s. Subsequent addition of 5µg‚mL-1

ACA initiates an additional protein adsorption comparable
to the adsorption shown in Figure 3A. Apparently the
adsorption process is insensitive to the order of addition of
ACA and â2GPI. For clarity, Figure 3 only displays the
initial phase of the adsorption. In Figure 4, the protein
adsorption following addition of varying amounts of ACA
(1.25, 2.5, 5, 10µg‚mL-1) at t ) 100 s and a fixed amount
of â2GPI (100 nM) att ) 400 s was followed up to 3 h. The
binding of ACA is apparently a slow process, and for the
lower ACA concentrations, the adsorption did not reach
equilibrium even after 3 h. A good fit to these data was
obtained using the empirical expressionΓ(t) ) Γeq(1- e-kt)
which allows estimation of the equilibrium bindingΓeq. A
fit of the Langmuir model for independent binding sites (eq
1) to theseΓeqas function of the ACA concentration resulted
in a valueΓmax ) 0.50 µg‚cm-2 for the maximal binding
and a valueKd ) 0.46µg‚mL-1 for the concentration ACA
resulting in half-maximal equilibrium binding.

Kinetics of Adsorption of ACA-â2GPI Complexes. Ex-
periments as shown in Figure 4 allow estimation of the initial
adsorption rate by a least-squares fit of a (second-order)
polynomial to the data obtained between 200 and 600 s after
addition of protein. Figure 5A, upper line, shows the initial
adsorption rate of ACA-â2GPI complexes as a function of

Table 2: Effect of NaCl and CaCl2 Concentration on the Binding
Affinity of â2GPI

membrane composition
[NaCl]
(mM)

[CaCl2]
(mM)

Kd

(µM)
Γmax

(µg‚cm-2)

PS/PC (20/80) 60 0 0.032 0.18
PS/PC (20/80) 120 0 0.17 0.17
PS/PC (20/80) 120 1 0.63 0.16
PS/PC (20/80) 120 3 3.9 0.18

PS/PC (10/90) 120 0 3.7 0.16
PS/PC (10/90) 120 3 14.0 0.17a

a Kd was estimated using a fixed valueΓmax ) 0.17µg‚cm-2 for the
maximal binding.

FIGURE 3: Adsorption of anticardiolipin antibodies to lipid mem-
branes requiresâ2GPI. Protein adsorption to a planar PS/PC bilayer
containing 20 mol % PS after addition of ACA andâ2GPI was
measured by ellipsometry. (A) Att ) 100 s, ACA (5µg‚mL-1)
was added to the cuvette, followed by addition of 100 nMâ2GPI
at t ) 400 s. (B) Similar experiment as shown in panel A, with
reversed order of addition ofâ2GPI and ACA. Experiments were
performed at 20-22 °C in Tris-HCl buffer containing 0.5 mg‚mL-1

BSA and 3 mM CaCl2.

FIGURE 4: Dependence of ACA-â2GPI adsorption on ACA
concentration. (A) Adsorption of ACA-â2GPI complexes to planar
PS/PC bilayers containing 20% PS in the presence of 100 nMâ2GPI
and 3 mM CaCl2. ACA concentrations were 1.25, 2.5, 5, or 10
µg‚mL-1 (bottom to top).â2GPI was added att ) 100s followed
by addition of ACA at 400 s.

FIGURE 5: Kinetics of ACA- â2GPI binding. (A) The initial
adsorption rate (9) and the adsorption rate at half-maximal surface
coverage (b) are presented as a function of the ACA concentration.
Theâ2GPI concentration was 100 nM. (B) Indicated are the initial
adsorption rates as a function of theâ2GPI concentration in the
presence of a fixed ACA concentration (1.25µg‚mL-1): (9) 20%
PS in the absence of CaCl2; (2) 20% PS at 3 mM CaCl2; (b) 10%
PS at 3 mM CaCl2. The solid lines represent the best fit of eq 5,V
) Vmaxâ2GPI/(â2GPIo,ads+ â2GPI), to these data.
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the ACA concentration at a fixedâ2GPI concentration (100
nM). The data clearly show a linear relation between the
adsorption rate and the ACA concentration in the range
studied (0.63-10 µg‚mL-1). The adsorption rates at half-
maximal surface coverage (Γ ) 0.25µg‚cm-2), also shown
in Figure 5A, again show a linear dependence on the ACA
concentration and are consistently lower than the initial
adsorption rates. It should be noted that these experiments
were performed at aâ2GPI concentration which in the
absence of ACA results in only 3% of maximal binding of
â2GPI.
Next we investigated the dependence of the adsorption

kinetics on the amount ofâ2GPI bound to the membrane.
For various concentrations ofâ2GPI, and a fixed ACA
concentration of 1.25µg‚mL-1, experiments as indicated in
Figure 3A were performed, and the initial adsorption rate
was determined. In order to vary the amount of boundâ2GPI
independently from the solution concentration, these experi-
ments were performed on membranes containing 10 and 20%
PS and both in the presence (3 mM) and in the absence of
CaCl2 in the buffer. Figure 5B shows that under all
conditions the adsorption rate can be saturated at increasing
concentrations ofâ2GPI. Table 3 shows that in all situations
the maximal adsorption rateVmaxhas a similar value (0.12-
0.15 ng‚cm-2‚s-1). In contrast, theâ2GPI concentration,
â2GPIo,ads, required to attain the half-maximal adsorption rate
shows a large variation: from 5 nM for 20% PS in the
absence of calcium to 420 nM for 10% PS in the presence
of 3 mM CaCl2. Theâ2GPI concentration in solution is in
equilibrium with uncomplexedâ2GPI bound to the lipid
bilayer, and Table 3 shows that this 100-fold difference in
â2GPI concentrations is required to bind similar amounts
(0.07-0.11 pmol‚cm-2; i.e., 2-3% of maximal binding) of
â2GPI to the membrane. These data demonstrate that
membrane-boundâ2GPI regulates the binding of ACA,
whereas the ACA-â2GPI interaction in solution apparently
has no influence on the adsorption kinetics of ACA. The
value of the second-order association constant calculated
from the estimated values ofâ2GPIo,ads, using eq 5 and a
value∆ ) 10-3 cm‚s-1 for the transfer coefficient, amounts
to kon,1 ) (0.9 -1.4) × 107 M-1‚s-1. Although the ACA
preparation was obtained from patient plasma through
adsorption to CL-containing liposomes followed by protein
A-Sepharose affinity chromatography, the presence of
nonspecific IgG in the preparation cannot be excluded.
Measurement ofVmaxallows estimation of the concentration
of anti-â2GPI IgG in the ACA preparation (ACAtrue):
according to eq 5,Vmax equals∆ACAtrue and using a value
∆ ) 10-3 cm‚s-1 for the mass transfer coefficient, it is

calculated that a valueVmax ) 0.12-0.15 ng‚cm-2‚s-1 at an
ACA concentration of 1.25µg‚mL-1 corresponds to a value
ACAtrue ) 0.12-0.15 µg‚mL-1. Thus, about 10% of our
ACA preparation can be considered specific anti-â2GPI IgG.
Kinetics of Desorption of ACA-â2GPI Complexes.Next

we studied the kinetics of desorption of ACA-â2GPI
complexes in experiments as shown in Figure 6A. The
adsorption of ACA-â2GPI complexes to a PS/PC bilayer
containing 20% PS is interrupted by depletion ofâ2GPI and
ACA from the solution by flushing the cuvette with 30 mL
of buffer. This depletion initiates the desorption of protein
from the bilayer. In order to study the influence of theâ2GPI
concentration on the desorption rate,â2GPI (25 nM) is added,
and the desorption is followed for 1000-2000 s. Finally,
the â2GPI is again depleted from solution by flushing the
cuvette with 30 mL of buffer. Figure 6A shows that the
desorption of ACA-â2GPI complexes proceeds much slower
with â2GPI present in solution than in the absence ofâ2GPI.
Using experiments as shown in Figure 6A, we measured the
desorption rate as a function of theâ2GPI concentration for
two ranges of surface coverage (0.08-0.12 and 0.27-0.33
µg‚cm-2). Figure 6B shows the reciprocal plot of the
measured desorption rates as a function of theâ2GPI
concentration. It is clear that the desorption rate steeply
decreases with increasingâ2GPI concentrations. This ob-
servation is incompatible with monovalent binding of ACA-
â2GPI complexes as in this situation the dissociation rate is
unaffected by the presence ofâ2GPI in solution or bound to
the lipid bilayer. The present results show that desorption
of ACA-â2GPI complexes involves a stage that is sensitive
to â2GPI, presumably the redistribution of lipid-bound ACA
between mono- and divalently bound complexes. In addi-
tion, eq 7, derived for the dissociation kinetics of divalently
bound ACA-â2GPI complexes, allows a good fit to these
data. The estimated values of the parametersVmax and
â2GPIo,des, in Table 4, show that the desorption rate is
proportional to the amount of ACA-â2GPI complexes bound
to the membrane and that the desorption rate is half-maximal

Table 3: Effect of theâ2GPI Concentration on the Initial
Adsorption Rate of ACA-â2GPI Complexes to Planar Phospholipid
Membranesa

experimental conditions

PS/PC [CaCl2] (mM)
Vmax

(ng‚cm-2‚s-1)
â2GPIo,ads
(µM)

Γâ2GPI
(pmol‚cm- 2)

20/80 0 0.15 0.005 0.10
20/80 3 0.15 0.075 0.07
10/90 0 0.14 0.12 0.11
10/90 3 0.12 0.42 0.10
a The parametersVmax and â2GPIo,ads were estimated by a least-

squares fit of the formulaV ) Vmaxâ2GPI/(â2GPIo,ads+ â2GPI), cf. eq
5, to the initial adsorption rates presented in Figure 5B.Γâ2GPI is the
amount ofâ2GPI bound to the membrane at the half-maximal adsorption
rate, calculated using the binding parameters from Tables 1 and 2.

FIGURE 6: Desorption kinetics of lipid-bound ACA-â2GPI com-
plexes depending on the buffer concentration ofâ2GPI. (A)
Adsorption of 1.25µg‚mL-1 ACA and 100 nMâ2GPI to a planar
PS/PC bilayer containing 20% PS at 3 mM CaCl2. The adsorption
is interrupted (att ∼ 2500 s) by flushing the cuvette with 30 mL
of buffer, which resulted in a rapid desorption of protein, im-
mediately followed by addition of 25 nMâ2GPI to the cuvette,
causing a marked reduction of the desorption rate. Finally (att )
4300 s) the cuvette again was flushed with 30 mL of buffer,
depletingâ2GPI from the solution which resulted in a steep increase
of the desorption rate. (B) Experiments as shown in the left panel
were performed in order to obtain the desorption rate as a function
of the â2GPI concentration. Shown is a reciprocal plot of the
desorption rate as a function of theâ2GPI concentration at two
surface coverages: (9) Γ ) 0.3 µg‚cm-2; (b) Γ ) 0.1 µg‚cm-2.
The solid straight lines represent the best fit to eq 7,V ) Vmaxâ2-
GPIo,des/(â2GPIo,des+ â2GPI), to these data.
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at a â2GPI concentrationâ2GPIo,des ) 2-3 nM. Even
without â2GPI in solution, the desorption rate is low,
corresponding to a first-order rate constant ofkoff ) 0.5×
10-3 s-1, whereas at 100 nMâ2GPI koff is decreased to 1.7
× 10-5 s-1. Similar experiments performed at 10% PS and
3 mM CaCl2 resulted in values ofkoff ) 10-3 s-1 and
â2GPIo,des) 20 nM. The experiments of Figures 3-6 clearly
indicate that ACA binds toâ2GPI on the membrane and that
the ACA-â2GPI complexes are predominantly bound as
divalent ACA-(â2GPI)2 complexes. The kinetics of ad- and
desorption are fully described by the parameterskon,1 ) 1.4
× 107 M-1‚s-1, Γâ2GPI,des ) koff,1/kon,2 ) (2-3) × 10-15

mol‚cm-2, andkoff,2 ) 0.5× 10-3 s-1, estimated from these
experiments. These are, however, insufficient for a full
identification of the adsorption model in Scheme 1, and one
additional parameter, e.g.,Kd,1 ) koff,1/kon,1, is needed.

MonoValent ACA-â2GPI Interaction. Therefore, we
investigated the ACA-â2GPI interaction of solution phase
â2GPI to ACA immobilized on silicon in the absence of lipid.
Adsorption of ACA resulted after about 60 min in an
irreversible binding of 2.9 pmol‚cm-2 IgG. After removal
of nonbound ACA from the solution by flushing with 50
mL of buffer, BSA (5 mg‚mL-1) was added in order to block
aspecific protein binding. The concentration-dependent
binding of solution phaseâ2GPI to the immobilized ACA
was measured by ellipsometry. Control experiments with
purified nonspecific human IgG instead of ACA revealed a
comparable IgG adsorption but no appreciableâ2GPI bind-
ing, demonstrating that aspecific binding could be disre-
garded. Analysis of the concentration-dependent binding of
â2GPI (0.05-1 µM), using eq 1, resulted in estimates ofΓmax

) 0.90 pmol‚cm-2 andKd ) 66 nM for the maximal binding
and the dissociation constant, respectively. Assuming identi-
cal affinity for ACA to lipid-boundâ2GPI, i.e.,Kd,1 ) koff,1/
kon,1 ) 66 nM, a full identification of the parameters of
Scheme 1 is obtained:kon,1 ) 1.4× 107 M-1‚s-1, koff,1 )
0.9 s-1, kon,2 ) 0.4× 1015 mol-1‚cm-2‚s-1, andkoff,2 ) 0.5
× 10-3 s-1. Noteworthy is the high affinity of the divalent
ACA-(â2GPI)2 complex with a dissociation constantKd,2

) 1.2× 10-18 mol‚cm-2. These data indicate that monova-
lent ACA binding is weak and that the observed binding
results from the high affinity of the divalent interaction of
ACA with membrane-associatedâ2GPI. This notion was
tested in binding experiments of monovalent Fab1 fragments
of ACA to lipid-boundâ2GPI. Figure 7 clearly demonstrates
that the adsorption of Fab1 (5 µg‚mL-1) is more than 20-
fold lower than the adsorption of ACA at a concentration of
0.5µg‚mL-1. The limited quantity of available Fab1 did not
allow estimation of the dissociation constant of Fab1 frag-
ments to lipid-boundâ2GPI (which, taking into account the
10% specific activity of the ACA preparation and aKd of

∼100 nM, would require concentrations of at least 100
µg‚mL-1).
Competition of ACA-â2GPI Complexes with FXa Binding

to the Lipid Membrane.The high-affinity interaction of
ACA-â2GPI complexes with the lipid membrane supports
the hypothesis that ACA inhibits membrane-bound reactions
of the blood coagulation by restriction of the available lipid
surface (Galli et al., 1992). In an attempt to quantitate the
effect of ACA-â2GPI adsorption on FXa binding to the lipid
membrane, we performed experiments as shown in Figure
8A. First the adsorption ofâ2GPI (100 nM) and ACA (5
µg‚mL-1) in the presence of 3 mM CaCl2 was allowed to
reach equilibrium; then 100 nM FXa was added to the
cuvette, and the additional FXa adsorption was measured.
In order to verify that this additional adsorption represents
FXa binding, CaCl2 was complexed by addition of EDTA
(6 mM), which resulted in a nearly instantaneous protein
desorption to the level of the final ACA-â2GPI adsorption.
The slow adsorption, following the FXa desorption, presum-
ably presents a further adsorption ofâ2GPI and/or ACA-
â2GPI complexes as a result of the calcium depletion, which
causes an increased affinity ofâ2GPI (Table 2). Comparison
of the adsorption of 100 nM FXa to PS/PC membranes (20%
PS) in the presence and absence of preadsorbed ACA-â2GPI

Table 4: Effect of theâ2GPI Concentration on the Initial
Desorption Rate of ACA-â2GPI Complexes Bound to Planar
PS/PC Membranesa

surface coverage
(µg‚cm-2)

Vmax
(ng‚cm-2‚s-1) â2GPIo,des(µM)

0.1 0.06 0.003
0.3 0.15 0.002

a The parametersVmax and â2GPIo,des were estimated by a least-
squares fit of the formulaV ) Vmaxâ2GPI/(â2GPIo,des+ â2GPI), cf. eq
7, to the initial desorption rates presented in Figure 6B.

FIGURE 7: Adsorption of Fab1 fragments of ACA to lipid-bound
â2GPI. Adsorption of 5µg‚mL-1 ACA (top curve), 0.5µg‚mL-1

ACA (middle curve), and 5µg‚mL-1 Fab1 (bottom curve) in the
presence of 100 nMâ2GPI to planar PS/PC bilayers containing
20% PS in the presence of 3 mM CaCl2. Fab1 or ACA was added
at t ) 100 s andâ2GPI (100 nM) att ) 400 s.

FIGURE8: Adsorption of ACA-â2GPI complexes restricts the lipid
area available for adsorption of blood coagulation factor Xa. (A)
Adsorption of 5µg‚mL-1 ACA and 100 nMâ2GPI to planar PS/
PC bilayers containing 20% PS in the presence of 3 mM CaCl2.
After attainment of equilibrium, 100 nM FXa was added, and
additional protein adsorption was observed. Addition of EDTA (6
mM) after the steady state was reached, indicated by an arrow,
resulted in complete reversal of the additional FXa adsorption. (B)
Indicated are the adsorption of 100 nM FXa to a PS/PC bilayer
containing 20% PS (top) in the absence ofâ2GPI and ACA and
the FXa adsorption from the panel A, corrected for the prior
adsorption of the ACA-â2GPI complexes.
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revealed a 3-fold reduction in adsorption fromΓxa ) 0.23
( 0.02µg‚cm-2 (n ) 3) toΓxa ) 0.086( 0.06µg‚cm-2 (n
) 3) due to the coverage of the membrane with ACA-â2GPI
complexes (ΓACA-â2GPI ) 0.475( 0.006µg‚cm-2; n ) 3).
Preadsorption of ACA in the presence of 500 nMâ2GPI
resulted in an even larger reduction of FXa adsorption to
Γxa ) 0.062( 0.01µg‚cm-2 (n ) 2). In contrast, partial
surface coverage (ΓACA-â2GPI ) 0.21µg‚cm-2) with ACA-
â2GPI complexes resulted only in a minor decrease (25%)
of the FXa adsorption toΓxa ) 0.174µg‚cm-2.

DISCUSSION

Binding of â2GPI requires incorporation of negative
charges in the membrane and is strongly counteracted by
increasing the ionic strength or the calcium concentration.
These qualitative findings agree with earlier reports (Hagihara
et al., 1995; Kertesz et al., 1995; Wurm, 1984). Moreover,
the data in Table 1 show that the affinity increases with
increasing molar fraction of negatively charged lipid in the
mixture but is insensitive to the chemical composition of its
headgroup. These results support the notion that binding
involves electrostatic interaction between a positively charged
sequence in the fifth domain ofâ2GPI and negative charges
of the lipid polar headgroups (Hunt & Krilis, 1994;
Steinkasserer et al., 1991).
For the lipid mixtures studied, 5-20% PS, PG, or CL

complemented with PC, the maximal binding ofâ2GPI was
rather insensitive to the membrane composition and amounted
to 0.16-0.18µg‚cm-2 (3.2-3.6 pmol‚cm-2), which corre-
sponds to 160 lipid molecules per binding site. For a tightly
packed monolayer of spherical molecules with a molecular
mass of 50 kDa and a partial specific volume of 0.71 cm3‚g-1

(Fasman, 1976), a maximal binding of 0.36µg‚cm-2 can be
calculated, which is only twice our experimental value,
suggesting that the steric hindrance determines maximal
binding. For different conditions (large vesicles composed
of >50% negatively charged lipids), a stronger effect of the
chemical composition of the phospholipid headgroup and of
ionic strength on the number of lipid molecules,n, per
binding site was reported: for CL/PC (50% CL),n ranged
from n ) 20 at 10 mM NaCl ton ) 60 at 300 mM NaCl;
n was 70 for PS/PC (67% PS) at 10 mM NaCl (Hagihara et
al., 1995).
Reported values for the dissociation constant forâ2GPI

binding (Hagihara et al., 1995; Wurm, 1984) are low,Kd )
10-8 -10-7 M, suggesting a high affinity ofâ2GPI for lipid
membranes. These values were, however, obtained for
membranes containing 50-100% negatively charged lipids,
in the absence of calcium and at low (0-10 mM NaCl;Kd

) 10-8 M) or high (300 mM NaCl;Kd ) 10-7 M) ionic
strength. Similar low values ofKd were found in the present
study at 20% PS in the absence of CaCl2 (see Tables 1 and
2). Under physiologically more relevant conditions (120 mM
NaCl and 3 mM CaCl2), the dissociation constants for
membranes containing 20 and 10% PS were 3.9 and 14µM,
respectively. A plasma concentration of 4µM â2GPI will
result in less than 25% of maximal binding on 10% PS.
Therefore, the function ofâ2GPI as a circulating natural
anticoagulant seems less likely than previously anticipated;
indeed, it has been reported thatâ2GPI deficiency does not
appear to be associated with clinical symptoms of thrombosis
(Bancsi et al., 1992).

This feeble binding ofâ2GPI can be enhanced enormously
by ACA as shown in Figures 3 and 4. We found a maximal
adsorption of ACA-â2GPI complexes of 0.50µg‚cm-2,
corresponding to 2 pmol‚cm-2 divalent ACA-(â2GPI)2
complexes; i.e., 2 pmol‚cm-2 ACA bound to 4 pmol‚cm-2

â2GPI. This latter value is close to the maximal density of
binding sites (3.2-3.6 pmol‚cm-2) found for â2GPI alone.
For planar membranes with 20 mol % PS, in the presence
of 3 mM CaCl2 and 100 nMâ2GPI, half-maximal binding
required only 0.46µg‚mL-1 ACA.
In contrast to intact ACA, monovalent Fab1 fragments

caused only minor additional binding (Figure 7). The
difference in binding between ACA and Fab1 is consistent
with the model presented in Scheme 1 and reflects the
divalent interaction of ACA with lipid-boundâ2GPI. En-
hancement of IgG binding due to divalent binding to surface
antigens has been demonstrated earlier (Crothers & Metzger,
1972; Greenbury et al., 1965; Hornick & Karuch, 1972;
Mason & Williams, 1980; Petrossian, 1993). Divalent
interaction generally causes considerable enhancement of the
apparent affinity, varying from 30- to 4000-fold. According
to the model of Scheme 1, the adsorption rate is described
as a bimolecular reaction with a rate proportional to the
surface density of the antigen (Γâ2GPI) and the ACA
concentration (ACAo) in solution near the adsorbing surface.
For higher surface densities ofâ2GPI, the intrinsic adsorption
rate exceeds the rate of mass transfer of ACA from bulk
solution to the adsorbing surface, resulting in a lowering of
the ACA concentration ACAo, as accounted for in eq 5.
Using this correction, the observed adsorption kinetics
(Figure 5) were in excellent agreement with the second-order
association kinetics, showing that the initial monovalent
association step is rate-limiting and that formation of divalent
ACA-(â2GPI)2 complexes is rapid. The valuekon,1 ) 1.4
× 107 M-1‚s-1 is on the high end of the range 104- 107

M-1‚s-1 (Hornick & Karuch, 1972; Karlsson et al., 1991;
Karush, 1978; Mason & Williams, 1980; Raman et al., 1992)
reported for IgG-protein interactions.
The divalent binding of ACA strongly affects the kinetics

of desorption: Figure 6 shows a steep decline of the
desorption rate with increasing surface densities ofâ2GPI
at the lipid membrane. This is typical for divalent binding,
cf. eq 7, and has been recognized earlier (Mason &Williams,
1980; Ong & Mattes, 1993). For monovalently bound
ACA-â2GPI complexes, the desorption rate is unaffected
by the â2GPI density on the lipid. Only re-adsorption of
ACA released from the membrane could affect the desorption
kinetics. Using eqs 2-3, it can be calculated that this re-
adsorption rate amounts to less than 5% of the desorption
rate.
The dissociation constant of the monovalent ACA-â2-

GPI interaction,Kd ) 66 nM as estimated from the binding
of solution phaseâ2GPI to ACA immobilized on silicon, is
rather high and implies a low affinity for the monovalent
interaction ofâ2GPI to ACA. Nevertheless, it is about 2
orders lower than the earlier reported value for the ACA-
â2GPI interaction in solution, determined from competition
of solution phaseâ2GPI with ACA binding to immobilized
â2GPI (Roubey et al., 1995). At present, we have no
explanation for this large difference in the estimated affinity,
other than differences in patient plasma or in the method of
measuring the ACA-â2GPI interaction. Using the value of
66 nM for the dissociation constantKd,1 ) koff,1/kon,1, we are
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able to identify all kinetic parameters of Scheme 1. The
value of the association rate constantkon,2 ) 0.4 × 1015

mol-1‚cm2‚s-1 approaches the diffusionally limited collision
rate, 1016 mol-1‚cm2‚s-1, for membrane-bound reactions
(Giesen et al., 1991). In order to appreciate the valueKd,2

) 1.2× 10-18 mol‚cm-2 of the dissociation constant, it is
interesting to express this constant in terms of solution phase
interactions: 1 mol‚cm-2 on the lipid surface in a shell of
10 nm thickness corresponds to a concentration of 109 M,
and therefore the valueKd,2 ) 1.2 × 10-18 mol‚cm-2

corresponds to 1.2× 10-9 M, which is nearly 2 orders lower
than found for the monovalent ACA-â2GPI interaction. This
comparison, however, is too simplistic as lipid binding of
the reactants may cause steric restrictions for complex
formation, resulting in changes in affinity. Moreover, for
bimolecular reactions, the contribution of the loss in entropy
to the change in free energy due to complex formation is
less for surface-bound reactants than in solution. It can be
calculated, using an ideal gas approximation for the entropy
(Adamson, 1973), that this contribution alone would result
in the relationKd,surface(mol‚cm-2)/Kd,solution(M) ) 4× 10-12,
which is rather close to the ratio found forKd,2/Kd,1 (2 ×
10-11). Therefore, our results suggest that formation of
divalent ACA-â2GPI complexes at the lipid surface involves
only minor steric restrictions. This contrasts with the high
steric penalties found for divalent binding of anti-fluorescein
IgG to fluorescein haptens incorporated in lipid membranes
(Petrossian, 1993).
Our data show that low (3% of maximal binding) surface

concentrations ofâ2GPI are sufficient to attain maximal
binding of ACA-â2GPI complexes, which seems to con-
tradict the notion that the ACA-â2GPI interaction requires
a high surface density of antigens (Roubey et al., 1995). The
latter experiments, however, were performed withâ2GPI
attached to a polystyrene surface, causing irreversible binding
and immobilization of the protein. As stressed before
(Roubey et al., 1995), the immobility of the antigen and the
limited flexibility of the IgG molecule will restrict divalent
binding to antigens, which are in close proximity. This
condition will be extremely rare at low surface densities of
antigen. In our experiments,â2GPI was bound to lipid
bilayers with unrestricted lateral mobility of membrane-
bound proteins, which obviates this need for high surface
coverages.
According to Scheme 1, the surface concentration ofâ2-

GPI (Γâ2GPI) regulates the binding of monovalent and divalent
ACA-â2GPI complexes. The ratio of divalent to monova-
lent complexes equalsΓâ2GPI/Kd,2. ForΓâ2GPI) 0.1 pmol‚cm-2

and a valueKd,2 ) 10-18 mol‚cm-2, this ratio equals 105,
explaining the huge adsorption of ACA compared to Fab1

(Figure 7). This regulation of ACA binding byΓâ2GPI also
presents a problem for the prediction of the ACA-â2GPI
adsorption as function of the ACA andâ2GPI concentra-
tions: competition between adsorbed ACA-â2GPI com-
plexes andâ2GPI for the available binding sites on the lipid
surface cannot be neglected at higher surface coverage,
precluding the use of eq 1 to estimate theâ2GPI binding.
Such competition for available binding sites is clearly
demonstrated for FXa binding in Figure 8: preadsorption
of ACA-â2GPI complexes (90-97% of Γmax) causes a
marked decrease (>70%) of FXa binding, but this reduction
is much less than the extent of surface coverage by ACA-
â2GPI complexes.

In summary, evidence is presented that the high-affinity
binding of ACA-â2GPI complexes to lipid membranes is a
consequence of divalent interactions between the antibody
and the membrane-boundâ2GPI. Although the present study
does not rule out formation of neo-epitopes onâ2GPI upon
binding to lipids, such conformational changes are not
required to explain the binding kinetics of ACA-â2GPI
complexes to lipid membranes.
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