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ABSTRACT. Antiphospholipid antibodies interact with phospholipid membranes via lipid binding plasma
proteins, mostly, prothrombin ang}-glycoprotein I. Using ellipsometry, we characterized prothrombin-
mediated binding of lupus anticoagulant (LA) positive 1gG, isolated from patients with antiphospholipid
syndrome, to phosphatidylserine (PS)-containing membranes. LA IgG did not bind to membranes in the
absence of prothrombin, but addition of prothrombin resulted in high-affinity binding of prothrembin

LA 1gG complexes; half-maximal binding was attained at IgG and prothrombin concentrations of 10
ug/mL and 4 nM, respectively. Adsorption to membranes containing400mol % PS revealed that
membrane-bound rather than solution-phase prothrombin determines the adsorption kinetics. Depletion
of prothrombin and LA 1gG from the solution results in rapid desorption which is strongly inhibited by
addition of prothrombin but not of LA 1gG. Prothrombin-mediated adsorption of monovalent Fabl fragments
prepared from patient LA 1gG was negligible, indicating that monovalent interaction between prothrombin
and LA IgG is weak. The kinetics of adsorption and desorption indicate that divalent binding of LA IgG
to prothrombin at the lipid membrane occurs.

Antiphospholipid syndrome is characterized by the pres- conversion of prothrombin to thrombin via occupation of
ence of antiphospholipid autoantibodies associated with lipid binding sites by prothrombinanti-prothrombin com-
serious clinical conditions such as thrombosis, thrombocy- plexes. This competition of LA antibodies with coagulation
topenia, and recurrent spontaneous abortion. In the pastfactors for lipid binding sites was confirmed by othegs (
it has been demonstrated that these antiphospholipid anti-10). High-affinity, non-neutralizing, anti-prothrombin anti-
bodies do not recognize the lipid membrane per se butbodies were detected in the plasma of Lupus patients who
that the binding to anionic lipid membranes of the antibodies had decreased prothrombin leveld). In general, however,
is mediated by lipid binding plasma proteins, of which patients have normal prothrombin levels, and the anti-
B2-glycoprotein | 3,GPI) (1-3) and prothrombin4) appear prothrombin antibodies appeared to be low-affinity because
to be the most important representatives. The presence otthe anticoagulant was not depleted from plasma simulta-
these antibodies in plasma is commonly detected in lipid- neously with the prothrombin upon Bag&dsorption of the
dependent coagulation assays by their capacity to prolongpatient's plasma @, 8). In addition, the patient's anti-
the clotting time in vitro, termed the lupus anticoagulant prothrombin antibodies apparently do not bind to prothrom-
effect 6—8). It should be noted, however, that in patients bin adsorbed to plain PVC plates. Detection of anti-pro-
the presence of these antibodies is paradoxically associatedhrombin antibodies in enzyme-linked immunosorbent assays
with the occurrence of thrombosis. (ELISAS) requires the use of high-activatedioeirradiated

Anti-prothrombin antibodies have been proposed by Loe- plates for presenting the prothrombin, which presumably
liger (7) to cause both the LA effect and the prothrombin afford a higher density of the adsorbed antigen. Even more
depletion observed occasionally in these patients. Moreover,sensitive detection is afforded by prothrombin bound to
this author suggested that these antibodies interfere with theanionic lipid coated on the plate (reviewed in ).

Similar observations for anfi.GPI antibodies (ACA) from
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diaminetetraacetic acid. (kinetics) of 5.GPI and ACA IgG to PS-containing lipid
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membranes. It appeared that ff&PI-mediated binding of
ACA to PS-containing membranes was of high affinity
(apparenKy < 1 nM), despite the low affinityl{q ~ 4 uM)

of 8.GPI alone for these membranes. The importance of the
divalent interaction has now been confirmed in several
studies 15—17).

In earlier studies, the interaction of prothrombianti-
prothrombin complexes was assessed either indirectly through
the effect of these complexes on lipid-dependent coagulation
reactions 4, 18—20) or by semiquantitative end point
determinations carried out by ELISAZY, 22). In view of 0 1000 0 1000
the above-mentioned similarities between patient anti-pro- Time (s) Time (s)
thrombin and ant3;GPI antibodies, we hypothesized that Fgyre 1: Prothrombin-mediated binding of LA patient IgG to
similar mechanisms apply to the lipid binding of patient anti- PSPC bilayers containing 20 mol % PS. The m&sgnicrograms
prothrombin antibodies. This study was undertaken in an per square centimeter), of adsorbed protein, as measured by

effort to provide more quantitative insight into the kinetics €llipsometry, is plotted as a function of time. Experiments were
and thepaffinit of bigdin of atien% anti-prothrombin performed with 1gGs from three patients (7, 13, and 16). (A) At
Yy g P P 200 s, 100ug/mL LA 1gG was added to the cuvette and the

antibodies to PS-containing membranes. More specifically, adsorption was monitored by ellipsometry for 250 s. Then at 450
we wanted to verify the hypothesis suggested by the above-s, 25 nM prothrombin was added. (B) Reverse order of addition:
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mentioned similarities between anti-prothrombin and anti-
B2GPI antibodies that a similar mechanism of high-affinity
divalent binding applies to the interaction of patient anti-
prothrombin antibodies with membrane-bound prothrombin.
We used ellipsometry to quantitate the binding of proteins

first addition of 25 nM prothrombin to the cuvette at 200 s and the
adsorption of prothrombin was monitored for 250 s. Then at 450
s, 100ug/mL LA IgG was added. Experiments were performed at
ambient temperature (222 °C) in Tris-HCI buffer [120 mM NacCl,

50 mM Tris, and 3 mM CaGl(pH 7.5)] containing 0.5 mg/mL
BSA.

at PS-containing planar phospholipid membranes stacked at

silicon slides and total, unfractionated, IgG isolated from L
patients as a source of patient antibodies.

EXPERIMENTAL PROCEDURES

Materials.Bovine serum albumin (BSA, essentially fatty
acid free) was from Sigma (St. Louis, MO). 1,2-Dioleoyl-
sn-glycero-3-phosphocholine (PC) and 1,2-diolessHglyc-

A 'mmersion of the hydrophilic silicon slide for 5 min in a

stirred suspension of small unilamellar lipid vesicles £B80)

in Tris buffer [50 mM Tris, 120 mM NacCl, and 3 mM CaCl
(pH 7.5)] @4, 28). Ellipsometry was used to quantitate
protein adsorption to planar phospholipid bilayers as de-
scribed previouslyX4, 29). Experiments were performed at
ambient temperature (222 °C) under continuous stirring

in a trapezoidal cuvette with Tris buffer [50 mM Tris, 120

ero-3-phosphoserine (PS) were obtained from Avanti Polar mM NaCl, and 0.5 mg/mL bovine serum albumin (pH 7.5)]

Lipids (Alabaster, AL). Silicon slides were obtained from
Aurel GmbH (Landsberg, Germany). Human prothrombin
was purified according to the method of 123.

Patients. This study included total IgG preparations
isolated from the plasma of 16 patients. All patients had LA,

containing 3 mM CaGlunless indicated otherwise.

RESULTS

Preliminary experiments showed that binding of human
prothrombin to PSPC membranes containing 20 mol % PS

diagnosed according to the criteria proposed by the Subcom-coyid pe reasonably well fitted by the Langmuir model with

mittee of the International Society on Thrombosis and
Haemostasis24) and anticardiolipin IgG (ACA) above 15
GPL units @5). Eleven patients satisfied the criteria for
definite antiphospholipid syndrome®); six patients had
only deep vein thrombosis, three only arterial thrombosis,

and two both venous and arterial thrombosis. Two patients
met the revised criteria of the American Rheumatism Associ-

ation for the diagnosis of systemic lupus erythemato2up (

Antibodies.Total IgG was isolated from patient plasma
by affinity chromatography over protein -ASepharose.

Polyclonal antibodies raised in rabbits against human pro-

thrombin were obtained from DAKO (Glostrup, Denmark).

a dissociation constaty of 81 nM and a maximal binding
I'max Of 0.27 ug/cn?. For membranes containing 40 mol %
PS, a loweKy of 11 nM is found with a virtually identical
I'max Value of 0.29ug/cn? for maximal binding (data not
shown).

Figure 1 shows the prothrombin-dependent binding of
unfractionated total IgG of three patients to planar bilayers
of PSPC containing 20 mol % PS; the total mass (micrograms
per square centimeter) of adsorbed protein is plotted as
function of time (seconds). Panel A shows that addition of
patient IgG alone (10@g/mL) does not produce measurable
adsorption ' < 0.003ug/cn?); a significant adsorption is

Fabl fragments were produced using immobilized papain only observed after addition of prothrombin (25 nM). Panel

(Pierce, Rockford, IL) according to the manufacturer’s
instructions. Digestion, monitored by SBBAGE, was

B shows the reverse order of addition of proteins. It is
apparent that the addition of 25 nM prothrombin in the

performed to completion. Monovalent Fab1l fragments were absence of LA IgG results in a rapid adsorption with af

subsequently isolated by affinity chromatography using
protein A—Sepharose.

Ellipsometric Measurement of Protein Adsorption to Lipid
Bilayers Planar phospholipid bilayers were deposited on
silicon slides by adsorption of small unilamellar vesicles
(prepared by sonication) to the hydrophilic silicon by

0.05-0.06 uglcn?, which is completed within 100 s.
Subsequent addition of 1Q@)/mL patient LA 1gG initiates

a gradual but steadily progressing adsorption of prothrom-
bin—LA 1gG complexes. Comparison of panels A and B
reveals that the biphasic adsorption observed in panel A after
addition of prothrombin represents in the initial phas&Q0
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Ficure 3: Dependence of the binding of LA Ig&rothrombin
FiGure 2: Binding of prothrombir-LA IgG complexes to PSPC  complexes on the LA IgG concentration. Experiments were
and the patient-dependent response. Experiments as shown in Figurgerformed at planar PSPC bilayers containing 20 mol % PS. (A)
1B were performed with LA 1gG obtained from 16 patients and At 200 s, 25 nM prothrombin was added followed by 12.5, 25, 50,
for IgG obtained from normal plasma (N-IgG). (A) A representative 100, or 20Qug/mL LA 1gG (lower to upper curve) of patient 16 at
selection of adsorption experiments for seven patients is shown.500 s, and the adsorption was monitored by ellipsometry until
At 200 s, 25 nM prothrombin was added to the cuvette, and after equilibrium was approached. (B) The final equiliorium adsorption
completion of the prothrombin adsorption, 1@§/mL LA IgG was from experiments as shown in panel A was estimated from a
added at 500 s. (B) Additional adsorption caused by N-IgG and biexponential fit to the adsorption data and is plotted vs the
LA IgG, i.e., the final binding, estimated by a biexponential fit to concentration of LA IgG. The solid line represents the best fit of
the adsorption data shown in panel A diminished with the the formulal’ = I'naC/(C + Cos), with values for the maximal
prothrombin adsorption, for each patient studied. The adsorption binding I'nax and apparent dissociation constalyts of 0.85 ug/
for N-1gG is the average of five experiments; the error bar represents cn? and 9.8ug/mL, respectively. (C) The initial adsorption rates,
three standard deviations. as estimated from linear regression to the adsorption measurements
as shown in panel A between 30 and 130 s after addition of LA
s after addition of prothrombin) mainly prothrombin adsorp- 19G, are plotted vs the LA IgG concentration. The solid line
tion, whereas the second, slower, phase represents théepresents the least-squares fit to the Mag = a + bC, whereC

adsorption of LA 1gG-prothrombin complexes. Although ';ntge;gggegﬁgat'fg( Oi(l}AG '25’ CTr?fZesS,t'lm:rtl%dg%uxesl(éghir'g}gcept
experiments were performed with total patient IgG, which respectively.

may contain other “anti-phospholipid” antibodies in addition

to anti-prothrombin, e.g., anfl,GPI, only anti-prothrombin This raises the question of how equilibrium binding and
antibodies contribute to the measured adsorption because nadsorption kinetics of LA IgGprothrombin complexes
other lipid binding proteins such gsGPI are present. An  depend on prothrombin and LA IgG concentrations. Experi-
obvious consequence of the use of total IgG preparations isments were performed with total IgG from patients 7, 13,
the requirement of considerably higher 1IgG concentrations and 16. First, we studied the adsorption of prothrombin
compared to those in the experiments performed with LA IgG complexes to PSPC bilayers containing 20 mol %

affinity-purified antibodies as reported previousfi4( 30, PS at a fixed prothrombin concentration of 25 nM and IgG
31). For reasons of clarity, only the initial phase of the concentrations varying from 12.5 to 2@@/mL as shown
adsorption is shown in Figure 1. in Figure 3A for LA IgG of patient 16. It is apparent that

The complete adsorption profiles of the prothrombin- increasing the LA 1gG concentration indeed results in an
mediated adsorption of LA 1gG are shown in Figure 2A for increase in the adsorption rate. Final binding, as estimated
IgGs obtained from seven patients. Apparent is the slow by biexponential extrapolation of these adsorption curves,
evolution of the adsorption, which even after 1.5 h is not is much less sensitive to the IgG concentration. Figure 3B
entirely completed. Therefore, the final additional adsorption shows that equilibrium binding is half-maximal at 28/
caused by addition of patient IgG was estimated by a mL LA IgG, and maximal bindingI(ay is estimated to be
biexponential fit to the adsorption data measured for at least0.85ug/cn?. For patients 7 and 13, the values@fs were
90 min after addition of the IgG. Figure 2B shows these 2.9 and 9.5 at 9.&g/mL LA IgG, respectively, withl'max
additional adsorptions caused by the prothromiiiA IgG values of 0.70 and 0.8@g/cn?, respectively. Figure 3C
complexes for all 16) patients tested and for IgG isolated shows that the initial rate of adsorption of prothrombin
from the plasma of healthy subjects (N-1gG). N-IgG exhibited LA IgG complexes increases linearly with increasing 1gG
a negligible adsorptionl{ = 0.007+ 0.007 ug/cn?; mean concentration, presumably reflecting transport-limited transfer
+ standard deviation). IgGs from all patients exhibit a of the LA IgG from bulk solution to the macroscopic surface
response exceeding the mean value of N-lgGthree of the lipid-coated silicon slide, as described before for ACA
standard deviations, although the responses of differentbinding (L4). As described in that study giyGPI-mediated
patients vary widely, presumably reflecting different titers binding of ACA, this linearity enables the estimation of the
of anti-prothrombin antibodies in the total IgGs. A common concentration of anti-prothrombin in the total IgG prepara-
feature of all experiments is that the adsorption proceedstion. Using aA value of 102 cm/s (L4) for the mass transfer
rather slowly; more thal h isrequired to reach equilibrium.  coefficientA of transport of IgG from bulk solution to the
It should, however, be emphasized that these experimentssurface of the slide and the slop@f the adsorption rate as
are performed at concentrations of 1gG (1@¢/mL) and a function of the LA 1gG concentratiorb(= 6.5, 6.6, and
prothrombin (25 nM) that are 100- and 60-fold lower than 4.9 x 1076 cm/s for patients 16, 7, and 13, respectively),
the plasma concentration of IgG (10 mg/mL) and prothrom- we estimate that less than 0.6% of total IgG is anti-
bin (1.5uM), respectively. prothrombin. Therefore, th€,s values present arn-100-
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Ficure 4: Dependence of the kinetics of adsorption of LA lgG
prothrombin complexes on the prothrombin concentration. Experi-
ments were performed at planar PSPC bilayers containing 20 mol
% PS. (A) At 200 s, prothrombin, 5, 7.5, 10, 20, or 40 nM (lower
to upper curve), was added followed by 106/mL LA 1gG of
patient 16 at 500 s, and the adsorption was monitored by
ellipsometry until equilibrium was approached. (B) The final
equilibrium adsorption from experiments as shown in panel A was
estimated from a biexponential fit to the adsorption data and is
plotted vs the prothrombin concentration. The solid line represents
the best fit of the formuld” = I'naC/(C + Cop5), with values for

the maximal binding"max and apparent dissociation const&ats

of 0.91ug/cn? and 3.9 nM, respectively.

Ficure 5: Initial rate of adsorption of LA Ig&prothrombin
complexes depending on the prothrombin concentration, prothrom-
bin surface coverage, and PS content of the lipid bilayers.
Experiments as shown in Figure 4A were also performed at PSPC
membranes containing 10 or 40 mol % PS for several prothrombin
concentrations and 1Q@/mL LA 1gG of patient 16. (A) The initial
adsorption rate, estimated as in Figure 3C, is plotted as a function
of the prothrombin concentration. The solid lines represent the best
fits of the equatiotV = Vi, C/(C + Cop 5), WhereVyaxis the maximal
adsorption rate at saturating prothrombin concentratiGns, the
concentration of prothrombin, an@ys is the concentration of
prothrombin resulting in half-maximal adsorption velocity to the
20 and 40 mol % PS data sets. The estimated values of the

fold overestimation of the apparent dissociation constant, andParameters were as follows/pax = 1.5 x 107 ug cmr? s and

. . oo Co5 = 27 nM prothrombin at 20% PS angh.x = 2.4 x 1073 ug
the apparent dissociation constant for binding of LA I9G 10 > <"1 andC, s = 10 nM prothrombin at 40% PS. (B) Replot of

membrane-associated prothrombin is well below@mL the data in panel A. The initial adsorption rate is now plotted vs
(0.6 nM). the amount of prothrombinler) adsorbed to the lipid membrane

Next we addressed the dependence of binding kinetics ofprior to the addition of the LA 1gG. The solid line represents the

anti-prothrombir-prothrombin complexes on the prothrom-  Pest fit of the equatio = Vima /(I" + To5), WhereVimay is the
maximal adsorption rate at saturating prothrombin concentrations,

bin Concemration' Figure 4A S.hOWS the pr_thrombin'de' T’ is the surface concentration of prothrombin, &ladis the surface
pendent adsorption to PSPC bilayers containing 20 mol % concentration of prothrombin resulting in half-maximal adsorption
PS for several prothrombin concentrations ranging from 5 velocity to the combined data sets. The estimated values of the
to 40 nM and a fixed 1gG concentration of 19§/mL. Again parameters Wefrl?? as followd/max = 2.8 x 1073 ug cnr? s~ and
final adsorptions are extrapolated by a biexponential fit. 10s= 0-18ug/cn?.

Figure 4B shows the equilibrium adsorptions as a function
of the prothrombin concentration. A hyperbolic dependence
is observed, and half-maximal adsorption is attained at a .
prothrombin concentration of 4 nM, i.e., 400-fold lower than PSPC membrane by exposure to 25 nM prothrombin and

the concentration of prothrombin in plasma. It is evident that 100 ug/mL LA 19G for ~30.min. Then, des.orptilo_n of ad-
the initial adsorption rates increase with increasing pro- SOrPed LA 1gG-prothrombin complexes is initiated by

thrombin concentrations, but the amount of prothrombin flushing the cuvette (4 mL) with fresh buffer (30 mL),
bound to the membrane in the absence of LA IgG also €ausing a rapid desorption (Figure 6A). Strikingly, the rate
increases with the concentration of (free) prothrombin, ~ Of desorption is strongly inhibited by low concentrations of
This raises the question of whether membrane-bound orProthrombin, whereas addition of LA IgG does not influence
free prothrombin regulates the adsorption rate. To find an the desorption rate. To determine the desorption rate as func-
answer, we performed similar experiments as shown in Fig- tion of the prothrombin concentration, we performed experi-
ure 4A with PSPC membranes containing-4D% PS as ~ Ments as shown in Figure 6A using LA IgG from two
the amount of bound prothrombin at a fixed concentration Patients, 13 and 16, and several prothrombin concentrations,
of free prothrombin can be increased by increasing the PS0—10 nM, were added during the desorption. The desorption
content of the membrane. Figure 5A shows the initial adsorp- rate was estimated from the linear regression to the measured
tion rates as a function of the prothrombin concentration. It @dsorbed mass between 100 and 200 s after addition of
is apparent that for fixed prothrombin concentrations, an Prothrombin, and Figure 6B shows a plot of the desorption
increase of the percentage of PS in the membrane producesate as a function of the prothrombin concentration that was
a higher adsorption rate. Figure 5B presents a replot of theadded during the desorption. The hyperbolic equatign
adsorption rate versus the density of bound prothrombin and= VJ/(1 + [PT]/[PT]os) allows a good approximation as the
shows that the adsorption rate is completely determined byfit to the data in Figure 6B shows. It is estimated that half-
the amount of bound prothrombin. This finding strongly indi- maximal desorption occurs at a prothrombin concentration
cates that LA IgG-prothrombin interaction in solution is  of 1—2 nM. These results are highly suggestive for divalent
weak, suggesting that the observed high-affinity binding is binding of LA IgG, as it is inconceivable that the desorption
the result of divalent interaction with membrane-bound of a monovalent prothrombinanti-prothrombin complex,
prothrombin. which is singly attached to the lipid membrane, can be

To verify this notion, we studied the desorption kinetics
of LA IgG—prothrombin complexes accumulated at the
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Ficure 6: Prothrombin-dependent desorption of LA lg@ro-
thrombin complexes. (A) LA IgGprothrombin complexes were
adsorbed to PSPC membranes containing 20 mol % PS by addition
of 25 nM LA IgG at 200 s followed at 400 s by addition of 100
ug/mL LA 1gG (patient 16). At 2530 s, all proteins were depleted
from the solution by flushing the cuvette (4 mL) with 30 mL of
buffer (arrow 1), and the resulting desorption of LA IgG
prothrombin complexes was followed for 180 s by ellipsometry.
Subsequently, either 5 nM prothrombin (curve a)d50f buffer
(curve b), or 10Qug/mL LA IgG (curve c) was added at 2710 s

FiGURE 7: Adsorption of LA IgG-prothrombin complexes requires
divalent antibodies. Fabl fragments of the 1gG of patients 5 and
16 were produced by papain digestion. Prothrombin complexes were
bound to PSPC membranes containing 20 mol % PS. Prothrombin
(25 nM) was added to the cuvette at 200 s followed at 500 s by 25
ug/mL LA IgG (upper curves), or the corresponding Fab1l fragment
(25 ug/mL) (lower curves) was added and the ensuing adsorption
measured: (A) patient 5 and (B) patient 16.

(arrow 2), and the desorption was followed for 660 s. Finally, 1£G
proteins were depleted once more by flushing the cuvette at 3370 PT
s (arrow 3). (B) Experiments as shown in panel A were repeated ‘ 4
with LA 1gG of patients 13 and 16 for several prothrombin Ky~ K,<
concentrations, 810 nM, added during the desorption. The rate + 'J»V w‘/
of prothrombin-dependent desorption was estimated by the slope K, ~
of the best fitting line to the adsorbed mass as measured by 100 nM
ellipsometry every 10 s between 100 and 200 s after addition of Ky~
prothrombin. Panel B shows a plot of this desorption rate as a y _+ L@l
function of the prothrombin concentration. T' :

PSPC membrane

affected by the presence of additional prothrombin at the

membrane. . . Ficure 8: Proposed model for prothrombin-mediated binding of
These results clearly suggest that LA anti-prothrombin | A 1gG to PS-containing phospholipid membranes.
antibodies, like ant,GPI antibodies, bind to the antigen
lipid membrane complex via divalent interaction. This notion, equilibrium binding attained at a concentration of 4§/
that the high-affinity binding of LA IgG-prothrombin ) ‘natient I9G and 4 nM prothrombin, respectively. Thus,
complexes reflects divalent interaction of the antibody with ¢ binding of patient anti-prothrombirprothrombin com-
membrane-bound prothrombin, was tested by using monova-piexes is 20-fold higher in affinity than the binding of
lent Fab1 fragments produced by papain digestion of the LA qthrombin alone, which suggests multivalent interaction
IgG. In Figure 7, prothrombin-mediated binding of the \yit the lipid membrane. On the other hand, the enhanced
monovalent Fabl fragments is compared to that of intact affinity of monovalent anti-prothrombimprothrombin com-
antibodies. It is evident that adsorption of Fabl fragments plexes for lipid membranes could arise from an altered
is negligible compared to the binding found for intact I9G.  conformation of the prothrombin moiety interacting with the
DISCUSSION membrane. Our data cannot rule 'o_ut a change in the
conformation of prothrombin upon lipid binding, but the
Our data demonstrate the potency of patient anti-pro- experiments with Fabl fragments (Figure 8) indicate that
thrombin antibodies, circulating in APS patients, to form such a putative conformational change does not cause the
high-affinity anti-prothrombir-prothrombin complexes at  high affinity of the anti-prothrombisprothrombin com-
PS-containing phospholipid membranes. Half-maximal bind- plexes for the lipid membrane. Alternatively, the high-affinity
ing is attained at concentrations of (total) IgG and prothrom- binding as observed in our experiments can be explained by
bin that are 308 1000-fold lower than the concentrations multiple prothrombir-membrane interactions of multivalent
of these proteins in plasma. Analysis of desorption kinetics anti-prothrombin antibodyprothrombin complexes. The
revealed that the high affinity of the antibodies of these high-affinity binding fits well with the model®) in which
patients was due to formation of divalent (or multivalent) anti-prothrombir-prothrombin complexes inhibit lipid-de-
IgG—prothrombin complexes at the lipid membrane. The pendent reactions of blood coagulation as observed previ-
minimal binding found for monovalent Fabl fragments ously @, 18—20, 31).
corroborated this notion. Our data extend earlier reports on prothrombin-mediated
The high affinity of the prothrombirLA IgG complexes binding of LA antibodies to phospholipid membranes. Rao
for PS-containing phospholipid bilayers is apparent from et al. 1), using [*4]prothrombin to detect prothrombin
Figures 3 and 4, which show a steep increase in the amountound at microtiter plate wells coated with PSPC (40:60),
of binding with an increase in both the prothrombin showed that LA enhances prothrombin binding to this PSPC
concentration and the IgG concentration with half-maximal coating, reducing the dissociation constant43fold from
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~800 to 206-300 nM. Recently, we cooperated in a study in a practically complete shift in the equilibrium toward the
on the lupus anticoagulant effect of affinity-purified anti- trimolecular complex, with an overall result that LA 1gG
prothrombin antibodies 3Q). In this study, we showed hinds with high affinity (dissociation constant 1 nM) in
enhanced binding of anti-prothrombiprothrombin com- the presence of prothrombin.
plexes to planar lipid bilayers. Enhanced binding was further
shown in a recent, elaborate, stud32) by a variety of =~ ACKNOWLEDGMENT
techniques. Remarkably, the data of this last study suggested
a rather low affinity not only of prothrombin itself but also
of anti-prothrombir-prothrombin complexes for lipid mem-
branes: half-maximal binding requiring500 nM prothrom-
bin and 30uM (~4.5 mg/mL) LA IgG, a concentration
which is 100-fold hlgher than that observed in the present 1. McNeil, H. P., Simpson, R. J., Chesterman, C. N., and Krilis, S.
study. Such a low affinity is difficult to reconcile with the A. (1990) Proc. Natl. Acad. Sci. U.S.A. 84120-4124.
inhibition of lipid-dependent coagulation reactions. 2. Matsuura, E., Igarashi, Y., Fujimoto, M., Ichikawa, K., and Koike,
The desorption rate of the patient’s anti-human prothrom- T. (1990)Lancet 336 177-178.

: : : _ 3 1) . . 3. Galli, M., Comfurius, P., Maassen, C., Hemker, H. C., de Baets,
bin antlbOdleSK"ﬁ =0.7x10"s ) IS remarkably hlgh n M. H., van Breda-Vriesman, P. J., Barbui, T., Zwaal, R. F., and

We thank Dr. Theo Lindhout, Maastricht University, for
providing the human prothrombin.

REFERENCES

view of the high affinity of these complexes, but can be Bevers, E. M. (1990).ancet 335 1544-1547.

strongly reduced by the addition of prothrombin during the 4. Bevers, E. M., Galli, M., Barbui, T., Comfurius, P., and Zwaal,
desorption. This indicates that anti-prothromprothrombin R. F. (1991)Thromb. Haemostasis 6629-632.

complexes are mainly adsorbed as divalent4g@othrom- 5.Lee, S. L., and Sanders, M. (1956)Clin. Invest. 34 1814-1822.
bin)2 complexes (Figure 8)_ 6. Bonnin, J. A., Cohen, A. K., and Hicks, N. D. (195By. J.

Haematol. 2 168-179.
7. Loeliger, A. (1959)Thromb. Diath. Haemorrh. 2237—-256.
8. Rapaport, S. I., Ames, S. B., and Duval, B. J. (19B®jod 15

It should be noted that these desorption rates concern initial
rates. It appears that in experiments as shown in Figure 6, a

fraction of approximately 1525% of the bound LA IgG 219-227.

prothrombin complexes remains irreversibly attached to the g thiagarajan, P., Shapiro, S. S., and De Marco, L. (198@)iin.

lipid membrane, even after desorption for 2 h. During the Invest. 66 397—405.

desorption, the cuvette solution (4 mL) was continuously 10. Pengo, V., Thiagarajan, P., Shapiro, S. S., and Heine, M. J. (1987)
refreshed at a rate of 60 mL of buffer per hour to prevent Blood 7Q 69-76.

[N

1. Bajaj, S. P., Rapaport, S. I, Fierer, D. S., Herbst, K. D., and
Schwartz, D. B. (1983Blood 61 684—692.

12. Galli, M., and Barbui, T. (199%lood 93 2149-2157.
13. Roubey, R. A, Eisenberg, R. A., Harper, M. F., and Winfield, J.

accumulation of desorbed proteins. The adsorption period
in Figure 6 was short, namely, 2100 s; for more prolonged
adsorptions, 11 000 vs 2100 s, this nondesorbing fraction

increases to 60% (data not shown). Slow formation of multi- B. (1995)J. Immunol. 154954-960.

valent LA IgG—prothrombin complexes at the membrane 14, willems, G. M., Janssen, M. P., Pelsers, M. M., Comfurius, P.,

would offer an obvious explanation for this observation. Galli, M., Zwaal, R. F., and Bevers, E. M. (199B)ochemistry
Binding similar to that for patient LA IgG was found for 35, 13833-13842. .

anti-(human)prothrombin antibodies raised in rabbits, al- 15 Takeya, H., Mori, T., Gabazza, E. C., Kuroda, K., Deguchi, H.,

. s - Matsuura, E., Ichikawa, K., Koike, T., and Suzuki, K. (1997
though half-maximal binding required 4-fold less prothrom- Clin. Invest. 99 2260-2268. (1997)

bin. In addition, desorption of the rabbit anti-prothrombin 16. Arnout, J., Wittevrongel, C., Vanrusselt, M., Hoylaerts, M., and
prothrombin complexes was 30-fold slower than for patient Vermylen, J. (1998)Thromb. Haemostasis 799—86.
antibodies, presumably reflecting a higher affinity of the 17.Sheng, Y., Kandiah, D. A., and Krilis, S. A. (1998)Immunol.
monovalent anti-prothrombirprothrombin interaction of the 161, 2038-2043.

: : : I : ; 18. Oosting, J. D., Derksen, R. H., Bobbink, I. W., Hackeng, T. M.,
;arlltz)l\al\l/tn)antlbodles than of the patient’s antibodies (data not Bouma, B. N.. and de Groot, P. G. (19%ipod 81 26182625,

. . . 19. Permpikul, P., Rao, L. V., and Rapaport, S. |. (19B%od 83
In Figure 8, we propose a model for prothrombin-mediated 2878_ng92, pap (1984)

binding of LA 1gG, which is similar to the previously 20.Rao, L. V., Hoang, A. D., and Rapaport, S. I. (19FByomb.
proposed model fof,GPIl-mediated binding of ACA14). Haemostasis 73568-674.

Prothrombin binds with a rather low affinity to the lipid  21.Rao, L. V., Hoang, A. D., and Rapaport, S. I. (1986)od 8§
membrane with a dissociation constant-e100 nM. As- 4173-4182. . ,
sociation of IgG and prothrombin in solution is unimportant = 22- Galli. M., Beretta, G., Daldossi, M., Bevers, E. M., and Barbui,

f Ei | flecti | fini f T. (1997) Thromb. Haemostasis 7486-491.
(cf. Figure 4), presumably reflecting a low affinity of LA~ 55 Billy, D., Speijer, H., Willems, G., Hemker, H. C., and Lindhout,

IgG for free prothrombin. Also, monovalent binding to lipid- T. (1995)J. Biol. Chem. 2701029-1034.
bound prothrombin is minimal, but the small fraction of lipid-  24. Brandt, J. T., Triplett, D. A., Alving, B., and Scharrer, I. (1995)
bound prothrombin occupied by LA IgG rapidly interacts Thromb. Haemostasis 74185-1190.

with a second membrane-bound prothrombin forming a 25 Eﬁ”is,hEl; '_\é-,bﬁgaravht% 5_-é(§nd_Hl|Jng'1\leS.EG- R-TV-élggl) in
- . ospholipid-binding antibodig#iarris, E. N., Exner, T., Hughes,

trimolecular (_:omplex with the_ IgG doubly attached to the G.R. V., and Asherson, R. A., Eds.) pp 17887, CRC Press,

membrane via two prothrombin molecules. Because of the Boca Raton, FL.

divalent lipid attachment of this complex, the rate of 2. wilson, W. A., Gharavi, A. E., Koike, T., Lockshin, M. D., Branch,

desorption is extremely slow. Only dissociation to the D. W, Piette, J. C., Brey, R., Derksen, R., Harris, E. N., Hughes,

monovalently bound bimolecular IgGrothrombin complex gh;}nnglle:tstég?iéi'land Khamashta, M. A. (1998)thritis

IS feaSIbl?' Th|§ monpvalent Igeert.hrombm complex can 27.Tan, E. M., Cohen, A. S,, Fries, J. F., Masi, A. T., McShane, D.

then rapidly dissociate at least in the absence of free ' j 'Rrothfield, N. F., Schaller, J. G., Talal, N., and Winchester, R.

prothrombin. The presence of prothrombin, however, results J. (1982)Arthritis Rheum. 251271-1277.



Binding of Prothrombinr-Lupus Anticoagulant Complexes Biochemistry, Vol. 41, No. 48, 20024363

28. Giesen, P. L., Willems, G. M., and Hermens, W. T. (1991) 31. Simmelink, M. J., Horbach, D. A., Derksen, R. H., Meijers, J. C.,

Biol. Chem. 2661379-1382. Bevers, E. M., Willems, G. M., and De Groot, P. G. (20®&k)

29. Cuypers, P. A., Corsel, J. W., Janssen, M. P., Kop, J. M., Hermens, J. Haematol. 113621-629.
W. T., and Hemker, H. C. (1983). Biol. Chem. 2582426~ 32. Field, S. L., Chesterman, C. N., Dai, Y. P., and Hogg, P. J. (2001)
2431. J. Immunol. 1666118-6125.

30. Willems, G. M., Janssen, M. P., Comfurius, P., Galli, M., Zwaal,
R. F., and Bevers, E. M. (200Biochemistry 391982-1989. B1026408L



