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Abstract

Beta2-glycoprotein I (β2GPI) is the most common antigen for autoimmune antibodies in 

antiphospholipid syndrome (APS). Thrombosis is a clinical feature of APS. We made a molecule 

(A1-A1) that consists of two identical β2GPI-binding modules from ApoE receptor 2. A1-A1 

binds to β2GPI/anti-β2GPI antibody complexes preventing their association with ApoER2 and 

anionic phospholipids, and reducing thrombus size in the mouse model of APS. Here, we describe 

a mutant of A1-A1 (mA1-A1ND) with improved affinity for β2GPI. mA1-A1ND inhibits the 

binding of β2GPI to cardiolipin in the presence of anti-β2GPI antibodies and inhibits β2GPI/

antibody complexes in plasma samples of APS patients affecting the clotting time. Inhibition of 

the clotting time demonstrates the presence of soluble β2GPI/anti-β2GPI antibody complexes in 

patients’ plasma. These complexes either already exist in patients’ plasma or form rapidly in the 

vicinity of phospholipids. All members of the LDL receptor family can bind β2GPI. Modelling 

studies of A1 in a complex with domain V of β2GPI (β2GPI-DV) revealed two possible 

orientations of a ligand-binding module from lipoprotein receptors on β2GPI-DV. In both 

orientations, the ligand-binding module interferes with the binding of β2GPI to anionic 

phospholipids, however it interacts with two different though overlapping sets of lysine residues in 

β2GPI-DV, depending on the orientation.
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Introduction

Beta2-glycoprotein I (β2GPI) has an important pathological role in antiphospholipid 

syndrome (APS) [1]. Patients with thrombosis and/or pregnancy loss are diagnosed with 

APS, if they have autoimmune antibodies to serum proteins, which bind to anionic 

phospholipids in laboratory tests for APS [2]. B2GPI is the major antigen for 

antiphospholipid antibodies [3–5]. Normally, β2GPI circulates in the blood at a high 

concentration and does not have a well-defined physiological function. B2GPI acquires 

prothrombotic properties in the presence of anti-β2GPI antibodies. Anti-β2GPI antibodies 
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correlate with thrombosis in patients with APS and potentiate thrombosis in animal models 

of APS [6–9].

In vivo in mice significant β2GPI deposition was detected only on the endothelium of the 

uterus and the deposition pattern remained the same in mice with circulating anti-β2GPI 

antibodies [10]. In the presence of anti-β2GPI antibodies, β2GPI/antibody complexes 

enhance thrombus size in rodent models of thrombosis and activate endothelial cells, 

monocytes and platelets in vitro and in vivo [11–14]. Several receptors and cell-surface 

molecules including TLR4, Annexin II, ApoER2 and other receptors of the LDL receptor 

family, GPIbα and anionic phospholipids have been shown to bind β2GPI and contribute to 

cellular activation by β2GPI/antibody complexes [15–22]. ApoER2 and GPIbα act together 

in activation of platelets by β2GPI/antibody complexes [18]. Anti-β2GPI antibodies enhance 

the binding of β2GPI to cellular surfaces and, possibly, crosslink several receptors. In vivo 

studies in mice confirmed the contribution of ApoER2, TLR4 and Annexin II to 

prothrombotic properties of β2GPI/antibody complexes [14, 23–25]. Besides cell-surface 

receptors, β2GPI interacts with proteins involved in blood coagulation and fibrinolysis [26–

29]. Whether these interactions are modified by antiβ2GPI antibodies and their role in 

antiphospholipid syndrome is not well established.

ApoER2 is a receptor for β2GPI/antibody complexes on endothelial cells and platelets [14, 

30]. It belongs to a family of low-density lipoprotein receptor. Like other receptors of the 

same family, ApoER2 uses multiple small structurally homologous ligand-binding modules 

to interact with diverse ligands. The first ligand-binding module, A1, is critical for the 

binding of β2GPI to ApoER2 [30]. We created a molecule consisting of two A1 modules 

connected with a flexible linker and demonstrated that this molecule preferentially targets 

β2GPI/antibody complexes compared to β2GPI free of antibody [31]. A1-A1 not only 

interferes with the binding of β2GPI/antibody complexes to ApoER2, but also prevents their 

association with anionic phospholipids, therefore inhibiting two potentially harmful 

activities of β2GPI/antibody complexes [32]. Most importantly, we demonstrated that 

infusion of A1-A1 in mice abrogated the increase in thrombus size caused by the presence of 

β2GPI/antibody complexes [33].

In this study, we made a mutant of A1-A1 (mA1-A1ND) with improved affinity for β2GPI. 

The rationale for a point Asn 36 to Asp mutation in the β2GPI-binding region of mouse A1 

was deduced from the modelling of the complex between A1 and β2GPI. mA1-A1ND 

inhibits the binding of β2GPI/antibody complexes to cardiolipin-coated surfaces and 

decreases anti-β2GPI-dependent prolongation of clotting time in plasma samples of APS 

patients. All receptors of the LDL receptor family can bind β2GPI. Modelling studies of A1 

in a complex with domain V of β2GPI (β2GPI-DV) revealed two possible orientations of a 

ligand-binding module from lipoprotein receptors on β2GPI-DV. In both orientations, the 

ligand-binding module interferes with the binding of β2GPI to anionic phospholipids, 

however it interacts with two different though overlapping sets of lysine residues in β2GPI-

DV, depending on the orientation.
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Results and Discussion

Calcium binding by A1 variants

A1 is the first ligand-binding repeat from ApoE receptor 2 (ApoER2). We made A1 

molecules consisting of human (hA1), mouse (mA1) and an Asn36/Asp point mutant of 

mouse A1 (mA1ND) sequences. Similarly to other ligand-binding repeats from lipoprotein 

receptors, A1 is mostly devoid of secondary structure elements, but has a well-defined three-

dimensional structure [34]. The structural rigidity of a ligand-binding module is maintained 

by three disulfide bonds and a calcium ion coordinated by conserved aspartate and glutamate 

residues. In the absence of calcium, the three-dimensional structure is totally lost, affecting 

the ability of ligand-binding repeats to interact with their ligands [35]. Because of a strong 

dependence of A1 function on the bound calcium ion, we compared hA1, mA1 and mA1ND 

for their affinities for calcium. All three examined A1 molecules bound calcium with Kd 

values in the low micromolar range (Figure 1 and Table 1). The measured Kd values were 

4.3 μM, 10.2 μM and 2.8 μM for hA1, mA1 and mA1ND, respectively. Of the three, 

mA1ND has the strongest affinity for calcium, which contributes to its conformational 

stability.

Binding of A1 variants to domain V of human β2GPI

A1, which is a part of the ApoER2 receptor, is critical for the binding of β2GPI/antibody 

complexes to the receptor [30]. A1 binds to domain V of β2GPI (β2GPI-DV) [32, 36]. We 

compared the binding affinities of A1 variants for human β2GPI-DV. The Kd values 

measured for the binding of hA1, mA1 and mA1ND to human β2GPI-DV in a Hepes buffer 

containing 2 mM CaCl2 and 50 mM NaCl were 20 μM, 26 μM and 8 μM, respectively 

(Figure 2 and Table 2). Electrostatic interactions play a major role in the binding of all three 

variants of A1 to β2GPI-DV. When the concentration of NaCl in the buffer was increased to 

150 mM, the Kd value of mA1ND increased from 8 μM to 14 μM (Figure 3). The binding 

affinity of A1 for β2GPI-DV is likely underestimated when measured in a Hepes or other 

sulfite containing buffer. Crystal structures of β2GPI determined in the presence of 

ammonium sulfate (PDB ID 3OP8 and 4JHS) have shown bound sulfate ions forming polar 

contacts with the lysine residues 282, 284, 308 and 317 of β2GPI-DV, which are also 

important for the interaction between A1 and β2GPI-DV [32].

Two possible orientations of the ligand-binding module from a lipoprotein receptor in the 
complex with β2GPI

All members of the LDL receptor family can bind β2GPI [16]. Previously, we used solution 

NMR spectroscopy to examine how ligand-binding modules from lipoprotein receptors 

interact with domain V of β2GPI (β2GPI-DV). Because the crystal structure of A1 was not 

available, we used LA4, a ligand-binding module from the low density lipoprotein receptor, 

to model the complex and confirmed the model with extensive experimental observations 

[32]. We also compared A1 to LA4 and determined that both molecules interact with β2GPI 

via residues at their calcium-coordinating site and that the lysine residues Lys 308 and 317 

of β2GPI-DV are important for complex formation. Recently, the X-ray structure of human 

A1 was deposited to the PDB data bank (PDB ID: 3A7Q), allowing us to build a model of 

the complex between A1 and β2GPI-DV.
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The crystal structures of human β2GPI-DV and human A1 were used for modeling the 

complex. The docking resulted in three clusters of structures. The top cluster was more than 

two times more populated than the second cluster. After superposing the representative A1/

β2GPI-DV structure from the top cluster onto the LA4/β2GPI-DV complex, we observed 

that the two models of the complex were shifted relative to each other. To compare the two 

models in detail, we aligned A1 onto LA4 in the LA4/β2GPI-DV model, energy minimized, 

and superimposed the resultant complex, which we named A1(LA4)/β2GPI-DV, onto the 

model of the A1/β2GPI-DV complex (Figure 4A,B). In both models, β2GPI-DV binds to the 

residues around the calcium-binding site on A1 and the lysine residues of β2GPI-DV form 

the major contacts with A1, which is in agreement with our previous experimental 

observations [32]. Furthermore, in both models there are three lysine residues of β2GPI-DV, 

Lys 284, 308 and 317, in the vicinity of A1 and two of these lysine residues interact with the 

calcium-coordinating residues on A1 (Figure 4B). Interestingly, the two interacting lysine 

residues are Lys 308 and 317 in the A1(LA4)/β2GPI-DV complex, and Lys 284 and 308 in 

the A1/β2GPI-DV complex. The spatial position of ε-amino groups of Lys 284 and 308 

relative to A1 in the A1/β2GPI-DV complex closely matches the spatial position of ε-amino 

groups of Lys 308 and 317 in the A1(LA4)/β2GPI-DV complex (Figure 4B). These two 

models represent two possible ways in which ligand-binding modules from lipoprotein 

receptors bind β2GPI. The preferential binding mode likely depends on the primary 

sequence of the ligand-binding module interacting with β2GPI. Both models support our 

previous observation that β2GPI can’t simultaneously bind to ApoER2 and anionic 

phospholipids [32].

ITC binding studies of A1 variants support the model for the A1/β2GPI-DV complex. In this 

model, the sidechain of Asp 38 of human A1 forms a network of hydrogen bonds with the 

backbone of A1, stabilizing the calcium-coordinating residue Asp 39, and with Lys 317 of 

β2GPI-DV, strengthening the complex (Figure 4C). This network of hydrogen bonds is lost 

in mouse A1, where an asparagine residue, Asn 36 in the primary sequence of mouse A1, is 

located in place of Asp 38 of human A1. A point mutation, Asn36/Asp, substituting 

aspartate for asparagine improves both the calcium binding of mouse A1 and its affinity for 

β2GPI-DV.

Inhibition of the binding of human and mouse β2GPI to anionic phospholipids in 
cardiolipin ELISA

B2GPI/antibody complexes are prothrombotic in APS patients and in mice [7, 8, 33]. 

Disruption of a protective shield formed by annexin V on anionic phospholipids by β2GPI/

antibody complexes is one of the thrombogenic mechanisms in antiphospholipid syndrome 

[21, 37]. It was also suggested that the β2GPI molecule bound to phospholipids changes its 

overall conformation exposing previously hidden epitopes for anti-β2GPI antibodies [38]. 

The inhibition of the binding of β2GPI/antibody complexes to negatively charged 

phospholipids, in addition to interference with cellular activation via inhibition of ApoER2, 

is an important property of the A1-A1 inhibitor.

We compared how A1-A1 variants inhibit the binding of human and mouse β2GPI/antibody 

complexes to anionic phospholipid cardiolipin. We used normal human and mouse serum to 
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supply β2GPI and supplemented serum with anti-β2GPI antibodies. The quantity of human 

and mouse serum used in the assay was selected from binding curves to yield 60% of 

maximal binding of β2GPI/antibody complexes to cardiolipin (Figure 5A,B). We compared 

the inhibitory property of A1-A1 variants composed of two mouse A1 modules (mA1-A1), 

two human A1 (hA1-A1) and two Asn36/Asp mutants of mouse A1 (mA1-A1ND). mA1-

A1ND inhibited human and mouse β2GPI equally well in the presence of anti-β2GPI 

antibodies (Figure 5C,D and Table 3).

Reduction of clotting time in plasma samples of APS patients

Autoimmune anti-β2GPI antibodies predispose clinically to thrombosis but cause a 

prolongation of clotting time in the laboratory test for APS [2]. Prolonged clotting time 

better correlates with thrombosis in APS patients than just a positivity in anti-β2GPI and 

anti-cardiolipin ELISA tests [6]. Anti-β2GPI antibodies affect clotting time by enhancing the 

binding of β2GPI to anionic phospholipids in test reagent, therefor competing with the 

assembly of the clotting factors of the coagulation cascade.

We evaluated mA1-A1ND for its ability to inhibit the clotting time in plasma samples of 

APS patients positive for anti-β2GPI antibodies. All patients were on long-term oral 

anticoagulation therapy with warfarin. The mA1-A1ND inhibitor was evaluated in a 

modified prothrombin time test. APS citrated plasma was incubated with mA1-A1ND for 30 

min on ice in the presence of calcium. Clotting was initiated by a test reagent containing 

recombinant tissue factor, synthetic anionic phospholipids and calcium. Prolongation of the 

clotting time in patients’ plasma is a combined effect of warfarin and β2GPI/antibody 

complexes. mA1-A1ND reduced the clotting time dose-dependently in APS samples (Figure 

6A). mA1-A1ND reduced the clotting time in normal plasma supplemented with anti-β2GPI 

antibodies and had no effect on clotting time in normal plasma in the absence of anti-β2GPI 

antibodies (Figure 6A). The lack of any effect of A1-A1 on the clotting time in normal 

plasma correlates with our in vivo data showing that A1-A1 is effective in interfering with 

thrombotic properties of anti-β2GPI antibodies and does not affect normal thrombus 

formation in the absence of anti-β2GPI [33]. Both mA1-A1ND and mA1-A1 inhibited the 

clotting time in patients’ plasma equally well (Figure 6B).

The binding of A1-A1 to β2GPI free of antibody is weak. A1-A1 will only bind to β2GPI 

engaged by the anti-β2GPI antibody forming a stable complex containing A1-A1, two 

β2GPI molecules and antiβ2GPI antibody, so that the β2GPI/anti-β2GPI complex can no 

longer bind to phospholipids and interfere with the clotting. Observed inhibition of the 

clotting time demonstrates the presence of soluble β2GPI/anti-β2GPI antibody complexes in 

patients’ plasma. These complexes either already exist in patients’ plasma or form rapidly in 

the vicinity of phospholipids after addition of phospholipids with the test reagent.

Conclusions

The A1-A1 inhibitor, which contains two β2GPI-binding A1 modules from ApoER2, 

preferentially binds pathological β2GPI/antibody complexes compared to free β2GPI, which 

circulates in the blood at high concentration, and reduces thrombus size in vivo in a mouse 

thrombosis model [31, 33]. In this study, we made A1 and A1-A1 molecules consisting of 
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human (hA1 and hA1-A1), mouse (mA1 and mA1-A1) and a single Asn36/Asp mutant of 

mouse (mA1ND and mA1-A1ND) sequences and compared their properties. 1) We 

determined that mA1ND has the strongest affinity for calcium, contributing to the 

conformational stability and improving the yield of purified A1 and A1-A1. 2) mA1ND is 

more than two fold more effective than either human or mouse A1 in binding to human 

β2GPI, suggesting that the mA1-A1ND inhibitor comprised of two mA1ND modules is the 

most effective in inhibiting the binding of β2GPI/antibody complexes to the ApoER2 

receptor compared to human or mouse A1-A1. 3) The inhibition of the binding of β2GPI/

antibody complexes to anionic phospholipids is an important feature of A1-A1. mA1-A1ND 

inhibited the binding of human and mouse β2GPI/antibody complexes to cardiolipin equally 

well. 4) mA1-A1ND inhibited β2GPI/antibody complexes in plasma samples of APS 

patients. It inhibited the clotting time in APS plasma, but had no effect on clotting time in 

normal plasma in the absence of anti-β2GPI antibodies. 5) Inhibition of the clotting time 

demonstrates the presence of soluble β2GPI/anti-β2GPI antibody complexes in patients’ 

plasma. These complexes either already exist in patients’ plasma or form rapidly in the 

vicinity of phospholipids. 6) All members of the LDL receptor family can bind β2GPI. The 

model of the A1 complex with β2GPI-DV and its detailed comparison with the LA4/β2GPI-

DV complex revealed two possible ways for lipoprotein receptors to interact with β2GPI-

DV. The primary sequence of the ligand-binding module determines which lysine residues 

of β2GPI-DV are engaged in the complex. Both complexes support our previous observation 

that the binding site on a ligand-binding module includes the calcium coordinating residues 

and that β2GPI can’t simultaneously bind lipoprotein receptor and anionic phospholipids.

Experimental Procedures

Proteins

hA1 is a fragment of human ApoER2 (residues 14–49 of mature protein), mA1 is a fragment 

of mouse ApoER2 (residues 12–47 of mature protein) and mA1ND is a Asn36/Asp mutant 

of mouse A1. hA1-A1, mA1-A1 and mA1-A1ND, which were constructed of two hA1, 

mA1 and mA1ND, respectively, were expressed in E.coli and purified as previously 

described [31]. Domain V of β2GPI, β2GPI-DV, comprising residues 244–326 of human 

β2GPI was subcloned into a pET15b vector (Novagen), expressed and purified as described 

previously [32].

Patients

This study was conducted in accordance with the Declaration of Helsinki and approved by 

the institutional ethics committee. Blood samples were collected from APS patients after 

informed consent. Patients with a history of thrombosis were diagnosed with 

antiphospholipid syndrome (APS) based on international guidelines [2]. All patients, except 

for Patient#4, had primary APS, while Patient#4 had APS secondary to lupus. At the time of 

blood collection, all patients were on oral anticoagulation with warfarin. The levels of anti-

β2GPI antibodies in the collected blood were measured with β2GPI IgG ELISA (Inova). The 

INR ratio was determined in a clinical laboratory. The measured values of antiβ2GPI IgG 

and INR in the APS patients’ blood were as follows: in Patient#1 the level of anti-β2GPI 

was 98 SGU and INR was 2.3, Patient#2- 166 SGU and INR 2.3, Patient#3- 65 SGU and 
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INR 3.4, Patient#4- 113 SGU and INR was not determined, and Patient#5- 123 SGU and 

INR 2.2.

Mice

BALB/c mice were obtained from Jackson Laboratories. All animal care and experimental 

procedures were approved by the Institutional Animal Care and Use Committee of the Beth 

Israel Deaconess Medical Center.

Isothermal Titration Calorimetry

To measure calcium binding by A1 proteins, lyophilized proteins were resuspended in a 25 

mM Hepes, 150 mM NaCl, pH 7.4 buffer treated with Chelex100 (Sigma) and dialyzed 

overnight in the same buffer. A1 proteins in the cell were titrated with 10–15 fold molar 

excess of CaCl2 in an injection syringe prepared in the same buffer. The binding between 

A1 proteins and domain V of human β2GPI (β2GPI-DV) was measured in a 25 mM Hepes, 

50 mM NaCl, 2 mM CaCl2, pH 7.4 buffer. The concentration of human β2GPI-DV in a 

sample cell was 100 μM and A1 proteins at a concentration between 1.0 and 1.5 mM were 

placed in the injection syringe. Binding isotherms were fit to a one site binding model.

Cardiolipin ELISA

ELISA 96 well plates (Costar) were coated with 50 μl per well of cardiolipin (Sigma) 

prepared at 200 μg/ml in ethanol. Plates were blocked for 2 hours with a 20 mM Tris, 100 

mM NaCl, pH 7.4 buffer supplemented with 3% BSA. Pooled normal human serum and 

pooled mouse serum collected from 8–12 weeks old BALB/c mice were used as sources of 

human and mouse β2GPI, respectively. The concentration of serum in test samples for 

inhibition studies was determined from the binding curves to provide 60% of maximal 

binding in the presence of a given amount of anti-β2GPI antibodies.

Inhibition of human β2GPI (hβ2GPI): Samples containing 0.08% of pooled normal human 

serum, peroxidase-conjugated goat anti-human β2GPI antibodies (Cedarlane Laboratories, 2 

mg/ml stock, 1:1000 dilution) and various concentrations of A1-A1 variants were 

preincubated for 1 hour at room temperature in a 50 mM Tris, pH 7.4 buffer containing 100 

mM NaCl, 2mM CaCl2 and 0.5% BSA. Samples were added to wells (50 μl per well) and 

incubated for 1 hour at room temperature. Bound hβ2GPI/anti-β2GPI antibody complexes 

were detected using TMB (3,3′,5,5′-tetramethylbenzidine) substrate by measuring OD at 450 

nm.

Inhibition of mouse β2GPI (mβ2GPI): Samples contained 0.1 % mouse serum, biotin-

conjugated goat anti-human β2GPI antibodies (Bethyl Laboratories, 1 mg/ml stock, 1:500 

dilution) and various concentrations of A1-A1 variants. Samples were preincubated for 1 

hour at room temperature in a 50 mM Tris, pH 7.4 buffer containing 100 mM NaCl, 2mM 

CaCl2 and 0.5% BSA and applied for 1 hour at room temperature on a cardiolipin-coated 

plate. Wells were washed and treated with HRP-conjugated NeutrAvidin (Pierce) in 20 mM 

Tris, 100 mM NaCl, pH 7.4. Bound β2GPI/antibody complexes were detected with a TMB 

substrate.
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The binding and inhibition data was fitted to a one-site model using the nonlinear least-

squares Marquardt-Levenberg algorithm implemented in the GNUPLOT program. Reported 

inhibition constants are mean values calculated from at least two independent experiments. 

Uncertainties of determined inhibition constants are calculated as mean values of errors 

computed by GNUPLOT for nonlinear fits of inhibition constants.

Docking of A1 onto β2GPI-DV

Docking was performed using the protein-protein docking server ClusPro (http://

www.cluspro.bu.edu) [39]. The coordinates of human domain V of β2GPI-DV (PDB ID: 

3OP8) and human A1 (PDB ID: 3A7Q) were taken from the Protein Data Bank. All water 

molecules and bound sulfates were removed from the β2GPI-DV structure and only one 

chain was retained for docking. A calcium ion was removed from the structure of A1 prior 

to docking. A “Van der Waals plus Electrostatics” weighting scheme implemented in 

ClusPro was used for scoring. The calculated modes of the A1/β2GPI-DV complex formed 

three clusters with the top cluster two times more populated than the second cluster and 

twenty times more populated than the third cluster. Structures were visualized using PyMOL 

[40].

Clotting time

Blood from APS patients was collected into BD Vacutainer citrated plasma collection tubes. 

Citrated plasma was centrifuged twice at 2500 g for 15 min. Citrated pooled normal human 

plasma was from BioreclamationIVT. Platelet counts in plasma preparations were less than 

10,000/μl. Clotting time was measured using Start4 (Stago) coagulometer and Dade Innovin 

reagent. The total sample volume was 100 μl containing 75 μl of plasma mixed with 25 μl of 

25 mM HEPES, 150 mM NaCl, 40 mM CaCl2, pH 7.4 buffer. The test samples included a) 

pooled normal human plasma (NP), b) NP containing 10 μg of anti-β2GPI (Cedarlane), c) 

NP containing 10 μg of anti-β2GPI in the presence of 4 μM and 17 μM mA1-A1ND, d) anti-

β2GPI positive APS plasma containing 4 μM and 17 μM mA1-A1ND or mA1-A1. The test 

samples were incubated on ice for 30 min. After incubation for 100 sec at 37°C, coagulation 

was initiated by adding 25 μl of reagent diluted 1:1 with 25 mM Hepes, 150 mM NaCl, pH 

7.4 buffer.
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Figure 1. 
Calcium binding by the A1 variants. ITC titrations of human A1 (A), mouse A1 (B) and 

Asn36/Asp mutant of the mouse A1 (C) with calcium.
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Figure 2. 
Binding of the A1 variants to domain V of β2GPI. ITC titrations of human β2GPI-DV with 

human A1 (A), mouse A1 (B) and Asn36/Asp mutant of the mouse A1 (C).
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Figure 3. 
Binding of Asn36/Asp mutant of the mouse A1 to domain V of β2GPI in the presence of 

150 mM NaCl. Thermodynamic parameters measured at 298 K were ΔH=−4.3 ± 0.2 (kcal/

mol), TΔS=2.3 ± 0.3 (kcal/mol), ΔG=−6.6 ± 0.1 and N=1.04 ± 0.03.
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Figure 4. 
Two binding modes in the complex between the ligand-binding module from a lipoprotein 

receptor and β2GPI-DV. A) Stereo view of two superimposed complexes. Human A1 was 

aligned onto LA4 in the LA4/β2GPI-DV model (PDB ID: 2KRI) and energy minimized. The 

resultant complex, A1(LA4)/β2GPI-DV, is superimposed onto the model of the A1/β2GPI-

DV complex. In the A1(LA4)/β2GPI-DV complex, A1(LA4) is cyan and β2GPI-DV is blue. 

In the A1/β2GPI-DV complex, A1 is pink and β2GPI-DV is magenta. B) Close-up view of 

the binding interface in the A1/β2GPI-DV (colored pink and magenta) complex 

superimposed onto the A1(LA4)/β2GPI-DV complex (colored cyan and blue). C) A network 

of hydrogen bonds created by Asp 38 in a complex between human A1 and human β2GPI. 

The backbone of A1 is gray, the residues of A1 involved in hydrogen bonds are pink and 

β2GPI-DV is magenta. Bound calcium ions are shown as spheres.
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Figure 5. 
Binding and inhibition of the binding of human and mouse β2GPI to cardiolipin in the 

presence of anti-β2GPI antibodies. The binding curves for β2GPI in human (A) and mouse 

(B) serum to cardiolipin-coated surface in the presence of anti-β2GPI antibodies. 

Representative inhibition curves for β2GPI in human (C) and mouse (D) serum titrated with 

mA1-A1ND in the presence of anti-β2GPI antibody. The measurement at each data point is 

expressed as mean ± standard deviation (n=3).
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Figure 6. 
Inhibition of clotting time. A) mA1-A1ND inhibits the clotting time in plasma samples of 

APS patients positive for anti-β2GPI antibodies. Normal plasma (gray bars); normal plasma 

supplemented with anti-β2GPI antibodies and anti-β2GPI positive patients’ plasma (blue 

bars); normal plasma with anti-β2GPI antibodies and patients’ plasma in the presence of 

either 4 μM or 17 μM of mA1-A1ND (red bars) and normal plasma containing either 4 μM 

or 17 μM of mA1-A1ND (hatched bars). (B) mA1-A1 and mA1-A1ND inhibit equally well 

the prolongation of clotting time in plasma samples of APS patients positive for anti-β2GPI 

antibodies. APS plasma (blue bars), APS plasma in the presence of either 4 μM or 17 μM of 
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mA1-A1ND (red bars) and mA1-A1 (orange bars). Results are expressed as mean and 

deviation from the mean calculated from 2 to 3 independent experiments.
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Table 3
Inhibition of the binding of β2GPI/antibody complexes to cardiolipin by A1-A1 variants

Data is expressed as a mean calculated from at least two independent experiments. Uncertainties are calculated 

as mean values of errors computed for nonlinear fits of inhibition constants. Human A1-A1 (hA1-A1); mouse 

A1-A1 (mA1-A1); Asn36/Asp mutant of mouse A1-A1 (mA1-A1ND); human β2GPI (hβ2GPI) and mouse 

β2GPI (mβ2GPI).

IC50 (μM)
hβ2GPI

IC50 (μM)
mβ2GPI

hA1-A1 5.0 ± 0.8 3.1 ± 0.8

mA1-A1 2.7 ± 0.6 3.0 ± 0.4

mA1-A1ND 2.5 ± 0.6 2.8 ± 0.5
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