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AABSTRACT 

 

β2-Glycoprotein I (β2GPI) is a highly abundant plasma protein and the 

major antigen for autoantibodies in the antiphospholipid syndrome. 

Recently, we have described a novel function of β2GPI as scavenger of 

lipopolysaccharide (LPS). With this in mind we investigated the 

conservation of β2GPI in vertebrates and set out to identify the binding 

site of LPS within β2GPI. The genome sequences of 42 species were 

surveyed. Surface plasmon resonance (SPR) was performed with 

peptides to characterize the binding site of β2GPI for LPS. β2GPI could be 

identified in most tested vertebrates with a high overall amino acid 

homology of 80% or more in mammals. SPR revealed that a synthesized 

peptide (LAFWKTDA) from domain V of β2GPI was able to compete for 

binding of β2GPI to LPS. The AFWKTDA sequence was completely 

conserved in all mammals. The peptide containing the LPS binding site 

attenuated the inhibition by β2GPI in a cellular model of LPS-induced 

tissue factor expression. Other important sites, such as the binding site 

for anionic phospholipids and the antiphospholipid antibody binding 

epitope, were also preserved. β2GPI is highly conserved across the 

animal kingdom, which suggests that the function of β2GPI may be more 

important than anticipated. 
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IINTRODUCTION 

 

β2-Glycoprotein I (β2GPI) is a highly abundant (~4-5 μM) 43-kDa 

plasma protein1, which is composed of five homologous complement 

control protein repeats (CCP-I to CCP-V)2-4. These CCPs are generally 

found in proteins from the complement system and they mediate 

binding of complement factors to viruses and bacteria5,6. Recently, we 

described that β2GPI can adopt two different conformations: it circulates 

in a closed circular conformation, but is converted into an open 

‘activated’ conformation upon interaction of CCP-I with antibodies1 and 

interaction of CCP-V with anionic surfaces or LPS1,7-10. β2GPI is known 

from its role in the antiphospholipid syndrome (APS), where it serves as 

the antigen for antiphospholipid antibodies11-13. 

 Although the participation of β2GPI in the pathophysiology of APS 

has been firmly established, no convincing physiological role has been 

provided for the protein in the absence of auto-antibodies. Recently, we 

have described a novel function for β2GPI as an LPS scavenger protein1. 

Upon interaction of LPS with CCP-V of β2GPI, a conformational change 

occurs resulting in an opening of the closed native plasma form of 

β2GPI. The opened ‘active’ fishhook-like conformation of β2GPI in 

complex with LPS exposes a new epitope that enables β2GPI to bind to 

monocytes after which the complex is internalized. The scavenging of 

LPS by β2GPI leads to a decreased binding of LPS to the TLR4 receptor 

resulting in a decreased expression of the inflammatory markers and 

flu-like symptoms1. 

Understanding the evolutionary conservation of certain amino acid 

sequences of a protein can profoundly deepen our understanding of the 

role of these sequences and could be a lead to pinpoint certain functions 

to specific parts of the molecule.  
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In this manuscript, we further characterized the binding of LPS to β2GPI, 

and investigated the conservation of the protein across the animal 

kingdom. 

  

RESULTS 

 

We have studied the evolutionary conservation of β2GPI in detail from 40 

vertebrate species, the roundworm and fruit fly and found β2GPI present 

in all 42 animal species. Major sites in the molecule, such as the amino 

acids in CCP-I (RGGMR)1,16-18 to which the antiphospholipid antibodies in 

APS are directed and the anionic phospholipid binding site 

(CKNKEKKC)1,7-10,19, located in CCP-V, were highly and in most cases 

completely conserved (Figure 1A). 

Furthermore, there was a 14% amino acid homology with β2GPI 

from the fruit fly Drosophila melanogaster and a 17% homology with the 

roundworm Caenorhabditis elegans, the most primitive organisms in 

which β2GPI could be identified (Figure 1B). We found that the majority 

of mammals described here showed 75% or higher homology for the 

complete human β2GPI amino acid sequence (Figure 1C).Remarkably, all 

mammals except the platypus, showed 100% homology for all 22 

cysteine residues present in β2GPI, which serve an important structural 

role in many proteins. 

We have found, next to the anionic phospholipid binding site in 

CCP-V, another amino acid sequence (AFWKTDA) within CCP-V that was 

completely conserved in all mammals (Figure 2A). Surface plasmon 

resonance experiments revealed that the LAFWKTDA peptide, 

comprising a hydrophobic region loop within a large positively charged 

area in CCP-V of β2GPI, was able to compete for binding of β2GPI to the 

LPS/PC monolayer that was coated on a HPA-chip (Figure 2B). 

Furthermore, the SAFWKTDA peptide, in which the hydrophobic leucine 
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at position 313 was changed into a hydrophilic serine, was also able to 

compete for binding to the LPS/PC. 

  

 

 

Figure 1. (A) Alignment of the β2GPI auto-antibody binding site (39RGGMR43) and 

phospholipid binding region (281CKNKEKKC288) of various species and corresponding 

regions from roundworm (nematodes), fruit fly (insects), chicken (birds), lizard (reptiles), 

frog (amphibians) and salmon (fish). (B) Phylogenetic tree of the animals discussed in this 

study and the total amino acid homology for each specie given in percentages. (C) 

Depicted is two side views of the crystal structure of the open conformation of human 

β2GPI with CCP-I to CCP-V3,4. Picture of the crystal structure of β2GPI was made using 

Cn3D version 4.1, produced by the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov). 
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This indicates that the AFWKTDA amino acid sequence found in the 

genome of all mammals is the LPS binding region in CCP-V of β2GPI. We 

could not observe an inhibition of binding of β2GPI to the LPS/PC 

monolayer when the CKNKEKKC peptide, the peptide mimicking the 

phospholipid binding site also located in CCP-V of β2GPI, was used. No 

binding of β2GPI or the peptides could be observed to the control 

channel, PC alone. The dissociation of β2GPI in the presence of the 

LAFWKTDA and SAFWKTDA peptides, at the moment the dissociation 

phase of β2GPI began, was much higher compared to β2GPI alone 

indicating that there is competition of binding to the LPS/PC monolayer 

between β2GPI and the peptides (Figure 2C). No difference in 

dissociation of β2GPI could be observed when the control CKNKEKKC 

peptide was injected at the dissociation phase. 

 As described before7, LPS incubation with monocytic cells 

resulted in tissue factor (TF) expression and addition of plasma purified 

β2GPI inhibited this TF expression (Figure 3). Addition of increasing 

concentrations of the LFWKTDA peptide attenuated the inhibitory effect 

of native β2GPI on LPS induced TF expression. Similar results were 

obtained by the addition of the SAFWKTDA peptide, but not with the 

control CKNKEKKC peptide (Figure 3) 

The first sequence corresponding to a possible anionic 

phospholipid binding site is found in the roundworm C. elegans matching 

four amino acids, of which two are arginines instead of lysines, but 

lacking the two cysteines (Figure 4). A predecessor of a possible 

phospholipid binding site is also present in drosophila with one matching 

cysteine, one asparagine and one lysine. The first convincing anionic 

phospholipid binding site is present in fish with both cysteines present 

and four matching amino acids to the sequence in mammals (Figure 4). 

This phospholipid binding site can also be observed in amphibians and 

reptiles, with two cysteine and three lysine residues. The anionic 

phospholipid binding site in birds varies by only one amino acid.  
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Figure2. (A) Alignment of the LPS binding site (313LAFWKTDA320) in mammals. (B) An 

LPS/PC monolayer was coated on a HPA-chip. Native β2GPI (a, 100 nM) bound to the 

LPS/PC monolayer, but not to the control channel, PC alone (e). The SAFWKTDA and 

LAFWKTDA peptides (100 μM, c and d, respectively), but not the CKNKEKKC peptide (100 

μM, b), was able to compete for binding of β2GPI to the LPS/PC monolayer. No binding of 

the peptides could be observed to the control channel (f). (C) Injection of the LAFWKTDA 

peptide (black arrow), at the moment the dissociation phase of β2GPI from the monolayer 

began in order to avoid rebinding of β2GPI, led to a higher dissociation of β2GPI (i) than 

β2GPI alone (g). Injection of CKNKEKKC peptide (white arrow) did not result in an 

increased dissociation (h) compared to β2GPI alone (g). No binding of β2GPI (j) or peptides 

(k) could be observed to the control channel; PC alone. 

A 

B C 
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Figure 3. LPS-induced TF expression in monocytes was measured in the absence or 

presence of plasma-purified β2GPI and the LPS binding hydro-phobic peptide (LAFWKTDA 

or SAFWKTDA) of domain V of β2GPI. An inhibition of LPS-induced tissue factor expression 

by plasma-purified β2GPI (1 μM) could be observed in monocytes after a 15 minute pre-

incubation of β2GPI with LPS. A reduction of this inhibitory effect of native β2GPI on the 

LPS-induced TF expression could be observed after incubation of the (A) LAFWKTDA 

peptide (1-100 μM) with β2GPI and LPS. Similar results were obtained by the addition of 

the (B) SAFWKTDA peptide, but not with the (C) CKNKEKKC peptide. Data are repre-

sented as mean ± SEM relative to LPS alone, n=3. 

A 

B C 
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A further evolution of this region leads to the fully mature anionic 

phospholipid binding site (CKNKEKKC) in mammals (Figure 4). The lack 

of complete amino acid sequences of insects, amphibians, reptiles and 

birds limits a comparison for the distribution of the LPS binding region 

(LAFWKTDA), which is found in all mammals. 

  

 

Figure 4. Diagrammatic depiction of the evolutionary tree, of the species discussed in this 

manuscript, showing proposed history of the evolution of the observed distribution of the 

anionic phospholipid binding site (CKNKEKKC). A predecessor of a possible phospholipid 

binding site is found in the roundworm matching 4 amino acids, but lacking the 

structurally important cysteines (1). This binding site is also found in the fruit fly with 

matching cysteine, arginine and lysine residues (2). (3) The anionic phospholipid binding 

site now contains two lysine residues in fish (CMNKENKC) and (4) amphibians 

(CKDSKGKC). (5) The binding site for anionic phospholipids in reptiles consists of three 

lysine residues (CKNK-K-C). (6) In birds, the anionic phospholipid binding site lacks just 

one lysine (CKNKEKSC). (7) Fully mature anionic phospholipid binding site (CKNKEKKC) in 

mammals. 
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DDISCUSSION 

 

Recently, we have shown a direct interaction between β2GPI and LPS10, 

resulting in neutralisation of LPS activity in vitro and in vivo. The 

neutralization of LPS is fundamental in our protection against the toxic 

sequelae of severe Gram-negative infections. β2GPI is present in high 

concentrations in plasma and it has been shown that some sequences 

within β2GPI are well conserved in mammals20,21, two conditions 

suggesting an important role of β2GPI in scavenging LPS. We decided to 

study the conservation of β2GPI across the animal kingdom to find a lead 

for the identification of the LPS binding site within β2GPI . Here, we have 

found that besides the known major sites other sequences to be highly 

conserved in the β2GPI protein. We have identified a potential LPS 

binding site that is present in all mammals of which the β2GPI amino 

acid sequence is known. 

The survey revealed a conserved amino acid sequence located in 

CCP-V of β2GPI: AFWKTDA. This amino acid sequence was located in the 

flexible hydrophobic loop of CCP-V8,22,23 and was for 100% conserved in 

the mammals studied. Since it was established that the binding site for 

LPS was located in CCP-V, we hypothesized that this amino acid 

sequence might be a possible LPS binding site within the β2GPI protein. 

We observed in direct binding assays using surface plasmon resonance 

that a synthesized peptide with the LAFWKTDA sequence was able to 

inhibit the binding of β2GPI to a LPS/PC monolayer. Furthermore, the 

dissociation of β2GPI from the monolayer was much higher in the 

presence of the peptide demonstrating that there is competition for 

binding to LPS between the peptides and β2GPI. Changing the first 

hydrophobic amino acid leucine, in the LAFWKTDA peptide, into a 

hydrophilic serine slightly reduced but did not abrogate the inhibitory 

effect of the peptide for binding of β2GPI to the LPS/PC monolayer. 

Furthermore, we observed in TF expression assays that addition of the 
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LAFWKTDA peptide reduced the inhibitory effect of β2GPI on LPS induced 

TF expression in monocytes. Similar results were obtained by addition of 

the SAFWKTDA peptide indicating that a mutation in the first amino acid 

present in the LPS binding region, as seen in the rabbit and armadillo 

genome, should not lead to a loss of the LPS scavenging function of 

β2GPI. Therefore we propose AFWKTDA as the LPS binding sequence 

within β2GPI 

The region in CCP-I to which the auto-antibodies towards β2GPI 

are directed16,17 was completely conserved in all mammals and nearly 

complete in the other vertebrates. This suggests an important role for 

this region and immediately raises an important question: is there an 

evolutionary conserved function for the development of autoantibodies 

against β2GPI? In a commentary in Blood, Greinacher24 has suggested 

that β2GPI may be involved in an up-to-now unrecognized charge 

related system in host defence and that the development of these 

antibodies might help β2GPI in its role in innate immunity. The 100% 

conservation of this sequence in mammals and the observation that 

these antibodies arise transiently after many infections support the idea 

that auto-antibodies against β2GPI might be an as yet unrecognized 

player in host defence. Recently, we proposed that these particular 

amino acids are hidden from antibody recognition in the native closed 

form and are only exposed when β2GPI binds to anionic surfaces, 

indicating that this region within CCP-I is involved in the maintenance of 

the circular conformation of β2GPI via interaction with CCP-V1. We also 

showed that binding of LPS to closed native β2GPI results in a 

conformational change, after which the LPS and open ‘activated’ β2GPI 

complex is internalized by monocytes10. The incapability to internalize 

the open β2GPI-LPS complex could lead to an extended exposure of the 

cryptic epitope in CCP-I, which would then result in the formation of 

autoantibodies against this epitope. 
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The anionic phospholipid binding site (CKNKEKKC)7-10, was found 

to be highly conserved in all vertebrates, indicating that the possibility of 

β2GPI to bind to phospholipids is important for its proper functioning. It 

has been shown that β2GPI binds liposomes and microparticles via an 

interaction with phosphatidylserine and is also involved in the clearance 

of these negatively charged cellular fragments in mice25-27. Recently, 

increasing evidence has become available that β2GPI is, besides a 

scavenger of LPS, a more general scavenger in our circulation. Maiti et 

al (28) showed a β2GPI-dependent uptake of apoptotic cells by 

macrophages. Binding of β2GPI to these cells or LPS caused recognition 

and uptake of the β2GPI-LPS and β2GPI-apoptopic cell complex by the 

LRP receptor on macrophages (28,29). Furthermore, another study 

suggested that the binding of β2GPI to PS-expressing procoagulant 

platelet microparticles promoted their clearance by phagocytosis (30). It 

has also been suggested that binding of β2GPI to oxidized lipoproteins 

resulted in uptake of the β2GPI-lipoprotein complex by macrophages 

(31,32). The binding of β2GPI to anionic surfaces, LPS, microparticles 

and oxidized lipoproteins results in a conformational change of β2GPI, 

expressing a neo-epitope that is recognized by receptors of the LDL 

receptor family on monocytes, endothelial cells and macrophages. 

Subsequently, the bound β2GPI complex becomes internalized, 

suggesting a protective function of β2GPI in innate immunity. The 

conservation of the phospholipid binding site across different species 

strongly suggests that β2GPI plays a primary role in mediating the 

clearance of liposomes, foreign particles and apoptotic cells, not only in 

mice and man but in all mammals. 

An important question remains: is there a connection between 

the scavenger function of β2GPI and the pathophysiology of APS? The 

auto-antibodies present in APS recognize a cryptic epitope that is only 

expressed when β2GPI is bound to anionic phospholipids. Repeated 

exposure of β2GPI to anionic phospholipids in the circulation and thereby 
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causing repeated conformational changes in the protein, could be a 

mechanism by which antibodies against β2GPI are formed (33). The 

presence of these antibodies will retain β2GPI in its ‘open’ conformation, 

keeping β2GPI for a longer period in its scavenger conformation than 

necessary. The presence of the so-called antiphospholipid antibodies 

might be the consequence of the continuous scavenger function of β2GPI 

at the wrong place and the wrong time. 

In conclusion, sequence similarities serve as evidence for 

structural and functional conservation, as well as of evolutionary 

relationships between the sequences. Given the evolutionary 

conservation of β2GPI across the animal kingdom it suggests that the 

function(s) of β2GPI may be more important than anticipated. 
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MMATERIALS AND METHODS 
 

Human plasma β2GPI 
Plasma β2GPI was isolated from fresh citrated human plasma as described previously [7]. 
Purity of β2GPI was determined with sodium dodecylsulfate polyacrylamide gel 
electrophoresis (GE Healthcare; Piscataway, NJ; USA). Purified plasma β2GPI showed a 
single band with a molecular mass of approximately 43 kDa under non-reducing 
conditions. The concentration of the protein was determined with the bicinchoninic acid 
protein assay (Thermo Fisher Scientific LSR; Rockford, IL; USA). MALDI-TOF analysis of 
the purified protein showed that it was more than 99.9% pure. 
 
Fmoc solid-phase peptide synthesis  strategy 
The LAFWKTDA, SAFWKTDA and CKNKEKKC peptide synthesis was performed in a Syro II 
MultiSyntech synthesizer using solid phase Fmoc-chemistry by the Dutch Cancer Institute 
(NKI; Amsterdam, The Netherlands). MALDI-TOF analysis of the peptides showed >99% 
purity for all three peptides. 
 
Surface-plasmon resonance analysis 
For the preparation of liposomes, 1,2 dioleoyl-sn-glycero-3-phosphocholine (PC; 1 mM, 
Avanti Polar Lipids, Alabama; USA) in Hepes buffered saline (HBS; 10 mM Hepes, 150 mM 
NaCl, pH 7.4) was dried in glass vials under nitrogen. Subsequently, 2 mL of HBS 
containing 100 nM LPS (S. minnesota R595; Sigma) was added to each vial, vortexed for 
10 minutes at room temperature and sonicated 3 times for 10 seconds in a probe 
sonicator. Surface plasmon resonance (SPR) analysis was performed with a BIAcore 2000 
(GE Healthcare). Alkanethiol HPATM (HPA) chip (GE Healthcare) was cleaned with 
octylglucoside and liposomes containing LPS as prepared above were passed over the chip 
at a flow rate of 10 μL/min for 10 minutes and washed with HBS. Several injections of 
liposomes containing LPS were applied until no increase in relative units was observed. 
The HPA chip was then washed with 20 mM NaOH (10 μL/min) to remove the multi-
lamellar structures to obtain a stable baseline. The obtained monolayer was washed with 
HBS at a flow rate of 10 μL/min for 10 minutes. Binding of β2GPI in the absence or 
presence of the peptides (LAFWKTDA, SAFWKTDA and CKNKEKKC) to the LPS/PC 
monolayer was investigated. Injections of β2GPI (100 nM), β2GPI with the peptides (100 
μM) or injection of the peptides at the moment the dissociation phase of β2GPI from the 
LPS/PC monolayer began, in order to avoid rebinding of β2GPI, was performed. Binding of 
β2GPI in the presence or absence of peptide was corrected for non-specific binding to the 
control channel, PC alone. The non-specific binding was less than 1% of total binding. 
 
Tissue factor assay 
Induction of tissue factor (TF) expression on monocytes was measured by determining the 
thrombin generation time (TGT) as described previously [14]. TGT was measured 
spectrophotometrically by the fibrin polymerization method. All experiments were 
conducted in β2GPI-depleteded normal pool plasma. Human monocytic cells in FCS free 
RPMI 1640 medium (Invitrogen) were incubated for 4 hours at 37°C with Salmonella 
minnesota R595 LPS (10 nM), native β2GPI (1 μM), the individual peptides (LAFWKTDA, 
SAFWKTDA, CKNKEKKC; 100 μM) or a combination of these after preincubation of 15 min 
at 37°C. After incubation, cells were washed and resuspended in PBS and kept at 4ºC. 
Seventy-five μL of cell suspension samples or TF standard were added to 100 μL β2GPI-
depleted normal pool plasma. Thrombin generation was initiated by the addition of 75 μL 
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calcium chloride (38 mM). The clotting time was measured spectrophotometrically and 
expressed as T½max (time to reach the mid-point of clear to maximum turbid density). TF 
release was quantified as picomolar per 106 cells measured by reference to the TF 
standard curve (200 – 128,000 fold dilutions of Innovin (Siemens Healthcare Diagnostics). 
Results were expressed as percentage as mean ± SEM relative to LPS alone. 
 
AAmino acid sequence surveys 
Multiple data sources were used during the bioinformatics analysis, which include the 
National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov and 
http://www.ncbi.nlm.nih.gov/ pubmed/), and STRING: functional protein association 
networks (http://string-db.org/). Although these databases generally mirror each other, 
each offers a different regimen of searching and map-viewing tools in the degree of 
completeness of a particular whole genome sequence of a specific species.  

We began the survey with BLAST [15] searches of the whole amino acid sequence 
of human β2GPI against the whole genome sequence databases for other species. These 
results were then supplemented with results found from the STRING and NCBI databases 
to investigate if there were better or more matches for the uncovered sequence.  
The genomes of 42 animals analyzed include those of mammals: Human (Homo sapiens), 
Chimpanzee (Pan troglodytes), Orangutan (Pongo pygmaeus), Rhesus Macaque (Macaca 
mulatta), Marmoset (Callithrix jacchus), Tarsier (Tarsius tarsier), Tree shrew (Tupaia 
belangeri), Mouse (Mus musculus), Rat (Rattus rattus), Brown Rat (Rattus Norvegicus), 
Guinea pig (Cavia porcellus), Squirrel (Spermophilus tridecemlineatus), Rabbit 
(Oryctolagus cuniculus), Alpaca (Vicugna pacos), Dolphin (Delphinus delphis), Cow (Bos 
taurus), Horse (Equus caballus), Cat (Felis catus), Dog (Canis lupus familiaris), Little 
brown bat (Myotis lucifugus), Hedgehog (Erinaceus europaeus), Elephant (Loxodonta 
africana), Tenrec (Echinops telfairi), Armadillo (Dasypus novemcinctus), Sloth (bradypus 
variegatus), Wallaby (Macropus robustus), Opossum (Monodelphis domestica) and 
Platypus (Ornithorhynchus anatinus), of Birds: Chicken (Gallus gallus) and Zebra finch 
(Taeniopygia guttata), of Reptiles: Lizard (Lacertilia Iguania), of Amphibians: Frog 
(Xenopus tropicalis) and African clawed frog (Xenopus laevis), of Fish: Salmon (Salmo 
salar), Sablefish (Anoplopoma fimbria), Zebrafish (Danio rerio), Stickleback (Gasterosteus 
aculeatus), Japanese Ricefish (oryzias latipes), Japanese Pufferfish (Takifugu rubripes) and 
the Green pufferfish (Tetraodon nigroviridis), of Insects: Fruit fly (Drosophila 
melanogaster) and of Nematodes: Roundworm (Caenorhabditis elegans). 
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