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Abstract 
 
The antigen in heparin-induced thrombocytopenia (HIT) is expressed on platelet factor 4 

(PF4) when PF4 complexes with polyanions. In recent years, biophysical tools (e.g. 

circular dichroism spectroscopy, atomic force microscopy, isothermal titration 

calorimetry, x-ray crystallography, electron microscopy) have gained an important role to 

complement immunological and functional assays for better understanding the interaction 

of heparin with PF4. This allowed identification of those features that make PF4 

immunogenic (e.g. a certain conformational change induced by the polyanion, a threshold 

energy of the complexes, the existence of multimeric complexes, a certain number of 

bonds formed by PF4 with the polyanion) and to characterize the morphology and 

thermal stability of complexes formed by the protein with polyanions. These findings and 

methods can now be applied to test new drugs for their potential to induce the HIT-like 

adverse drug effect by preclinical in vitro testing. The methods and techniques applied to 

characterize the antigen in HIT may also be helpful to better understand the mechanisms 

underlying other antibody-mediated disorders in thrombosis and hemostasis (e.g. 

acquired hemophilia, thrombotic thrombocytopenic purpura). Furthermore, understanding 

the mechanisms making the endogenous protein PF4 immunogenic may help to 

understand the mechanisms underlying other autoimmune disorders. 
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Heparin-induced thrombocytopenia (HIT)  

Heparin-induced thrombocytopenia (HIT) is a relatively rare, but severe immune-

mediated complication of heparin therapy, which can lead to devastating thromboembolic 

complications. As heparin is so frequently applied, HIT is the most frequent adverse 

immune-mediated drug reaction affecting blood cells, with an incidence of about 1 in 

5,000 in-hospital patients (1), however, with large variations depending on the underlying 

disease, and the type of heparin used (2). HIT occurs more frequently in patients 

receiving unfractionated heparin (UFH) than in patients receiving low molecular weight 

heparins (LMWH). HIT is caused by antibodies, most frequently IgG, which bind to 

complexes formed between the polyanion heparin and platelet factor 4 (PF4; CXCL4), a 

positively charged CXC chemokine family protein released from platelet alpha-granules. 

The IgG PF4/heparin immune complexes activate platelets (3) and monocytes (4) via 

FcγRIIa receptors, finally inducing a prothrombotic state. Understanding the molecular 

mechanisms which induce the immune response to PF4/heparin complexes has two major 

implications: i) it allows the design of polyanionic drugs with a reduced risk for HIT; and 

ii) it may provide insights into the mechanisms making an endogenous protein 

immunogenic. 

While immunological and biochemical methods have been used since the 1990s to 

characterize the interaction between PF4, polyanions, and anti-PF4/heparin antibodies, 

biophysical tools have been increasingly applied during the past decade. This includes 

studies on the interaction of PF4 with various polyanions exposing different length and 

degrees of sulfation and the thermal stability of the formed complexes (5-24) (Table 1). 
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Clustering and conformational changes of PF4 associated with expression of 

neoepitopes 

Indirect evidence of the structure of the HIT antigen 

First indirect evidence that the HIT antigen is formed by multimolecular PF4/heparin 

complexes was given almost two decades ago by experiments showing that high heparin 

concentrations release PF4 in a dose dependent manner from PF4/heparin-coated 

microtiter plates, paralleled by a decrease in anti-PF4/heparin antibody binding (25). As 

the complexes had been bound covalently via a protein specific linker to the plate, the 

release of PF4 could only be explained by multimolecular complexes containing several 

PF4 molecules, of which only one PF4 was covalently bound to the linker.  

Suvarna and colleagues showed that the size of the PF4/heparin complexes is 

governed by the PF4/heparin molar ratio, with a maximal complex size occurring at 

equimolar ratios at which particles carry a neutral charge (22). 

It has further been shown that the epitopes to which anti-PF4/heparin antibodies bind 

are only exposed on PF4 in its tetrameric form (26) and that at least two antigenic sites 

exist, site 1 (residues beginning with proline-37, after the third cysteine residue) and 

antigenic site 2 (residues in the amino terminus and proline-34) (27, 28). 
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Visualization of the PF4/heparin complexes 

The first direct confirmation of multimolecular PF4/heparin complexes as binding site 

for anti-PF4/heparin antibodies was achieved by visualization. Rauova and coworkers 

showed by electron microscopy that PF4 and UFH form complexes, which dissociate into 

smaller complexes upon addition of heparin (23). Despite providing great information, 

sample preparation for electron microscopy visualization requires vacuum and sample 

dehydration, which may involve molecular rearrangement altering the three-dimensional 

structure.  

Similarly, Suvarna et al. visualized by light microscopy PF4/heparin complexes and 

showed that addition of heparin results in a uniform population of smaller-sized 

complexes. (22) 

Atomic force microscopy further allowed to show that polyanions such as UFH, 

LMWH and fondaparinux bring PF4 tetramers into close approximation (5) (Figure 1). 

The more or less globular PF4 tetramers align along a heparin chain like pearls in a pearl 

chain, forming long, ridge-like clusters. When sedimented to a solid phase, the different 

clusters arranged to a maze-like structure. These PF4/heparin clusters are recognized by 

anti-PF4/heparin antibodies, which had been also shown by atomic force microscopy to 

bind to the complexes (5). However, the vertical resolution of AFM (below 0.1 nm) was 

still too low to characterize the binding site of anti-PF4/heparin antibodies.  

The challenging question remained, whether the antigenic site recognized by anti-

PF4/heparin antibodies is formed when two PF4 molecules are coming into close 
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proximity to each other, or only, when PF4 undergoes in addition a conformational 

change? 

 

Nuclear magnetic resonance studies of PF4/heparin complexes 

Conformational changes in the structure of PF4 were first considered, when 

nuclear magnetic resonance (NMR) studies suggested that PF4/heparin complex 

formation is accompanied by changes in the secondary and tertiary structure of PF4 (15). 

However, a direct experimental proof for the changes in the secondary structure of PF4 

upon complex formation with polyanions was lacking since these NMR measurements 

involved a symmetric variant of PF4 (i.e. PF4-M2) which may expose a slightly different 

primary structure when forming a complex with heparin. 

 

PF4 must be present in its tetrameric form to expose the antigen to which anti-

PF4/heparin antibodies bind 

A study by Rauova et al. showed that PF4-K50E (where Lys50 was replaced with 

the analogous residues in IL-8 (Glu)) retains its capacity to bind heparin, but is unable to 

form tetramers. (23) These data provided evidence that oligomerization involves the 

assembly of preformed PF4 tetramers on a heparin lattice and constituted the basis for 

further studies. 

Sachais et al. provided experimental proof that PF4 must be present in its 

tetrameric form to be able to form the antigen to which anti-PF4/heparin antibodies bind 

(26). They generated small molecules that bind to PF4 monomers and dimers, thereby 
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inhibiting formation of PF4 tetramers. In the presence of these small molecules, binding 

of anti-PF4/heparin antibodies to PF4/heparin complexes was inhibited. These findings 

underscore the importance to strictly control the process of PF4 preparation for any 

experiments related to anti-PF4/heparin antibodies and especially for the manufacturing 

process of PF4/heparin antigen diagnostic assays. 

 

Direct evidence for conformational changes of PF4 induced by polyanions 

The first direct evidence for structural changes in PF4 during complex formation with 

heparin was provided by circular dichroism (CD) spectroscopy (8). CD spectroscopy 

measures the adsorption of polarized light by a protein. The adsorbed light spectra 

directly depend on the presence of antiparallel beta sheets, alpha helices and random coils 

of a protein. By adding increasing concentrations of heparin (e.g. UFH) to PF4, the CD-

spectra of PF4 changed (Figure 2), showing first an elevation of the curve and later, after 

a maximum had been reached, a reversal of the changes with further increasing 

concentrations of heparin. The maximal change in the spectra with heparin correlated to 

an increase in antiparallel beta sheets to about 35%. These results were very interesting, 

as they paralleled the long known observation that high concentrations of heparin are able 

to inhibit binding of anti-PF4/heparin antibodies (29, 30). While it had been assumed that 

this inhibition was due to disruption of the PF4/polyanion complexes, CD spectroscopy 

provides evidence that in addition to disruption of the complex the conformation of PF4 

changes. As described below, single molecule force spectroscopy experiments by Nguyen 

et al. (17) later unraveled the underlying mechanism how and why close association of 

two PF4 molecules by polyanions triggers a further conformational change. 
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CD spectroscopy allowed to screen a variety of polyanions for their impact on the 

structure of PF4 as well as for identifying the concentration at which these polyanions 

caused the maximal increase in antiparallel beta sheets in PF4. In accordance with 

previous serological and functional studies, not only heparins, but also other polyanions 

of varying length and degree of sulfation (8) bound PF4 and induced conformational 

changes, which lead to expression of neoepitopes and antibody binding as tested by 

enzyme-immunosorbent assay (EIA), when the amount of antiparallel beta sheets in PF4 

increased above 25-30% (Figure 3).  

This technique is of great importance for the development of new drugs. It allows 

preclinical assessment of the risk of other polyanions including aptamers (9) and 

polyphosphates (10) to induce conformational changes in PF4 which may be relevant for 

the adverse drug reaction HIT. It also provides the first assay for reliably excluding the 

risk for an adverse drug reaction by in vitro testing. 

 

Neoepitope expression requires a threshold thermodynamic energy  

To support a conformational change in PF4, the reaction between PF4 and polyanions 

must provide energy. In line with this assumption, a more recent biophysical study 

involving short and long heparins underlined that in addition to an increase in antiparallel 

beta sheets exceeding 30% and formation of multimolecular complexes of PF4, a 

threshold energy of ~-4000 cal/mol PF4 is required to drive expression of (the) binding 

site(s) for anti-PF4/heparin antibodies (6). Only heparin molecules with chain length >10 

monosaccharides fulfill these requirements (Figure 4), which matches perfectly with 
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previously reported findings (30-32), which identified such a threshold length of the 

polyanion by EIA studies and/or functional assays.  

 

Bonds formed by PF4 with polyanions 

Further insight into the process of neoepitope formation on PF4 was provided by 

Block et al. who showed - using single molecule force spectroscopy - that a crucial 

requirement for a PF4/polyanion complex to expose neoepitopes is formation of at least 

three bonds between PF4 and polyanions (16) (Figure 5). This indicates that 

glycosaminoglycan-based drugs that form less than three bonds with PF4 are unlikely to 

constitute PF4/drug-complexes that are of immunologic relevance. In addition, it was 

shown that the degree of sulfation (e.g. increasing from chondroitin sulfate A to UFH to 

dextran sulfate) does not affect the binding strength of each single 

PF4/glycosaminoglycan-bond and that the stronger binding of UFH e.g. in comparison to 

chondroitin sulfate was caused by multiple (but not stronger individual) bonds. 

The difference in energy released when complexes are formed by PF4 with long vs 

short heparins, which all have the same grade of sulfation and therefore, the same density 

of negative charges per carbohydrate unit, suggested a different binding mechanism of 

PF4 to short and long polyanions (6). This mechanism has been recently further 

characterized by single molecule force spectroscopy measurements, which showed that 

short heparins bind to one PF4 tetramer, whereas long heparins bind to at least two PF4 

tetramers (17) (Figure 6a-6d). It is believed that when two PF4 tetramers are brought 

closely together, there is charge redistribution around PF4. The individual charge clouds 
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of the single PF4 molecules fuse forming one larger charge cloud around the complexed 

PF4. This redistribution/fusion of the charge clouds provides the additional energy, which 

is needed to expose the neoantigens (17).  

Single rupture peaks observed for short heparins (HO06=6-mers) were attributed to 

the rupture of the short heparin from one PF4 molecule, while two peaks were observed 

for long heparins (HO16=16-mers). They were attributed to the rupture of the longer 

heparin chain from two PF4 molecules. However, the second peak showed larger forces 

than the first peak. As this could not be explained by different molecular structures, the 

enlarged second peak of the rupture force curve could only be explained by the presence 

of an additional binding force. This peak was attributed to a composite force resulting 

from the rupture force of the heparin chain from the second PF4 molecule and from 

hydrophobic interactions between two PF4 molecules, which had been brought into close 

approximation by the long heparin chain. To prove this hypothesis on the existence of 

PF4-PF4 bonds in the PF4/long heparin complexes, PF4 monomers within the PF4 

tetramers were cross-linked with glutaraldehyde and the interaction between PF4 on the 

surface and PF4 on the cantilever was measured (Figure 6e). This interaction force 

corresponds to ~50 pN, which is actually the difference between the two rupture peaks of 

the PF4/long heparin (HO16) complex, which is fully consistent with the concept that the 

second rupture force peak is a composite of two forces, the binding force of heparin to 

PF4 and the force resulting from disrupting the hydrophobic interactions of two PF4 

tetramers. 
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The thermal stability of PF4/heparin complexes 

The stronger interaction of PF4 with long heparins compared with short heparins 

indicated by force spectroscopy suggested that complexes formed with long heparins are 

more stable. To further prove this, we have monitored by differential scanning 

calorimetry the thermal stability of PF4/heparin complexes. Indeed, we found increased 

thermal stability (higher melting temperature) of complexes formed by PF4 with longer 

heparins compared to those formed by PF4 with shorter heparins (11) (Figure 7). This 

occurs most probably, because long heparins (>11-mers) can cluster several PF4 

molecules (33-36) and the fused charge cloud stabilizes them against unfolding better 

than short heparins do. This may cause restrictions to the movement and rearrangement 

of the PF4 domains while unfolding, thereby increasing the amount of energy needed for 

the process. 

Increasing heparin concentrations above the concentration optimal for complex 

formation induces a further rise in the thermal stability of PF4/heparin complexes. This is 

most probably because every PF4 tetramer can then freely bind to an unoccupied heparin 

chain. This reorganization process is energetically favorable because the enthalpy of the 

binding is still set free, while the unfavorable structural changes are reversed in the 

absence of close approximation. As a result, PF4 molecules are stabilized by longer 

heparin chains (Figure 7).  

However, high concentrations of a 6-mer heparin and fondaparinux do not increase 

the melting temperature, which is in good agreement with the absence of antigenicity, 

structural changes and ultralarge complexes (6). This further confirms that charge 

neutralization cannot be the only reason for increased stability of PF4/heparin complexes.  
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Crystal structure of PF4/fondaparinux complex 

Early reported crystal structures suggested that PF4 assumes an asymmetric 

tetrameric configuration: each monomer contains three-stranded antiparallel beta sheets 

on which an aperiodic N-terminal domain and an amphipathic C-terminal alpha-helix are 

folded (20).  

Very recently, Cai et al. solved the crystal structure of PF4 in complex with 

fondaparinux and with Fab fragments of the HIT-like monoclonal antibody KKO (21). 

The authors revealed that fondaparinux binds to and stabilizes PF4 tetramers. Most likely, 

similar to short heparins which bind to one PF4 tetramer, fondaparinux cannot align two 

tetramers in a row, which is needed for antigen expression. This may explain why 

fondaparinux does not, or only very rarely, causes HIT in vivo and only a very small 

percentage of all anti-PF4/heparin antibodies bind to PF4/fondaparinux complexes (37). 

Thus, the crystal structure of PF4 in complex with fondaparinux is likely not the structure 

recognized by typical HIT antibodies.  

 Although formation of ultralarge PF4-polyanion complexes occurs especially with 

UFH, and does not appear with the pentasaccharide fondaparinux (23), fondaparinux can 

bind to PF4 (5) inducing anti-PF4/heparin antibodies to a similar extent as LMWH.(38) 

Potentially, fondaparinux interacts with PF4 synergistically with endothelial cell heparan 

sulfate or platelet membrane chondroitin sulfate, thereby inducing the immunogenic 

antigen. However, as multimolecular PF4/fondaparinux complexes do not form, only 

very few, if any immune complexes between PF4/fondaparinux and anti-PF4/polyanion 
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IgG will be formed and no secondary activation of platelets and monocytes occurs. This 

is the most likely explanation why fondaparinux only rarely causes HIT.  

 

Biophysical tools to characterize antibody binding to PF4 

Although all anti-PF4/polyanion antibodies bind to immobilized PF4/heparin 

complexes, only some of these antibodies activate platelets in functional assays such as 

the heparin-induced platelet activation assay (HIPA) (39) or the serotonin release assay 

(SRA) (40) in the presence of heparin (or addition of high PF4 concentrations to 

platelets) (41, 42). A small subset of anti-PF4/polyanion antibodies activate platelets even 

in the absence of heparin and are now considered to be autoantibodies (43, 44). 

A distinct binding pattern between a non-pathogenic and a pathogenic (platelet 

activating) anti-PF4/heparin antibody has been revealed by single molecule binding with 

optical tweezers (18, 19) by Sachais and coworkers. They proposed a new feature that 

may explain why only some anti-PF4 antibodies are pathogenic (18). Using rupture force 

spectroscopy to assess antibody-antigen interactions at the single molecule level, they 

showed that the monoclonal antibody KKO binds to PF4 alone, albeit with much lower 

affinity than to PF4/heparin complexes. In addition, they found that KKO itself is able to 

induce clustering of PF4 and induces oligomerization of PF4, thereby enhancing its own 

binding affinity. Their study introduced the new concept that an antibody can promote its 

own binding epitope (18). 

Litvinov et al. revealed in a single molecule assay that a pathogenic monoclonal 

antibody (KKO) binds more strongly to cross-linked PF4 than a non-pathogenic 
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monoclonal anti-PF4 antibody (RTO) and showed the importance of epitope specificity 

and the differential effect of PF4 oligomerization on the binding kinetics and binding 

strength of pathogenic and non-pathogenic anti-PF4 antibodies (19).  

More recently, single molecule force spectroscopy and isothermal titration calorimetry 

studies addressed the reactivity of human polyanion-dependent anti-PF4/polyanion 

antibodies, which are only positive in the PF4/polyanion antigen test, but do not activate 

platelets and pathologic anti-PF4/polyanion antibodies, i.e. those which activate platelets 

in the presence of polyanions; and anti-PF4/polyanion-autoantibodies, which also activate 

platelets in the absence of polyanions (Nguyen et al., in preparation). First results indicate 

that the biological effects on platelet activation of these antibodies are a composite of 

qualitative and quantitative characteristics. These antibodies must have a minimal binding 

strength to the complexes to be able to activate platelets but they also have to be present 

at a minimal concentration. Most interestingly, the binding force of the anti-

PF4/polyanion autoantibodies even exceeds the binding force of long heparin molecules 

to two PF4 tetramers. This raises the intriguing hypothesis that these PF4/polyanion 

autoantibodies may cluster two PF4 tetramers in the same way long heparin molecules 

do, hereby inducing the same conformational change as polyanions. Current studies are 

underway to test, whether this then allows binding of polyanion-dependent anti-

PF4/polyanion antibodies. These results perfectly fit the previous findings of Sachais et 

al. on clustering of PF4 by KKO antibody (18).  

If confirmed this would indicate a new mechanism of human antibody-mediated 

autoimmunity: a small subset of autoantibodies changes the conformation of an 

endogenous protein, thereby catalyzing binding of antibodies which otherwise only bind 
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in the presence of a non-physiological trigger (e.g. heparin), recruiting them into an 

autoimmune process.  

 

Concluding remarks and Perspectives 

Lately, physics plays an important role to complement immunological techniques in 

understanding the pathogenesis of HIT. With biophysical tools it became possible to 

identify features that make PF4 immunogenic (e.g. a certain conformational change 

induced by the polyanion, a threshold energy of the complexes, the existence of 

multimeric complexes, a certain number of bonds formed by PF4 with the polyanion) and 

to characterize the morphology and the thermal stability of complexes formed by PF4 

with polyanions.  

As the antigenic properties of PF4 can be altered when the protein interacts with 

nucleic acids and aptamers, which change protein conformation and leads to expression 

of neoepitopes (9), these findings suggest that clinical trials of DNA or RNA constructs 

should include testing for the development of anti-PF4/aptamer antibodies and clinical 

features of HIT. Similarly, biophysical measurements revealed that pro-coagulant and 

pro-inflammatory platelet polyphosphates change PF4 structure leading to neoepitopes 

formation to which antibodies bind (10). In addition, this provides a potential new 

biological function of polyphosphates which act as a cofactor in an ancient immune 

system recognizing bacteria (10).  

The findings provided by biophysics open new avenues for the development of 

diagnostic and treatment strategies. In this direction, an approach involving real-time 
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calcium imaging of single platelets immobilized on micropatterned arrays functionalized 

with PF4-heparin-IgG complexes has been recently reported (24). Micropatterned arrays 

generated by electron beam lithography were functionalized with PF4/heparin complexes, 

which further interact with anti-PF4/heparin antibodies as quantified by 

immunofluorescence. It was possible to tune the size of the micropatterns so that only 

single platelets are captured. Further, real-time calcium imaging was used for the read-out 

of single platelet activation. This novel method has the potential to integrate platelet 

function assays into high-throughput microfluidic microdevices.  

While HIT remains a challenging clinical problem, it is increasingly becoming a 

model to study mechanisms of immunity. Beside the possibility to modify the antigen by 

changing either the structure of the polyanion or the structure of PF4, HIT is probably the 

only human immune response who allows systematic in vivo studies in humans as it is 

ethical to apply heparin for treatment. 

The biophysical tools developed to unravel the molecular mechanisms in the 

pathogenesis of HIT may be applied to better understand the mechanisms of other 

antibody-mediated disorders in thrombosis and hemostasis (e.g. acquired hemophilia, 

antiphospholipid syndrome, thrombotic thrombocytopenic purpura and immune 

thrombocytopenia).  
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Figure legends 

 

Figure 1: Atomic force microscopy images of PF4 and PF4/polyanion complexes. (A) 

PF4 tetramers alone maintained a certain distance from each other and they come into 

closer proximity to each other in the presence of polyanions (i.e. UFH, LMWH, or 

fondaparinux) forming ridge-like structures. (B) The height profiles differed between 

PF4/fondaparinux complexes and PF4/heparin complexes indicating that PF4 has 

different conformational structures when interacting with heparin or fondaparinux. 

Modified with permission from (5). 

 

 

Figure 2: Binding to UFH changes the secondary structure of PF4. CD spectra and 

secondary structure of PF4 in PF4/UFH complexes formed at various UFH 

concentrations (PF4 concentration = 40 µg/mL): (A) – with increasing UFH 

concentration the CD spectra of PF4 shift to more positive ellipticity values, indicating 

changes in PF4 secondary structure, (B) – with further increasing the UFH concentration, 

a return to a native-like state is observed, (C) – deconvolution of the PF4/heparin CD 

spectra shows an increase in antiparallel beta sheet content (β-sheet ↑↓), which is 

balanced by a decrease in α-helix and β-turn content, (D) – comparison of CD spectra of 

native PF4 (green) and of the PF4/UFH complex, formed at a concentration of 6.9µg/mL 

(red) or in excess of UFH (native-like folding state; blue). The error bars represent the 

standard deviation of three experiments.  
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Figure 3: PF4/polyanion complex antigenicity correlates with changes in PF4 

antiparallel beta-sheet content. Correlation of antiparallel beta-sheet content of 

PF4/polyanion complexes (as measured with CD spectroscopy) with the OD of the same 

complexes (as determined with enzyme-immunosorbent assay, EIA) for: (○) UFH, (▲) 

reviparin, (pentagrams) 2-O, 3-O desulfated heparin, (□) chondroitin sulfate A, (►) 

dextran sulfate. Strong PF4/polyanion complex antigenicity (indicated by OD >> 1) is 

accompanied by large changes of PF4 secondary structure (indicated by antiparallel beta-

-sheet contents >30%). Reproduced with permission from (8). 

 

Figure 4: Dependence between change in enthalpy and heparin chain length. The 

change in enthalpy increases with chain length and reaches the values of HO16 (16-mer) 

and UFH at a heparin chain length around 11 monosaccharides, which is close to the 

critical heparin chain length that has to be exceeded to form antigenic PF4/heparin 

complexes.  Reproduced with permission from (6). 

 

Figure 5: Interaction forces between PF4 and glycosaminoglycans. (a) Representative 

force curve for the PF4/UFH interaction containing two neighbored unbinding events. (b) 

The histogram of the change in apparent contour length between such neighbored events 

shows no clear peaks for complexes formed of chondroitin sulfate A and PF4. However, 

for (c) UFH and (d) dextran sulfate, peaks are resolvable, whose values match well with 

the spacing between neighbored amino acid pairs (1.1 nm). The red lines correspond to 

Gaussian distributions, while the black line is the superposition of all red lines. 

Reproduced from Ref. 16 with permission from The Royal Society of Chemistry. 
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Figure 6: Model describing the difference in binding pathways of short and long 

heparins to PF4 tetramers and average rupture force of PF4-PF4 interaction. (a) In 

the absence of heparin, two PF4 tetramers (containing clusters and non-clusters of 

positive charges) remain away from each other with a distance L. When the AFM tip 

approaches the substrate, the short heparin binds to one PF4 (b), while the long heparin 

bridges two PF4s which are brought closer to each other at a distance l<L merging two 

hydrophobic surfaces (green shaded area) (c). (d) Force-distance curves expose two 

rupture peaks (1st, blue box, and 2nd, red box) for long heparin (HO16=16 mers) and only 

single peak for short heparin (HO06= 6 mers). The second rupture peak is higher than the 

first rupture peak. The difference of ~50 pN is the additional rupture force needed to 

overcome the hydrophilic cloud of two clustered PF4 tetramers. (e) PF4 monomers were 

internally cross-linked with glutaraldehyde and coupled to the AFM tip and the substrate. 

Modified with permission from Ref. 17 with permission from The Royal Society of 

Chemistry. 

 

 

Figure 7: Melting temperatures of PF4 and PF4/polyanion complexes. The first bar 

shows PF4/polyanion complexes at a concentration leading to maximal PF4/heparin 

antibody binding, the second bar shows the melting temperature when the polyanion was 

added in 10 times higher concentration. Error bars represent the standard deviation of 

three experiments. 
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Tables 

Table 1: Biophysical tools used to characterize PF4 and PF4/polyanion complexes.  

Biophysical technique Reference 
Atomic Force Microscopy (AFM) Greinacher et al., 2006 (5), Kreimann al., 

2014 (6) 
Circular Dichroism (CD) spectroscopy Villanueva et al., 1988 (7), Brandt et al., 

2014 (8), Jaax et al., 2013 (9), Kreimann 
et al., 2014 (6) , Brandt et al., 2015 (10) 

Differential Scanning Calorimetry (DSC) Delcea et al., 2015 (11) 
Isothermal Titration Calorimetry (ITC) Kreimann et al., 2014 (6), Brandt et al., 

2015 (10) 
Nuclear Magnetic Resonance (NMR) Mayo et al., 1989 (12), Mayo et al., 1992 

(13), Mayo et al., 1995 (14), Mikhailov et 
al., 1999 (15)  

Single Molecule Force Spectroscopy (SMFS) Block et al., 2014 (16), Nguyen et al., 
2015 (17) 

Single Molecule Optical Tweezers Sachais et al., 2012 (18), Litvinov et al., 
2013 (19)  

X-ray crystallography Zhang et al., 1994 (20), Cai et al., 2015 
(21) 

Photon Correlation Spectroscopy (PCS), zeta 
potential 

Suvarna et al., 2007 (22) 

Electron Microscopy (EM) Rauova et al., 2005 (23) 
Electron Beam Lithography (EBL) Medvedev et al., 2014 (24) 
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