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1. Introduction 

Almost all processes that take place in an organism are mediated by proteins with a broad diversity of 

functions. The properties of a protein depend mainly on its tertiary and quaternary structure (see 

chapter 2.1 Protein) while the amino acid sequence, the so-called primary structure is the base of the 

folding. Proteins are designed to do their functions and are adapted to the surrounding they are acting 

in. In the latter regard, hydrophilicity or hydrophobicity plays an important role. For the expression of 

soluble proteins, the amino acid chain folds in a way that charged as well as polar amino acids are 

exposed to the aqueous solution and apolar uncharged amino acids are hidden or shielded from it. Vice 

versa, in case of insoluble proteins like membrane proteins, it is crucial to have at least apolar regions on 

the surface to be anchored in the hydrophobic part of the lipid bilayer. Platelet factor 4 (PF4) the central 

protein in this thesis belongs to the fraction of soluble proteins. In 

the majority of mammalian organisms, PF4 and homologous 

proteins (e.g. interleukin 8 and sequenced but so far undescribed 

proteins) are found, but not in plants or bacteria.1 

The homotetrameric chemokine PF4 (see figure 1.0.1) was initially 

described as a platelet-derived heparin-neutralizing factor.2 Later it 

was found that it is involved in hemostasis,3,4 platelet coagulation 

interference,3,4 angiogenesis,3,5,6 host inflammatory response 

promotion,2 and that it is a chemoattractant for immune cells like neutrophils and monocytes.2,7-9 PF4 

gained wide interest because of its central role in the life-threatening, immune-driven, adverse drug 

effect heparin-induced thrombocytopenia (HIT, see Figure 1.0.2),10,11 which occurs in up to 3% of 

patients receiving unfractioned heparin (UFH) after major surgery.12 Here, PF4 forms complexes with the 

polyanion (PA) heparin, which is administered to avoid blood clotting during and after surgeries. By the 

 

Figure 1.0.1: Cartoon of the homo-
tetramer platelet factor 4 (PF4) based 
on crystallographic data (PDB code: 
1RHP) with the four subunits colored 
in blue, green, orange, and red. 
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complex formation, PF4 competes with antithrombin for the binding sites on the heparin chain and 

neutralizes the anticoagulatory effect of the latter. 

 
Figure 1.0.2: Platelet factor 4 (PF4) with an equator of positively charged amino acids forms complexes with the 
negatively charged drug heparin.13 Some patients develop antibodies or are already pre-immunized against an 
epitope that is formed when PF4 aligns on the PA strand. The resulting immune reaction induces the opposite of 
what is intended by the administration of heparin – rather than preventing thrombosis during surgeries, blood clots 
are formed in the life-threatening adverse drug effect heparin-induced thrombocytopenia (HIT). 

Some patients develop antibodies directed against these multimolecular PF4/heparin complexes.15 The 

antibodies that are formed after administration of heparin are mostly of the IgG class. This type of anti-

bodies and the time of the early onset are not charac-

teristic for a primary immune response where IgM is 

formed first followed by IgG after two weeks (see 

figure 1.0.3). The early onset of IgG is a hint towards a 

secondary immune response meaning that the 

patient's immune system has 'seen' an antigen similar 

to what is exposed on the PF4/heparin complexes. 

The formation of PF4/heparin/antibody complexes 

(immune complexes) leads to the release of further 

PF4, formation of multimolecular complexes to which even more antibodies can bind.10,13,16 When the 

immune complexes bind to platelets via the Fc-parts of the antibodies, FcγIIa-receptors on the platelets 

surface get cross-linked, which induces platelet activation, leading to further aggregation and formation 

of  blood clots.15,17 Additionally, PF4 and PF4/heparin/IgG immune complexes then bind to endothelial 

cells, leading to severe damage of the cells.13,18-20 The prevailing prothrombotic state bares an increased 

risk for thrombosis.21,22  

 
Figure 1.0.3: Classes of antibodies occurring 
after first antigen contact during primary 
immune response and after second contact 
with the same antigen in secondary immune 
response. Adapted from Grundwissen 
Immunologie by Schütt and Bröker.14 
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It is widely accepted that anti-PF4/heparin antibodies recognize an antigen exposed on PF423 at a certain 

PF4/heparin molar ratio13,24 at which the opposite charges of PF4 and heparin are neutralized.16,25 

Epitope expression on PF4 is not limited to sulfated PA like heparins. Complexes of PF4 with DNA 

containing phosphate groups and bacterial phospholipids also showed cross-reaction with PF4/heparin 

antibodies,26-28 meaning that a similar epitope is formed on the protein while the PA can be exchanged 

and antibody recognition as well as immune response persist.1,26-28 At the mentioned optimal ratio, PF4 

tetramers are aligned on the heparin strand and forced into close approximation. 19 Understanding why 

an endogenous protein turns immunogenic when forming a complex with a PA is of fundamental interest 

in basic science as well as in the medical and pharmaceutical field. Knowing the underlying mechanism 

will be helpful for the development of polyanionic drugs not baring the risk of an immune reaction 

induction and may also give hints towards the general mechanism of antibody induction.  

1.1 Paper I (PF4 Evolutionary Analysis) 

As aforementioned, PF4 binds to bacterial surfaces. There is a cross-reaction with PF4/heparin 

antibodies when PF4 binds to a bacterial surface, suggesting that it has the function of a marker for 

potential pathogens.26 To explore if PF4 may also be a part of an ancient immune system against 

bacteria, we investigated the binding of PF4 to bacterial surface in detail in paper I (PF4 evolutionary 

analysis). We found that PF4 binds via its positively charged amino acids to the negatively charged 

phospholipid lipid A, the innermost and highly conserved part of the lipopolysaccharide (LPS) of Gram 

negative bacteria (see chapter 3. Bacteria).1 The less lipid A was covered with outer core and O-antigen, 

the more PF4 bound to the bacterial surface. The knowledge of PF4 binding to potential pathogens like 

bacteria and exerting a similar epitope on the bacterial surface like in PF4/heparin complexes, supports 

the hypothesis that PF4 is part of an ancient host defense mechanism.26 LPS is conserved in the envelope 

of Gram negative bacteria. The question to be answered was whether the structures on the PF4 surface 

required for the binding to lipid A are also conserved. By executing an amino acid sequence survey, we  
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found indeed that the mainly positively charged amino acids contributing to the heparin binding site on 

the PF4 surface or on similar proteins (e.g. PF4 like, interleukin-8 and so far uncharacterized proteins; see 

figure 1.1.1) are highly conserved in 

different vertebrate species (paper 

I (PF4/evolution)).1 PF4 being ex-

pressed in miscellaneous verte-

brates additionally supports the 

idea of PF4 as an ancient host 

defense mechanism. Bacteria 

covered with PF4 are recognized by 

sera originating from HIT patients 

and known to contain anti-PF4/hep-

arin antibodies. It is very likely that 

PF4 forms a similar epitope on the 

bacterial surface and in the 

PF4/heparin complex which is 

recognized by the same antibodies 

contained in the aforementioned 

sera. This is supported by the fact 

that PF4-covered bacteria were able to induce an immune reaction.29 The finding let us speculate why 

the lipid A is covalently linked with a polysaccharide chain. When PF4 easily marks bacteria via binding to 

lipid A, bacteria might have covered the structure that made it vulnerable to the immune system of its 

host. By the usage of several Gram negative mutants with different O-antigen chain lengths, Krystin 

Krauel showed that the longer polysaccharide chain of the mutant was, the less PF4 bound to the 

bacterial surface and the lower was the possibility of an immune reaction. 

 
Figure 1.1.1: Amino acids of PF4 important for heparin binding are largely 
conserved among species. Alignment of the heparin binding region (R20, 
R22, H23, K46, R49, K61, K62, K65, and K66) of PF4, IL-8, and an 
uncharacterized protein (n/a) and total amino acid similarity of various 
species in percentages compared with human (100%) is shown. Above 
the amino acid sequence of 1 PF4 monomer (70 amino acids, primary 
structure without signal sequence, UniProt P02776), the crystal structure 
of a PF4 tetramer (quaternary structure, PDB code 1f9q) is depicted from 
the front (left) and from the top view (right). Lysine residues of the C-
terminus (K61, K62, K65, and K66) are highlighted in green; arginine (R20, 
R22, and R49), histidine (H23), and other lysine residues (K46) are 
highlighted in blue. The pictures of the crystal structure of PF4 were 
made using PyMOLMolecular Graphics System Version 1.3 Schrödinger 
LLC. 
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1.2  Paper II (PF4/Polyanions) 

At the time the work of this thesis started, it was believed that repetitive structures formed by PF4 on a 

heparin chain, form an epitope to which antibodies bind inducing the adverse drug effect HIT. It was 

believed that these repetitive structures might exhibit similarities with capsids of viruses and are 

therefore, recognized by the immune system of some patients.19 NMR studies suggested that the 

complex formation is accompanied by changes in the secondary and tertiary structure of PF4. 30 The NMR 

measurements were done with PF4-M2, a symmetric variant of PF4. It cannot be ruled out that this 

mutant with slightly different primary structure behaves differently, when forming a complex with PA 

like heparin. The direct experimental proof for secondary structure changes of PF4 upon complex 

formation with PA was lacking.  

To investigate the structure and potential structural changes of PF4, I used circular dichroism (CD) 

spectroscopy. Investigating the PF4/PA system with CD spectroscopy is advantageous in many respects. 

CD spectroscopic measurements have proven to be correct for direct interpretation of structural changes 

in a protein upon binding to heparin (antithrombin III/heparin system).31 In general, CD spectroscopy is 

not very expensive with respect to protein consumption and also not very time consuming. For NMR 

studies, which give more detailed information about the protein structure, the asymmetry of PF4 is a 

problem. This drawback does not play a role in CD spectroscopy, because the signal that is measured 

arises from the monomer and not from the entire tetrameric protein. The PA that were tested for 

complex formation with PF4 did not interfere with the measurements, as they did not exhibit a CD signal 

at all or only at very high concentrations. By carrying out a deconvolution of a protein CD spectrum, it is 

possible to determine its secondary structure composition. The deconvolution of a protein CD spectrum 

is most reliable when the protein has a certain α-helical content. PF4 has one α-helix per monomer, 

which makes it especially suitable for the usage of CD spectroscopy deconvolution. Carrying out a 

deconvolution only gives secondary structure composition of a protein but from crystallographic data we 
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know the location of the secondary structures in the PF4 molecule (PDB code: 1f9q). Their distribution is 

beneficial for working with CD spectroscopy. Secondary structures like the antiparallel β-sheets are 

agglomerated in the center of the tetramer and all four α-helices are located on the surface of the 

protein. If the deconvolution of the protein spectra suggests an increase or decrease in a respective 

secondary structure, the location of structural change is known and it is possible to make an educated 

guess of the amino acids involved. 

In paper II (PF4/PA) complex formation between PF4 and different PA was investigated (see table 

1.2.1).28 It is believed that the PA wrap around the PF4, forming an interface between the equatorial ring 

of positively charged amino acids and the sulfate groups of the PA. 

Table 1.2.1: List of the PA investigated in paper II (PF4/PA). left: The PA investigated regarding the degree of 
polymerization. right: The PA assessed regarding degree of polymerization. (* no sulfate groups but carboxy groups, 
**no sulfate groups) 

PA investigated in paper II (PF4/PA) 

degree of polymerization  degree of sulfation  

unfractionated heparin (UFH) 

low molecular weight heparin (LMWH) 

fondaparinux (pentasaccharide)  

long 

↓ 

short 

dextran sulfate 

unfractionated heparin (UFH) 

2-O, 3-O desulfated heparin (ODSH) 

hyaluronic acid* 

dextran** 

high 
 

↓ 

 
low 

 
 

Clinical studies reveal that three factors have an influence on the immunogenicity of PF4/PA complexes: 

i. the molar PF4/PA ratio, ii. the degree of polymerization of the PA and iii. their degree of sulfation. By 

assessing clinically relevant PA of varying length and degree of sulfation, using the established PF4/PA 

solid phase enzyme immunoassay (EIA)32 (see chapter 4.2) and CD spectroscopy, we were able to show in 

paper II (PF4/PA) that PF4 changes its secondary structure when forming an immunogenic complex with 

certain PA. We thereby built the basis of a prediction system just looking at CD data to judge whether a 
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PA has the potential to form antigenic complexes without the need for (sometimes strongly deviating) 

patients sera used in the EIA. The deconvolution of the CD spectroscopic data revealed that there is a 

decrease in α-helical and β-turn content, which is balanced by a remarkable increase in the antiparallel 

β-sheet content.  

In case of PF4, the antiparallel β-sheet is a good measure for the overall change in the structure of PF4. 

This is because it is the secondary structure that changed the most during titration with a PA and it is the 

only secondary structure whose content increased. Additionally, it is unlikely that an antibody binds to a 

disappearing structure, but rather recognizes a neoepitope, meaning a structure that is newly 

developed. Therefore, in the following, an increase in antiparallel β-sheet, changes in CD signal and 

secondary structural changes of the protein have essentially the same meaning (for the PF4/PA system).  

 When comparing the antigenicity, meaning antibody binding measured with the PF4/PA solid phase EIA, 

with the structural changes in the protein measured by CD spectroscopy it was found: 

i.  PF4/PA complexes showing 

high antibody recognition 

also showed remarkable 

changes in the CD signal. 

ii. A correlation between the 

degree of sulfation and the 

amount of structural 

changes as well as in degree 

of antigenicity exists. The 

higher the number of negative charges per repeating unit of the PA was, the higher were the 

secondary structural changes in the protein (see figure 1.2.1). Based on the empirically 

 
Figure 1.2.1: Correlation between the degree of sulfation and 
the maximally induced antiparallel β-sheet in the PF4 
molecule. 
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determined antigenicity threshold in the EIA, we were able to define an extent of changes in 

the antiparallel β-sheet that has to be exceeded (>30%) to turn a PF4/PA complex antigenic.  

This formed the basis of the antigenicity prediction with the help of CD spectroscopy. 

iii. In case of the degree polymerization a certain chain length had to be exceeded to observe 

structural changes or antigenicity (yes/no question). A polyanionic pentamer such as 

fondaparinux does not induce any change in the protein structure and the PF4/fondaparinux 

complex is also not recognized in the EIA. We propose a model in which at least two PF4 

tetramers have to be brought into close approximation to undergo structural changes to 

form the neoepitope that is recognized by antibodies. The pentamer binds probably to PF4, 

but it is too short to hold two PF4 tetramers together. 

iv. Antibody binding and secondary 

structural changes as observed by CD 

spectroscopy show the same 

dependence on the PF4:PA ratio (see 

figure 1.2.2). The course of the curve 

of antigenicity and antiparallel β-

sheet content is very similar. We 

observed a fast onset in both, anti-

genicity as well as an antiparallel β-

sheet content, which is followed by a 

distinct peak at a certain PA 

dependent PF4:PA ratio and ends in a 

less steep decrease in both antigenicity and antiparallel β-sheet content. The raw CD signal 

as well as its deconvolution tends to a native-like state again at higher PA concentration. 

 
Figure 1.2.2: Structural changes observed by CD 
spectroscopy (A) and antibody binding in EIA (B) show 
the same molar PF4:PA ratio dependency with similar 
onset, decrease and matching peak position. 
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Therefore, we conclude that the changes were reversible in most cases. Exceptions from this 

behavior were the aforementioned pentamer fondaparinux, showing no changes over the 

whole titration and the highly sulfated dextran sulfate where the antigenicity and the 

structural changes remained even at very high PA concentrations, indicating that the 

changes were irreversible. 

v. Notably, the peak position of maximum antibody binding and maximum antiparallel β-sheet 

matched (see figure 1.2.2) with the only exception unfractionated heparin (UFH), where a 

correction factor had to be introduced to get matching peak positions for prediction of 

antigenicity based on the CD measurements. We speculate this is due the polydispersity of 

UFH and that the formed complexes are therefore quite heterogeneous in size, which might 

lead to deviations in the read-out of the two used techniques. 

After observing that PF4 binds to lipid A with a phospholipid anchor in paper I (PF4 evolutionary analysis) 

and thus, finding that the binding of PF4 is not restricted to negative charges deriving from sulfate 

groups present in all heparins, pure phosphates in form of inorganic polyphosphates (polyP) were also 

tested for complex formation, structural changes and antigenicity. It was found that complexes of PF4 

and polyP chains also induce structural changes in the PF4 molecule and even surpassing the threshold 

of 30% to be antigenic. Further, it turned out that polyP are beneficial for CD measurements as they do 

not add absorption in the measured wavelength range for far-UV CD spectra like for example, heparins 

do (see chapter 4.1 Circular dichroism).  

1.3 Paper III (PF4/defined Heparins) 

After testing clinically relevant but relatively undefined glycosaminoglycans (GAG, see chapter 2.2 

Polyanions) in terms of size distribution in paper II (PF4/PA), the focus was laid on highly purified, 

monodisperse heparins. In paper III (PF4/defined heparins) additional physicochemical techniques were 

introduced by Martin Kreimann to characterize more in detail the complexes formed between PF4 and 
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defined heparins purchased from Iduron Ltd. (Manchester/UK).33 Additionally to the heparin oligomers 

(HO) consisting of 6 (HO06), 8 (HO08) und 16 (HO16) subunits, UFH and the pentamer fondaparinux 

were tested with the additional methods: isothermal titration calorimetry (ITC, see chapter 4.3 

Isothermal titration calorimetry) to analyze the thermodynamics of the complex formation, and atomic 

force microscopy (AFM) to investigate the complex sizes as well as the occurrence of multimolecular 

complexes. The relatively clear picture of clinically relevant heparins is put into perspective in paper II 

(PF4/PA). The model that a certain extent of structural change has to be exceeded to turn complexes 

antigenic had to be extended in case of the defined heparin oligomers. We found that the structural 

changes are necessary but not sufficient to form antigenic complexes. The three required characteristics 

were: 

i. An increase in antiparallel β-sheet exceeding ~30% was achieved by UFH, HO16, HO08, and 

HO06, but not by fondaparinux as shown by CD spectroscopy. 

ii. Multimolecular complexes have to be formed. This requirement was fulfilled by UFH, HO16, 

and HO08 as shown by AFM. 

iii. A negative entropy during complex formation has to be achieved. The necessity was only 

fulfilled by UFH and HO16 as shown by ITC. 

The increase in antiparallel β-sheet was sufficient (>30%) for all tested PA except for fondaparinux. 

Nonetheless, the course was different for each PA (see figure 1.3.1). For the complex formation of PF4 

with UFH, the curve progression with its steep onset and flat decrease (see figure 1.3.1 A) was already 

known from paper II (PF4/PA). The curve for the complexes formed between PF4 and HO16 is very 

similar but with the differences that the maximum antiparallel β-sheet is ~5% higher and that the 

maximum change was observed at a lower concentration ratio (see figure 1.3.1 B), suggesting a more 

efficient complex formation due to the lower polydispersity. Further, the peak of maximum secondary  
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structural change is much narrower for HO16. Con-

tinuing with the complexes formed between HO08 

(figure 1.3.1 C), the peak broadened again and its 

position was shifted to a slightly higher concentration. 

However, the main difference to the PA investigated 

before is the reduced reversibility of the secondary 

structural change. The antiparallel β-sheet content 

stays nearly constant around 36% at higher PA 

concentrations. As a continuation, of the stepwise 

change in curve progression from the longer to the 

shorter heparin oligomers, the curve of the PF4/HO06 

complexes is lacking a peak and directly goes into 

saturation at a certain PF4:HO06 ratio (see figure 

1.3.1 D). With ~36.5%, the maximum antiparallel β-

sheet content is lower compared to the other heparin 

oligomers. From the CD results it can be concluded 

that not only the amount of antiparallel β-sheet has to 

exceed 30%, but also these changes have to be 

reversible. The necessity of reversibility is not fulfilled 

in case of the short heparin oligomers HO08and HO06 

being close to the pentamer fondaparinux, not in-

ducing any structural changes in the PF4 molecule (see figure 1.3.1 E). In paper II (PF4/PA) we found, 

that the secondary structural changes in PF4 induced by the highly charged dextran sulfate were also not 

reversible. Obviously, it has to be discriminated between the irreversibility of structural changes induced 

 
Figure 1.3.1: Deconvolution of CD spectra for 
PF4 titrated with: a – UFH, b – HO16, c – HO08, 
d – HO06, e – fondaparinux. 
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by short PA chains and the irreversible changes of highly sulfated PA of sufficient chain length like 

dextran sulfate (see paper II – PF4/PA). 

 

Figure 1.3.2: The PF4/PA EIA revealed antibody binding above the antigenicity threshold for complexes of PF4 with 
HO16 or UFH, respectively. PF4/HO08 complexes showed only insufficient antibody binding, being therefore non-
antigenic. 

The requirement of multimolecular complex formation was tested by Martin Kreimann using AFM 

imaging in liquid. He also carried out the ITC measurements and found that the negative entropy is 

balanced by a large binding enthalpy between PF4 and the respective heparins and therefore, the 

enthalpy provides the energy to induce conformational changes in PF4, which are needed for the 

formation of the neoepitope recognized by the anti-PF4/heparin antibodies. By this finding, the CD 

results suggesting structural changes were supported. The results were proven by EIA showing that only 

complexes formed by PF4 with UFH and HO16 consistently exhibited high antibody binding (see figure 

1.3.2). 

1.4 Paper IV (PF4/Polyphosphates) 

After showing in paper II (PF4/PA) that PF4 exerts the same features like secondary structural changes 

and antigenicity in complex with the polyP P75 (chain of 75 phosphates), we studied this system in more 

detail in paper IV (PF4/polyP). We investigated the complex formation of PF4 of polyP with three 

different chain lengths (P3, P45, and P75) and the influence of polyP on the binding of PF4 to a Gram-

negative bacterial surface. The characterization included techniques that were used before (CD 

spectroscopy, EIA and ITC) supplemented by a new technique (flow cytometry, see chapter: 4.4 Flow  
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Cytometry). By CD spectroscopy it was found that, in 

contrast to the short P3, the two longer polyP P45 

and P75 induced secondary structural changes in the 

PF4 molecule. We observed slight differences in 

curve progression between the complex formation 

of PF4 with P45 and P75 which are not only 

represented in the raw CD spectra but also in the 

deconvolution of the CD spectra (see figure 1.4.1 A). 

The onset of increase in antiparallel β-sheet and the 

peak position is nearly the same for P45 and P75. 

Further, for both polyP, the secondary structural 

changes are irreversible. There is only a partial 

folding back to the initial secondary structure which is slightly more pronounced for P75. Whereas the 

structural changes in the protein upon complex formation with the two longer polyP are quite similar, 

there are pronounced differences in antibody recognition between PF4/P45 and PF4/P75 complexes (see 

figure 1.4.1 B). PF4/P75 complexes show very high antibody binding with its maximum shifted to a higher 

concentration compared to the peak position found by CD spectroscopy. In the case of UFH, we also 

observed the shifting in peak position and discussed that this might come from the polydispersity. Here, 

the same feature was observed again, but the P75 has a very low polydispersity index, so the peak shift 

might have another reason. It may very well be that complexes with longer chains behave differently on 

the surfaces of EIA plates. Complexes between PF4 and P45 are also antigenic (OD higher than one, see 

figure 1.4.1 B) but the peak position matches the one found by CD spectroscopy. Complexes between 

PF4/P3 were not recognized by anti-PF4 heparin antibodies at any PF4:P3 ratio. 

The energetic characteristics of the PF4/polyP binding interactions were assessed by ITC. The energies 

exerted by the complex formation between PF4 and P3 were either too small to be measured or no 

 
Figure 1.4.1: A - Deconvolution of CD spectra 
of PF4 in complex with P3 ( ), P45 ( ), 
P75 ( ) and B – antibody binding measured 
by EIA. 
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complexes were formed at all. The latter is rather unlikely, assuming that the binding mechanism is the 

same as for P45 and P75, where the binding was already proven with the techniques before. But it may 

very well be that five charges exerted by the triphosphate are not sufficient to form stable complexes. 

However, P45 and P75 showed characteristic negative peaks indicating an exothermic reaction. After 

peak integration, data was fitted with a One Set Sites model (included in the Origin-based analysis 

software provided by MicroCal, LLC, Northampton, MA) to obtain the values of the change in enthalpy 

(ΔH), dissociation constant (K), the stoichiometry (N), and the Gibbs free energy. As expected for a 

reaction that runs spontaneously, negative values were found for the ΔG. Moreover, the values were 

quite similar for P45 and P75. The enthalpies for the PF4/P45 and PF4/P75 calculated per mole of polyP 

and per mole of PF4 were also found to be negative. When comparing the enthalpies calculated per 

mole of polyP for P45 and P75 the difference matches quite nicely the difference in size. P75 is three 

times longer (3.1), meaning that it provides also three times more charges for the electrostatic 

interaction with PF4. The enthalpy differs by a slightly higher factor of 3.7 (see table 1.4.1). When 

calculating the enthalpy per mole of PF4, the small difference becomes more evident. Here, the enthalpy 

of the reaction between PF4 and P75 is higher than for the PF4/P45 complex.  

Table 1.4.1: Thermodynamic parameters for the interaction of PF4 with P3, P45 and P75. 

Complex 

Enthalpy, 

∆Ha 

[kcal/mol]  

Enthalpy, 

∆Hb 

[kcal/mol]  

Dissociation 

constantb 

[M] 

Stoichio-

metry 

[polyP/PF4] 

Gibbs Free 

Energy, ∆Gb 

[kcal/mol] 

Entropy,  

-T∆Sa 

[kcal/mol] 

PF4/P3 n.d. n.d. n.d. n.d. n.d. n.d. 

PF4/P45 -8.21±2.31 -4.07±0.49 1.7*10-7±6.7*10-8 0.51±0.1 -9.25±0.22 1.04±2.47 

PF4/P75 -16.6±0.46 -7.06±0.33 8.4*10-6±1.4*10-7 0.43±0.01 -8.28±0.09 -8.36±0.55 

Note: Thermodynamic parameters calculated: a) per mole of polyP chain or b) per mole of PF4 tetramer. 
n.d. – not defined (energies for PF4/P3 complex formation too low to be measured) 
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The stoichiometry indicated that more than one (1.3±0.25) P45 strand binds to one PF4 tetramer, 

whereas approximately two PF4 molecules bind to one P75 strand (P75/PF4 = 0.6±0.01). The difference 

in enthalpy, together with the difference in stoichiometry, might already by an indicator for dissimilar 

mechanism in complex formation. This may also be the explanation for the different antibody binding 

behavior seen before. Interestingly, a slightly higher affinity was suggested for P45 compared to P75. 

After the physico-chemical characterization of the PF4/polyP complexes, we assessed the issue of PF4 as 

a part of an ancient host defense mechanism, extended this time by polyP, which are ubiquitously found 

in pathogenic bacteria but also in platelets. It is not unlikely that PolyP and PF4 interact. They are 

released during platelet activation and also after bacterial death. Flow cytometry (see chapter: 4.4 Flow 

cytometry) was used to show that polyP ratio dependently increases the amount of PF4 that binds to the 

surface of the Gram-negative bacterium 

Escherichia coli (E. coli JM109). Therefore, 

FITC-labeled bacteria and biotinylated PF4 

were coincubated with increasing 

concentrations of polyP to obtain 

different PF4:polyP molar ratios. P3 did 

not induce any changes, the amount of 

bound PF4 remained at baseline over 

tested polyP concentration range of 0 to 

40 µg/ml. In contrast, P45 and P75 in-

creased the PF4- coating of the bacterial 

surface in a PF4:polyP ratio dependent 

manner by more than two-fold (see figure 

1.4.2 A).  The maximum binding for both 

 
Figure 1.4.2: Flow cytometry experiments showing A – 
that the amount of PF4 bound to a bacterial surface can 
be PF4:polyP ratio dependently increased by P45 ( ), 
P75 ( ) but not by P3 ( ) and B – that the phago-
cytosis of bacteria by polymorphonuclear leukocytes is 
already increased by the addition of PF4 but is further 
increased when polyP is also present at a certain 
concentration. At high polyP concentrations both, the PF4 
bound to the surface and the phagocytosis decrease. 
(Significance levels: * - p<0.05, ** - p<0.01) 
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polyP was achieved at the same concentration. Also, the dissolution of PF4 from the bacterial surface 

occurred at the same high polyP concentration. 

Additionally, we show that PF4 binding to the bacterial surface improves the anti-PF4/heparin antibody-

mediated phagocytosis of bacteria by polymorphonuclear leukocytes (PMNs), see figure 1.4.2 B. 

Therefore, we again coincubated E. coli with PF4 and different concentrations of P75. Additionally, 

PF4/P75-coated bacteria were incubated with anti-heparin antibodies and afterwards, with PMNs freshly 

purified from whole blood donated on the same day. In figure 1.4.2 B it can be seen that the 

phagocytosis is even more efficient when adding P75. At concentrations of P75 higher than 50 µg/ml, the 

phagocytosis is again inhibited. 

 
Figure 1.4.3: Schematic representation of the mechanism how polyP might mediate antibacterial host defense. 
Activated platelets release charged PF4 which interacts with polyP increasing the amount of PF4 attached to the 
bacterial surface. The formation antigenic multimolecular PF4 clusters initiates antibody formation by B-cells. These 
antibodies will bind to all bacterial species forming PF4 clusters on the surface. The antibody recognition finally 
facil itates phagocytosis of the bacteria by leukocytes. 

Figure 1.4.3 shows a schematic representation of how polyP might contribute to the ancient host 

defense mechanism. Bacteria can activate platelets via direct and indirect interaction, respectively. Upon 

activation, platelets release alpha granules containing PF4 which binds to lipid A on the surface of Gram 

negative bacteria. The binding is enhanced by polyP, which are also released from platelets upon 

stronger activation from their dense granules. Due to PF4/polyP interaction, multimolecular complexes 

are formed exerting more antibody binding sites on the bacterial surface which are additionally in a 
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greater distance from the outer membrane. The latter might be crucial because the glycosamino chains 

of the LPS might impede the epitope recognition by the antibody and also the recognition of the Fc part 

of the antibody by granulocytes. 

The highly variable O-antigen of the LPS can reach up 37 nm.34 An immunoglobulin G with a length of 8.5 

nm together with a PF4 tetramer of 6 nm could be hidden in the lawn of sugar chains. In contrast, 

multimolecular PF4/PA complexes in contrast can reach sizes up to about 30 nm in globular form13,33 and 

up to 200 nm in linear form.19 Therefore, an antibody attached to a multimolecular complex would reach 

out of the lawn and could be recognized by leucocytes via the Fc-part which facilitates the phagocytosis 

of Gram negative bacteria. 

1.5 Paper V (PF4/Aptamer) 

We showed that PF4 binds to the phosphate groups of lipid A and to pure inorganic polyP chains. 

Another class of molecules containing phosphate groups is represented by nucleic acids (DNA and RNA). 

The concentration of extracellular nucleic acids in plasma ranges from 0 to >1000 ng/ml in healthy 

individuals.35 Under pathological conditions, upon release of nucleic acids, due to cell death, tissue 

damage or the breakdown of viruses and bacteria, the concentration can be locally quite high (up to 2 

mg/ml)36,37 but only for a limited time, as it is cleared from plasma within 4-30 minutes.38 Concluding the 

aforementioned, naturally the possibility is given, that the positively charged PF4 can interact with DNA 

and RNA. Another potential contact point between PF4 and nucleic acids arises when the recently 

introduced therapeutic oligonucleotides called aptamers (see chapter: 2.2.10 DNA – Protein C-aptamer) 

are administered to patients.39 Here, the interaction between PF4 and nucleic acids becomes relevant in 

terms of drug safety. Aptamers are designed to have a certain secondary structure to bind a target. A 

DNA or RNA construct by chance forming complexes with PF4 might be on the one hand less effective 

because of potential competition for the binding sites. On the other hand, the risk of the adverse drug  
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effect HIT might prevent the usage of aptamers. 

Indeed in paper V (PF4/aptamer) we show that 

certain aptamers form complexes with PF4 and 

induce anti-PF4/aptamer antibodies which cross-

react with PF4/heparin complexes. Moreover, by 

CD spectroscopy we showed that the protein C-

aptamer caused secondary structural changes in 

the PF4 molecule similar to those induced by 

heparin and even higher (see figure 1.5.1). Further, 

the same amount of changes maximally induced by 

heparin, were induced by much lower concentration of the protein C-aptamer. For heparin we always 

observed distinct peaks of maximum changes, but for PF4 in complex with the protein C-aptamer, the 

changes persisted over a quite wide range of concentrations (5 to 20 µg/ml) forming a plateau before a 

refolding occurred (not shown). Concluding the results of paper V (PF4/aptamer), some aptamers not 

designed to bind to PF4 bear the risk of inducing an immune reaction similar to HIT. The handling of the 

data was a bit more challenging for the complex formation of PF4 with an aptamer, as the latter in 

contrast to the PA before, exhibits its own CD spectrum. Even though the main signal of DNA and RNA is 

observed in the near-UV range, there was a minor signal in the far-UV sensitive for protein secondary 

structures. By the stepwise increase of the aptamer concentration, the amplitude of its CD spectrum 

became more pronounced, reached the amplitude of the protein and was even higher at the end of the 

titration. We classified each aptamer spectrum with a maximum amplitude smaller than the amplitude of 

the corresponding PF4 spectrum as reliable and rejected the spectra of higher concentrations (amplitude 

of aptamer spectrum higher than amplitude of PF4 spectrum) from the analysis. 

Figure 1.5.1: Changes in the CD spectrum of native 

PF4 ( ) induced by the 44mer–DNA protein C 
aptamer (captamer=2.5 µg/ml , captamer=5 µg/ml 

, captamer=20 µg/ml ) compared with the 
maximum changes induced by UFH ( cUFH=6.9 
µg/ml  ). Note that the changes in PF4 spectra 
are rather similar, regardless whether heparin or 
the aptamer was used. 
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1.6 Paper VI (Protamine/Heparin) 

After the intensive investigation of the complex formation between PF4 and many different classes of 

PA, we asked the question whether structural changes of endogenous proteins per se may be recognized 

by antibodies, and whether there may be a general underlying mechanism. It was already shown that PA 

like heparin can modify the immunogenicity of positively charged proteins.16 To answer the question, we 

focused on protamine, a protein routinely used in post-cardiac surgery to reverse the anticoagulant 

effects of heparin.40-43  Electrostatically attached to insulin, protamine functions as a stabilizer and also 

prolongs its function.44 As for HIT where an immunization against PF4/heparin complexes is observed, 

platelet-activating anti-protamine/heparin antibodies are formed in some patients.11,43-45 The formation 

of the immune complexes leads as well to an increased risk for thrombosis and thrombocytopenia. 

Protamines are small proteins that condense the DNA in mature spermatozoa. 46 As the majority of the 

amino acids contained are arginines (60-80% depending on the source specimen),47 protamine is a 

positively charged protein which is mostly purified from fish sperm (especially salmon). It is accepted 

that DNA-bound protamine has no β-sheets and an α-helical content of approximately 20% in salmon or 

40% in squid.47 However, for unbound protamine, an α-helical content of approximately 2-5% is 

suggested which can be increased by 2,2,2-triflour-

ethanol (TFE) to 34-65%.47 Awotwe-Otoo et al. 

investigated protamine of five different sources and 

found that the CD spectrum of all tested protamines 

adopts the shape of the random coil spectrum (see 

figure 4.1.1 B).48 Although their measurements are 

quite noisy and the negative band at 198 nm even 

seems to be cut due to high absolute absorption, it 

made changes in our experimental setup necessary to 

 

Figure 1.6.1: Upon binding to heparin the CD 
spectrum of protamine changes to lower ellip-
ticity values, indicating an unfolding of the 
protein. 
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also access the wavelength range below 200 nm. Therefore, the protamine was dissolved in water, 

resulting in a wider accessible nm range (185 to 260 nm). It was necessary to measure below 200 nm to 

resolve the negative band of protamine at 198 nm (see figure 1.6.1). As PF4, protamine also changes its 

secondary structure upon binding to heparin. However, the courses of structural changes are different. 

While for PF4, we observed kind of a forth-and-back reaction with maximum of structural changes in 

between, there was only a one-directional reaction for protamine. When titrating protamine with 

heparin, the protein unfolded the more, the higher the heparin concentration was.
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2. Proteins, Polyanions, Reagents 

2.1 Proteins 

 

"Proteins are at the center of the action in biologic processes." 

Donald Voet49 

The biologic processes described in this thesis involve proteins. When heparin, a chain like polyanion 

(PA), is administered to prevent blood clotting during surgery, platelets activate and release the protein 

platelet factor 4 (PF4).50 PF4 which is the strongest heparin binder known,51 competes with other 

proteins like antithrombin III52-54 or thrombin54 for the binding sites on the heparin chain and decreases 

the antithrombotic effect of heparin.30 Interestingly, some patients have already or develop after heparin 

administration antibodies against PF4/heparin complexes. These antibodies (immunoglobulin G, IgG), 

which are proteins themselves, can then trigger the adverse drug effect heparin-induced thrombocyto-

penia (HIT).55-57 HIT has been studied for several decades but relatively little is known about the 

mechanisms leading to antigenic structures.58 It is widely accepted that the epitopes recognized by IgG 

are located on PF4, as heparin can be replaced by other PA. Investigations on the primary structure of 

PF4 were done in paper I (PF4 evolutionary analysis). Special focus was given to the secondary and to the 

tertiary structure in paper II (PF4/PA), paper III (PF4/defined heparins), paper IV (PF4/polyP), and paper V 

(PF4/aptamer). 

To neutralize the anticoagulant activity of heparin, protamine sulfate is administered. 55 Protamine also 

forms complexes with heparin and, as mentioned above for PF4, some patients develop or have already 

anti-protamine-heparin antibodies.59  As well as for the PF4/heparin complexes, only little was known 

about the complex formation between protamine sulfate and heparin. Secondary structure 

investigations were done in paper VI (PS/heparin). 
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Proteins are amides build-up by amino acids (AA) which are 

organic zwitterionic compounds containing two functional 

groups (an amine group (NH2) and a carboxyl group (COOH)) 

and a specific side chain (R in figure 2.1). There are about 500 

AA known,60 but only the 22 proteinogenic α-AA, where both 

functional groups are attached to the α-carbon, contribute to 

the formation of proteins.61,62 The only exception to the general 

formula of α-AA (figure 2.1, bottom) is proline, where due to 

cyclization the NH2-group is lacking. Depending on the side 

chain, AAs have different properties and can therefore be grouped into several classes: a) nonpolar AA 

with aliphatic R-groups – are contributing to hydrophobic interactions in proteins structures. In this class, 

small glycine, for example, allows high flexibility of structures, whereas proline increases the rigidity of 

the structures containing it. b) polar AA with uncharged R-groups – are hydrophilic and form hydrogen 

bonds to other polar compounds (e.g. other AA, water). Cysteine residues often form disulfide bonds 

stabilizing proteins intra- and intermolecularly. c) AA with aromatic R-groups – have on the one hand 

hydrophobic side chains and on the other hand nitrogen in the tryptophan ring or a hydroxyl group of 

tyrosine forming hydrogen bonds. Aromatic AA are often situated in active centers of enzymes and 

catalyze reactions. d) AA with positively charged R-groups as well as e) AA with negatively charged R-

groups – include AA which are also often involved in catalytic mechanisms and contribute to the protein 

structure as they often exposed on the surface of soluble proteins. f) Pyrrolysine is a special AA 

considered as the 22nd AA and is only present in methanogenic Archea and one Bacterium. 

The fact that the two functional groups (NH3, COOH), the side chain and a hydrogen (H) are attached to 

the α-carbon, makes it asymmetric or chiral (exception: glycine where R is a H) meaning that there is no 

superimposable mirror image. Chirality leads to optical activity which is also called optical rotation. Chiral 

 

Figure 2.1: Structure of an α-amino 
acid (AA) in its unionized form is shown 
with an amine group (green) and a car-
boxyl group (red) attached to Cα. R 
denotes for the different side chains 
(residues) that can be at that position, 
which determine the properties of the 
AA. The general formula of α-AA is 
shown at the bottom. 
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molecules turn linear polarized light or absorb right and left circularly polarized light to different degrees 

(for further information see 4.1 Circular dichroism spectroscopy). With some exceptions in bacterial 

envelopes and some antibiotics, all proteins are composed of L-stereoisomers. During the reaction 

between the carboxyl group of one AA and the amino group of another AA, water is released and hence, 

the reaction is a dehydration (or condensation, figure 2.2). 

 
Figure 2.2: The dehydration reaction (=condensation) between the carboxyl group of one AA and the amino group 
of another AA is shown. The carboxyl group of one AA reacts with the a mine group of another AA forming a peptide 
bond. Once an AA is part of a peptide chain, its side chain is called residue (R1 and R2). 

The backbone, of a protein is shown in figure 2.3. The α-carbons of the AAs and the peptide bond form 

the corners of a plane. There is no rotation around the peptide bond, due to its partial double bond cha-

racter (two resonance forms). The so-called dihedral angles φ and ψ indicate to which extent neighbo-

ring planes are twisted against each other. The end of the peptide chain with the free amine group is the 

so-called N-terminus. The counterpart with the free carboxyl group is called C-terminus. The AA se-

quence of a protein is always given from N- to C-terminus. 

 
Figure 2.3: The backbone of a protein: with the residues R attached to Cα. The six atoms with blue background are in 

the same plane. Rotation is only possible around the Cα atoms, because the peptide bond, as marked in red and green 
letters (Figure 2.1.2), has partial double bond character. The angles describing the torsion of the planes are named 
phi (φ) and psi (ψ).  

Proteins are characterized by their primary, secondary, tertiary, and quaternary structure.  Their 

relationship is depicted in figure 2.4. The primary structure of a biological molecule describes the exact 
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specification of the atomic composition, the chemical bounds or, for unbranched biopolymers like 

proteins, the sequence of monomeric subunits. Proteins are polyamides and the primary structure is the 

AA sequence. Secondary structures are characterized as the three-dimensional form of local segments 

that are stabilized by hydrogen bonds. Proteins present secondary structures such as α-helices, β-sheets, 

β-turns, and random coil. The latter differs from the others as it is mostly not stabilized by hydrogen 

bonds. Except for the random coil each secondary structure, has its characteristic dihedral angles (φ and 

ψ). Several of these local structures can be present in a protein and arrange to the so-called tertiary 

structure. It describes the overall shape of a protein molecule and the spatial relationship of its 

secondary structures. The tertiary structure is stabilized by disulfides bonds, salt bridges, and hydrogen 

 
Figure 2.4: A protein is characterized on several levels. It starts with the primary structure describing the AA sequence 
(shown is the C-terminal end of PF4). Stabilized mostly by hydrogen bonds, the covalently linked AA chain locally 
folds to secondary structures. Exemplarily, the C-terminal α-helix of PF4 is shown on the left in blue and on the right 
in red an AA sequence of PF4 forming β-sheets is depicted. The local secondary structures three dimensionally 
arrange non-covalently to tertiary structures. One of four monomers of PF4 with α-helix in blue, β-sheet structures 
in red and in brown remaining structures (turn, random coil) are displayed. In many cases, several tertiary structures 
attach non-covalently to form a quaternary structure. The graphic shows the complete homotetramer of PF4. 
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bonds. Because the majority of proteins exists and is active in aqueous solution, the charged hydrophilic 

AA are situated on the surface and the nonpolar hydrophobic AA are not exposed to the surrounding 

medium forming a hydrophobic core. This hydrophobic interaction is another force that stabilizes the 

tertiary structure. Tertiary structures can already be functional proteins like in the case of protamine 

sulfate (paper V – PS/heparin). In many cases, several tertiary structures (also called subunits or 

monomers) attach through non-covalent interactions, occasionally via disulfide bonds63, to form a 

quaternary structure (or protein complex). If the subunits of a protein complex are of the same kind, the 

whole construct is called a homo-XY-mer (XY = 'di' – two subunits, 'tri' – three, 'tetra' – four, etc.). If the 

subunits are different it is a hetero-XY-mer. Platelet factor 4 (paper I, paper II, paper III, and paper IV) 

consists of four identical subunits and is therefore, a homotetramer.  

The Anfinsen’s dogma or thermodynamic hypothesis postulates that for small globular proteins and 

peptides the amino acid sequence determines the native structure.64 For this dogma, Christian B. 

Anfinsen won the Nobel Prize in chemistry in 1972. It says that under given environmental conditions 

(temperature, solvent concentration etc.) the folding of a native protein is a unique, stable and a 

kinetically accessible minimum of the free energy. In contrast the Levinthal’s paradox postulated in 1969 

by Cyrus Levinthal, states that due to the very large number of degrees of freedom in an unfolded 

polypeptide chain the number of possible conformations is astronomically large, so large that even a 

protein of only 100 AA would require 1026 seconds to explore every possible conformation for the native 

one and 1026 seconds is actually longer than the universe exists.65 Levinthal was aware of the fact that in 

reality most of the small proteins fold spontaneously within milli- or even microseconds. A possible 

explanation for the Levinthal paradox was stated by Edward Trifonov and Igor Berezovsky in 2002 who 

stated that a protein is built up by structurally divers building blocks of 25 to 30 AA which they call 

modules or loops.66 So-called closed loops were favored during evolution because they provided more 

stability to the sequence.67 
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2.1.1 Platelet Factor 4 

 
Figure 2.1.1: The PF4 tetramer based on the crystal structure (PDB code: 1f9q) is depicted from the site (left) and in 
a top view (right). Additionally the primary structure (amino acid sequence) of a monomer without signal sequence 
(Uniprot entry: P02776 – resolved by Zhang et al.68) is shown below the images. The positively charged amino acids 
forming an equator which are important for heparin binding are highlighted in green (C-terminal lysine residues: K61, 
K62, K65, K66) and blue (arginines: R20, R22, R49; histidine: H23 and another lysine: K46). The figure is partly taken 
from paper I (PF4/evolution) and was adapted from Ziporen et al..23 The pictures were made using PyMOL Molecular 
Graphics System, Version 1.3 Schrödinger, LLC. 

Platelet factor 4 (PF4, CXCL4, SCYB4) is a small, homotetrameric chemokine, structurally belonging to the 

CXC family, where the two N-terminal cysteines are separated by one amino acid. Two asymmetric PF4 

dimers form a cylindrical tetramer. The human gene (three exons and two introns) positioned on 

chromosome four69 encodes for a protein that consists of 70 amino acids in its mature monomeric form 

(101 amino acids including a hydrophobic signal peptide for transmembrane transport70) with a 

molecular weight of 7.8 kDa.71 PF4 shares 30-90% amino acid identity with other chemokines of the CXC 

family. The contained four cysteines build up two intramolecular disulfide bonds. The crystal structure of 

PF4 resolved by Zhang et al. in 1994,68 shows that many of the positively charged amino acids are located 

on the protein’s surface to form a positively charged equatorial ring surrounding the tetramer (see figure 

2.1.1).50,68,71-73 Further can be seen that the four subunits forming the native protein are not attached 

symmetrically making NMR structure investigations difficult.74 It was shown that the tetramer-dimer-

monomer equilibrium is pH dependent. Lowering the pH below 4 shifts the equilibrium towards the 
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monomeric state, while the formation of dimeric and 

tetrameric structures is favored at increased pH values. The 

latter is also stabilized by increasing ionic strength.75 

From figure: 2.1.2, which shows the secondary structures in 

different colors (top) or the four subunits differently colored 

(bottom), it can be seen that the three β-sheets per subunit 

are facing inwards and that the one α-helix per subunit is 

located on the outside of the protein. Both, the lysine-C-

termini at the end of α-helices and the N-termini start and 

end on the surface of the protein, respectively. The 

antiparallel β-sheets contain a number of hydrophobic amino 

acids. In 1955 the anti-heparin activity of PF4 was discovered4 

which is based on the capability to bind to various chain-like 

polyanionic molecules via the equator of positive charges.74,76-

78  

PF4 is synthesized in megakaryocytes79 and stored in platelet 

α-granules but also in mast cells.80 Upon injuries of blood 

vessels, e.g. during surgeries, platelets get activated and 

release their content into the blood stream. Once released, PF4 is involved in numerous biological 

processes including hemostasis, platelet coagulation interference, and host inflammatory response 

promotion.2 As a cytokine, PF4 is a chemoattractant for immune cells like neutrophils and monocytes.8 

Additionally, PF4 shows similar effects on fibroblasts mediating their migration to vascular lesions and 

actively participate in the repairing by forming collagen.9  Notably PF4 suppresses angiogenesis by 

 

Figure 2.1.2: top – The secondary 
structure cartoon representatives 
including the amino acid side chains 
highlighted in different colors (α-helix – 
blue, β-sheet – red, turns and random 
coil – brown) of the PF4 tetramer are 
depicted. bottom – The four subunits 
differently colored. Both images 
i l lustrate the three inward facing β-
sheets of each subunit are facing 
inwards, forming the interface between 
the subunits. Further the only α-helix 
(including the C-terminus) per subunit as 
well as the N-terminus is located on the 
proteins surface. 
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inhibiting endothelial cell proliferation and migration which makes PF4 a potential clinical anti-tumor 

agent because angiogenesis is essential for the growth of primary tumors.5,6 

2.1.2 Protamine 

Protamine is a small arginine-rich and therefore cationic protein routinely used in post-cardiac surgery to 

reverse the anticoagulant effects of heparin.40-43  By forming complexes, protamine makes heparin less 

accessible for antithrombin and therefore neutralizes its function. It is also used as a stabilizer for insulin. 

Administered in a complex held together by electrostatic forces, protamine also prolongs the function of 

insulin.44 As for HIT where an immunization against PF4/heparin complexes is observed, platelet-

activating anti-protamine/heparin antibodies are formed in some patients.11,43-45  Here, as well the 

formation of the immune complexes leads to an increased risk for thrombosis and thrombocytopenia. 

 
Figure 2.1.3: Primary structure of the protamine used to do the experiments in this thesis (paper VI – PS/heparin). 
Positively charged arginines depicted in green. 

Protamines are small proteins condensing DNA in mature spermatozoa.46 Depending on the specimen 60 

to 80% of the contained amino acids are arginines.47 Sometimes even separate geographical populations 

of the same species show differences in their primary structure and therefore also in their secondary 

structure.81-83 Due to the high number of arginines, protamine is a positively charged protein which is 

mostly purified from fish sperm (especially salmon) for the later use as a drug. The purification process 

from fish milt consisting of at least 18 steps is rather complicated, involving organic solvents (e.g. 

alcohol, acetone and picric acid).84 The peptide molecular weight of the protamine (Sigma-Aldrich, 

P4020) used in this thesis was 4250 Da. Since the product was a sulfate salt with approximately 17% 

sulfate by weight the overall formula weight is 5120 Da. Its primary structure is depicted in figure 2.1.3.1. 

DNA-bound protamine has no β-sheets and an α-helical content of approximately 20% in salmon or even 
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40% in squid.47 However, for unbound protamine, an α-helical content of approximately 2-5% is 

suggested which can be increased by 2,2,2-triflourethanol (TFE) to 34-65%.47
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2.2 Polyanions 

The most carbohydrates found in nature occur as polysaccharides (= glycans) with high molecular 

weights of more than 20 kDa.85 Glycans differ in their reoccurring monosaccharide units, length of 

chains, types of bonds linking the units, and the degree of branching. They are highly negatively charged 

molecules and impart high viscosity to a solution by their extended conformation. Their low 

compressibility makes them ideal molecules for a lubricating fluid in joints.  A homopolysaccharide 

consists of only one kind of monosaccharide unit. Some of them serve as storage forms of 

monosaccharides used as fuels e.g. starch and glycogen. Others built up structural elements like chitin in 

exoskeletons or cellulose in plants. In contrast heterosaccharides contain two or more different kinds 

monosaccharide units. They serve as extracellular support of any kind of organism. The bacterial 

envelope is made up of the heteropolysaccharide peptide glycan which consists of two alternating 

monosaccharides (see chapter 3. Bacteria). In animal tissue several types of heteropolysaccharides can 

be found. They form the matrix holding cells together, provide protection, hold the shape, and give 

support to cells, tissues, and organs. In contrast to proteins polysaccharides have no template like mRNA. 

Therefore the enzymes that catalyze their polymerization do not have a stopping point and 

polysaccharides lack a defined molecular weight. To describe the spread of the molecular weights (MW) 

in a polysaccharide sample, the polydispersity (PDI, equation 2.2.3), which is the ratio of the number 

average MW (𝑀𝑛, equation 2.2.1) and the weight average MW (𝑀𝑤, equation 2.2.2), is often used.  

1 𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖𝑖

∑ 𝑁𝑖𝑖
   Ni – number of molecules at MW Mi (2.2.1)  

   𝑀𝑤 =
∑ 𝑔𝑖𝑀𝑖𝑖

∑ 𝑔𝑖𝑖
  gi – weight of the sample at MW Mi 

(2.2.2)  

 

2 𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
  PDI – polydispersity  (2.2.3)  
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Table 2.2.1: Glycosaminoglycans and their properties  (adapted from ref.86) 

Glycosaminoglycan constituent sugars sulfate 
approx. 
Mr [Da] 

proteoglycans 

hyaluronic acid 
glucuronic acid and 
glucosamine 

- 105-107 - 

heparin 
glucuronic acid or iduronic acid 
and glucosamine 

+ 5-20x103 + 

chondroitin 4-(6-) sulfate 
glucuronic acid or iduronic acid 
and galactosamine 

+ 10-50x103 + 

Other PA investigated in this thesis include deoxyribonucleic acid (DNA, see 2.2.10 DNA – Protein C-

aptamer) and polyphosphates (polyP, see 2.2.11 Polyphophates – P3, P45, P75). 

2.2.1 Unfractionated Heparin (UFH) 

 

Figure 2.2.1: The four most common disaccharide building blocks, according to Lee et al.87, are depicted. The disac-
charide unit is composed of glucosamine and an uronic acid (iduronic acid or glucuronic acid, see also table 2.2.1) 
connected via α-1,4 glucosaminyl and β-1,4 hexuronosyl l inkages. As a natural product and due to the nature of 
polysaccharides the chain length of heparin largely differs, resulting in a PDI of 1.3-1.4.88 

As a member of the glycosaminoglycan family of carbohydrates heparin consists of a disaccharide 

repeating unit that is variably sulfated. The name heparin originates from the ancient Greek word ηπαρ 

(hepar), meaning liver where it is cleared when circulating through the body. 89 It was discovered in 1916 

and was used in early clinical trials in the 1930 and 1940s.90 In the former times porcine mucosal heparin 

and bovine lung UFH with slightly different molecular weights and polydispersity values were available 

but the latter is now hardly used after the troubles with bovine spongiform encephalopathy (BSE). The 

rather high polydispersity of porcine UFH of 1.3-1.4 (𝑀𝑛=12-16 kDa,  𝑀𝑤=17-20 kDa88,90, MWavg ~14 

kDa91) makes it challenging to give exact molar ratios or to calculate accurate binding and kinetic 

constants.90 Heparin is a heterosaccharide (see 2.2 Polyanions) with a heterogeneous sequence, 

consisting of a divers main disaccharide repeating unit of a glucuronic acid or iduronic acid alternating 
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with a glucosamine (see table 2.2.1) connected via α-1,4 glycosidic linkage and β-1,4 glycosidic linkage, 

respectively. On the average the disaccharide building blocks have three sulfate groups attached. 90 The 

anticoagulant activity of UFH depends on the existence of a specific saccharide sequence with high 

affinity for antithrombin, containing a pentasaccharide in its center. This pentamer includes the rare 3,6 

di-O-sulfated, 2-N-sulfated glucosamine residue, which is not present in every heparin molecule.92 

Additional to the pentameric antithrombin binding site a heparin molecule has to be sufficiently long to 

also bind thrombin to further increase its anticoagulant activity. Both binding sites together are termed 

C-region, where the C is standing for Choay.93 

2.2.2 Low-molecular-Weight Heparin (LMWH) – Reviparin 

In the 1980s low-molecular-weight heparins (LMWH) partly 

replaced its parent compound UFH due to their enhanced 

usefulness.90 LMWH consist of short GAG chains with a 

molecular weight less than 8 kDa. The rule is that 60% or 

more of the chains have to have a weight below 8 kDa.94 The 

average molecular weight is 3.5-6 kDa which corresponds to 

6-10 disaccharide units.91 Several methods are in use to depolymerize the basic product heparin to 

obtain LMWH. Preparation by fractionation of UFH is not done anymore.90 The LMWH which was used in 

paper II (PF4/PA) and paper III (PF4/defined heparin – in supporting information) was Clivarin with the 

active component reviparin. Its average molecular weight is 4.4 kDa which corresponds to an average 

chain length of 7 disaccharide units. It is manufactured via deaminative cleavage with nitrous acid at N-

sulfated GAG, which results in an unnatural anhydromannose residue at the reducing end of the oligo-

saccharide. By the usage of a reducing agent it is converted to anhydromannitol. Further the method 

forms an unsaturated (C4–C5 double bond) uronate residue on the non-reducing end. LMWH have 

several advantages compared to UFH. They can be self-administered subcutaneously and have a longer 

 
Figure 2.2.2: The chemical 
structure of the most common 
disaccharide contained in the 
defined length heparins is 
depicted. 
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half-life. Due to these advantages LMWH are the most prescribed heparins in the US.95 LMWH can only 

be incompletely neutralized by protamine sulfate (see chapter: 2.2 Protamine sulfate). To decrease the 

risk of bleeding reduced doses are administered.96 The supply chain of LMWH is vulnerable to 

contamination and adulteration.97 

2.2.3 2-O, 3-O Desulfated Heparin (ODSH) 

 

Figure 2.2.3: Chemical structure of ODSH adapted from ref 98. The 2-oxygen (2-O) on carbon C2 of α-L-iduronic acid 
and 3-O on carbon C3 of the D-glucosamine-N-sulfate (3,6-disulfate) are selectively removed. 

Next to its anticoagulant activity, heparin has other properties like: broad anti-inflammatory activity and 

mucocatalytic activity. These other pharmacologies are clinically relevant at higher doses than needed 

for anticoagulation. The risk of bleeding prevents heparin from being used as an anti-inflammatory 

agent. 2-O, 3-O desulfated heparin (ODSH) is a modified form of heparin. By the selective removal of 

sulfate groups at the 2-O position on the α-L-iduronic acid and 3-O position of the D-glucosamine-N-

sulfate (see figure 2.2.3.1) ODSH has been stripped of its anticoagulation capabilities while retaining the 

anti-inflammatory and mucolytic properties and has MW ranging from 8 to 14 kDa.99,100 Its half-life 

ranges from 30 to 60 minutes.99,100 The ODSH from ParinGenix inc. used in paper II (PF4/PA) retained 

more than 95% of its anti-inflammatory activity and has less than 3% anticoagulation activity (anti-factor 

Xa = 0.8-1.7 U/mg) of normal UFH. The anti-inflammatory properties remain due to the retaining sulfate 

group at the 6-O position. ODSH inhibits complement activation and blocks the two proteases human 
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leukocyte elastase and cathepsin G activity. Further ODSH is patented to prevent platelet activation and 

to treat thrombosis in the presence of PF4/heparin complex reactive antibodies95,96,98,101 The average 

MW is 10.5 kDa and the approximate degree of sulfation is 1.0 (5 sulfate groups per pentasaccharide).  

95,96,98,101 

2.2.4 Heparin Oligosaccharides (HO06, HO08, HO16) 

The heparin oligosaccharides (HO) that were used in paper 

III (PF4/defined heparin) were purchased from Iduron Ltd. 

(Manchester/UK). The company prepares the HO from high 

grade porcine heparin which is cleaved using bacterial he-

parinase and further isolated by high resolution gel 

filtration. As a result of the endolytic action of the hepari-

nase, the uronic acid on the non –reducing end of the 

polysaccharide has a double bond between C4 and C5. According to the supplier approximately 75% of 

the HO consist of the main disaccharide unit depicted in figure 2.2.4.  

2.2.5 Fondaparinux 

Based on the antithrombin 

binding site of heparin, fonda-

parinux is a synthesized penta-

meric saccharide, which is an 

indirect, selective, and revers-

ible factor Xa inhibitor and is 

subcutaneously bioavailable. It 

is extensively studied as well as in use in major orthopedic surgeries and abdominal surgery. It is at least 

 
Figure 2.2.4: The chemical structure of 
the main disaccharide unit contained in 
the defined length heparins is depicted. 
For the heparin oligosaccharides used in 
paper III (PF4/defined heparin) n either 
denotes for 6, 8, or 16. 

 
Figure 2.2.5: The chemical structure of the synthetic pentamer 
fondaparinux is shown. 
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as effective as low molecular weight heparin and was the first synthesized heparin that was approved for 

clinical use.102,103 Fondaparinux bears a reduced risk of HIT and osteoporosis104 but at the same time lacks 

an antidot. 

2.2.6 Chondroitin Sulfate 

Chondroitin sulfate is the most abundant GAG found in 

cartilage, bone, heart, skin, tendon and valves. It is the 

major component of the extracellular matrix of many 

connective tissues105 and is usually linked to so called core 

proteins forming proteoglycans, which is the major 

component of the extracellular matrix. The mostly C-4 and 

C-6 sulfated chain of Chondroitin sulfate consists of the alternating sugars glucuronic acid and N-

acetylgalactosamine linked by a β-1,3 linkage (see figure 2.2.6) forming an unbranched polysaccharide 

chain.105 The chondroitin used in most clinical trails is purified from bovine trachea (95%) naturally 

having a molecular weight of 50-100 kDa and 10-40 kDa after extraction process.106 Orally administered, 

chondroitin sulfate is absorbed increasing the plasma levels over a period of more than 24 hours. 107 

Further chondroitin sulfate reduces the effects of proteases, increases the synthesis of proteoglycans, 

has anti-apoptotic effects and anti-inflammatory properties. 105 

2.2.7 Dextran Sulfate  

Dextran sulfate is a sulfated variant of dextran and is 

therefore an anhydroglucose-based polymer. The dextran 

sulfate used in the experiments included in the thesis 

contained approximately 17% sulfur. This is equivalent to 

an degree of sulfation of 2.3 sulfate groups per glycosyl 

 
Figure 2.2.6: The chemical structure of 
chondroitin sulfate with its glucuronic 
acid and N-acetylgalactoseamine units 
l inked by β-1,3 bonds  

 
Figure 2.2.7: The chemical structure of 
dextran sulfate with it β-1,6 l inkages is 
depicted. 
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residue. 95% of the linkages are of the α-1,6 type. The remaining linkages are responsible for branching 

of the polymer chain.108,109 Conflicting data exists on the lengths of the branches, it is implied that is in 

average length is less than three glucose units110 but branches of more than 50 units length are also 

reported.111,112 The ionic strength affects the conformation of the polymer chain. In low ionic strength 

solutions dextran sulfate is fully extended due to the repulsion of the negative charges exerted by the 

sulfate groups. In high ionic strength solutions when all charges are neutralized by counter ions, the 

polymer is more closely packed.113 

The degree of sulfation is an important factor for colitis induction114 or induction of dysplastic lesions 

(carcinogenicity).115 The carcinogenic activity differs with administration of dextran sulfate of different 

molecular weights, whereas the midsize polymers are worse than large and small ones (5 kDa, 40 kDa, 

500 kDa) 115,116 

2.2.8 Hyaluronic Acid (HA) 

 

Hyaluronic acid (hyaluronan or hyaluronate) can be found 

in all tissues, especially in connective tissues and body 

fluids of vertebrates (and some bacteria).86 Half of the 

mammalian body’s HA is in the skin, a quarter is built in the 

skeleton and joints, and the rest is equally divided between 

muscles and viscera.117 However, the lowest concentration 

is found in blood serum. It has been used in several wound-

healing applications like the synthesis of scaffolds func-

tionalized with proteins such as fibronectin to facilitate cell 

migration into the wound.118  HA belongs to the group of glycosaminoglycans (GAG, formerly known as 

acid mucopolysaccharides) which are linear and anionic, but it is quite distinct from other GAG due to 

 

Figure 2.2.8: The chemical structure of 
the repeating dimer (left: D-N-acetyl-
glucoseamine and right: D-glucuronic 
acid) of the nonsulfated glycosaminogly-
can hyaluronic acid with its alternating α-
1,3 and  α-1,4 glycosidic l inkages and its  
molecular formula  are depicted.  
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the fact that it lacks any sulfate groups (table 2.2.1) and it is synthesized by a protein (chain growth at 

the reducing end) in the cellular plasma membrane.86 In contrast to other GAGs (<50 kDa, commonly 15-

20 kDa) HA chains can be very large, their Mr can reach several million (synovial fluid weight average is 

about 7x106, >15 µm if it would be straightened ).86 It was first determined in the laboratory of Karl 

Meyer in the 1930s.119 The repeating unit of HA is a dimer composed of D-N-acetylglucosamine and D-

glucuronic acid, alternatingly connected via α-1,3 and  α-1,4 glycosidic linkages. At extracellular pH, the 

carboxyl groups of HA are fully ionized. Further, the osmotic activity is disproportionally high in relation 

to its molecular weight. Therefore, it plays a major role in the distribution of water and its homeostasis. 

A twist in the polysaccharide chain is induced by secondary hydrogen bonds formed along the axis, that 

impart the stiffness and forms hydrophobic patches that allow the association with other HA chains and 

extent the capability to bind non-specifically to membranes or other lipid structures. 120 Overall, the 

stiffness of the polymer promotes an extended random coil configuration, which overlaps and forms an 

entangled network at concentration levels of 0.5-1.0 mg/ml. 

2.2.9 Dextran 

 

In clinics dextran is used as an antithrombotic, to reduce 

blood viscosity, and as a volume expander in anemia.121 

Dextran mediates its antithrombotic effect by increasing 

the surface’s electronegativity of vascular endothelium, 

platelets, or erythrocytes and thereby reducing platelet 

adhesion or erythrocyte aggregation. Large dextrans (MW 

> 60 kDa) remain in the blood for weeks, because they are 

slowly metabolized and poorly excreted by the kidney. In 

paper II (PF4/PA) complex formation between PF4 and dextran was investigated with the help of circular 

 

Figure 2.2.9: The chemical structure of 
dextran with its  monomer glucose 
connected via α-1,6 glycoside linkages on 
the straight chain and α-1,3 linkages, where 
polysaccharide chain branches, is shown. 
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dichroism spectroscopy. Dextran is a branched homopolysaccharide present in bacteria and yeast, first 

discovered by Louis Pasteur.122 The straight chain is made up of α-1,6 linked D-glucose and the branches 

start with α-1,3 glycosidic linkages. Some organisms have α-1,2 or α-1,4 branches. The polymer adopts a 

random coil structure. 123 Dental plaques consist to a great extent of dextrans and are formed by bacteria 

on the teeth’s surface. The plaques are adhesive and allow the organisms to stick to the surface. 85,124 

Dextrans also serve as a source of glucose for bacterial metabolism.  

2.2.10 DNA – Protein C-Aptamer 

 

Aptamers (from Latin aptus – fit, and Greek 

meros – part) are small DNA or RNA constructs, 

designed for basic research or as therapeutics to 

bind to specific target molecules. Due to 

nuclease degradation, the half-life of nucleic 

acids in the blood is only 4-30 minutes.38 The 

clearance of DNA takes a bit longer than of RNA. 

In healthy individuals, the extracellular concen-

tration of nucleic acids ranges from 0 to > 1000 

ng/mL.35 However, under pathological conditions like tissue damage, cell apoptosis, breakdown of 

bacteria and viruses cell-free-nucleic acids can extensively increase. Another source of nucleic acids is 

represented by neutrophils that form so-called NETS (neutrophil extracellular traps). Several aptamers 

were investigated in paper V (PF4/aptamer). CD spectroscopic measurements on PF4/aptamer complex 

formation were conducted with protein C-aptamer (figure: 2.2.10). 

 
 

Figure 2.2.10: The nucleotide sequence of the 
protein C-aptamer including its secondary structure, 
estimated by mfold DNA database (Uni versity of 
Albany/NY/USA, http://mfold.rna.albany.edu/ 
?q=mfold/dna-folding-form) is depicted (A – 
adenosine T – thymine, C – cytosine, G - guanidine). 
The aptamer was purchased from Purimex 
(Grebenstein/Germany). 
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2.2.11 Polyphosphates – P3, P45, P75 

Inorganic polyphosphates (polyP) are ubiquitous polymers 

formed by phosphate (Pi) residues linked by high-energy phos-

phoanhydride bonds and one of the most ancient, conserved and 

enigmatic molecules in biology.125-127 PolyP are of particular 

interest in hematology because they are secreted by activated 

platelets128-130 or mast cells131 and accumulate in many infectious 

microorganisms.132 It has been shown that polyP are 

procoagulant,130,133,134 prothrombotic,130,135 and pro-inflammatory.130,133,134 PolyP trigger clotting via the 

contact pathway,130,135,136 accelerate factor V activation,135 enhance fibrin clot structure,137,138 and 

accelerate factor XI back-activation by thrombin.139 The mean chain length of polyP stored in 

acidocalcisomes together with calcium, ATP, ADP, and serotonin in human platelets is 70-75 Pi
128 or 60-

100 Pi.130 PolyP concentration in plasma ranges from 10-50 µM, but due to phosphatases, polyP are 

unstable and have a half-life of about 90 minutes.135,137,140 Recently, it was found that polyP act as 

primordial chaperone stabilizing proteins in vivo helping them to withstand proteotoxic stress.126 

 
Figure 2.2.11: The chemical 
structure of polyphosphates, 
consisting of phosphate (Pi) 
residues l inked by high-energy 
phosphoanhydride bonds is 
shown. For the polyP used in this 
thesis, n denotes for either 3, 45, 
or 75. 
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2.3 Reagents, Materials 

Reagent, material Supplier Catalog number 

2-O, 3-O desulfated heparin (ODSH) ParinGenix Inc., Weston/FL/USA   

anti-human IgG, peroxidase conjugated Dianova, Hamburg/Germany   

Arixtra® (fondaparinux) GlaxoSmithKline, Durham/NC/USA   

Calcium chloride (CaCl2) Merck, Darmstadt/Germany 1.02382.0500 

Chondroitin 4-sulfate Sigma-Aldrich, Munich/Germany 27042-10G-F 

Clivarin®1.750 (reviparin) Abott Arzneimittel GmbH, Wiesbaden/Germany   

CovaLink micro titer plate Nunc, Langenselbold/Germany   

Dextran Sigma-Aldrich, Munich/Germany 00270-100MG 

Dextran sulfate Sigma-Aldrich, Munich/Germany D6924-1G 

Escherichia coli Promega GmbH, Mannheim/Germany  

Goat normal serum Sigma-Aldrich, Munich/Germany G6767 

Heparin-Natrium-25000 (UFH) ratiopharm®, Ulm/Germany   

heparin oligosaccharides (HO06, HO08, 
HO16) 

Iduron Ltd., Manchester/UK   

Hyaluronic acid Sigma-Aldrich, Munich/Germany 53747-1G 

Hydrogen chloride (HCl) Carl Roth GmbH, Karlsruhe/Germany 4326.1 

Magnesium chloride (MgCl2) Merck, Darmstadt/Germany 1.05833.0250 

Monosodium phosphate (NaH2PO4) Merck, Darmstadt/Germany 1.06349.1000 

OptEia™ (tetramethylbenzidine) BD Biosciences, Heidelberg/Germany   

PerCP-Cy5.5 Streptavidin BD Biosciences, Heidelberg/Germany 551419 

Phosphate buffered saline PBS Invitrogen, Darmstadt/Germany   

Platelet factor 4 (PF4) Chromatec, Greifswald/Germany   

Potassium chloride Th. Geyer GmbH, Renningen/Germany 1632.1000 

Protamine sulfate Sigma-Aldrich, Munich/Germany P4020-1G 

Quartz cuvette (10 mm pathlength) Hellma, Müllheim/Germany 
100-10-40 type 
100-QS 

Quartz cuvette (5 mm pathlength) Hellma, Müllheim/Germany 
110-5-40 type 
110-QS 

Sodium chloride (NaCl) Th. Geyer GmbH, Renningen/Germany 1367.1000 

Sodium hydroxide (NaOH) Sigma-Aldrich, Munich/Germany S8045-1KG 

Sulphuric acid (H2SO4) Carl Roth GmbH, Karlsruhe/Germany X945.1 

Tween 20 AppliChem GmbH, Darmstadt/Germany A4974,0500 
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2.4 Devices and Softwares 

Device Supplier 

ParadigmTM plate reader Beckman Coulter, Krefeld/Germany 

Chirascan CD spectrometer Applied Photophysics Ltd., Leatherhead/UK 

Cytomics FC 500 Beckman Coulter, Krefeld/Germany 

MicroCal iTC200 GE Healthcare Europe GmbH, Freiburg/Germany 

 

 

Software Supplier 

Circular dichroism neural network (CDNN) 
developed by Gerald Böhm 
http://gerald-boehm.de/downloads/category/3-cdnn-software 

Origin 7 SR4 OriginLab Cooperation, Northampton/MA/USA 

Pro-Data Chirascan (Chirascan 
Spectrometer Control Panel version 4.2.0) 

Applied Photophysics Ltd., Leatherhead/UK 

Pro-Data Viewer (version 4.2.0) Applied Photophysics Ltd., Leatherhead/UK 
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3. Bacteria 

Bacteria are a large kingdom of the Prokaryotes and were among the first life forms on our planet. They 

appear in different shapes like spheres, rods, or spirals, respectively. With a few micrometers in size not 

visible with the naked eye, bacteria represent a large fraction of the earth’s biomass. It is higher than of 

all plants and animals together. There are estimated 4-6*1030 bacterial cells with a weight of 350-550 

petagram (1 Pg = 1015 g) that are living in nearly every habitat on earth.141 With estimated 3.5*1030 and 

0.25-2.5*1030 cells most of them are living in oceanic and terrestrial subsurfaces, respectively.141 The soil 

contains 2.6*1029 cells (40 million per gram of soil) and the open ocean is the environment of 1.2*1029 

cells. Even in fresh water there are still one million cells per milliliter. Prokaryotes also settled at extreme 

places like acidic hot springs, in deep portions of the earth’s crust, and even in nuclear waste they were 

found.142 

The fact that bacteria also populate animals and plants and that this cohabitation is not always 

symbiotic, put evolutionary pressure on both sides. Animals or plants which achieved a defense 

mechanism against a pathogen had an advantage over others and were more successful in reproduction 

then those which had not gained the new property. It was the same on the side of the bacteria. Once 

their host had gained a kind of immunity only those cells survived that were not recognized or could 

withstand the pressure that was put on them. This evolutionary race is taking place from the very 

beginning of live on earth. It started with prokaryotes adapting to their environment, continued with the 

development of animals of higher complexity, and is still ongoing on a new level since the human kind is 

extensively using antibiotics (e.g. MRSA). Krauel et al. found that PF4 binds to bacteria and this feature 

probably makes it a part of an ancient host defense mechanism.29 As continuation of that idea we found 

in paper I (PF4 evolutionary analysis) that PF4 binds to the phosphate groups of lipid A and that PF4 is 

evolutionary conserved over different species (mammals, fish, amphibians, less for birds and reptiles). 

Several mutants of E. coli with differently truncated lipopolysaccharide (LPS) were tested for antibody-
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binding. The mutant with the most truncated LPS was found to bind the most PF4. In the view of the 

evolutionary race we speculate that the LPS-layer covering the outer membrane of Gram-negative E. coli 

could be the reaction of the bacterium to the ancient defense mechanism of its host in which PF4 

covered the bacteria and by changing its conformation acted like a danger signal. It might very well be 

that bacteria got ‘invisible’ by shielding the structure that is recognized by the immune system with LPS.  

Based on the physicochemical properties of their cell walls, bacteria can be grouped into Gram-positive 

and Gram-negative. With the help of Gram staining, a method first described in 1884 by the Danish 

scientist Hans Christian Gram, it is possible to distinguish between the two major classes of bacteria. 143 

The envelope of Gram-positive bacteria is composed of a plasma membrane and a 20-80 nm thick mesh-

like cell wall made of peptidoglycan (50-90% of envelope) separated by the periplasmic space. The Gram-

negative bacteria have two membranes, the inner plasma membrane and the outer membrane which is 

covered with lipopolysaccharide. Between the membranes there is a thinner layer of peptidoglycan 

compared to the Gram positive bacteria (10% of envelope). 

 

Figure 3.0.1: A – schematic comparing the envelope structure of Gram positive and Gram negative bacteria; B – Gram 
stain: pink - Gram negative rods (Escherichia coli), dark blue: Gram positive cocci (Enterococcus faecalis) (stain image: 
Dave Hanks, 09.09.2013) 

The differentiation between Gram-positive and Gram-negative is due to the ability of the envelope to 

retain either crystal violet stain – Gram-positive (dark blue), or to retain the counterstain by safranin or 

fuchsine – Gram-negative (pink, red), figure 3.0.1. The staining procedure consists of four steps starting 

with crystal violet that stains both, Gram negative and Gram positive cells. In a second step iodine is 

added which forms big complexes with the crystal violet (CV+ + I-/I3- → CV-I). Adding alcohol or acetone 

decolorizes both types of cell within a different time scale. It is faster for Gram negative than for Gram 
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positive. Gram negative cells lose their outer membrane and the CV-I complexes are washed away from 

the thinner peptidoglycan layer. Gram positive cells get 

dehydrated by this treatment and so the complexes are 

trapped in the thicker peptidoglycan layer. The cells retain 

the crystal violet and appear deep blue. Finally a counterstain 

is made with the positively charged safranin or the basic 

fuchsine to give the Gram-positive cells a pink to red color. 

Although there is a subset of bacteria that yield a Gram-

variable pattern, the method can differentiate most of the 

microbes by the properties of their cell wall. 

To follow the idea of PF4 as an ancient host defense 

mechanism and because it was found that PF4 binds to lipid 

A,1,26 the innermost part of the lipopolysaccharide (LPS), see 

figure 3.0.2. Lipid A is a glucosamine disaccharide decorated 

with multiple fatty acids that build the anchor of the LPS in 

the outer membrane of Gram-negative bacteria (see figure 

3.0.1). The glucosamine residues are phosphorylated and therefore negatively charged. Lipid A is the 

most conserved part of the LPS144 and is the main responsible for the toxicity of Gram-negative bacteria. 

Directly attached to lipid A is the core region consisting of sugars such as 3-deoxy-D-mannooctulosonic 

acid, also known as keto-deoxyoctulosonate = KDO (figure 

3.0.2 – inner core, orange structures)145 and heptoses 

(inner core green structures). The inner core of many 

bacteria is also phosphorylated and can contain other non-

carbohydrate components such as amino acids and 

Figure 3.0.2: Schematic of l ipopoly-
saccharide (LPS). The anchor of LPS in the 
outer membrane is lipid A. Lipid A consists 
of a phosphorylated glucosamine disac-
charide to which several fatty acids are 
attached. The core region consists of sugars 
l ike KDO (orange), heptoses (green) of the 
inner core and hexoses in the outer core 
(blue). The O antigen is attached to the 
third hexose of the inner core and is a 
repetitive glycan polymer. 
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ethanolamine substituents. Attached to the last heptose of the inner core, the outer core consists of 

hexose residues, such as D-glucose, D-mannose, D-galactose, which can also branch forming side chains. 

The outermost and also most variable part of the LPS, the O antigen, O polysaccharide or O side-chain of 

bacteria, is usually linked to the third hexose of the outer core. For different E. coli strains, over 160 

different O antigen structures were found.146 As the O antigen is exposed on the surface it is the target of 

host antibodies. The length of the polysaccharide chain also differs between the species and can reach at 

maximum 37 nm.34 There are also species without or truncated O side-chains, their LPS is called rough. 

Whereas bacteria with full length LPS are called smooth.  

A member of the Gram-negative bacteria was used to investigate the PF4-binding to bacterial surfaces 

(Escherichia coli JM109). The strain was chosen due to the fact that it is very well characterized. It was 

UV-inactivated and additionally fluorescein isothiocyante (FITC) labeled to allow discrimination between 

the microbes and the differently labeled PF4/polyP complexes in flow cytometry. FITC is a fluorescent 

tracer. The fluorescein functionalized with an isothiocyanate reactive group makes it reactive towards 

nucleophiles (amine, sulfhydryl groups e.g. of proteins).
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3.1 Escherichia coli (E. coli JM109-FITC) 
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Figure 3.1.1: transmission electron micrograph of 
Escherichia coli (E.coli) with projecting pili, 
negatively stained to enhance contrast 

 

Escherichia coli (E. coli; Promega) is a rod-shaped, Gram-negative, facultative anaerobic bacterium which 

are together with Streptococcus the first bacterial genera to colonize the lower intestine of warm-

blooded organisms.147,148 There are harmless and even beneficial strains that are part of the normal 

microflora of the gut which prevent potentially pathogenic bacteria from establishing (e.g Salmonella 

typhimurium)149,150 or provide their host with nutrition for instance vitamin K2.151 E. coli is the most 

widely studied prokaryotic organism. The E. coli strain K12 subtype JM109 is a special laboratory strain 

for the selection of plasmids with inserts (white-blue selection).152 In contrast to the wild type it cannot 

settle the human intestine and is not viable outside the lab. 

3.2 FITC Labeling 

Bacteria were cultured in Todd-Hewitt broth supplemented with 0.5% yeast extract until the exponential 

phase at 37°C.153 After washing with PBS they were exposed to UV radiation for two hours on behalf of 

inactivation. For the labeling 1M 100 µl NaHCO3 with a pH of 9 was added to 1 ml of bacteria solution 

containing 1*109 cells and then 50 µl fluorescein isothiocyanate (FITC) which was dissolved in 

dimethysulfoxide (DMSO) to a final concentration of 7.4 mg/ml was added. Incubation was carried out 
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for one hour while stirring. Removal of free dye was gained by three washing steps including the 

resuspension of the bacteria with 10 ml PBS and subsequent centrifugation (4000 rpm, 6 minutes, RT). 

The final resuspension was adjusted to have the desired number of cells per milliliter.  
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4. Experimental techniques 

4.1 Circular Dichroism (CD) Spectroscopy 

 

Figure 4.1.1: Schematic of the principle of circular dichroism spectroscopy: The differential absorption of left (LCP) 
and right circularly polarized light (RCP) when it passes through an optically active solution (e.g. proteins in solution) 
is depicted in A. Although differential absorption is measured, for historical reasons it is mostly expressed in ellipticity 
[milli degrees]. The sensitivity of far-UV CD spectroscopy for secondary structures is i llustrated in B. Each secondary 
structure exhibits a characteristic CD spectrum. The protein in B depicts platelet factor 4 with the differently colored 
secondary structures: α-helix – blue, β-sheets – red, random structures and turns - brown). 

The majority of naturally occurring chemical compounds, such as proteins, nucleic acids, hormones, and 

vitamins exhibit optical activity. There are only very few natural products that are not optically active. 

Due to the fact that a mirror image of a compound can have harmful effects on an organism, there was 

quite early the need for measuring the chiral and optical purity in drug and food related industries. That 

is why chiroptical measurements were already carried out in the mid-nineteenth century and therefore, 

these were among the first physical constants measured.154  

Circular dichroism (CD) spectroscopy is a non-destructive tool to study the structure of proteins in 

solution, which is very economic in terms of sample consumption. Depending on the properties of the 

protein to investigate, only 15 µg of protein can be sufficient to run an experiment. Far-UV CD 

spectroscopy is very accurate when relative changes in secondary structure of proteins have to be 

measured. It is used to study the influence of the environment, for example by the subsequent change of 

pH, heat or concentration of denaturants. The work in this thesis focuses on the structural changes of 

proteins due to interaction with polyanions (PA). The procedure is very similar to that used for the 
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denaturing of proteins where certain chemicals are titrated to the protein. The only difference is that the 

denaturant is substituted by different PAs. To obtain optimal results, the usage of dilute or non-absor-

bing buffers is crucial. Normally, buffers do not exhibit a CD signal but they show absorbance in the 

lower nanometer range which makes it challenging to detect anything below 200 nm.  

The specific characteristic which makes CD spectroscopy suitable for the investigation of protein struc-

tures or structural changes of a protein, is the unique CD spectrum each secondary structure exhibits 

(figure 4.1.1 B). Determining the secondary structure content from CD spectra (deconvolution) is based 

on the assumption that the CD spectrum of a protein (θλ) can be represented by a linear combination of 

its secondary structural elements (i, their fraction εi) which also includes a noise term and the contribu-

tion of aromatic chromophores and prosthetic groups (equation 4.1.1).155,156 Sλi is the ellipticity at each ith 

secondary structural element. 

3 𝜃𝜆 = ∑ 𝜀𝑖 𝑆𝜆𝑖 + 𝑛𝑜𝑖𝑠𝑒       (∑ 𝜀𝑖=1, 𝜀𝑖 ≥ 0) 

4  

(4.1.1)  

 

By the usage of softwares that compares the measured spectrum with a database of spectra with known 

secondary structure composition, it is possible to estimate the fraction of α-helix, β-turns, random coil, 

antiparallel and parallel β-sheet structures in the investigated protein. 

CD spectroscopy is the wavelength dependent differential absorption (ΔA(λ)) of left (LCP) and right 

circularly polarized (RCP) light.  

5 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑑𝑖𝑐ℎ𝑟𝑜𝑖𝑠𝑚 = Δ𝐴(𝜆) = 𝐴(𝜆)𝐿𝐶𝑃 − 𝐴(𝜆)𝑅𝐶𝑃 

6  

(4.1.2)  

 

The different extent of absorption of the left and right circularly polarized rays can be quantitatively 

described by the Beer-Lambert law. 
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7  𝐴𝜆 = log10  (
𝐼0

𝐼1
) = 𝜀𝜆 × 𝑐 × 𝑑 

 

(4.1.3)  

 

where I0 is the intensity of the incoming light and I1 is the intensity of light transmitted through the cell. 

The recorded absorption is proportional to the concentration c [mol x L-1], the path length d [cm], and 

the molar absorption coefficient εγ [L x cm-1 x L-1]. In CD spectroscopy, alternatingly LCP and RCP light of 

the same I0 (d=0 → ILCP,0 =IRCP,0) is sent into the sample and the intensities IRCP and ILCP are measured after 

transmission through the sample. The combination of the equations 4.1.2 and 4.1.3 brings the insight 

that a reference beam is not necessary, due to the fact that (I0) does not appear in the final equation 

(4.1.4) anymore. Therefore, most of the devices are of single-beam type (figure 4.1.2). 

8 Δ𝐴(𝜆) = log10 ( 𝐼0

𝐼𝐿𝐶𝑃
) − log10  (

𝐼0

𝐼𝑅𝐶𝑃
) = log10 (

𝐼𝑅𝐶𝑃

𝐼𝐿𝐶𝑃
) 

9  

(4.1.4)  

 

 

 

Figure 4.1.2: Schematic of a CD spectrometer: white unpolarized light from a high intensity l ight source is resolved 
into a narrow spectral band by a monochromator and converted into plane-polarized light by a polarizer. When 
passing a photoelastic modulator (PEM) the monochromatic plane-polarized light is alternatingly converted into right 
circularly polarized light (RCP) and left circularly polarized light (LCP). During transmission through an optically active 
sample one of the light beams (RCP or LCP) is absorbed to a greater extent. A detector, usually a photomultiplier,  
converts the signal into an electrical signal which is then converted into ell ipticity values.  
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Usually, ΔA is measured, but for historical reasons, measurements are mostly reported in (milli)degrees 

of ellipticity (θ). Geometrically, the ellipticity of an ellipse is the angle described by the following 

equation: 

𝑡𝑎𝑛𝜃 =
𝐸𝑅 − 𝐸𝐿

𝐸𝑅 + 𝐸𝐿
 

 

(4.1.5)  

 

where ER and EL are the magnitudes of the transmitted electric field vectors of RCP and LCP light. The 

result of two electric field vectors rotating in opposite directions but with same magnitude and phase is 

plane polarized light. The red vector in figure 4.1.3 – A just oscillates up and downwards in one plane. 

When, due to absorption, one of the components (LCP or RCP light) is less intense, as shown in figure 

4.1.3 – B, the resulting vector (red) describes an ellipse. To describe the ellipticity, one can either 

measure or calculate the angle 𝜃 that is formed by semi-minor and semi-major axis and positioned 

opposite the semi-minor. 

 

Figure 4.1.3: A – Plane polarized light can be resolved as LCP and RCP light of same amplitude and phase – the electric 
vector oscillates in a plane. B – If one of the intensities is lower, e.g. due to absorption, the electric vector will follow 
an ell iptical path – ell iptically polarized light. The semi-major axis and semi-minor axis of an ell ipse form a triangle. 
The angle opposite the semi-minor is the angle θ which is also called ell ipticity. 

The circular dichroism effect is in general very small leading to a small tanθ, which is therefore approxi-

mated as θ in radians. Based on the knowledge that intensity or irradiance (I) of light is proportional to 

the square of the electric field vector, the ellipticity becomes: 
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 𝜃(𝑟𝑎𝑑𝑖𝑎𝑛𝑠) =
𝐼
𝑅𝐶𝑃
1/2

−𝐼
𝐿𝐶𝑃
1/2

𝐼
𝑅𝐶𝑃
1/2

+𝐼
𝐿𝐶𝑃
1/2  

(4.1.6)  

 

By several steps of substitution, simplification, and exponential expanding (Taylor series), one obtains an 

equation by which the values of ΔA and θ can be simply interconverted.  

θ= 3298.2 × Δ𝐴(𝜆) [mdeg] 
(4.1.7)  

 

Changes in the secondary structure of PF4 (papers: II, III, IV, V) and PS (paper: VI) upon interaction with 

PAs were studied by recording far UV CD spectra (PF4: 200–260 nm, PS: 185-260 nm) using a Chirascan 

CD spectrometer. The different wavelength ranges for PF4 and PS are due their different solvents.  PF4 

was dissolved in phosphate buffered saline (PBS: NaCl [139 mmol/L], KCl [2.7 mmol/L], Na2HPO4 x 2 H2O 

[10 mmol/L], KH2PO4 [2 mmol/L], pH 7.4) and PS in ultrapure water from the in-house water purification 

system (Satorius Arium pro VF). Salts in buffers contribute absorption to the system and set certain limits 

concerning the lower nm-range. For optimal CD results, the usage of very dilute buffers or water is re-

commended. In case of PS this recommendation was followed. Water was used to solve PS and it was 

possible to measure the CD signal down to 190 nm in a cuvette with 5 mm path length. In case of PF4 the 

solvent constitution was set to match physiologic ion strength. Therefore the measurement with the 

same path length of 5 mm were limited to approximately to 200 nm in the lower nm range. The initial 

PF4 concentration was set to 40 µg/mL (1.25 µmol/L, cuvette path length = 10 mm) and 80 µg/mL (2.5 

µmol/L, 5 mm), respectively or for PS to 60 µg/mL for PS (12 µmol/L, 5 mm).  The formation of the 

complexes was carried out at 20°C directly within the CD quartz cuvette from Hellma. Each measurement 

started with a pure protein in solution.  Afterward, increasing amounts of a certain PA were sequentially 

added to the cuvette leading to PF4/PA or PS/UFH mixtures of defined ratio. To reduce the noise, 5-20 

CD spectra were first recorded for each protein:PA ratio and later averaged. Additionally, buffer 

baselines, baselines of each PA concentration step (without PF4 in the solution) were recorded.  
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Figure 4.1.4: Comparison of the background corrected (baseline subtracted) CD spectra [mdeg] of the native proteins 
platelet factor 4 [80 µg/mL] ( ) and protamine sulfate [60 µg/mL] ( ) with their respective buffers PBS ( ) and 
water ( ). Compared to protein spectra, UFH ( ) in the highest used concentration (147 µg/mL), does not exhibit 
a strong CD signal but is nevertheless subtracted in the data processing. All  measurements were carried out in 
cuvettes with a path length of 5 mm. 

figure 4.1.4 shows a comparison of the CD spectra of native PF4 and PS. Furthermore, the corresponding 

baselines by which the proteins are corrected are shown. It is important to highlight that even the 

highest concentration of heparin which was used, exhibited a signal ( ) that was much lower than the 

ones of the proteins (PF4 , PS ). 

While titrating heparins, which in fact do not exhibit or only a very low CD signal in the accessed range, 

they add absorption to the measured protein/PA system. This sets limitations for the heparin 

concentrations that are measurable at a certain setup (combination of cuvette size/path length and 

protein concentration). The problem of elevated noise at the lower end of the measured wavelength 

range (200-205 nm in case of the PF4/UFH system, 190 -205 nm for the PS/UFH system) gets more and 

more evident the higher the heparin concentration gets. To a certain extent this effect is balanced 

automatically by the CD spectrometer itself by amplifying the power at the sensor to increase its 

sensitivity. It is also advantageous to increase the number of repetitions per protein:PA in order to 

reduce the noise of the final averaged CD spectrum. 

For the data analysis, the raw spectra of the protein (𝜃𝑝𝑟𝑜𝑡𝑒𝑖𝑛, equation 4.1.8), the raw spectra of the 

protein/PA complexes (𝜃𝑝𝑟𝑜𝑡𝑒𝑖𝑛/𝑃𝐴, equation 4.1.9) and the raw PA baseline spectra (θPA, equation 
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4.1.10) were normalized with respect to the corresponding buffer baseline (baseline subtraction). For the 

measurements, PF4 was diluted in PBS and PS was solved in water.  

𝜃𝑛𝑜𝑟𝑚(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ) = 𝜃(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ) − 𝜃(𝑏𝑢𝑓𝑓𝑒𝑟) [mdeg] (4.1.8)  

𝜃𝑛𝑜𝑟𝑚(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑃𝐴⁄ ) = 𝜃(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑃𝐴⁄ ) − 𝜃(𝑏𝑢𝑓𝑓𝑒𝑟) [mdeg] (4.1.9)  

𝜃 𝑛𝑜𝑟𝑚(𝑐𝑃𝐴 ) = 𝜃(𝑐𝑃𝐴 ) − 𝜃(𝑏𝑢𝑓𝑓𝑒𝑟) [mdeg] (4.1.10)  

Further, the baseline corrected protein/PA complexes (𝜃𝑛𝑜𝑟𝑚(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑃𝐴⁄ )) were corrected for the 

buffer subtracted PA baselines (𝜃 𝑛𝑜𝑟𝑚(𝑐𝑃𝐴 ), equation 4.1.11). After this step, the θ values for the 

protein/PA complexes are corrected for the absorption exhibited by the quartz cuvette and the buffer 

and for the spectrum that the PA contributed.  

𝜃𝑛𝑜𝑟𝑚𝐼𝐼(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑃𝐴⁄ ) = 𝜃𝑛𝑜𝑟𝑚(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑃𝐴⁄ ) − 𝜃 𝑛𝑜𝑟𝑚(𝑐𝑃𝐴 ) [mdeg] (4.1.11)  

In the next step 𝜃𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝑛𝑜𝑟𝑚 and 𝜃𝑝𝑟𝑜𝑡𝑒𝑖𝑛/𝑃𝐴,𝑛𝑜𝑟𝑚𝐼𝐼  values are normalized with respect to path length 

[cm], protein concentration cprotein [mol x L-1] and number of amino acids (AAprotein) to obtain the wave-

length-dependent mean residue delta epsilon 𝜃𝑀𝑅𝐷𝐸 [degrees x cm2 x dmol-1] or [degrees x M-1 x m-1]. 

𝜃𝑀𝑅𝐷𝐸 =
(𝜃𝑛𝑜𝑟𝑚(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ) [𝑚𝑑𝑒𝑔]

𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ [𝑐𝑚] × 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 [𝑚𝑜𝑙/𝐿] × 𝐴𝐴𝑝𝑟𝑜𝑡𝑒𝑖𝑛 
 

(4.1.12)  

 

𝜃𝑀𝑅𝐷𝐸 =
(𝜃𝑛𝑜𝑟𝑚𝐼𝐼(𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑃𝐴⁄ ) [𝑚𝑑𝑒𝑔]

𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ [𝑐𝑚] × 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 [𝑚𝑜𝑙/𝐿] × 𝐴𝐴𝑝𝑟𝑜𝑡𝑒𝑖𝑛 
 (4.1.13)  

Two different programs were used for the data acquisition with the Chirascan CD spectrometer (Applied 

Photophysics Ltd., Leatherhead/UK) i) Pro-Data Chirascan (Chirascan Spectrometer Control Panel version 

4.2.0) was used to set all the experimental parameters (e.g., wavelength range, shutter, time-per-point 

etc.) and ii) Pro-Data Viewer version 4.2.0 by Applied Photophysics Ltd. was used to visualize and save 
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the data. Data preparation introduced in equations 4.1.8-4.1.13, baseline subtraction and normalization 

were conducted with the help of a home-made Excel template.  

To estimate the secondary structure content of PF4, deconvolution of CD-spectra was carried out using 

CDNN software version 2.1 (Circular Dichroism Neural Networks) using a database of 33 reference 

proteins.157 The program was written by Gerald Böhm in the 90's (latest version 1999) and is based on a 

method called "neural networks". The system is organized into input (CD wavelengths), output (secon-

dary structure information), and hidden layers linked by neurons (nodes), "connections between the 

neurons are assigned numerical weights (usually via a propagation algorithm) and then trained. "158 The 

system is trained by feeding it with sets of known proteins (information). The learning process includes 

the assignment of weights to connected information, iterations between input and output layer and 

assignment of random weights. The output weights are residual errors and iterations are made until the 

errors are minimized. The output is a function of the input. For the transfer between the layers, CDNN is 

using a linear transfer function. The secondary structure determination based on CD data is superior 

when investigating the conformation of well-folded globular proteins. Absolute values of α-helices can 

be determined with a precision of 5% and β-sheets and β-turns better than 10%. The overall precision 

increases to around 1% when structural changes in a protein (relative changes) are investigated.156  

Although a certain amount of α-helices is needed, the quality of the analysis of the structure decreases 

for proteins with a majority of pure α-helices.155 

For PS, no secondary structure estimation was done due to the fact that the protein does not meet the 

criteria for deconvolution.  PS does not contain any α-helix48 or only few (2% or 5%, respectively)47, but a 

certain fraction of α-helix is needed to get reliable results from the deconvolution.155 

From table 4.1.1 it can be seen that the measured range for PF4 was mostly 198 – 260 nm and not 200 – 

260 nm. The reason for that is that initially the recommendation was followed to smooth the data prior 
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to deconvolution. The smoothing procedure is based on a moving average which produces minor arte-

facts in the first values (low nm values). To overcome this minor issue, two more CD values (199 nm & 

198 nm) were measured. Those two values are then the ones that are distorted by the smoothing proce-

dure but are outside the range (200 – 260 nm) used for the deconvolution. There are two exceptions in 

the table where the measured nm-range was extended. The first exception is PF4/UFH, where the range 

was 198-470 nm to also cover the near UV-range to gain some insight about the tertiary structure beha-

vior of PF4. In contrast to the far UV-range, where mainly the protein backbone (peptide bond) acts as a 

chromophore, in the near UV-range aromatic amino acids are the chromophores of interest. If changes 

in the tertiary structure are connected with structural rearrangements in the vicinity of aromatic amino 

acids (Tryptophan, Tyrosine, Phenylalanine), their absorption properties change. This can be monitored 

by near UV CD spectroscopy. The aromatic amino acid with the highest absorption coefficient is Trypto-

phan (ε = 5600 M-1cm-1 at 280 nm) followed by Tyrosine (ε = 1400 M-1cm-1 at 274 nm) and Phenylalanine 

(ε = 200 M-1cm-1 at 258 nm) has the lowest. PF4 has only one Tyrosine per monomer positioned next to 

the C-terminal Lysines and changes in the absorption were not observed. The second exception is the 

PF4/aptamer measurement where the range was 200 – 350 nm to cover the features of the protein C 

aptamer which has a pronounced positive band at 275 nm (see figure 4.1.5).  

 

Figure 4.1.5: CD spectrum of the protein C aptamer at a concentration of 40 µg/ml (2.9x10-6 mol/L) showing two 
pronounced bands at 245 nm and 275 nm 
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Table 4.1.1: List of the polyanions used in the papers II, III, IV, and V. Their maximum concentration in complex 
with PF4 in the publication and the measured maximum concentration in brackets is shown. Further the measured 
wavelength range is listed. *1 – PF4 concentration [40 µg/mL/1.25x10 -6 mol/L] or *2 – PF4 concentration [80 µg/mL; 
2.5x10-6 mol/L]; *3 – Due to their high polydispersity the concentration of the PAs, is given in [monomer mol/L]. *4 

– In case of heparin the wavelength range was broader to also cover the near-UV range. *5 – In case of the protein 
C aptamer to visualize the features of DNA in the higher nanometer range. *6 – According to the supplier Iduron 
their fractionated heparins (HO06, HO08, HO16) have a PDI very close to one. 

 polyanions (PA) N PDI cmax (PA) wavelength 

    [µg/mL] [mol/L] range [nm] 

PF4/PA 
(paper II) 

Unfractionated heparin*1 >18 1.4 107 (146.6) 3.46x10-4 *3 198-260/470*4 

Reviparin (LMWH)*2 5-7  106.7 (206) 3.45x10-4 *3 198-260 

Fondaparinux*2 5 1 119.2 (230) 6.9x10-5 199-260 

Dextran sulfate*2 45-100  111.1 (311) 2.83x10-4 *3 199-260 

Dextran*1 67 1.43 160 (160) 2.4x10-3 *3 198-260 

Chondroitin sulfate*2   107.7 (159) 2.83x10-4 *3 198-260 

2-O, 3-O desulfated heparin*2   106.7 (348) 3.94x10-4 *3 198-260 

Hyaluronic acid*2 7223-

8667 

 116.1 (138) 5.98x10-4 *3 199-260 

PF4/defined 
heparins 
(paper III) 

Unfractionated heparin*2 >18 1.4 46.6 (146.6) 1.51x10-4 *3 198-260/470*4 

Fondaparinux*2 5 1 44.7 (230) 2.59x10-5 198-260 

HO06 (=heparin 6-mer)*2 6 1*6 40 (100) 2.25x10-5 198-260 

HO08 (=heparin 8-mer)*2 8 1*6 46.6 (46.6) 1.94x10-5 198-260 

HO16 (=heparin 16-mer)*2 16 1*6 46.6 (46.6) 1.0x10-5 198-260 

PF4/polyP 
(paper IV) 

P3 (=polyP 3-mer)*2 3  200 (200) 5.44x10-4 198-260 

P45 (=polyP 45-mer)*2 45  300 (300) 1.34x10-4 198-260 

P75 (=polyP 75-mer)*2 75  300 (300) 5.45x10-4 198-260 

PF4/aptamer 
(paper V) Protein C aptamer*1 44 1 80 (160) 5.92x10-6 198-260/350*5 

PS/UFH 
(paper VI) Unfractionated heparin*1 >18 1.4 25 (160) 8.1x10-5 *3 185-260 
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4.2 Enzyme Immunoassay (EIA) 

 
Figure 4.2.1: Schematic of the solid phase PF4/PA EIA, A – either PF4 alone or preformed PF4/PA complexes are 
immobilized on the surface of a microtiter plate, after washing B – the complexes are incubated with HIT sera known 
to contain PF4/heparin Abs, after a second washing step C – the PF4/heparin/Ab complexes are incubated with an 
enzyme-coupled secondary antibody, after the third and last washing step D – the PF4/heparin/Ab/secondary Ab 
complexes are incubated with the substrate for the enzyme that is coupled to the secondary Ab  

 

The enzyme immunoassay (EIA) is a useful diagnostic tool based on the specific reactivity of an antibody 

against an antigen. The assay used here is a so-called solid phase EIA where a potential antigen (Ag) is non-

covalently immobilized on a surface (figure 4.2.1Figure-A), the respective Ab binds to the Ag (figure 4.2.1-

B) and a secondary Ab binds to the first Ab (figure 4.2.1-C). The signal amplification and visualization comes 

from the enzyme that is coupled to the secondary Ab. The more Ab is bound to the Ag, the more enzymes 

can convert their substrate (hydrogen peroxide, H2O2) that is provided in the last step (figure 4.2.1-D). 

The PF4/PA enzyme immunoassay (EIA) used in papers II, III, IV, and V was carried out with human sera of 

patients known to contain anti-PF4/heparin IgG. This was verified by PF4/heparin EIA and heparin-induced 

platelet activation (HIPA) test, as described with some modifications.32 PF4 (20 µg/ml) was incubated (60 

min, RT) with rising concentrations of the PAs (Table) in coating buffer (0.05 M NaH2PO4, 0.1% NaN3) to 

enable complex formation. The aim was to test the antigenicity of PF/PA complexes of different molar 

ratios (PF4:PA) as investigated in CD spectroscopy. The wells of a CovaLink microtiter plate were coated at 

4°C overnight with 100 µl of the corresponding complex solution. On the next day, the plates were washed 

five times (200 µL of 0.15 M NaCl, 0.1% Tween 20, pH 7.5) and incubated (60 min, RT) with 100 µl patient 

serum (1:200 or 1:1000 in 0.05 M NaH2PO4, 0.15 M NaCl, 7.5% goat normal serum, pH 7.5). Plates were 
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washed five times and incubated with 100 µl peroxidase-conjugated anti-human IgG (1:20000, Dianova, 

Hamburg, Germany). Peroxidases are a family of enzymes that mostly have H2O2 as substrate and catalyze 

the following reaction: 

H2O2 + (2e− + 2H+) → 2H2O (4.2.1)  

Afterward, plates were washed five times and incubated (10 min, RT) with 100 µl with a 1:1 mixture of 

reagent A containing hydrogen peroxide and reagent B containing 3.3’, 5.5’ tetramethylbenzidine (TMB) 

in >25% methanol included in the OptEIATM substrate reagent set. Whereas hydrogen peroxide is the 

electron donor (e- in equation 4.2.1), TMB is the proton donor of the reaction (H+ in equation 4.2.1). During 

the reaction TMB is converted into a diimine, which changes the solution from colorless to blue (figure 

4.2.2).  

 

Figure 4.2.2: Conversion from colorless 3.3‘, 5.5‘ tetramethylbenzidine (left, TMB) to blue 3.3‘, 5.5‘ tetramethylben-
zidine diimine (right). When sulfuric acid is added and the pH shifts to lower values, TMB diimine’s color changes to 
yellow. 

The color change can already be read out, but the reaction would continue while measuring. Depending 

on the speed at which the absorption is recorded, this could lead to systematic errors between the first 

and the last sample. For this reason the reaction is normally stopped. In this case, this was done by adding 

100 µl of 1 M sulfuric acid (H2SO4). Due to the pH shift, the diimine changes its color from blue to yellow. 

The absorbance is finally measured at 450 nm.  

The optical read out of the EIA bases on Beer-Lambert law (equation: 4.1.1). Here d denotes the filling 

level of the wells in the microtiter plate, (the value is the same for every sample as equal amounts of TMB 

and H2SO4 were filled in every well) and A denotes absorption coefficient of the converted and stopped 
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solution. The concentration c of TMB diimine differs from sample to sample as it is the product of the 

peroxidase. 

Table 4.2.1: Listed are the polyanions tested in the EIA in the publications included in this thesis. Shown are their 
maximum concentration in the complex (µg/mL and M) and the sera that were used to test the complexes for 
antigenicity. *1 Due to the high polydispersity of the PAs, the concentration is given in [monomer mol/L]  

 polyanions max. concentration patients sera ID 

  µg/mL M  

PF4/PA (paper II) 

Unfractionated heparin 56 1.81x10-4 *1 17922, 19660, 26690, 30235 

Reviparin (LMWH) 56 1.81x10-4 *1 17922, 19660, 30235 

Fondaparinux 56 1.73x10-5 17922, 19660, 30235 

Dextran sulfate 48 1.22x10-4 *1 17922, 19660, 30235 

Chondroitin sulfate 56 2.25x10-4 *1 19660, 30235 

2-O, 3-O desulfated heparin  56 2.07x10-4 *1 17922, 19660, 26690, 30235 

PF4/defined 
heparins (paper 
III) 

Unfractionated heparin 30 9.71x10-5 *1 17922, 19660, 26690, 30325 

Fondaparinux 30 1.73x10-5 17922, 19660, 30325 

HO06 (= heparin 6-mer) 15 8.33x10-6 17922, 19660, 30325 

HO08 (= heparin 8-mer) 11.7 4.88x10-6 17922, 19660, 30325 

HO16 (= heparin 16-mer) 11.7 2.52x10-6 17922, 19660, 30325 

PF4/polyP (paper 
IV) 

P3 (= polyP 3-mer) 16 4.35x10-5 17922, 19660, 30325 

P45 (= polyP 45-mer) 16 7.15x10-6 17922, 19660, 30325 

P75 (= polyP 75-mer) 16 2.22x10-6 17922, 19660, 30325 

PF4/aptamer 
(paper V) Protein C aptamer 80 5.92x10-6  

 

The absorption measurements were carried out with a Beckman Coulter ParadigmTM plate reader. The 

software to control the device and save the data was SoftMax (version 6.2.1).  
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4.3 Isothermal Titration Calorimetry (ITC) 

 
Figure 4.3.1: Schematic shows the principle of power compensation isothermal titration calorimetry. In A the general 
setting of calorimeter is depicted. There are two cells: i) a reference cell filled with buffer or water to which a constant 
power is supplied to heat it and ii) an active cell filled with sample. Here power is supplied to the sample cell feedback 
heater that is proportional to ΔT1. An injection needle with an attached stirrer dips into the sample cell adding the 
titrant. Both cells are isolated by an adiabatic shield and an adiabatic jacket. In B top graph an ideal thermogram with 
huge peaks in the beginning which lower when more and more binding sites are saturated is shown. In B bottom 
graph – the peaks are integrated (plotted as dots) and fitted to gain several information about the reaction: i). the KA 
from the slope, ii) the stoichiometry from the point of inflection or iii) the mechanism/enthalpy can be read from the 
difference in energy between the initial and final molar ratio. 

Isothermal titration calorimetry (ITC) is a commonly used technique to study thermodynamic parameters 

of interactions in solution and first described as a method for the simultaneous determination of 

equilibrium constant (Keq) and enthalpy (ΔH) nearly 50 years ago.159,160 Great advantage of ITC is that it is 

a label free technique and the interaction partners do not need to be immobilized to any matrix or 

surface. ITC is suitable for different classes of molecules (e.g. proteins, nucleic acids or lipids) and for a 

wide range of applications (e.g. complex formation, enzyme kinetics or effects of molecular structure 

changes on binding mechanism). In a single experiment, several thermodynamic parameters such as the 

affinity of the binding partners (KA), the stoichiometry of the reaction (n) or enthalpy (ΔH) and entropy 

(ΔS) can be determined with very high precision. Modern ITC instruments allow the measurement of 

heat effects as small as 0.1 µcal, binding constants as large as 108-109 M-1, or heat rates as small as 0.1 

µcal/sec, making it possible to determine reaction rates in the range of 10-12 mol/sec.161 Like the iTC200 
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used to generate the results in this thesis, the first commercially available titration calorimeter was 

produced by MicroCal.162 An isothermal titration calorimeter consists of two cells, a reference cell and a 

sample cell (figure 4.3.1 A). Both cells are of same size and made of same efficient thermal conducting 

material (HastelloyTM). The cells are surrounded by an adiabatic jacket. A syringe with a stirrer at the tip 

is used to inject a ligand (or titrant), here polyP and heparin, respectively, to the sample molecule in the 

cell (PF4). Modern ITC instruments like the used iTC200 are used in a titration mode. Here a defined 

number of incremental injections are made in a defined interval. The heat change (release or absorption) 

during an ITC experiment is measured indirectly via the power (µcal/sec) that is applied to maintain 

isothermal conditions between reference and sample cell. For example, if heat is released during 

titration, indicating that the investigated reaction is exothermic, the temperature in the sample cell is 

higher than in the reference cell after an injection. The power that is applied to the sample cell heater 

drops until isothermal conditions are recovered. This power drop reflects in a negative peak in the 

thermogram (figure 4.3.1 B – top graph). The ligand concentration in the syringe has to be set such that 

there are several peaks of same height (same amount of heat is released/absorbed) in the beginning and 

at the end of the experiment to obtain two baselines. As more and more binding sites are saturated, the 

amount of heat that is released/absorbed decreases with every further injection of ligand.  

As shown in the bottom graph of figure 4.3.1 – B, ΔH is obtained by integrating the peaks and calculating 

the difference between initial and final baseline. By applying a fit with a matching model (e.g. 1:1 

binding) the stoichiometry (n) of the reaction can be obtained from the point of inflection of the binding 

isotherm. From the slope of the same isotherm, the KA (and then KD) can be assessed. 

𝐾𝐷 =
1

𝐾𝐴
  [M] (4.3.1)  

 Based on the obtained KA, the Gibbs free energy, ΔG can be calculated by the following equation, where 

RT [Jmol-1] is the product of the molar gas constant, R and the absolute temperature, T. 
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𝛥𝐺 = −𝑅𝑇𝑙𝑛𝐾𝐴      [
J

𝑚𝑜𝑙
] (4.3.2)  

The change in entropy (ΔS) and enthalpy (ΔH) contribute to the Gibbs free energy (ΔG) as shown in 

following equation. 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆 [
J

𝑚𝑜𝑙
] = [

J

𝑚𝑜𝑙
] − [𝐾 ∗

J
𝑚𝑜𝑙⁄

𝐾
] (4.3.3)  

The change in entropy gives information about the mechanism of the reaction, indicating whether con-

formational changes and/or changes in hydrophobic interaction occur. According to the second law of 

thermodynamics, ΔG is always negative in an open system. The formation of many polyanion/polycation 

complexes is majorly driven by an increase of global entropy due to the release of counterions. 163-165 The 

Gibbs free energy is a thermodynamic potential. For ΔG<0 a reaction starts spontaneously and is favor-

able. A system is in equilibrium when ΔG=0, neither forward nor backward reaction is favored. Processes 

with ΔG>0 are disfavored and do not start spontaneously. The enthalpy is a measure for the heat of 

binding. A change in enthalpy (ΔH) indicates alterations in electrostatic interactions, hydrogen bonding, 

and van der Waals bonding. For ΔH > 0 heat is absorbed during the reaction, the reaction is endotherm. 

When heat is released during a reaction it is an exothermic reaction and ΔH < 0. 

All ITC measurements were conducted with a MicroCal iTC200 purchased from GE Healthcare Life 

Sciences. Due to its small reaction chamber of only 200 µl, it is quite economic in terms of the amount of 

protein needed per experiment. The supplier mentions that the smallest amount needed is 10 µg of 

protein to run an experiment. In order to obtain a good signal-to-noise ratio, the PF4 solution filled in the 

reaction cell had a concentration of 1.48x10-5 M which corresponds to an amount of 95 µg PF4 per 

experiment to fill the cell. However, there is also a funnel that needs to be filled. Totally 118 µg (3.7x10-7 

mol) PF4 was used per run. 
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The ITC was used in paper IV (PF4/polyP) and by Martin Kreimann in paper III (PF4/defined heparins). 

Experiments were carried out at 25°C. Prior to the experiment, the protein and the polyphosphates 

(polyP) were first solved in PBS (pH 7.4). The purchased polyP were reported to be essentially salt -free. 

To avoid buffer missmatch PF4 was additionally dialyzed against PBS overnight. PF4 [1.48x10-5 M] was 

filled into the sample cell, PBS into the reference cell and the syringe was loaded with polyP (P3 [1.41x 

10-3 M], P45 [2.64x10-4 M], P75 [1.36x10-4 M]) and heparin, respectively. The measurement was started 

by injecting 0.4 µl polyP, followed by 18 injections of 2 µl while stirring at 1000 RPM. Time between two 

injections was set to 240 seconds, whereas the feedback was low, the filter period was set to five 

seconds and the reference power to 6 volts. Control measurements involved the titration of PBS into 

PBS, PBS into PF4 solution, and polyP into PBS. 

In the data analysis, the area under each peak was integrated to obtain the amount of heat released 

during each injection. Data was then normalized for the concentrations and plotted against the molar 

ratio of polyP to PF4. Calorimetric data were fitted by nonlinear regression using a single-site model to 

get the change in enthalpy (ΔH), stoichiometry (N), change in entropy (ΔS), Gibbs free energy (ΔG) and 

the dissociation constant (KD) using MicroCal-enabled Origin 7 SR4 software (OriginLab Cooperation, 

Northampton, USA) supplied with the instrument. Equilibrium affinity constant (KD) was calculated as the 

reciprocal of KA. According to the supplier, measuring affinities in the sub-millimolar to picomolar range 

is possible. The reported thermodynamic parameters are values of triplicate measurements.  
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4.4 Flow Cytometry 

 

 

Figure 4.4.1: Schematic of the flow cytometry principle: particles (e.g. cells) mostly fluorescently labeled are a-
ligned in a l iquid stream and scatter l ight when they pass a laser beam. The scattered light and the fluorescence 
exhibited by excited fluorophores are recorded by detectors positioned i n l ine and orthogonal to the laser beam. 
Dichroic mirrors deflect the specific wavelengths (depicted as different colors) to the corresponding detector. 

 

Flow cytometry is a technique used to simultaneously analyze multiple physical and chemical charac-

teristics of single cells or particles. The sample of interest is mostly labeled with fluorescent markers, 

suspended in solution and forced through a nozzle in a liquid stream. The liquid stream passes a laser 

beam and each particle scatters the light in characteristic manner. There is one detector in line with the 

laser that records the whole spectrum of forward scattered (FSC) light which is a measure for the 

volume/size of the particle. Another detector records the whole spectrum of sideward scattered (SSC) 

light which depends on the complexity of the particle. When measuring cells it is often called granularity. 

Additionally, there might be one or more detectors recording filtered SSC light emitted from fluoro-

phores. Dichroic mirrors are used to select certain wavelength ranges. In the analysis, the different data 

sets are plotted against each other to differentiate populations and group specimen with same proper-

ties. 
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Flow cytometry was used in paper I (PF4 evolutionary analysis, by Krystin Krauel) and paper IV (PF4/poly, 

by myself) to investigate the influence of heparin and polyP on the binding of PF4 to bacterial surfaces 

(figureFigure). For the latter (paper IV, PF4/polyP) a well characterized lab stem, Gram-negative 

Escherichia coli (E. coli JM109), was chosen.  

4.4.1 PF4 binding to Gram-negative bacterial Surface 

 
Figure 4.4.1.1: The setup which was used to analyze the influence of polyP on PF4 binding (PF4 partly biotinylated) 
to bacteria is depicted. FITC labeled and UV deactivated bacteria were incubated with PF4 and different amounts of 
polyP. After washing the bacteria/PF4/polyP complexes were incubated with Cy5.5 labeled streptavidin to detect the 
PF4 on the bacterial surface. After another washing step, analysis was carried out wi th the help of flow cytometry. 

For the influence of polyP on PF4 binding to bacterial surfaces (figure 4.4.1.1), UV deactivated and 

fluorescein (FITC) labeled bacteria were incubated with partly biotinylated PF4 and different amounts of 

polyP to get different PF4:polyP ratios. UV deactivated and FITC labeled Gram-negative E. coli was 

incubated (30 minutes, 4°C, shaking) with biotinylated PF4 (20 µg/ml, diluted in PBS) together with 

different concentrations (0-40 µg/ml) of polyP. After washing by adding 3 mL PBS to the 100 µl 

bacteria:PF4:polyP solution and centrifugation (3000 g, 5 min, 4°C), bacteria were incubated (30 minutes, 

4°C) with Streptavidin-PE Cy5.5 (BD Biosciences) and washed as before. PF4 binding to the bacteria was 

recorded by flow cytometry (Cytomics FC 500, Beckman Coulter). Afterward raw data were exported to 

carry out the analysis with Windows Multiple Document Interface software (WinMDI 2.8, plots shown in 

figure 4.4.1.2).  
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Figure 4.4.1.2: Depicted is the analysis of one PF4/polyP molar ratio measured in flow cytometry. A – As a measure 
of size the forward scatter (FS) against sideward scatter (SS) that gives information about granularity of cells. Each 
event recorded is represented as a point.  B – The SS is plotted against the fluorescein (FITC) channel to discriminate 
intact labeled bacteria from destroyed but also labeled bacterial particles. Cell debris is excluded by setting a region 
(green frame) around the fluorescein labeled bacteria. By gating on the region R1 only events (FITC-labeled bacteria) 
located in the frame will be used in further analysis. Here data is visualized as a heat map. C – SS is plotted against 
the Cy5.5 channel and quadrants are set to visualize the labeled PF4 as well as to discriminate bacteria with or without 
PF4 attached. Here 99.8% of the bacteria were covered with PF4. D – A histogram plotting the gated events together 
with the geometric mean of the fluorescence intensity (GMFI) for Cy5.5 is shown, giving infor mation about the 
amount of PF4 attached to the bacterial surface. For the final values plotted in the publication the percentage of 
labeled bacteria is multiplied by GMFI of the Cy5.5 to obtain the binding activity. 

The binding activity plotted in the publications is product of geometric mean fluorescence intensity 

(GMFI) of the fluorophore Cy5.5 and the percentage of labeled bacteria (equation 4.4.1).  

𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝐺𝑀𝐹𝐼(𝐶𝑦5.5) ∗ %(𝑙𝑎𝑏𝑒𝑙𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎) 

 

(4.4.1)  

 

4.4.2 Phagocytosis of PF4-marked Bacteria by polymorphonuclear 

Leukocytes (PMNs) 

For the phagocytosis assay2626, FITC labeled UV-deactivated Gram-negative E. coli were coincubated with 

PF4 (200 µg/ml) and P75 (0 to 200 µg/ml) in different PF4:polyP molar ratios (figure 4.4.2.1 A). Human 

sera known to contain anti-PF4/heparin IgG were heat-inactivated (45 minutes, 56°C) and four times pre-

adsorbed with non-PF4 coated E. coli (30 minutes, 4°C). PF4/polyP coated bacteria were incubated with 

the pretreated sera (figure 4.4.2.1 B). These opsonized bacteria were coincubated with whole blood 

cells, obtained from hirudinized blood of healthy volunteers (10 minutes, 37°C, figure 4.4.2.1 C-1). The 
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sample is transferred from the water bath to ice to stop the phagocytosis of the bacteria by the 

polymorhonuclear leukocytes (PMNs). A 0.4% trypan blue solution (Sigma-Aldrich) is added to quench 

the fluorescence of non-phagocytosed FITC-labeled bacteria (5 minutes, on ice, figure 4.4.2.1 C-2). After 

washing FACS lysing solution (BD Biosciences) is added to destroy red blood cells as they did not 

contribute to phagocytosis (7 minutes, RT, figure 4.4.2.1 C-3). After washing, to stain the DNA of the 

remaining cells a propidium iodide solution (Fluka BioChemica) is added (10 minutes, on ice, figure 

4.4.2.1 C-4). The mean fluorescence intensity (MFI) of FITC-positive PMNs was recorded as a measure for 

bacterial phagocytosis. 

 
Figure 4.4.2.1: Schematic of the phagocytosis assay. A – FITC labeled bacteria are coincubated with polyP and PF4 in 
different PF4:P75 molar ratios. B – PF4/P75-labeled bacteria are incubated with sera known to contain anti-
PF4/heparin antibodies. C-1 – For phagocytosis, whole blood cells are incubated with PF4/P75/IgG-labeled bacteria. 
C-2 – Trypan blue is added to quench the fluorescence of unphagocytosed FITC-labeled bacteria. C-3 – Red blood 
cells are removed by the addition of a lysing solution and washing. C-4 – The DNA of the remaining cells is stained by 
the addition of propidium iodide. D – PMNs with stained DNA containing FITC-labeled bacteria and quenched 
unphagocytosed bacteria are transferred to be analyzed by flow cytometry (E). 
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5. Abstract 

The central aim of this thesis was the investigation of protein/polyanion interaction using circular 

dichroism (CD) spectroscopy, enzyme immune assay (EIA), isothermal titration calorimetry (ITC) and flow 

cytometry (FC). A further aim was to understand why an endogenous protein becomes immunogenic 

when forming a complex. The focus was on the protein platelet factor (PF4), which gained wide interest 

in the clinical field, due to its role in the life-threatening, immune-driven, adverse drug effect heparin-

induced thrombocytopenia (HIT). PF4 is a small homotetrameric chemokine with several basic amino 

acids on its surface, forming a positively charged ring. The antibodies that are formed during HIT 

recognize an epitope exposed on PF4, when it is in a complex with heparin at a certain molar ratio at 

which, PF4 tetramers are aligned on the heparin and forced into close approximation.  

The main results and conclusions of the thesis are summarized below: 

5.1 Evolutionary Conservation of PF4 (Paper I – PF4/Evolution) 

By carrying out an amino acid sequence survey we found that the positively charged amino acids 

contributing to the heparin binding site on the surface of PF4 and related proteins are highly conserved 

in all vertebrates, including fish species. 

PF4 interacts with the phospholipid lipid A, the innermost part of the lipopolysaccharide (LPS) of Gram 

negative bacteria. We showed that the shorter the sugar chain of the O antigen, outer and inner core of 

the LPS were the more PF4 was binding. The interaction of PF4 with lipid A is inhibited by heparin, 

suggesting that the amino acids known to contribute to heparin binding are also involved in binding to 

lipid A.
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5.2 PF4 Interaction with Polyanions (PA) of varying Length and Degree of 
Sulfation (Paper II – PF4/PA) 

CD spectroscopy was found to be a powerful technique to monitor structural changes of PF4 caused by 

binding to various clinically relevant polyanions. Therefore PF4 was titrated with different PA to 

investigate the dependencies: i. impact of the PF4:PA molar ratio, ii. degree of polymerization of the PA 

and iii. degree of sulfation of the PA. In all cases, exposure of HIT-relevant epitope(s) was only observed 

for PA that also induced changes in secondary structure of PF4. A comparison of results of an immune 

assay with CD spectroscopic data showed that the extent of complex antigenicity correlates well with the 

magnitude of changes in PF4 secondary structure, and that the structural changes of PF4 have to exceed 

a certain threshold to achieve PF4/PA complex antigenicity. These findings allowed us to calculate 

expectation intervals for complex antigenicity solely using CD spectroscopic data.  

To our knowledge, this was the first demonstration that the capability of drugs to induce antigenicity of 

PF4 can be assessed without the necessity of in vivo studies or the use of antibodies obtained from 

immunized patients specific for the antigens.  

The antigenicity of PF4 in complex is not restricted to negative charges originating from sulfate groups, 

PA with phosphate groups are also capable (binding to phospholipids). We investigated inorganic 

polyphosphates (polyP) with a chain length of 75 Pi and showed that the induced secondary structural 

changes are even higher compared to the changes induced by the different heparins and that the 

PF4/P75 complexes are antigenic as well. 

5.3 PF4 Interaction with defined oligomeric Heparins (Paper III – PF4/defined 
Heparins) 

We tested highly purified, monodisperse heparins. In contrast to the clinically relevant but relatively 

undefined (high polydispersity index) glycosamino glycans reported in paper II (PF4/PA). The defined 

heparins induced higher secondary structural changes. 
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Here we showed for the first time that strong conformational changes during PF4/PA complex formation 

are necessary but not sufficient for to the expression of the anti-PF4/heparin antibody binding site. Also, 

the size of the complexes is not the only prerequisite for anti-PF4/heparin antibody binding (tested by 

atomic force microscopy). By ITC we found that antigenicity is only induced if the PF4/PA complex has a 

high binding enthalpy and the complex formation leads to a negative change in entropy.  

5.4 PF4/Polyphosphates (polyP) Complex Antigenicity and Interaction with 
Escherichia coli (E. coli, Paper IV – PF4/polyP) 

PolyP with chain lengths of 45 Pi and 75 Pi induced remarkable secondary structural changes in the PF4 

molecule, thereby exposing the epitope recognized by anti-PF4/heparin antibodies. The induced 

conformational changes were similar to the changes induced by the defined heparins. Again a high 

binding enthalpy was observed but here in connection with a positive change in entropy.  

Further we showed that polyP (≥45 Pi) enhance PF4 binding to the surface of Gram negative E. coli at 

intermediate concentration and disrupt the binding at elevated polyP concentrations. The increased 

amounts of PF4 on the bacterial surface also improved the binding of anti-PF4/heparin antibodies and 

thereby the phagocytosis of the bacteria by polymorphonuclear leucocytes.  

5.5 Nucleic acid based Aptamers induce structural Changes in the PF4 Molecule 
(Paper V – PF4/Aptamer) 

Nucleic acids are another class of molecules containing phosphate groups. Especially after cell damage 

their extracellular concentration can be locally quite high (>2 mg/ml). We found that certain aptamers 

form complexes with PF4 and thereby inducing anti-PF4/aptamer antibodies which cross-react with 

PF4/heparin complexes. Moreover by CD spectroscopy we showed that the protein C-aptamer caused 

similar secondary structural changes of PF4 like heparin, but already at much lower concentration. The 

maximally induced changes by the protein-C aptamer were even higher and persisted over a broader 

concentration range. 



5. Abstract 

 

 
 

78 

5.6 Protamine Interaction with Heparin (Paper VI – PS/Heparin) 

After the intensive investigation of the complex formation between PF4 and many different classes of PA 

we assessed another protein for structural changes upon complex formation with heparin. Protamine 

(PS) a protein in routinely used in post-cardiac surgery to reverse the anticoagulant effects of heparin 

was found to unfold but not to refold with increasing concentration of PA in solution.  

5.7 Conclusion and Outlook 

When starting this thesis, it was believed that repetitive structures formed by PF4 on a heparin chain 

mold the epitope recognized by antibodies inducing HIT. These repetitive structures might exhibit 

similarities with viral capsids and are therefore recognized by the immune system of some patients. We 

found that induced by the close approximation PF4 changes its conformation, thereby exposing a 

neoepitope.  

The conserved positively charged amino acids of the heparin binding site and the involvement of these 

amino acids in the binding to lipid A confirm our hypothesis of PF4 as part of an ancient immune-

mediated host defense mechanism. As possible consequence of the “primitive mechanism of defense” 

the highly variable O-antigens of LPS might have significantly contributed to an efficient escape 

mechanism by hiding the structures that made the bacteria vulnerable. In turn polyP might be an 

adaption of the host improve pathogen recognition by PF4 and further by antibodies inducing 

phagocytosis of the PF4-marked objects. 

Although shown only for PF4 and PS, our findings might be applicable to other proteins that also express 

epitopes upon changes in their secondary structure. Our physicochemical methods may further be 

applied: i. to drug development for the prediction of antigenicity induced by polyanionic drugs, ii. to 

guide the development of synthetic heparins and other polyanion based drugs, e.g. aptamers, that do 

not lead to HIT and iii. to provide relevant aspects for other biological functions of heparins. 
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Abstract 

Polyphosphates (polyP) are one of the most ancient, conserved and enigmatic molecules in biology. 
These ubiquitous polymers are formed by phosphate (Pi) residues. They are procoagulant, 
prothrombotic, and pro-inflammatory and interfere with innate immune mechanisms. Here we 
demonstrate that defined chain length polyP (P45; P75) form, at specific stoichiometric ratios, complexes 
with platelet factor 4 (PF4 or CXCL4). PF4 is an evolutionary conserved chemokine, released from platelet 
α-granules binding to polyanionic lipid A on bacteria. This induces an antibody mediated bacterial host 
defense mechanism, which can be misdirected when PF4 and pharmacologic heparin form 
PF4/polyanion complexes thereby inducing the adverse drug reaction heparin-induced 
thrombocytopenia (HIT). We show by circular dichroism spectroscopy and isothermal titration 
calorimetry that PF4 changes its structure upon binding to polyP chain length (≥45 Pi) in a similar way as 
shown for PF4 in PF4/heparin complexes. Consequently, PF4/polyP complexes expose neoepitopes to 
which human anti-PF4/heparin antibodies obtained from HIT-patients bind. Most importantly, we show 
that polyP (≥45 Pi) enhance binding of PF4 to E. coli, hereby facilitating bacterial opsonizat ion and, in the 
presence of human anti-PF4/polyanion antibodies, phagocytosis. This indicates a further biological role 
of polyP, i.e. enhancing an ancient bacterial immune defense mechanism. 
 
Keywords: polyphosphates, platelet factor 4, protein structural changes, entropy, antigenicity, bacteria 
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Introduction 

Inorganic polyphosphates (polyP) are ubiquitous polymers formed by phosphate (Pi) residues linked by 
phosphoanhydride bonds and one of the most ancient, conserved and enigmatic molecules in biology. 1-3  

PolyP are of particular interest in hematology because they are secreted by activated platelets4-6 or mast 
cells7 and accumulate in many infectious microorganisms.8 It has been shown that polyP are 
procoagulant,6,9,10 prothrombotic,6,11 and pro-inflammatory.6,9,10 PolyP trigger clotting via the contact 
pathway,6,11,12 accelerate factor V activation,11 enhance fibrin clot structure,13,14 and accelerate factor XI 
back-activation by thrombin.15 It has been recently shown that polyP dampen the innate immune 
response by suppressing complement, interfering therefore also with the complex relationship between 
coagulation and innate immunity.16 

PolyP are stored in platelet dense granules together with calcium, ATP, ADP, and serotonin as polymers 
with a mean chain length of 60-100 Pi. They are secreted from procoagulant platelets and initiate 
thrombosis by contact activating FXII.6 Both synthetic platelet size polyP11 and natural platelet derived 
polymers trigger coagulation in human plasma in a FXII-dependent manner.17 PolyP concentration in 
plasma ranges from 10-50 µM, but due to phosphatases, polyP are unstable and have a half-life of about 
90 min in plasma.11,13,18 Recently, it was found that polyP act as primordial chaperone stabilizing proteins 
in vivo helping them to withstand proteotoxic stress.2 

Platelet factor 4 (PF4), a chemokine of the CXCL4 family released from alpha-granules during platelet 
activation,19-21 binds to polyanionic drugs e.g. heparin22-24 and exposes an epitope recognized by anti-
PF4/heparin antibodies, leading to the prothrombotic adverse drug effect heparin-induced 
thrombocytopenia (HIT). PF4/polyanion complex formation is not restricted to sulfate groups in heparin; 
it may also occur through phosphate groups as shown for lipid A,25 DNA and RNA.26,27 

As a (potential) part of the innate immune system, PF4 binds to the surface of bacteria, and when 
undergoing a conformational change, PF4 acts as a marker for pathogens to which anti-PF4/heparin 
antibodies bind, hereby enhancing phagocytosis of the pathogens by granulocytes.28 Previously, we have 
shown that heparin increases the binding of PF4 to platelets at a certain molar ratio with binding being 
disrupted at very high heparin concentrations 29 which was also shown for bacterial surfaces.28 

More recently, we have shown that PF4 undergoes characteristic conformational changes when 
complexing with heparin, exposing the binding site for anti-PF4/heparin antibodies.30 

Here we report on the complex formation between PF4 and polyP with of defined two different mean 

chain lengths (45-, and 75-mer) and with triphosphate. We found that beside the conformational change 

of PF4 exposing approximately 40% antiparallel β-sheets, the PF4/polyP complexes cross-react with anti-

PF4/heparin antibodies and undergo favorable entropic changes. We also show that polyP (≥45 Pi) 

influence the binding capacity of PF4 to Gram-negative Escherichia coli (E. coli) and – together with anti-

PF4/polyanion antibodies – enhance bacterial phagocytosis by polymorphonuclear leukocytes in a 

concentration dependent manner. These findings may provide relevant aspects to understand the 

biological functions of polyP and give insights into their potential role as part of an ancient immune 

defense system recognizing bacteria. 
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Materials and Methods 
Materials 
Lyophilized, human platelet factor 4 (PF4) isolated from platelets was purchased from Chromatec GmbH 
(Greifswald, Germany). Sodium polyP of two different mean chain lengths (45, and 75 Pi per molecule) 
and triphosphate (P3) were obtained from BK Guilini (Ladenburg, Germany). Samples were dialyzed 
against phosphate buffered saline (PBS) with a pH of 7.4 (NaCl, KCl, KH2PO4 all purchased from Th. Geyer 
GmbH & Co KG, Renningen, Germany; Na2HPO4 from Merck KGaA, Darmstadt, Germany) in Slide-A-Lyzer 
dialysis cassettes (Thermo Scientific, 3 ml, 3500 MWCO, Schwerte, Germany).  
 
Circular dichroism (CD) spectroscopy  
Changes in the secondary structure of PF4 upon complex formation with polyP were investigated by 
Circular Dichroism (CD) spectroscopy using a Chirascan CD spectrometer (Applied Photophysics, 
Leatherhead, UK). Far-UV spectra (200-260 nm) were recorded for different molar ratios of polyP/PF4 
(c(Pi)/c(PF4)=43-350, as indicated in Figure 1) at 20°C using a 5 mm path length cuvette (110-QS, Hellma, 
Müllheim, Germany). Measurements were started with pure PF4 (2.5*10-6 M = 80 µg/ml) diluted in PBS 
buffer and polyP concentration was subsequently increased. Baseline spectra of both PBS and polyP at 
the corresponding concentrations were subtracted and resulting spectra were corrected for 
concentration, number of amino acids, and path length to obtain mean residue delta epsilon (MRDE) 
values. The moderate dilution of PF4 was taken into account for the MRDE calculation. To illustrate the 
development of the two α-helical bands at 206 nm and 222 nm, the values of these bands were 
normalized with respect to the native spectrum (set as one) and the maximum change that was observed 
(set to zero) (Figure 1). Deconvolution of the CD data was carried out using CDNN (circular dichroism 
neural network) software using a database of 33 reference proteins.31 
 
Enzyme immune assay (EIA) 

PF4/polyP EIA was conducted with three human sera of patients who were immunized during treatment 

with heparin as described with some modifications.32 To enable complex formation PF4 (6.25*10-7 M = 

20 µg/ml) was incubated (RT, 1 h) with increasing concentrations of polyP (0-1.556*10-4 Mm = 0-16 

µg/ml) or coating buffer (0.05 M NaH2PO4, 0.1% NaN3) before coating (4°C, overnight) wells of a 

microtiter plate (CovaLink, Nunc, Langenselbold, Germany) with 100 µl. Next day, plates were washed 

five times (0.15 M NaCl, 0.1% Tween 20, pH 7.5) and incubated (RT, 1 h) with 100 µl patient serum (1:300 

or 1:1000 in 0.05 M NaH2PO4, 0.15 NaCl, 7.5% goat normal serum, Sigma G6767, pH 7.5). After washing 

five times, plates were incubated (RT, 1 h) with 100 µl peroxidase-conjugated anti-human IgG (Dianova, 

Hamburg, Germany; 1:20000 in in 0.05 M NaH2PO4, 0.15 NaCl, 7.5% goat normal serum). After five times 

washing, plates were incubated (RT, 10 min, dark) with 100 µl tetramethylbenzidine (BD OptEIA TMB 

substrate, Heidelberg, Germany). The reaction was stopped with 100 µl H2SO4 and the absorbance was 

measured at 450 nm. 
 
Isothermal titration calorimetry (ITC) 
Isothermal titration calorimetry experiments were carried out at 25°C using a MicroCal iTC200 (GE 
Healthcare Life Sciences).33,34 PolyP and PF4 were prepared in PBS (pH 7.4). PF4 [1.48*10-5 M = 472 
µg/mL] was placed in the calorimeter cell and the syringe was loaded with triphosphate (P3 [1.42*10-3 M 
= 500 µg/mL]) or polyP (P45 [1.08*10-4 M = 500 µg/mL], P75 [1.00*10-4 M = 750 µg/mL]). The 
measurement was started by injecting 0.4 µl polyP, followed by 18 injections of 2 µl at 1000 RPM with 
240 seconds spacing time, low feedback, 5 seconds filtering period and the reference power to 6 
μcal/sec. Calorimetric data were fitted to a One Set of Sites model with a non-linear regression to obtain 
the enthalpy (ΔH), stoichiometry (n), and the equilibrium constant (KA) using Origin 7.0 SR4 software 
(OriginLab Cooperation, Northampton, USA). Equilibrium dissociation constants (KD) were calculated as 
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the reciprocal of KA. The Gibbs free energy change (ΔG) was calculated with the equation ΔG = -RT ln KA 
and the entropy (S) based on the relationship ΔG = ∆H-T∆S. The reported parameters are mean values of 
three independent measurements. 
 
PF4 binding to bacteria  
UV-inactivated and fluorescein (FITC) labeled25 Gram-negative Escherichia coli (E. coli JM109-FITC) were 
incubated (30 min, 4°C) with biotinylated PF4 (20 µg/ml, diluted in PBS) alone or in the presence of 
different concentrations (0-40 µg/ml) of polyP. After washing with PBS/0.05% BSA (3000 g, 5 min, 4°C), 
bacteria were incubated (30 min, 4°C) with Streptavidin-PE Cy5.5 (BD Biosciences, Heidelberg, Germany) 
and washed as before. PF4 binding to the bacteria was analyzed by flow cytometry (Cytomics FC 500, 
Beckman Coulter).  The binding activity was defined as the geometric mean fluorescence intensity 
multiplied by the percentage of labeled bacteria. 
 
Phagocytosis assay 
E. coli JM109 self-labeled with FITC25 were incubated (30 min, 4°C) with PF4 (200 µg/mL) alone or in the 
presence of different concentrations (0.8-200 µg/mL) of P75. The washed samples (3000g, 5 minutes, 
4°C) were incubated (30 min, 4°C) with human serum (1:50) of patients known to contain anti-
PF4/heparin IgG antibodies (n=3). The sera had been heat-inactivated (56°C, 45 min) and pre-adsorbed 
with E. coli JM109 (non–PF4–coated; 15 min, 4°C; 4 times). Bacteria were washed again to remove 
unbound antibodies. Finally, a whole blood phagocytosis assay was performed as described28 using 
pretreated bacteria. 
 
 

Results 
 
To investigate whether polyP induce changes in the secondary structure of PF4 we used CD 
spectroscopy. Triphosphate (P3) did not induce any changes in the CD signal of PF4 (Figure 1A), 
indicating that no alterations in the protein structure occurred. In contrast, PF4 showed pronounced 
structural changes when titrated with P45 (Figure 1B) and P75 (Figure 1C), respectively.  
The maximum changes observed in the CD signal were comparable and reached at similar concentrations 
(8 µg/mL = 1.7*10-6 M for P45 and 6 µg/mL = 8.0*10-7 M for P75). Absolute values of these two bands are 
proportional to the presence of α-helix content in the protein.35,36  
In the bottom panels of Figure 1, the development of the bands normalized with respect to the 
maximum changes and the native spectrum are shown. The two bands shift to lower values during the 
titration having a minimum at a certain molar ratio, indicating the point of maximum structural changes.  

Deconvolution of the CD data confirmed a drop in α-helix in combination with a decrease in β-turn 

content (Figure S1). The decrease in both α-helix and in β-turn was balanced by a pronounced increase in 

antiparallel β-sheet exceeding 40% (Figure S1). The maximum structural changes are similar for PF4 in 

complex with P45 and P75 (an increase of ~15% in antiparallel β-sheet content), Figure 2B. The 

deconvolution of the CD data for the PF4/P3 complexes suggested no structural changes at any molar 

ratio (Figure 2B and Figure S1). 
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Figure 1: CD spectra of various c(Pi)/c(PF4) molar ratios are shown, where c(Pi) and c(PF4) are the molar 

concentrations of phosphate monomers (Pi) and the PF4 tetramer, respectively. PF4 [2.5 µM = 80 µg/ml, 

was titrated with triphosphate P3 (A) and polyP P45 (B) and P75 (C), respectively. The top panels show 

the structural changes in the protein toward a maximum at a certain PF4:polyP ratio, except for P3 

where no changes were observed. The bottom panels show the nor¬ma¬lized development of the two α-

helix bands, indicated as band 1 and band 2 in the upper panel in Figure 1A.  

 

Antibody binding to PF4/polyP complexes and correlation with structural changes of PF4 
We further addressed the question whether the PF4/polyP complexes can mimic the PF4/heparin 
complexes by carrying out enzyme immunoassays (EIA) with sera of patients known to contain anti-
PF4/heparin antibodies (Figure 2A).  

Previously, it was shown that binding of the antibodies to PF4/heparin complexes depends on the molar 

ratio of the protein and the glycosaminoglycan.32 We therefore, formed complexes of PF4 with 

increasing concentrations of polyP and assessed whether anti-PF4/heparin antibodies obtained from 

patients who developed these antibodies during treatment with heparin, cross-react with PF4/polyP 

complexes. No antibody binding was observed for the PF4/P3 complexes at any molar ratio (Figure 2A,  

). In contrast, the anti-PF4/heparin antibodies recognized PF4 in complex with P45 and P75 (Figure 2A, 

 and ). Only slight differences in structural changes of PF4 in complex with P45 and P75 were 

observed by CD spectroscopy (Figure 2B), and in binding anti-PF4/heparin antibodies to both complexes, 

PF4/P75 and PF4/P45 as determined by EIA. This shows that both P45 and P75 induce conformational 

changes in PF4 thereby exposing the binding site for anti-PF4/heparin antibodies. However, the 

PF4/polyP molar ratio where the maximum antibody binding occurs, differs for P45 (Pi/PF4=~27) and P75 

(Pi/PF4=48). In addition, the maximum optical density at 450 nm for binding of anti-PF4/heparin IgG 

antibodies to the PF4/P75 complexes (OD 2.6) was higher than for the PF4/P45 complexes (OD 1.5).  
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Figure 2: A – binding of three different sera containing anti-PF4/heparin antibodies to PF4/polyP 

complexes was assessed by enzyme immune assay (EIA) after coating of microtiter plates with various 

molar ratios of PF4 in complex with the triphosphate P3 ( ) or with P45 ( ) or P75 ( ); B - 

conformational changes of PF4 in complex with P3 ( ); P45 ( ); or P75 ( ) represented by antiparallel β-

sheet content found by deconvolution of the CD data. For PF4/P3 complexes neither a change in 

antiparallel β-sheet, nor any antibody binding was observed over the whole concentration range. PF4 in 

complex with P45 or P75 showed an increase in antiparallel β-sheet up to approx. 40%. The change in OD 

at 450 nm reaches 1.50 ± 0.19 at a P45i/PF4 ratio of ~27 and of 2.58±0.25at a P75i/PF4 ratio of 48. The 

error bars represent the standard deviation of three independent CD measurements.  

 
 
Thermodynamic characterization of PF4/polyP complexes 
We further assessed the energetic characteristics of the PF4/polyP binding interactions using isothermal 
titration calori¬metry (ITC) (Figure S2). The thermodynamic parameters are provided in Table 1.  
P45 and P75 polyP in complex with PF4 showed characteris¬tic negative peaks, indicating an exothermic 
reaction (top panels in Figure S2B and Figure S2C). With the progression of titration, peaks become 
smaller suggesting saturation of the available binding sites on PF4. The area under the peaks was 
integrated to obtain the characteristic s-shaped curve (bottom panels in Figure S2B and Figure S2C).  

The titration of PF4 with P3 did not indicate interaction within the tested concentrations (0 – 2.83.0*10-5 

M = 10 µg/mL) and no thermodynamic parameters could be defined (n.d.). As expected from CD 

spectroscopy and EIA data, PF4 and polyP formed spontaneously complexes as indicated by negative 

values of the Gibbs free energy of binding (ΔG) calculated for P45 and P75 (Table 1 and Figure S3). The 

ΔG shows similar values (when calculated to a mole of polyP contributing to the reaction) for PF4/P45 

and PF4/P75 complexes, respectively. The profile consisting of ΔG, enthalpy (ΔH), and entropy (-TΔS) is 

different for the complex formation of PF4 with P45 and P75, respectively, (Table 1, Figure S3). PF4/P75 

complex showed larger heat release (enthalpy change, ΔH =-7.06±0.33 kcal/mol) than PF4/P45 complex 

(ΔH =-4.07±0.49 kcal/mol), Table 1. This is consistent with the findings that anti-PF4/heparin antibodies 

bound differently to the two complexes as shown above. 
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Table 1: Thermodynamic parameters for the interaction of PF4 with P3, P45 and P75.  

Complex 

Enthalpy, 

∆Ha 

[kcal/mol]  

Enthalpy, 

∆Hb 

[kcal/mol]  

Dissociation 

constantb 

[M] 

Stoichio-

metry 

[polyP/PF4] 

Gibbs Free 

Energy, ∆Gb 

[kcal/mol] 

Entropy,  

-T∆S*b 

[kcal/mol] 

PF4/P3 n.d. n.d. n.d. n.d. n.d. n.d. 

PF4/P45 -8.21±2.31 -4.07±0.49 1.7*10-7±6.7*10-8 0.51±0.10 -9.25±0.22 1.04±2.47 

PF4/P75 -16.6±0.46 -7.06±0.33 8.4*10-7±1.4*10-7 0.43±0.01 -8.28±0.09 -8.36±0.55 

Note: Change in enthalpy (∆H) calculated: a) per mole of polyP chain or b) per mole of PF4 tetramer.  
 
The calculated -T∆S per mole of PF4 was negative for the PF4/P75 (-8.36±0.55 kcal/mol/K) , indicating 
that formation of PF4/P75 complexes is associated with favorable conformational changes and/or 
hydrophobic interactions. For PF4/P45 complexes, the change in entropy is close to zero (1.04±2.47 
kcal/mol per mole of polyP chain).  
The dissociation constant of PF4 to P45 (KD=1.7*10-8 M) was found to be higher compared with the one 
of PF4 to P75 (KD=8.4*10-7 M) indicating lower affinity for the latter. The stoichiometry calculated for the 
PF4/P45 complex was 0.51±0.1 P45/PF4) compared to 0.43±0.01 P75/PF4), meaning that 2.36 PF4 bind 
per P75 molecule or 1.99 PF4 bind per P45 molecule. Therefore, ITC and CD spectroscopy show a similar 
stoichiometry: for P75, 31 Pi monomers bind to one PF4 compared to 48 from CD-spectroscopy. Fewer Pi 
monomers of P45 bind to one PF4: 23 or 24, respectively. 
 
Binding of PF4 to bacteria in the presence of polyP 

To investigate the influence of polyP on the binding of PF4 to bacterial surfaces, we used the well-

characterized laboratory strain Escherichia coli (E. coli JM109). Bacteria were incubated with PF4 (20 

µg/mL) and increasing concentrations of polyP (0-40 µg/mL) to obtain different PF4:polyP ratios. Flow 

cytometry measurements revealed the amount of PF4 bound to the bacterial surface as a function of 

polyP concentration. The short triphosphate P3 did not change the amount of PF4 bound to bacteria 

over a concentration range from 0 - 40 µg/mL. (Figure 3, ) In contrast polyP (P45 and P75) increased the 

amount of PF4 bound to the bacterial surface of E. coli (Figure 3,  and  ). At higher concentrations P45 

and P75 decreased PF4 binding. 
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Figure 3: Binding of PF4 to E. coli as a function of polyP concentration (P3 , P45 , and P75 ) is 

shown. PF4 was incubated with bacteria and increasing concentrations of polyP and PF4 binding to 

bacteria was measured by flow cytometry. P45 and P75 increased PF4 binding to bacteria with a 

maximum at 1.25 µg/mL. At higher concentrations (>10 µg/ml) both, P45 and P75 inhibited PF4 binding 

to the bacterial surface. No significant changes could be observed for the triphosphate P3. (Significance 

levels: */+ - p<0.05, **/++ - p<0.01) 

 

Phagocytosis of PF4/P75-coated E. coli incubated with anti-PF4/heparin antibodies by 
polymorphonuclear leukocytes  
After showing that polyP can increase PF4 binding to bacteria, we analyzed whether polyP can also 

increase anti-PF4/heparin antibody-mediated bacterial phagocytosis by polymorphonuclear leukocytes 

(PMNs). Phagocytosis of E. coli increased by incubation with PF4 and anti-PF4/heparin antibody 

containing serum (Figure 4). Depending on the P75 concentration, the number of internalized bacteria 

increased with a maximum at 12.5 µg/mL and was inhibited at concentration higher than 50 µg/ml.  

 
Figure 4: Phagocytosis of E. coli pretreated with PF4 or PF4/P75 complexes and anti-PF4/heparin 

antibody containing serum by polymorphonuclear leukocytes (PMNs) measured by flow cytometry. The 

figure shows the mean fluorescence intensity (MFI) multiplied by the percentage of FITC-positive PMNs 

as a measure for bacterial phagocytosis. Data are mean ± SD of three independent experiments with 

three different sera and three different blood donors. (Significance levels: * p<0.05) 

Discussion 
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The main finding of this study is that polyP interact with the chemokine PF4, inducing a conformational 

change in PF4, which augments binding of anti-PF4/polyanion antibodies to PF4/polyP complexes on the 

bacterial surface. This identifies a new mechanism by which polyP contribute to an immune-mediated 

bacterial defense mechanism.28 

As we were interested in the role of platelet derived polyP, which contain polyP in the size range of 70-

75 Pi
4 or 60-100 Pi

6,11 we selected polyP of 75-mer length for the primary experiment and a polyP 45-mer 

as well as a triphosphate to assess a potential impact of degradation of polyP by phosphatases. In 

accordance with previous data, which we obtained with carbohydrate based polyanions, 24,30 and with 

nucleic acids,26 only the longer polyP induced an increase in the antiparallel β-sheets exceeding 40% in 

the PF4 structure (45- and 75-mer polyP) and led to PF4/polyP complexes to which anti-PF4/heparin 

antibodies bound. Triphosphate (P3) was not able to induce conformational changes in the structure of 

PF4 and consistently, did not augment binding of anti-PF4/heparin antibodies. The short P3 did not even 

induce any signal in ITC when co-incubated with PF4. This shows that the changes in PF4 are not caused 

by addition of negative charges only but that the polyanion has to have a certain length. For 

polysaccharides, the critical length to induce conformational changes in PF4, which result in expression 

of the epitopes to which anti-PF4/heparin antibodies bind, is at about 10-12 carbohydrate units. For 

polyphosphates the critical length is between the triphosphate and the 45-mer. As released polyP is 

degraded (half-life of 1.5 to 2 hours),37,38 it was an interesting question, whether such smaller polyP 

molecules interfere with the positive charges on PF4, potentially acting as inhibitors of the interaction of 

longer polyP with PF4. This is obviously not the case for P45.  

Polyphosphates increase PF4 binding to bacteria in a bell shaped curve (Figure 3). PF4 binds to lipid A, 

the basic structure of LPS on Gram negative bacteria even in the absence of polyP.25 Addition of polyP 

increases binding of PF4 up to a concentration of 1.25 µg/ml. At higher concentrations of polyP, PF4 

binding decreases to the baseline and at concentrations above 5 µg/mL, PF4 binding decreases below 

the baseline value. The explanation for this effect, which is similar to the one seen with sulfated 

carbohydrates and PF4 binding to platelets29 and E. coli,25 is the formation of complexes between polyP 

and PF4 at a certain stoichiometry. At higher concentrations, polyP saturates the positive PF4 binding 

sites, thereby inhibiting complex formation. At very high concentrations, polyP even competes with PF4 

binding to lipid A, thereby decreasing PF4 binding to E.coli below the baseline values. Bacteria  contain 

polyP39 and release of polyP from bacteria might be a mechanism to counteract PF4 binding. 

However, the optimal concentrations for PF4 binding to bacteria in vivo depend on both, the amount of 

PF4 and the amount of polyP, which may vary considerably depending on how many platelets are 

activated and release PF4. 

Recently, Gray et al.2 reported that polyP (45-1300 Pi units) stabilize proteins in vivo and protect a wide 

variety of proteins against stress-induced unfolding and aggregation in an ATP-independent manner. Our 

data obtained by CD spectroscopy and ITC clearly show that polyP also stabilize the conformation of PF4 

which is important for bacterial host defense28 in an ATP independent manner. This allows enhanced 

binding of anti-PF4/polyanion antibodies and increases phagocytosis of such opsonized pathogens by 

PMNs.  

This let us to propose that polyP amplifies the host defense mechanism of PF4, which we have recently 

proposed after showing that PF4 binds to bacteria, forming complexes to which anti-PF4/heparin 

antibodies bind (Figure 5).  



6. Appended papers 
6.4 Paper IV: PF4/polyP 

 

 
 

120 

 
Figure 5: Schematic representation of the mechanism of how polyP mediate antibacterial host defense. 

Activated platelets release positively charged PF4 interacting with polyP at the bacterial surface. This 

generates antigenic PF4 clusters which initiate antibody production by B-cells. These antibodies can bind 

to all bacterial species which form PF4 clusters on their surface which facilitates phagocytosis.  

 

As shown before, bacteria activate platelets by direct or indirect interaction. 38 This results in release of 

alpha granules which store PF4. PF4 then binds to lipid A (which consists of phosphate groups and 

glucosamine units) on the surface of Gram negative bacteria. This mechanism is now enhanced by polyP. 

Upon stronger platelet activation, not only alpha granules but also dense granules which store polyP are 

released. The polyP bind to PF4 and thereby enhance formation of multimolecular PF4/polyP complexes. 

This not only exposes additional binding sites for anti-PF4/polyanion antibodies, it makes PF4/polyP 

complexes also more accessible to anti-PF4/polyanion antibodies. PF4/polyanion complexes can reach a 

size >200 nm40 in a linear form and a diameter of about 30 nm when they reach a globular form.30,41 The 

primary binding site of PF4 on Gram negative bacteria is lipid A,25 the basic structure of LPS. The core 

structure of LPS has a height of 3.2 nm42 to which the O-antigen polysaccharide is attached, which is 

highly variable but may reach a length of 37 nm.43 Thus IgG 1 antibodies, which have a height of ~8.5 

nm,44 bound to PF4 on lipid A may not extend their Fc part beyond the LPS cover impeding their 

recognition by Fc-receptors of leukocytes, while the Fc parts of antibodies bound to the larger PF4/polyP 

complexes are sterically completely free and can thereby better bind to Fc-receptors on granulocytes 

and macrophages.  

We have observed in the EIA experiments, that anti-PF4/heparin antibodies gave a higher OD when 

PF4/P75 complexes were coated as compared to when PF4/P45 complexeswere coated. A simple 

explanation for this might be that PF4/P75 complexes are larger and thereby allow more anti-

PF4/heparin antibodies to bind than on the smaller PF4/P45 complexes. On the other hand, P75 did not 

enhance PF4 binding to bacteria more than P45. As platelet stored polyP are at least in the size range of 

P75 or longer, this in vitro difference between P45 and P75 observed in the EIA, likely has no major 

biological relevance. 

In this regard, the well-established observation that patients whose platelets cannot store polyP due to a 

hereditary defect in platelet dense granule formation, typically suffer from colitis45-47 raises two potential 
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implications by which polyP may contribute to colitis. The first is disturbance of bacterial defense in the 

altered tissue of the colon which allows bacteria to invade, the other, however, is accumulation of 

PF4/polyP complexes in the tissue allowing activation of leukocytes, either directly or as immune-

complexes when anti-PF4/heparin antibodies have bound. 

In summary, our study provides a potential new biological function of polyP, i.e. augmentation of an 

immune mediated bacterial host defense mechanism. We show that polyP chain length influences the 

conformational changes induced in PF4 with polyP between 45- and 75-mers induce above 40% 

antiparallel β-sheets in PF4 and thereby, expose the binding site for anti-PF4/polyanion antibodies. We 

also show that polyP chain length influence the binding of PF4 to bacteria and its disruption from the 

bacterial surface. These findings may provide relevant aspects to understand the biological functions of 

polyP and give insights in their role as cofactor in an ancient immune system recognizing bacteria. 
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