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Short Introduction 

The Ca2+-binding S100 protein family 

The members of the S100 family are small, dimeric, EF-hand Ca2+-binding 

proteins (1,2). They have high structural similarities, which is characterized by four α-

helices and their interconnections forming the canonical and „pseudo” EF hand motifs 

(3). The initially closed S100 conformation changes upon Ca2+-binding, which than 

allows the interaction with partner molecules. 

They have important pathological roles in tumor formation, metastasis and 

chronic inflammations like rheumatoid arthritis (2,4). It was found that elevated 

expression level of S100A4 is usually correlating with the formation of high risk 

metastatic tumors (5,6). In several studies it was shown that the pathological functions 

of S100A4 are connected to its interactions with non muscle myosin 2A (NM2A) (7,8), 

annexin A2 (ANXA2) (9,10) and p53 (11). 

Non muscle myosin 2, the most investigated S100A4 partner   

 Members of the myosin superfamily are motor proteins which use the energy 

of ATP to generate force. In vertebrates there are three known NM2 paralogs: NM2A, 

NM2B and NM2C (12-14). NM2 paralogs display 64-80 % sequence identity but they 

differ in ATPase kinetics, motility rates (15,16), intercellular localization (17,18) and 

they perform distinctive and overlapping cellular functions  (19,20). NM2 paralogs can 

assemble to form functional filaments in cells. The primary regulatory step of this self-

assembly is the phosphorylation of the regulatory light chain (RLC). 

 Phosphorylation by casein kinase 2 (CK2), protein kinase C (PKC) and 

transient receptor potential melastatin 7 (TRPM7) in or near the tailpiece (21-25) and 

binding of partner proteins like S100A4 (7,8,26-28), lethal giant larvae (Lgl1) protein 

(29,30) and S100P (31) to the C-terminus of NM2 were shown to further regulate 

filament assembly/disassembly.  
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It has been recently demonstrated that NM2A and NM2B can form heterotypic 

filaments in vivo (32-34). However the effect of S100A4 and C-terminal 

phosphorylation on mixed filaments was not investigated. The question therefore 

remains as to whether the equilibrium between heterofilaments and homofilaments can 

be selectively shifted either by S100A4 binding or C-terminal phosphorylation, 

representing a novel secondary sorting mechanism of non-muscle myosins. 

Annexin A2, an additional S100A4 partner 

 Annexin A2 (ANXA2) is a member of the non-EF-hand Ca2+-binding protein 

family of annexins. It has a versatile role in membrane-associated functions including 

membrane repair and aggregation, endo- and exocytosis. The protein consists of a C-

terminal domain (CTD) containing the Ca2+-binding sites (important for membrane 

binding) on its convex side. N-terminally a short linear sequence is located (NTD) which 

interacts with the CTD causing its highly conserved localization. ANXA2 functions are 

known to be regulated by post-translational modifications and protein-protein 

interactions occurring in the NTD. Several different topological models have been 

proposed to explain ANXA2-mediated membrane aggregation (PMID:(35-37). 

However, without the knowledge of any 3D structures for phosphorylated ANXA2, the 

mechanism of phosphorylation-mediated regulation remains unclear. 

Objectives 

 Over my doctoral years I studied the S100 family, mainly S100A4. The 

following research questions and objectives were formulated: 

 My aim was to examine the phosphorylated NM2 paralogs and ANXA2 to 

investigate the effect of this modification. Other groups have also carried out 

similar studies, but in case of myosins the literature contains contradictions, which 

may be due to the fact that previous model systems have a filament-forming ability 

other than the full-length proteins. In addition, similarly to the phosphorylation of 
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ANXA2, the mechanism of NM2 phosphorylation is also unknown, due to the lack 

of structural works in this field. 

 Based on previous results found by our group examining S100A4-NM2A 

interaction, I produced all members of the S100 protein family to study the effects 

of all S100s on myosin filaments. It was shown that S100P is able to destabilize 

NM2A filaments, but systematical investigations were not performed. In addition, 

I aimed to examine how selective those interactions are in case of NM2A and 

NM2B. 

 One of my main goals was to map the selective regulation of C-terminal 

phosphorylation and S100A4 binding on heterofilaments formed by NM2A and 

NM2B to study the possibility of a sorting mechanism in cell. 

 My further objective was to examine the binding of S100A4 to ANXA2 in parallel 

with the long-known S100A10 - ANXA2 interaction. Solving the structure of 

S100A4 – ANXA2 complex was one of the most prominent elements of my 

doctoral work. Thereby knowing the stoichiometry of the complex could help us 

to decide if the asymmetric interaction found in case of NM2A – S100A4 is unique 

or more general in the S100 family. 

 I studied the effects of S100 proteins together with C-terminal phosphorylation 

events on the stability of myosin filaments in order to compare the two types of 

regulation mechanism and to find out if there is any crossregulation between them. 

 Finally, I examined the effects of S100A4 and S100A10 on NTD phosphorylated 

ANXA2. Using these results, my ultimate objective was to suggest a model 

including events affecting ANXA2 membrane aggregating ability and their 

mechanism. 

Applied Methods 

Protein constructs were mostly produced by heterologous expression in bacterial 

systems. Some of them were also phosphorylated in vitro with kinases also produced in 

bacterial systems. Protein-protein interactions were studied using biochemical methods 



5 
 

such as fluorescence polarization (FP), isothermal titrational calorimetry (ITC), TIRF 

microscopy, and filament disassembly assay. Structural information were obtained by 

protein crystallography, NMR, small angle X-ray scattering (SAXS), electron 

microscopy (EM) and molecular dynamics (MD) simulation. 

Theses and discussion 

 A fluorescent protein was fused N-terminally to the coiled coil region of NM2A 

and NM2B. These constructs, similarly to full length myosins, form bipolar 

filaments under physiological conditions. This is important, because the filament-

forming properties of myosin fragments used in previous in vitro studies are 

different and those form only regular aggregates, called paracrystals1. 

 The stability of NM2B filaments is more sensitive to C-terminal phosphorylation 

compared to NM2A. These phosphorylation events have synergistically negative 

effects on filament formation (dimmer). We suggest that the more sites are 

phosphorylated at the tail, the C-terminus becomes more negatively charged, 

shifting filaments toward disassembly by intermolecular repulsions1. 

 Structural studies show that the stability of ANXA2 and the flexibility of NTD are 

regulated by NTD phosphorylataion acting as a molecular switch. The 

modification of Tyr24 keeps ANXA2 in a more stable "closed" conformation and 

acts as an anchor to clamp the NTD to the CTD through a novel ionic interaction. 

The effect of Ser26 phosphorylation is contrary since NTD detaches from CTD after 

this modification shifting ANXA2 structure towards a less stable "open" 

conformation2. 

 The phosphorylation of Tyr24 almost completely inhibits membrane aggregation 

ability of ANXA2. The novel anchoring point that fixes the NTD to the CTD does 

not loosen after membrane binding inhibiting the association of two ANXA2 

molecules via their concave sides. The phosphorylation of Ser26 only partially 

inhibits this function. Knowing the structure of this variant, it is probable that Ser26 

phosphorylation introduces a novel autoinhibited conformation2. 
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 In contrast to phosphorylation events, S100 proteins are selectively capable of 

disassembling NM2A filaments, while they affect NM2B filaments two orders of 

magnitude weaker. In addition to the known S100A4 interaction, S100A1, 

S100A2, S100A6, S100B and S100P also bind to NM2A with high affinity. Based 

on these results, it would be advisable to monitor not only one member of the 

family as a biomarker during metastasis or other chronic S100 related diseases, but 

specific collections of them1. 

 S100 interaction and C-terminal phosphorylation can selectively disassemble 

NM2A and NM2B formed heterofilaments in vitro. If these regulatory events also 

occur inside of the cell, they represent an unexplored level of non-muscle myosin 

regulation1. 

 The ANXA2 - S100A10 and ANXA2 - S100A4 interactions have different 

affinities and stoichiometry. The solved ANXA2 - S100A4 complex structure 

shows that the asymmetric interaction found in case of NM2A - S100A4 can be 

more general within the S100 family2. 

 C-terminal phosphorylation of NM2 paralogs does not affect the binding abilities 

of S100 proteins1.  

 The inhibition of ANXA2 membrane aggregation function caused by Tyr24 

phosphorylation can be eliminated by S100A4 and S100A10 binding, but with 

different mechanisms due to their different binding modes2. 

Publications used to establish theses 

1 Paralog selective regulation of non-muscle myosin 2 filaments by S100 protein binding and C-

terminal phosphorylation  

Péter Ecsédi, Neil Billington, Gyula Pálfy, Gergő Gógl, Bence Kiss, Éva Bulyáki, Andrea Bodor, James 

R.Sellers and László Nyitray, Structure, 2017. 25 (8): p. 1195-1207. e5 

2 Regulation of the equilibrium between closed and open conformations of annexin A2 by N-terminal 

phosphorylation and S100A4-binding 

Péter Ecsédi, Bence Kiss, Gergő Gógl, László Radnai, László Buday, Kitti Koprivanacz, Károly Liliom, 

Ibolya Leveles, Beáta Vértessy, Norbert Jeszenői, Csaba Hetényi, Gitta Schlosser, Gergely Katona and 

László Nyitray, JBC/2018/004277 
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