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1. The studied biological systems 

S100A4 is a medium size Ca2+-binding homodimer protein. Its one monomer consists of a 

canonical and a pseudo EF-hand motif connected together by a flexible “hinge” region. Increased 

level of S100A4 induces metastasis of tumor cells, therefore it plays important role in tumor 

metastasis in addition to other diseases.1 Its metastatic property is thought to be risen from its 

complex formation with nonmuscle-myosin IIA, a member of the cell skeleton. Although the 

structure of this complex is well-known but the dynamical properties have not been examined up 

to now, which can contribute to understanding the increased Ca2+ affinity, change in dimer 

stability and the unusually large affinity of the complex (Kd ≈ 0.1 nM). Ezrin is also a metastatic 

protein, which is able to interact with another S100 family member, S100P. Therefore it can be 

assumed to form a complex with S100A4 as well, thus we investigated the existence of this 

interaction. Another protein, p53 is a well-known tumorsupressor which consists of five different 

domains. The unstructured N-terminal TAD domain was proved to interact with S100A4 too, 

however the structure and dynamics of this complex were unknown, which can be interesting 

due to the disorder–to–order transition of the p53TAD. Regulation of the nonmuscle-myosin IIA 

and IIB (NMIIA and NMIIB) filament assembly and disassembly is also crucial in metastasis 

progression. Besides the protein-protein interactions phosphorylation by casein kinase 2 (CK2) 

and other kinases play important role in this regulation mechanism. In the literature it was 

previously presumed that the C-terminal domain of NMIIA tends to lean back onto the coiled 

coil region after a single-site phosphorylation contributing to the filament disassembly.2 However 

this presumption remained in doubt due to the lack of comprehensive examination in atomic 

level. Characterization of the coiled coil stability is also important in understanding the filament 

assembly mechanism thoroughly, which is limited by NMR spectroscopy due to the broadening 

of the signal resonances though.3,4 This phenomenon results in the coiled coil region to be 

undetected and challenging to examine in NMR but its origin has not been investigated so far.  

 

  

                                                 

1 Bresnick AR et al. (2015), Nat. Rev. Cancer 15(2), 96–109. 
2 Dulyaninova NG et al. (2013) Bioarchitecture, 3(4), 77–85. 
3 Badyal SK et al. (2011) J. Mol. Biol. 405(4), 1004–1026. 
4 Ishigaki T et al. (2007) J. Biochem. 141(6), 855–866. 

The structure of the Ca2+-bound 

S100A4 dimer in complex with NMIIA 
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2. Aims 

In the first part of my doctoral thesis I investigated the structure and dynamics of the S100A4 

complexes with NMIIA, ezrin and p53. 

I examined particularly the backbone dynamics of both interacting partners in  

S100A4-NMIIA complex utilizing a 45-residue-long model peptide (MPT) representing the 

binding region as known in the literature. Analysis of the MPT-binding induced changes was 

used to explain the high affinity of the complex, to understand the mechanism of the complex 

formation and the elevated Ca2+-affinity of S100A4. 

The next objective was to ascertain whether the two main domains of ezrin, N-ERMAD and 

C-ERMAD can bind to S100A4 or not, and if yes, how can the complex formation affect the 

structure of S100A4. If both domains can bind, could a ternary complex also be formed or do 

they act only separately on S100A4? 

 In the third case I investigated the interaction of the intrinsically disordered p53TAD 

domain with S100A4 in terms of the structural changes of S100A4 and dynamical changes of 

p53TAD. 

In the second part of my thesis work, I examined the CK2 induced phosphorylation of the 

disordered C-terminal tail of NMIIA and NMIIB proteins using appropriate fragments. After 

determination of the significant phosphorylation sites, I studied the effects of the phosphorylation 

on the structure and dynamics. The main goal was to decide whether the C-terminal 

phosphorylation could induce such a large intramolecular structural change which can be 

responsible for the myosin filament disassembly caused by this phosphorylation.   

Finally, I investigated the structure and dynamics of the NMIIA coiled coil region that can 

also play important role in filament disassembly mechanism. The main questions were the 

following: what is the mechanism for the unzipping of the coiled coil structure, what can be the 

reason for the broadening of its NMR signals and how can the studied structural and dynamical 

properties affect the stability of the coiled coil and eventually the entire filaments?  
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3.  NMR spectroscopy and supplementary methods 

NMR spectroscopy has become one of the most important methods in structural 

biochemistry, mostly when investigating small and medium size proteins to obtain information 

in atomic level. It is especially powerful in dynamics studies since the molecular motions can be 

detected in nearly 15 orders of magnitude using different NMR techniques.   

After the assignment of NMR signals of protein sample, which is mostly isotope-labelled, 

numerous structural and dynamical data can be gained without direct structure calculation. 

Secondary structure propensity, prediction of the flexibility, interaction surface of the protein-

protein or protein-small molecule complex, the binding consant as well as the temperature 

changes induced structural alterations can all be determined by the analysis of chemical shifts. 

The global and local motions of the studied protein can be characterized in ps-ns time scale using 

backbone dynamics measurements. Two main approaches can be used for the analysis:  

(1) reduced spectral density mapping5 based on several approximations is beneficial for both 

structured and intrinsically disordered proteins, while (2) Lipari-Szabó modelfree formalism6  

can be used only for globular proteins with well-defined structure resulting more detailed and 

more accurate data. The translational diffusion coefficients can also be determined by a specific 

NMR technique (PFG-NMR) that allows to estimate hydrodynamic radius, and the measured 

average size refers to the aggregation properties.  

 During my research work I utilized electronic circular dicroism (ECD) spectroscopy besides 

NMR spectroscopy. It is exceedingly useful to obtain information on the ratios of the several 

secondary structure elements and the extent of protein folding in short time without isotope-

labelling and using small amount of samples. Temperature dependent ECD spectra are 

outstandingly useful to examine protein folding and unfolding. 

The measureuments were performed at Eötvös Loránd University, Budapest on a Bruker 

Avance III 700 MHz NMR spectrometer and a JASCO J-810 ECD spectrometer. 

  

                                                 

5 Farrow NA et al. (1995) J. Biomol. NMR 6(2), 153–162. 

6 Lipari G & Szabó A (1982) J. Am. Chem. Soc. 104(17), 4546–4559. és 4559–4570. 
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4. Results 

1. No significant alterations were found in the global structure and dynamics of the 

asymmetric “hugging” complex of the S100A4 dimer and NMIIA. However, the local 

changes in dynamics of the EF hands could explain the elevated Ca2+ affinity of S100A4. 

The flexibility of the Ca2+ binding EF2 hands residues is significantly reduced in chain A, and 

that of the Ca2+ binding EF1 hands residues in chain B is gently increased. This finding well 

coincides with B factor tendency of X-ray structures and implies to a multilevel dynamics 

system. This can be interpreted by the “target binding and functional folding” model. 

2. The slow timescale motions of H1 helices involved in the dimer interface are restricted 

upon complex formation, which is an allosteric effect and might be accompanied by an 

increase in dimer stability. 

The global dynamics of S100A4 does not change upon complex formation according to 

Lipari-Szabó modelfree analysis (S2 values are similar in both free and bound form), however 

Rex parameters are absent in H1 helices in the complex in contrast to the free form. 

 

 

 

3. The NMIIA fragment (MPT) undergoes disorder–to–order transition upon complex 

formation, yet in free form it is intrinsically disordered with inherent helicity, which 

might contribute to the unusually high affinity of the complex due to changes in entropy. 

 

 

black: free S100A4, empty: complex chain A, gray: complex chain B 

Residues Residues 

Residues Residues 

S100A4Δ13-MPT S100A4Δ13 
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4. Examination of the interaction between S100A4 dimer and the two main ezrin domains, 

C-ERMAD and N-ERMAD revealed that C-ERMAD binds to the conventional 

hydrophobic cleft in S100A4 in an asymmetric manner and allosteric changes in H1 

helices were shown as well. 

 

 

5. No ternary complex between the three proteins forms, therefore S100A4 interacts with 

the two ezrin domains separately. 

This finding was evidenced by 1H,15N-HSQC spectra and translational diffusion NMR 

measurements. Although the hypothetic ternary complex could not be detected at all due to 

its large size, a number of signals were found in the HSQC spectrum of the mixture of the 

three molecules (S100A4, C-ERMAD and N-ERMAD). The translational diffusion constant 

of this mixture was significantly larger (meaning less size) than expected in case of a ternary 

complex. 

6. The p53TAD domain binds to the ordinary hydrophobic pockets of the S100A4 dimer in 

an asymmetric manner as seen before. NMR signals of S100A4 dimer could be found in 

various exchange regimes. 

Presence of fast, intermediate and slow time scale exchange in the HSQC spectrum refers to 

complicated motions in the complex. This variability is manifested in signal broadening, peak 

doubling or simply chemical shift change of a single peak. Chemical shifts of H1 helices were 

perturbed in a greater manner than the average, which is an allosteric effect again. 

 

 

free S100A4 and S100A4-C-ERMAD complex  

free S100A4 → S100A4-p53TAD complex  

Residues 
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7. Backbone dynamics studies of the p53TAD in free and bound forms revealed its  

disorder–to–order transition and the remaining flexibility of several regions in the 

bound form. This can be characterized by very complicated and complex motions, which 

is an important evidence for being a fuzzy complex. 

Reduced spectral density mapping analysis for both the free and the bound form of p53TAD 

showed the evidence for disorder–to–order transition, and it revealed some regions with 

remaining flexibility in the bound form too. In the complex form four different clusters could 

be distinguished according to the mobility properties. 

 

 

8. No significant structural and dynamical changes were detected in case of NMIIA heavy 

chain phosphorylation by CK2 kinase, which occurs at only a single site, therefore  

C-terminus cannot fold back as hypothesized before. Instead, only a slight increase in 

coiled coil rigidity and β-sheet propensity of the disordered tail were shown. 

Studying the effects of heavy chain phosphorylation of NMIIA modelling fragment, M111A 

(NMIIA1850-1960) on thermal stability, aggregation tendency, structure and backbone dynamics 

by ECD and NMR spectroscopy demonstrated that there is no intramolecular interaction 

between the two regions of the phosphorylated fragment. 

 
9. Aggregation tendency of NMIIB was reduced upon phosphorylation, which occurs at 

two main sites. 

Phosphorylation sites (S1943 in case of NMIIA, S1956 and S1975 in case of NMIIB) were 

determined by mass spectrometry method following a tryptic cleavage as well as assigned 

1H,15N-HQC spectra. Ratio of Mmeasured / Mtherotical were halved in case of NMIIB modelling 

peptide (NMIIA1850-1923–NMIIB1931-1960 chimera peptide) according to aggregation studies by 

translational diffusion NMR spectroscopy. 

M111A and M111A-P 
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10. Unzipping of the NMIIA coiled coil fragments begins from the N-terminus and occurs 

progressively towards the C-terminus and not as an continually changing equilibrium of 

completely folded coiled coil and disordered form as revealed from studying the  

C-terminal end of the NMIIA coiled coil region by three fragments with different length. 

This phenomenon could be demonstrated by 1H,15N-HQC spectra: the N-terminal region with 

loosened structure has sharp NMR signals with low full width at half maximum. Furthermore, 

M36A (NMIIA1850-1885) is not able to form coiled coil structure at all, which is the shortest 

among the studied fragments, while other peptide fragments with the same size could form 

coiled coil as shown in the literature.7 

11. The reason for the known coiled coil NMR peak broadening was shown to be the slower 

global tumbling causing an elevated global rotational correlation time of these rod-like 

structures compared to the spherical shaped molecules with similar size. 

This finding was evidenced by the increase in transverse relaxation rates (R2) and the decrease 

in longitudinal relaxation rates (R1) in the adjacent regions of the coiled coil with broadened 

NMR signals in case of coiled coil forming fragments M57A (NMIIA1850-1906) and M78A 

(NMIIA1850-1927). Meanwhile the low HetNOE values imply the flexibility of the detected 

regions. Dynamic properties of M36A strengthen its disordered structure. 

  

                                                 

7 Nikolaev Y & Pervushkin K (2007) J. Am. Chem. Soc.129(20), 6461–6469.  

M36A, M57A and M78A 
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