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1. Scientific Background 

For a long time, the classical structure-function paradigm was the dominant view of 

protein structure research. The recent extension of the paradigm tries to encompass proteins 

that do not necessarily require a stable, 3D structure - even under physiological conditions - to 

fulfill their biological role. These Intrinsically Disordered Proteins (IDPs) lack a well-defined, 

stable structure in isolation; instead, they exist as an ensemble of different conformations and 

can still carry out biological functions. Using bioinformatics predictors, it was estimated that 

more than 50% of eukaryotic proteins contain at least one long disordered segment (more than 

30 residues long), marking the importance of IDP research. Furthermore, IDPs are crucial 

elements of protein-protein interaction networks, often playing vital roles in signal transduction, 

and hence many IDPs are involved in disease development as well.  

Although IDPs are abundant, their recognition has taken many years during classical 

structural experiments. IDPs were characterized to have significantly different amino acid 

compositions compared to globular proteins. The hallmarks of IDPs are high net charge, low 

net hydrophobicity, and a general depletion of amino acids with low flexibility indices. IDPs 

have unusual behavior as they often resist heat, remain soluble under extreme conditions, have 

unusual SDS-page mobility, moving more slowly through the gel than globular proteins, and 

display enhanced proteolytic sensitivity. To characterize IDPs at atomic resolutions and 

determine their structural properties, NMR spectroscopy is the most potent method. 

IDP functions often heavily rely on their interactions. In order to understand the wide 

range of functions of IDPs, we need to understand the intermolecular interactions formed by 

IDPs with other ordered or disordered proteins The high flexibility and conformational disorder 

of IDPs enable them to form complementary binding interfaces with their targets more easily 

than an ordered domain. During coupled folding and binding, the IDP partner reaches the 

ordered state using the ordered protein partner(s) as a template that drives the folding process 

during the interaction. However, several IDPs are able to adopt stable structures during 

interactions without a folded partner. The folding of all participating protein partners happens 

at the same time: coupled with the interaction in a synergistic manner through a process called 

Mutual Synergistic Folding (MSF). In an MSF complex, all interacting partners are IDPs 

without stable tertiary structures outside of the complex. 
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2. Scientific Aims 

The central biological roles of IDPs motivate us to investigate their interactions to 

understand their molecular functions. The known instances of IDP-containing complexes lag 

far behind their expected numbers, not exclusively due to the difficulty of experimental analysis 

of IDPs.  

However, large scale analysis of IDP interactions is currently hindered by the lack of 

structured, accessible data. To help overcome this hindrance, I aimed to build databases to 

collect specific IDP-interactions, and using this information to perform a detailed analysis of 

the interacting parts of IDPs, in order to understand the interplay between folding and binding, 

and its connection to biological function. 

The specific aims of my PhD work are the following: 

1. In order to perform a comprehensive analysis of IDPs, we need large-scale 

datasets. There were no systematically collected, structure-based repositories for 

MSF complexes or coupled folding and binding complexes before. As a starting 

point, I aimed to build disorder-specific databases to collect these types of 

interactions. 

2. The analyses of the IDP interactions in these databases serve as a cornerstone of 

a more profound understanding of IDP-mediated interactions, answering the 

following questions: What are the main differences between various ways IDPs 

adopt a stable structure through interactions, concerning their sequence, structure, 

and function? What are the significant sequential differences between complexes 

formed by only ordered proteins, an IDP and ordered protein partners, and IDP-

only complexes? What are the main differences in structural parameters and the 

typical functions mediated by the three types of interactions? 

3. Are there intrinsic classes of protein complexes formed by mutual synergistic 

folding? Is there an objective way to define these groups? What are the main 

characteristics of these groups at the sequence, structure and function levels? How 

are these proteins and their interactions regulated? 
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3. Data and Methods 

My work relies heavily on various computational methods and databases, as usual in 

bioinformatics studies. Apart from using standard bioinformatics tools, such as BLAST or 

DSSP, I also developed custom programs and pipelines to target the problem at hand 

specifically. Furthermore, one of my main projects was the establishment of two databases and 

web servers.  

The programs were written in either Perl5 or Python 3.6 (for computation-intensive 

applications, assembly of datasets and implementation of statistical methods), or PHP and 

MySQL (for the development of backends of the webservers) under Linux or Windows 

operating systems. For the frontends of the databases, I mainly used already existing libraries, 

and modified them for the specific requirements of the developed servers. 

 

Used databases: 

• PDB: https://www.rcsb.org/ 

• UniProt and UniRef90: http://www.uniprot.org/ 

• DisProt: http://www.disprot.org/ 

• IDEAL: http://www.ideal.force.cs.is.nagoya-u.ac.jp/IDEAL/ 

• Pfam: https://pfam.xfam.org/ 

• Gene Ontology: http://www.geneontology.org/ 

• CATH: http://www.cathdb.info/ 

• ELM: http://elm.eu.org/ 

• PhosphoSitePlus: http://www.phosphosite.org 

 

Used bioinformatics tools: 

• BLAST 

• DSSP 

• Naccess 

• FoldX 

 

 

Figure generation: 

UCSF Chimera, Python matplotlib library, R, MS PowerPoint, MS Excel, Wordle (word 

clouds) 

 

Programing languages used: 

Perl, Python 3.6, PHP, JavaScript, Ruby, R, MySQL 
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4. Results and Discussion 

Protein complexes formed by ordered proteins are well studied; however, the growing 

number of known disordered proteins and their functions require us to analyze IDPs in 

interactions. To perform a detailed analysis, we need large-scale datasets.  

4.1. Assembly of the MFIB and DIBS databases 

The lack of well-organized and accessible data was the primary motivation behind the 

establishment of two databases: MFIB (Mutual Folding Induced by Binding) for complexes 

formed exclusively by IDPs, and DIBS (DIsordered Binding Sites) collecting IDPs undergoing 

coupled folding and binding.  

Structures from the PDB were taken as a starting point: the solved complex structure was 

a prerequisite for inclusion in the databases. Figure 1 shows a simplified workflow for the 

filtering and annotation steps during the construction of the databases.  

 

DIBS and MFIB are freely accessible through their dedicated websites: MFIB is made 

available at http://mfib.enzim.ttk.mta.hu/ and DIBS is made available at 

http://dibs.enzim.ttk.mta.hu/. 

 

The current version of MFIB contains 1,406 structures grouped into 205 entries, 

representing the core of MFIB. Typically, 2-6 protein chains form the interactions, and thus 

MFIB entries cover the majority of biologically relevant oligomeric compositions. Entries in 

MFIB came from a wide range of taxonomic groups, covering all three domains of life, with 

most of the complexes being formed by human proteins. However, MFIB also includes 

complexes from viral proteins shedding light on the importance of MSF in host-pathogen 

interactions. Complexes in MFIB also cover the known spectrum of protein disorder, 

illustrating that disorder is more like a continuum than a binary property. The database contains 

complexes of IDP regions from near random coil proteins, through molten globules, to near-

ordered structures, where a monomeric IDP protein can be stabilized with a limited number of 

mutations. 

http://dibs.enzim.ttk.mta.hu/
http://mfib.enzim.ttk.mta.hu/
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Figure 1: Simplified workflow of the construction of databases. 
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The current version of DIBS contains 1,577 complex structures clustered into 773 entries 

similarly to MFIB. IDP-mediated interactions are abundant in eukaryotes, and thus entries in 

DIBS cover a wide range of higher order taxonomic groups. DIBS also includes a fair number 

of bacterial and cross-domain interactions, where the interacting protein chains come from 

organisms of different taxonomic domains. The majority of DIBS complexes feature known Kd 

values for structures, illustrating the wide range of binding strengths of IDP interactions. 

 

4.2. Analysis of sequence, structure and function relationships 

through different protein interaction classes 

Using information from MFIB and DIBS, for the first time, we can get a full view of the 

entire spectrum of the IDP interactome, uncovering the differences between various types of 

interactions mediated by IDPs. Three protein interaction groups were considered in the analysis. 

These categories are based on how constituent proteins reach their structured state during the 

binding process: 

▪ 691 structures (ordered/ordered complexes), where all proteins involved are ordered, 

and go through autonomous folding prior to the binding event, without the presence of 

the partner protein. 

▪ 773 complexes from DIBS (disordered/ordered complexes), where one IDP binds to 

ordered partner proteins via coupled folding and binding. 

▪ 205 complexes from MFIB (disordered/disordered complexes), where the complexes 

are formed exclusively by IDPs through mutual synergistic folding. 

 

The exhibited fundamental sequential and structural differences show that amino acid 

compositions of interacting IDPs often do not correspond to the general IDP-view, instead, their 

sequences, together with the structures adopted in the complex, reflect the presence and the 

structural state of their binding partners.  

The extracellular space is dominated by ordered/ordered interactions. Moving closer to 

the nucleus, more disordered/ordered complexes are present. In general, IDP-mediated 

functions are typically centered around the DNA. Localizations close to the DNA are especially 

enriched in disordered/disordered complexes, even more so than disordered/ordered complexes, 

as they often interact directly with the DNA. The dominance of disordered/disordered 

interactions around the DNA is in line with the need for transient interactions in transcription 

related biological processes. 
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As different levels of Gene Ontology annotations suggested, the three studied interaction 

classes play essential roles in vital biological processes, and need to be precisely regulated. All 

four studied types of PTMs (phosphorylation, acetylation, methylation and ubiquitination) 

occur in all three interaction classes, and they are present in both ordered and disordered 

interacting proteins. Disordered/disordered complexes have the most known PTMs, indicating 

the tightest regulation.  

 

The analysis of different sequential, structural properties, with various localization 

preferences strongly support the idea that certain biological processes have strong preferences 

for distinct interaction types. From the side of the formed protein complexes, the ordered or 

disordered state of the interacting partner of a protein has a strong effect on the sequential, 

structural and functional properties of the formed complex.  

 

The previous analyses only consider the average values of various features, without 

quantifying their heterogeneity across each protein class. To assess this heterogeneity, we need 

to directly quantify and visualize the sequence, structure and function spaces covered by various 

interaction categories. In general, the highly variable sequence compositions of proteins utilize 

a much narrower set of the structure space; nevertheless, it does not limit the functional 

possibilities of the complexes. Disordered/disordered proteins show a balance between the 

heterogeneity of sequences and functions. Ordered/ordered complexes have restricted sequence 

compositions to fulfill a wide range of functions, and in contrast to disordered/ordered 

interactions, the restricted range of functions are accomplished by a highly variable sequence 

space. 

4.3. Classification of MSF complexes 

The previous analyses focusing on sequence/structure heterogeneity suggested that 

disordered/disordered complexes have distinctive sequential and structural features, which 

enable their recognition as a separate interaction category. The MSF protein class also shows 

large enough variations to group them into subgroups. 

Previously I analyzed ordered proteins and IDPs involved in the interactions, but in this 

scenario instead of analyzing proteins, I focused on full complexes formed exclusively by IDPs. 

MSF complexes have been assigned feature vectors describing the sequence composition and 

structural properties of the entire complex. Based on the calculated sequence and structure 

features and considering them together, 5 main interactions types (near-ordered, multi-chain 
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domains, coils/zippers, compacted coils and histone-like) were defined, each of which has over 

30 members, while a 6th class termed “other” is also defined to include the rest of the MSF 

complexes not classifiable using the 5 clusters. If these clusters represent "true" classes in 

nature, there should be noticeable differences in their regulation, and interaction energetics, and 

they are expected to have characteristic functional roles in biological processes.  

 

Taking all previously studied features into consideration, I propose the first systematic 

annotated classification of MSF complexes. While I defined the groups based on sequence and 

structure properties, this approach yields biologically meaningful groups, with markedly 

different associated functions, subcellular localizations, heterogeneity, and regulatory 

mechanisms. The strength of the applied approach is that it’s inherently scalable by choosing 

the appropriate number of clusters, and thus can be used to generate many more types or 

subtypes if the future accumulation of structural data warrants it. This classification system - 

apart from providing the first such effort for MSF complexes - can have direct applications as 

well, as knowledge gained for a specific complex - such as aggregation tendency, participation 

in the emergence of disease states, etc. - might be transferable to other complexes of the same 

type. 
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Publications 

The dissertation is based on my results published (or submitted) in the following papers: 

 

Fichó E, Reményi I, Simon I, Mészáros B. MFIB: a repository of protein complexes with mutual 

folding induced by binding. Bioinformatics. 2017;33(22):3682-3684. 

Schad E, Fichó E, Pancsa R, Simon I, Dosztányi Z, Mészáros B. DIBS: a repository of 

disordered binding sites mediating interactions with ordered proteins. Bioinformatics. 

2018;34(3):535-537. 

Mészáros B, Dobson L, Fichó E, Tusnády EG, Dosztányi Z, Simon I: How folding and binding 

intertwine during protein complex formation provides an additional layer of functional 

regulation. BioRxiv, 2017 https://doi.org/10.1101/211524  

Magyar C, Mentes A, Fichó E, Cserző M, Simon I. Physical Background of the Disordered 

Nature of "Mutual Synergetic Folding" Proteins. Int J Mol Sci. 2018;19(11) 

 

Other publications: 

Mészáros B, Dosztányi Z, Fichó E, Magyar C, Simon I: Bioinformatical Approaches to 

Unstructured/Disordered Proteins and Their Complexes. In Liwo A. Computational Methods 

to Study the Structure and Dynamics of Biomolecules and Biomolecular Processes, From 

Bioinformatics to Molecular Quantum Mechanics. Springer; 2018. Edited by Adam Liwo. 

Fichó E*, Shád E*, Simon I, Tompa P, Pancsa R: Structural principles of primate positively 

selected residues. In preparation - 2019 
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