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1. Introduction 
 
 

In the last decade of the 20th century the results of high-throughput genomic studies 

drastically changed our view of structures and biological roles of proteins. Until the early 

1990’s the basic assumption of structural biology was that the structure of a protein is 

indispensable to its proper function. However, the accumulation of known proteins 

contradicting this ‘structure-function paradigm’ forced molecular biologists to reassess 

this prevailing view. These intrinsically disordered/unstructured proteins (IDPs/IUPs) do 

not have a stable, three dimensional structure in isolation, even under physiological 

conditions, yet they are able to perform highly specific and crucial functions in signaling, 

transcription and various regulatory processes, such as the control of cell division and 

apoptosis. Given the functional importance of IUPs, many proteins containing disordered 

regions have been associated with various diseases such as diabetes, amyloidosis, 

neurodegenerative diseases and cancer. These results lead to the conclusion that protein 

disorder comes with a ‘biological cost’ that is reflected in an increased risk of cancer and 

other diseases. 

 

Although lacking a stable structure in isolation, IDPs can adopt a well-defined 

conformation upon specific interactions with partner molecules, most often other proteins 

or RNA/DNA. This coupled-folding-and-binding process distinguishes the binding of 

disordered proteins from that of globular proteins. The loss of large degrees of freedom 

of the disordered partner during the binding uncouples specificity from the binding 

strength. This way IDPs are more prone to form specific, yet transient interactions, which 

are indispensable to regulatory and signaling processes. The unique features of the 

binding of disordered proteins enable them to mediate a large number of interactions thus 

serving as hubs of protein-protein interaction networks. 

 

Parallel to the disordered binding region concept, interaction between short regions of 

proteins and globular domains has been extensively studied using the concept of linear 

motifs. In this framework, the description of the molecular recognition is based on 
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sequential properties instead of structural ones. The binding to certain globular domains 

has been shown to be mediated by a limited number of residues in the short interacting 

partner protein. These residues form the motif which is supposed to mediate the binding 

largely independent of the rest of the protein chain – however the effect of surrounding 

amino acids were shown to play a larger role than previously anticipated. Although these 

motifs are known to generally reside in disordered protein regions, the connection 

between the ‘disordered binding region’ and ‘linear motif’ models present a largely 

uncharted territory. 

 

The advanced, high throughput sequencing methods that enabled the recognition of 

disordered proteins also had other, profound effects on approaches applied in molecular 

biology. Over the past few decades, the amount of available data has reached a level 

unmanageable by manual methods. Accordingly, structural biology has been extensively 

computerized up to a point where much of the current research projects rely heavily on 

bioinformatics methods, computer simulations and online databases. As the detailed 

structural and functional characterization of disordered proteins is an extremely 

challenging task with the existing experimental procedures being highly biased for 

ordered proteins, bioinformatics tools that target the prediction of protein disorder from 

the sequence play a very important role in the identification and characterization of IDPs. 

Following the recognition of protein disorder, many protein disorder prediction methods 

have been developed, most of which rely on machine learning techniques. However, as 

opposed to the application of various ‘black box-like’ machine learning algorithms, the 

prediction of protein disorder can be approached with the direct implementation of 

physical principles governing the process of protein folding. The most sophisticated and 

accurate biophysics-based method, IUPred, uses statistical potentials to estimate the 

potential interaction energy a protein chain can form on its own via intra-molecular 

interactions. These potentials are derived from globular protein structures using the 

Boltzmann hypothesis. Although the applied model is coarse grained without considering 

atomic details, it correctly describes the main driving force behind protein structure 

formation and thus is applicable to modeling both ordered and disordered proteins. 
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2. Scientific Aims 
 

The main purpose of my Ph.D. work was to deepen the understanding of the 

molecular recognition processes of disordered proteins. I approached this aim by 

developing and using bioinformatics tools and protocols focused on the interactions of 

disordered proteins, and by applying them to gain biological insights. 

 

Although many protein disorder prediction methods existed, as of 2007 – the start of 

my Ph.D. studies – there was no publicly available prediction method specifically aimed 

at identifying binding regions in disordered proteins. Accordingly, my first aim was to 

develop ANCHOR, a method capable of predicting disordered binding regions based 

solely on protein sequences, and making it available to the broad scientific community. 

 

Following the completion of ANCHOR, I aimed at applying it in various 

bioinformatics studies that, on one hand, could serve with meaningful biological 

conclusions and on the other hand, had practical implications. I focused my studies on the 

following aspects of structural and systems biology: 

 

 the appearance and presence of disordered binding regions throughout evolution 

 the role of protein disorder and disordered binding regions in diseases caused by 

pathogens, using Mycobacterium tuberculosis as a model organism 

 the association between protein disorder, interactions, function and involvement 

in cancer 

 the connection of the theory of disordered binding regions with linear 

interaction motifs 

 the possibility of using the theoretical description of protein disorder as a basis 

of modeling and predicting the various types of protein disorder on a common 

ground 
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3. Data and Methods 
 

As usual in bioinformatics studies, my work relies heavily on computational methods 

and databases. Apart from using standard bioinformatics tools, such as BLAST, I also 

developed custom programs and protocols to specifically target the problem at hand. 

Furthermore, one of my main projects was the development of a novel prediction 

algorithm. These programs were written in either C (for computation intensive 

applications) or Perl (for the development of protocols, assembly of datasets and 

implementation of statistics methods) under Linux operating system. For each sub-

project, I carried out rigorous testing and validation of my results with carefully 

assembled positive and negative datasets. These datasets were compiled from various 

available data sources and the literature. During the evaluation of my methods and the 

validation of my results, I quantified their reliability using standard and customized 

statistical methods. 

 

Used databases: 
 

UniProt: http://www.uniprot.org/ 

PDB: http://www.rcsb.org/ 

DisProt: http://www.disprot.org/ 

Pfam: http://pfam.sanger.ac.uk/ 

COSMIC: http://www.sanger.ac.uk/ 

genetics/CGP/cosmic/ 

UCSC Genome Browser: 

http://genome.ucsc.edu/ 

ELM database: http://elm.eu.org/ 

GeneOntology: http://geneontology.org/ 

IntAct: http://www.ebi.ac.uk/intact/ 

 

Programming languages: 
 

Perl, C, PHP, R 

 

Used bioinformatics tools: 
 

IUPred: http://iupred.enzim.hu/ 

DISOPRED2: 

http://bioinf.cs.ucl.ac.uk/disopred/ 

VSL2: http://www.ist.temple.edu/ 

disprot/predictorVSL2.php 

BLAST: http://blast.ncbi.nlm.nih.gov/ 

 

Figure generation: 
 

Pymol, Gnuplot, R, PowerPoint 
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4. Results and Discussion 

4.1. Developing ANCHOR 
 

Based on the validity and success of the residue-residue interaction energy prediction 

scheme implemented in IUPred, it was possible to extend this model to the interaction of 

disordered proteins. Specifically, in my work I aimed at developing a prediction method 

that is able to recognize protein regions from the sequence that are disordered in isolation 

but can adopt a well defined structure when binding to an ordered protein partner. Such 

disordered binding regions, compatible with coupled folding and binding, have to fulfill 

distinct energetic requirements that can be quantified with the energy prediction scheme. 

The possible interaction energy a residue can gain by interacting with a globular protein 

partner (inter-molecular interactions) can be modeled in the same fashion as intra-

molecular interactions. Using this approach I developed ANCHOR, a method that is able 

to recognize around 70% of known disordered binding sites correctly from the sequence 

alone. Although ANCHOR was optimized on short disordered binding sites, it can 

correctly identify long segmented binding regions as well. Furthermore, the efficiency is 

largely independent of the amino acid composition or the type of bound structures of the 

binding sites. This generality on one hand has theoretical implications. The applicability 

of ANCHOR to different types of binding regions supports the generality of the 

underlying model. On the other hand, from a practical point of view, ANCHOR can be 

applied to unknown sequences without restrictions. This method was the first (and up to 

date remains the only) general, publicly available such method. It is accessible via its 

own dedicated web server at http://anchor.enzim.hu and can be downloaded for local use 

as well. Besides the prediction of disordered binding regions, the ANCHOR server 

displays the disorder prediction by IUPred and allows searching for linear binding motifs 

as well. The output of the final server is shown for the human Wiskott-Aldrich syndrome 

protein as an example in Figure 1. 
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4.2. Biological application of ANCHOR on whole proteomes 
 

Apart form the analysis of single proteins, ANCHOR can be applied – in conjunction 

with other prediction algorithms – to gain system- or evolutionary level conclusions. 

Using IUPred for the prediction of protein disorder and ANCHOR for the prediction of 

disordered binding regions I was able to demonstrate that the presence of both disorder 

and disordered binding sites increase with the complexity of the studied organism. In 

general, eukaryotic proteomes contain a larger fraction of these structural elements than 

bacteria and archaea, furthermore, in complex organisms the typical length of disordered 

and disordered binding regions are significantly longer. My results imply that throughout 

the course of evolution, protein disorder serves as an advantage and new disordered 

 
Figure 1: An example of the ANCHOR server graphical output 

The human Wiskott-Aldrich Syndrome protein (WASp) was used as an input with various motif 

searches. The N-terminal of the protein contains an ordered domain, otherwise it is largely disordered. 

Red line shows the disorder tendency and blue line shows the ANCHOR prediction. Predicted binding 

regions are characterized by scores above 0.5 and a condensed output shows predicted binding regions 

under the prediction profiles with blue boxes. In WASp multiple disordered binding regions were 

predicted, and several of these can be confirmed experimentally. The results of the motif searches 

shown with red bars, show regions containing various SH3 binding sites as specified in the ELM 

database. Additionally, proline rich regions and the CRIB motif implicated in binding to Cdc42 can also 

be located. 
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regions are introduced to harbor binding regions. This mechanism can support the 

emergence of complex signaling pathways and regulatory networks. 

4.3. The effect of protein modularity in pathogen virulence: a 
case study of Mycobacterium tuberculosis 

 

The proteome-wide analysis of disorder and disordered binding regions provided 

some interesting example organisms that seem to deviate from the general trends. One 

such organism is Mycobacterium tuberculosis (MTB), the main causative agent of TB. 

This remarkably successful obligate intracellular organism is predicted to contain an 

unusually high fraction of disordered proteins. Via thorough sequence analysis employed 

on the MTB proteome using domain analysis and sequence profiling, I was able to 

pinpoint two protein families that can play a major role in the successful adaptation of 

MTB. The representative proteins of these families are generally long, modular and 

contain large disordered regions. Although developed on the MTB proteome, the 

proposed protocol is independent of the organism and can be used generally on any 

organism of interest, thus aiding drug target searches in identifying promising drug target 

proteins. 

4.4. Large scale analysis of protein disorder, protein function 
and involvement in cancer 

 

I carried out another large scale sequence analysis focusing on point mutations 

connected to human cancer. It was shown by previous studies that proteins involved in 

cancer exhibit a high disorder content. This induced popular claims that ‘disorder entails 

a biological cost’, arguing that disorder makes proteins more vulnerable to mutations. 

Through analysis of the distribution of cancer-associated mutations across various 

structural regions of proteins I was able to show that taking the appropriate background 

distributions into consideration, disordered regions in fact are depleted in cancer-

associated mutations. Through functional analysis using various statistical measures, I 

also demonstrated that the association between protein disorder and the involvement in 

cancer is indirect and can be explained through the function of proteins. 
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4.5. Disordered binding regions and linear motifs – bridging 
the gap between two models of molecular recognition 

 

Apart from the discussed ‘disordered binding region’ concept, the interaction between 

globular protein domains and short interacting regions have been described with ‘linear 

motifs’ as well. Although the two models are distinctively different, in many cases the 

same interaction was categorized as an example of both linear motif mediated binding 

and of disordered binding regions. However, despite the growing number of common 

examples, the complementarity of linear motifs and disordered binding regions has not 

yet been directly addressed. I studied this connection by representing each concept with 

its dedicated prediction method. I used ANCHOR for the prediction of disordered 

binding regions and the regular expression representation of ligand binding motifs from 

the ELM database. Using the annotated examples of known motifs it was possible to 

show that there is a significant correlation between binding sites predicted by ANCHOR 

and the occurrence of true motif instances. The combination of the two methods presents 

the best of both worlds: the motifs can take into account the essentiality of certain key 

residues indispensable for the interaction and provide information about the interacting 

partner. Furthermore, the incorporation of ANCHOR dramatically reduces the number of 

false positives – the main limiting factor in the naïve use of linear motifs for prediction. 

In addition, ANCHOR also introduces a way to take into account the effect of the 

‘context’ residues that flank the core motif residues – an effect that is largely overlooked, 

albeit recent studies have estimated it to be more significant than previously anticipated. I 

demonstrated the efficiency of using ANCHOR as a filtering procedure for linear motif 

searches through the large scale scanning of the human proteome for nuclear receptor 

binding motifs. The benefit of these results is twofold: from a theoretical point of view 

they deepen our understanding of the molecular recognition of disordered proteins and 

from a practical point of view they can serve as readily applicable tools for planning 

experiments and interpreting results ranging from basic science to pharmaceutical drug 

design. 
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4.6. Towards a unified view of protein structure and 
interactions – limitations and possibilities 

 

In the commonly used description of disordered proteins, disorder is considered as a 

binary feature and based on experimental results, proteins or protein regions are 

categorized as either ordered or disordered. Accordingly, current disordered prediction 

methods are used as binary predictors to reproduce the same binary classification using a 

bioinformatics approach. In reality, however, protein flexibility is a continuous property 

and as a result protein disorder is heterogeneous ranging from the rigid structure of 

trypsin to the near random-coil behavior of ACTR. During my work I demonstrated that 

this heterogeneity can be explained in the common thermodynamical description of 

proteins. Furthermore, this description can be extended to describe the various binding 

modes of disordered proteins as well. Although there exist dedicated prediction methods 

for the identification of ‘structurally ambiguous’ regions (such as COILS for the 

prediction of coiled coil regions), these methods are generally not based on biophysical 

considerations. In this light, one of the most important theoretical message of the success 

of IUPred and ANCHOR is that the common physical description of both disordered and 

ordered proteins can be modeled in a unified framework. By further refining the 

underlying model, this approach can be developed to accurately describe the alternative 

conformations of proteins based on their sequence. By modeling short range interactions 

and effectively estimating the entropic terms, this approach can serve as a basis of 

developing more sophisticated prediction algorithms and the deeper understanding of the 

continuous spectrum of protein disorder. As the function and the mode of interaction of 

proteins are intimately linked to their flexibility, these results will deepen our 

understanding of the molecular recognition of disordered proteins. 
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5. Publications 
 
 

The presented work is based on my results published in the following papers: 

 

1. Mészáros B, Simon I, Dosztányi Z. Prediction of protein binding regions in 
disordered proteins. PLoS Comput Biol 5(5):e1000376 (2009) 

2. Dosztányi Z, Mészáros B, Simon I. ANCHOR: web server for predicting protein 
binding regions in disordered proteins. Bioinformatics 25(20):2745-6 (2009) 

3. Dosztányi Z, Mészáros B, Simon I. Bioinformatical approaches to characterize 
intrinsically disordered/unstructured proteins. Brief Bioinform 11(2):225-43 (2010) 

4. Mészáros B, Simon I, Dosztányi Z. The expanding view of protein-protein 
interactions: complexes involving intrinsically disordered proteins. Phys Biol 
8(3):035003 (2011) 

5. Mészáros B, Tóth J, Vértessy BG, Dosztányi Z, Simon I. Proteins with complex 
architecture as potential targets for drug design: a case study of Mycobacterium 
tuberculosis. PLoS Comput Biol 7(7):e1002118 (2011) 

6. Pajkos M, Mészáros B, Simon I, Dosztányi Z. Is there a biological cost of protein 
disorder? Analysis of cancer-associated mutations. Mol Biosyst 8(1):296-307 (2012) 

7. Mészáros B, Dosztányi Z, Simon I. Disordered binding regions and linear motifs – 
two sides of the coin. In preparation - 2012 

 


