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Abstract
The structure-function paradigm of protein biology has been fundamentally changed 

in the last three decades by the discovery of intrinsically disordered proteins (IDPs) and 

regions (IDRs). These proteins have been identified as critical components in various cellular  

processes, including signaling, protein-protein interactions, and regulation.

While it is apparent that IDPs/IDRs are vital in the function of living organisms, the 

study of their structure has posed a great challenge. Despite recent advancements in NMR 

spectroscopy and deep learning algorithms for protein structure prediction, IDPs/IDRs remain 

a relatively unnkown territory, with significant gaps in knowledge about their behavior and 

function in living systems.

Although IDPs are present in all  life  forms,  their  abundance reveals  a correlation 

between organismal complexity and degree of protein disorder. Prokaryotic organisms exhibit 

a much lower prevalence of IDPs than eukaryotic. Notably, a substantial degree of disorder is 

observed in unicellular parasitic protists, implying, that IDPs are fundamental in pathogenesis 

and the progression of diseases like malaria and toxoplasmosis.

In  humans,  malfunctions  in  IDPs  are  linked  to  many  conditions,  including 

neurodegenerative diseases such as Parkinsons’s,  Alzheimer’s as well  as various types of 

cancer.  Understanding  these  proteins  could  significantly  impact  the  development  of 

therapeutic strategies for these conditions. 

This thesis underscores the necessity of specialized computational tools for accurate 

prediction of IDPs/IDRs to fully understand their function and significance in living organisms.

Key words: Intrinsically disordered proteins, Protein structure prediction, structural biology, 

Deep Learning
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Abstrakt

Paradigma vztahu mezi strukturou a funkcí proteinů prošlo v posledních třiceti letech 

revolucí s objevem vnitřně neuspořádaných proteinů (IDP) a regionů (IDR). Tyto proteiny se 

ukázaly být klíčovými pro řadu buněčných procesů, včetně signalizace, interakcí mezi proteiny 

a buněčné regulace.

Ačkoliv význam IDP/IDR pro funkci živých organismů je nesporný, jejich strukturní analýza 

představuje významnou výzvu. I přes pokroky v NMR spektroskopii a v algoritmech hlubokého 

učení pro predikci struktur  proteinů zůstávají IDP/IDR stále relativně neznámou oblastí, se 

značnými mezerami ve znalostech o jejich chování a funkci v živých systémech.

Vnitřně neuspořádané proteiny (IDP) se vyskytují ve všech živých organismech, ale 

jejich  hojnost  ukazuje  na  korelaci  mezi  složitostí  organismů a  stupněm neuspořádanosti 

proteinů.  Prokaryotické  organismy  vykazují  mnohem  nižší  výskyt  IDPs  než  eukaryotické. 

Zvláště  významný  stupeň  neuspořádanosti  je  pozorován  u  jednobuněčných  parazitických 

protistů, což naznačuje, že IDP mají zásadní význam v patogenezi a průběhu nemocí jako je 

malárie a toxoplazmóza.

U  lidí  jsou  dysfunkce  IDP  spojeny  s  mnoha  onemocněními,  včetně 

neurodegenerativních chorob, jako je Parkinsonova a Alzheimerova nemoc, jako různé typy 

rakoviny. Porozumění těmto proteinům by mohlo významně ovlivnit vývoj léčebných strategií 

pro tyto nemoci.

Tato  práce  zdůrazňuje  nutnost  vývoje  specializovaných  programů  pro  predikci 

neuspořádných  proteinů,  aby  bylo  možné  plně  porozumět  jejich  významu  a  funkci  v 

organismech. 

Klíčová slova: Vnitřně neuspořádané proteiny, Predikce struktury proteinů, Strukturní biologie, 

Hluboké učení
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List of abbreviations

 IDP Intrinsically disordered protein

 IDR Intrinsically disordered region

 AA Amino acid

PTM Post translation modification

 TF Transcription factor

 LDR Long disordered region

 NMR Nuclear magnetic resonance

 MD Molecular dynamics

 STAT1 Signal transducer and activator of transcription
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1 Introduction to Protein Structure Disorder
Proteins play a vital role in any living organism, whether as enzymes, catalysing various 

biochemical reactions, as signalling molecules or as the building blocks of cells. Traditionally,  

the  protein’s  function  has  been  associated  with  a  three-dimensional  structure,  often 

described by a hierarchy of their secondary, tertiary, and quaternary arrangements. This type 

of ordered protein structure has been believed to play a crucial role in the proteins’ ability to 

function in a multitude of cellular processes (Alberts, 2015).

This view of proteins as organized structures has been challenged in recent years by 

the discovery of intrinsically disordered proteins (IDPs) and intrinsically disordered regions 

(IDRs). These proteins and regions are characterised by a lack of fixed secondary or tertiary 

structure.  This  structural  fluidity allows them to fulfil  functions that require a degree of  

versatility that structured proteins usually do not possess (Dunker et al., 2002). IDPs/IDRs are 

prevalent across all forms of life and while their abundance is varying across domains, they are 

certainly not anomalies.

1.1 Overview of Protein Structures: Structured vs. Unstructured
Proteins  are  the  most  structurally  and  functionally  complex  molecules  found  in 

organisms. They consist of 20+2 canonical amino acids (AAs) connected through a peptide 

bond, resulting in the creation of the peptide backbone. Each AA has different physical and 

chemical properties, such as polarity and pKa. The sophisticated properties of proteins are a 

result of the location of every AA in the chain as well as the context of other amino acids  

(Alberts, 2015).

Ordered proteins maintain their stable, three-dimensional structure trough diverse 

interactions, such as Wan der Waals attractions, electrostatic attractions, and hydrophobic 

interactions of  nonpolar side chains.  These enable the process of  protein folding,  which 

happens spontaneously, as it is an energetically favourable process. The main driving force of 

folding are hydrophobic interactions of aromatic and aliphatic side chains (Dobson, 2003). 

The structure of a protein can be described by the AA sequence, also known as primary 

structure, which folds into a stable 3D structure (secondary structure) or stays unstructured. 

The overall three-dimensional shape of a protein molecule is known as tertiary structure. 

Most  proteins  also  interact  with  each  other,  very  often  forming  quaternary  structure 

consisting  of  several  polypeptide  chains.  This  is  the  complex  and  functional  protein 
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architecture usually found in cells.  Each structural level is pivotal as it  allows for specific 

interactions with other biomolecules. All these properties of structured proteins allow them 

to catalyse chemical reactions, be able to respond to cellular signals and be the building blocks 

of many cellular structures (Alberts, 2015).

In  contrast  with  this  well-ordered hierarchy  of  framework,  IDPs  lack  fixed three-

dimensional structure. These proteins do not fold into a specific conformation, rather, they 

remain flexible and capable of adopting a multitude of conformations. The intrinsic disorder is 

not completely random and is  regulated by many weak interactions,  in a similar way to 

ordered  protein  structures  (Wright  &  Dyson,  1999).   IDPs  show  a  wide  spectrum  of 

conformational stages, ranging from completely unstructured to partially structured parts, 

often appearing and disappearing quickly as seen in Figure 1. This flexibility enables them to 

modulate their structure in response to their environment and change their conformational 

state as needed (Dunker et al., 2008). 

Figure  1-Different  conformational  stages  a  protein  can  adapt,  from  completely  unstructured,  partially  structured,  to  
completely structured. (Dyson & Wright, 2005)

9



1.2 The process of protein folding

The process of protein folding is too sophisticated to be left to chance, as presented in 

the Levinthal Paradox (Levinthal, 1969). Rather, protein folding could be conceptualized as 

navigating an energy landscape funnel as seen in Figure 2. Within this funnel, ensembles of 

partially  folded  intermediates  undergo  a  series  of  energetically  favorable  transitions, 

progressively acquiring a more defined structure. This funnel-like landscape guides the protein 

towards its native conformation in a non-random, efficient manner (Tovchigrechko & Vakser, 

2001). For a big part, these transitions are driven by hydrophobic interactions of non-polar  

side chains as there is only a limited number of conformations that can create the hydrophobic 

core (Kalinowska et al., 2017), with maximum efficiency (Cheung et al., 2002)

Figure 2-energy landscape funnel (image taken from scistyle.com)

1.3 The  Functional  Versatility  of  Intrinsically  Disordered  Proteins  (IDPs)  and 

Intrinsically Disordered Regions (IDRs)

Intrinsically  disordered proteins and regions,  thanks to their  ability  to adapt very 

quickly to their environment, hold a key position in many processes that require immediate 

response. Their ability to engage in reversible binding with high specificity and low affinity 

makes them ideal conductors in cellular signalling (Bondos et al., 2022). IDPs and IDRs often 

contain post-translational modification sites (PTMs) serving as switches for many additional 

functions. Phosphorylation for instance, allows IDRs to undergo fast conformational changes 

that alter their binding abilities (Jin & Gräter, 2021).
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These  changes  can  be  achieved  through  Molecular  Recognition  Features,  short 

sequences of disorder that can undergo quick disorder-to-order transition upon binding to 

their ligand. For instance, the transcription factor (TF) p53 contains a structured DNA binding 

domain,  whereas  its  N-terminal  and  C-terminal  domains  remain  unstructured.  These 

unstructured domains constitute only 29% of the protein's total sequence but are responsible 

for mediating 71% of its protein-protein interactions. Additionally, the vast majority of PTMs, 

which are critical  for  the protein's  regulatory functions,  occur within these unstructured 

regions (Dunker et al., 2008). IDPs/IDRs play a crucial role in the function of many TFs. Their 

acidic character is a main driving force of binding events via electrostatic interactions with 

basic  DNA binding sites.  Intramolecular  interactions of  IDRs can also serve as regulatory 

mechanisms for DNA selectivity resulting in better cellular cycle regulation as shown on the 

human proto-oncogene MYC, where IDRs serve in several mechanisms resulting in a highly 

controlled DNA binding (Schütz et al., 2024).

Furthermore, their ability to serve in the process of liquid-liquid phase separation is a 

crucial intracellular process that allows for compartmentalization of organelles or biochemical 

processes without the need for membranes. These membrane-less organelles aren’t entirely 

separated  from  their  surrounding  which  enables  them  to  interact  with  the  rest  of  the 

cytoplasmatic space quickly and effectively. IDPs/IDRs are very abundant in these organelles 

and are believed to be one of the main inducers of their formation (Uversky et al., 2015). 

However,  malfunctions  in  IDPs  are  linked  to  the  pathogenesis  of  many  diseases. 

Aggregation of alpha-synuclein  (Fink, 2006)and amyloid-beta (Kirkitadze et al., 2001) stand 

behind  the  development  of  Parkinson’s  and  Alzheimer’s  diseases,  two  most  common 

neurodegenerative diseases. Due to the fact that IDPs play a vital role in cellular signalling,  

misfolded IDPs play a role in development of many types of cancer (Mark et al., 2005, Hollstein 

et al., 1991).
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2 Properties and Classification of Amino Acids in IDPs
This chapter focuses on different physicochemical properties of amino acids (AAs) and 

how they influence the formation of structure in proteins. IDPs have different AA composition 

compared  to  their  structured  counterparts,  which  gives  them  special  physicochemical 

characteristics. 

Disordered proteins can appear in a vast array of conformational states meaning their 

degree of disorder can vary hugely. Correctly classifying the degree and type of disorder in 

proteins is vital for their understanding.

2.1  Amino Acid Properties Leading to Structure Disorder

AAs can be divided in groups based on the character of their side chain, which can be 

charged, uncharged, hydrophobic, or hydrophilic. Hydrophobic AAs are integral in the process 

of folding as discussed above. While sequence is not the only metric to predict disorder in 

proteins, there are visible preferences and disordered regions show a bias towards specific 

AAs. Structured protein regions predominantly contain Cysteine (C), Tryptophan (W), Tyrosine 

(Y), Isoleucine (I), Phenylalanine (F), Valine (V), Leucine (L), Histidine (H), Threonine (T), and 

Asparagine (N). AAs such as Aspartic acid (D), Methionine (M), Lysine (K), Arginine (R), Serine 

(S),  Glutamine (Q),  Proline (P),  and Glutamic acid (E) tend to promote disorder, whereas 

Alanine (A) and Glycine (G) are considered neutral. This preference is then manifested by low 

mean  hydrophobicity  and  high  net  charge  of  the  IDP/IDR.  Consequently,  they  lack  a 

hydrophobic core, thus making it not energetically favorable to fold into a typical globular 

shape (Uversky, 2002). This allows for a much greater surface-to-volume ratio, enabling these 

proteins to have a larger  interface for  interactions.  This  is  especially  required in cellular 

environments with high molecular crowding as it enhances the binding capacity of these 

proteins (Gunasekaran et al., 2003).

Although the AA composition of a protein plays a role in its degree of disorder, the  

distribution of different types of amino acids is crucial as well. IDPs/IDRs seem to be organized 

into statistically significant “modules” of amino acids, that show similar properties, such as 

charge or  polarity.  These  “modules”  repeat  along the  sequence in  an organized matter. 

Therefore, it is possible to say that the distribution of amino acids along the sequence of  

IDPs/IDRs is not random and a repeating pattern is observed (McConnell & Parker, 2023).
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2.2 Specific Physicochemical Properties of IDPs and IDRs

IDPs have unique properties due to the lack of three-dimensional structure and their 

specific AA composition. This leads to different responses to environmental changes such as 

temperature or pH in comparison with globular proteins.

When exposed to high temperature, globular proteins usually denature and lose their 

tertiary structure, which leads to losing their ability to function correctly (Wu & Wu, 1925). 

However,  in  IDPs  high  temperature  promotes  the  formation  of  fully  reversible  partial 

secondary structure. This effect is accounted to the fact, that high heat strengthens the force 

of hydrophobic interactions, allowing IDPs to undergo partial folding (Uversky, 2009).

Likewise, pH can affect the structure of IDPs significantly. Rapid shifts in pH either 

towards more acidic or basic lead to partial folding of IDPs. In normal conditions with neutral 

pH, IDPs have a high net charge, leading to electrostatic repulsion, keeping them unfolded. 

Rapid  change  of  pH  decreases  net  charge  of  the  protein  leading  to  lower  electrostatic 

repulsion. This allows for hydrophobic interactions to become more dominant and induce 

partial folding of the protein (Uversky, 2009).

These specific properties are vital for the function of IDPs as these mild changes of 

environment allow them to react quickly to different types of signals.

2.3 Classifying the Degree of Disorder in Proteins

Protein structure disorder is a wide spectrum of conformational states with a varying 

level of secondary structure present.  One way to classify the degree of disorder is through 

seeing proteins as a composition of foldons - smaller units of protein that fold independently 

and often work as  smaller  functional  units  in  the protein  (Panchenko et  al.,  1996). This 

perspective leads to the conclusion that every foldon within a protein can possess different 

degree of structure at a given time.

The structure of foldons can be divided into four categories. Independently foldable 

foldons adopt and maintain a stable three-dimensional structure which is usually closely tied 

to their function. Inducible foldons can rapidly change their structure upon binding to a ligand 

and are often present in signalling pathways. Semifoldons are regions that are always partially 

folded, representing an intermediate between order and disorder. Nonfoldons are regions 

that remain completely unfolded in physiological conditions, thus show the highest degree of 
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structural disorder. They serve as sites for PTMs  as interaction platforms for different binding 

partners (Uversky, 2015).

This classification shows that disorder in proteins is not binary but a broad spectrum of 

different conformational states that can change quickly in time.
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3 Methodologies for Identifying IDPs/IDRs

The identification of IDPs has been proven to be problematic in many ways. Traditional 

experimental methods, such as X-ray crystallography, show bad accuracy with IDPs (Dunker et 

al., 2001), so different approaches must be implemented (for example NMR spectroscopy). 

This results in the lack of experimental data, which, combined with specific characteristics of 

IDPs are both contributing to the fact, that predictive tools are still not able to bridge this gap 

in our knowledge of IDPs entirely (Kurgan, 2022). This chapter focuses on different approaches 

for identification of protein disorder and structure of IDPs while outlining the fact, that readily 

available tools are still lacking the robustness seen in prediction of structured proteins (Pearce 

& Zhang, 2021).

3.1 Experimental Approaches to Define IDPs/IDRs

IDPs and their structure are hard to observe via X-ray crystallography. Due to their fluid 

character and movement, the resulting image shows bad resolution, but X-ray crystallography 

is the primary source of structural information about proteins (currently there are 188 120 

protein structures in PDB, 162 435 of them were acquired by X-ray crystallography  (Bank, 

Retrieved 18 March 2024)). IDPs can be detected via X-ray crystallography only as the lack of 

electron density, which, however, can have different reasons.

A method that gives more precise information about the structure of IDPs is nuclear 

magnetic resonance (NMR) spectroscopy. IDPs exhibit a larger amount of signal overlap in 

NMR than structured proteins. This problem can be overcome by using isotopic labelling, such 

as nuclei of  15N, 1HN and 13CO (Yao et al., 1997) and multidimensional NMR (Bermel et al., 

2006).  In recent years this method has been tailored to the specific challenges associated with 

IDPs, such as combining it with small-angle-X-ray scattering (SAXS)  (Bernadó & Blackledge, 

2009) or focusing on specific residues (Felli et al., 2021).

With these advancements, NMR spectroscopy can be a reliable source of information 

about IDPs, though there is a need for high concentration of protein which can be hard to 

acquire, and it is not a method suitable for large proteins. 
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3.2 Traditional Predictive Methods 

Methods that predict the presence of IDRs can be classified in several categories based 

on the way they determine whether IDRs are present. One of the most widely used methods is 

the combination of supervised learning on experimentally acquired data and the usage of 

different factors implying disorder. A pioneering program of this type is PONDR, a program still 

widely utilized in research nowadays. Using a moving window of several residues it takes in 

account neighbouring AAs. The model uses different factors that make it easier to describe the 

level of disorder, such as frequency of each AA in the window, K2-entropy (measuring the 

complexity of the local sequence, as less complex areas are more likely to be disordered) and 

flexibility index of every AA (PENG et al., 2011). The model then uses a neural network based 

on a training set of experimentally acquired data  (Peng et al., 2006). Another widely used 

predictive  tool  of  similar  type  is  DISOPRED  that  uses  training  data  acquired  from  high 

resolution X-ray crystallography to determine disordered regions and predicts disorder based 

on them (Ward, McGuffin, et al., 2004). There are more predictive methods that work in a 

similar manner such as DisEMBL (Linding et al., 2003) or NORSnet (Schlessinger et al., 2007). 

Another way to determine whether a protein contains IDRs is through physicochemical 

properties of AAs and their interactions.  This approach is utilized by IUPred, program that  

approximates  pairwise  energy  of  sequence  and,  as  IDPs  have  a  higher  pairwise  energy, 

determines whether the sequence is structured or not using a scoring table (Dosztányi et al., 

2005, Erdős et al., 2021).

 

3.3 Comparing Accuracy of Predictive Methods

A  multitude  of  large-scale  analyses  on  the  accuracy  of  IDP  predictors  have  been 

conducted.  A  problematic  aspect  of  this  testing  is  the  relatively  small  amount  of 

experimentally acquired data from NMR spectroscopy to compare with predictions. There has 

also been a visible disparity between the quality of prediction for different proteins and 

regions in  proteins,  with each predictor  performing the best  on different  parts  of  given 

dataset. In a comparative analysis, the predictor with the highest accuracy in general was the 

most accurate in just 30 % of all predictions (Katuwawala et al., 2020). What’s more, in the 

same article,  it  was  concluded,  that  proteins  with the highest  degree of  disorder  (from 

experimental data) are in general harder to predict (Katuwawala et al., 2020).
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DISOPRED3 and SPOT-Disorder seem to be the most accurate widely used predictors, but 

even the overall worst performing predictors were the most accurate for at least one protein. 

There is still around 18 % of proteins tested that none of the available tools could predict  

accurately as showed in Figure 3B (Katuwawala et al., 2020). The remarkable conformational 

plasticity of alpha-synuclein: Blessing or curse? Trends in Molecular Medicine  

results compared to others.

Panel B shows the fraction of proteins for which the given number of predictors gives accurate results. The inner ring shows  
results when using accuracy and outer ring shows the area under curve (Katuwawala et al., 2020).

As each of these models was trained on specific data set, their accuracy varies across 

different types of proteins.  Based on these findings,  it  is  best to use a consensus-based 

analysis, as even the best performing predictors don’t  give accurate results in many cases and 

a single predictive tool that is universally reliable is yet to be developed (Kurgan, 2022).
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4 Advancements in Deep Learning for Prediction of IDP structure

Many computational tools dedicated to IDPs have been introduced during the last two 

decades, but they were mostly focused on identifying the existence of disordered regions in 

the sequence and not  their  actual  3D structure.  Since the introduction of  tools  such as 

AlphaFold, the possibilities of protein 3D structure prediction have changed drastically and are 

much more reliable (Jumper et al., 2021). While the 3D architecture of structured proteins has 

been shown to be predicted with high accuracy, IDPs and IDRs are still harder to identify even 

with these advanced methods. In this chapter I focus on several methods that have emerged in 

the last years and that provide some insight into the architecture of disordered proteins.

4.1 Deep Learning based Methods for Predicting IDPs: An Overview

Since the introduction of AlphaFold2 in 2021 protein structure prediction has become 

almost as precise as experimental methods in many cases, outperforming any other predictive 

tool by far (Pereira et al., 2021,  Jumper et al., 2021). This however is not true for IDPs, for 

which AlphaFold does not produce the same precision of results as for structured proteins. 

The predictions are often inaccurate, based on low structural probability with low confidence 

level (Aderinwale et al., 2022). This can be largely accounted to the fact that AlphaFold wasn’t 

trained on a dataset with high content of disordered proteins (Jumper et al., 2021).

Molecular Dynamics (MD) simulations can be used as a tool in combination with deep 

learning methods and predict the structure of IDPs thanks to the development of specific force 

fields tailored for them (Wu et al., 2018). These simulations combined with deep learning 

methods are utilized by models such as ALBATROSS, that provides structural information from 

sequence. While this model shows good results when compared to experimentally acquired 

data, it still underestimates several factors such as hydrophobicity of aliphatic residues or 

interactions of charged residues. These factors could lead to inaccurate results in some cases 

(Lotthammer et al., 2024).

Phanto-IDP is also a deep learning model combined with MD simulations. It can provide 

reliable data for backbone structure and dynamic of IDPs. This model still has some limitations 

that arise from its high reliance on training data set. This can result in incorrect predictions for 

different states of proteins such as before and after binding to a ligand if the program was only 

trained on one of them (Zhu et al., 2023)
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4.2 Evaluation of AI Predictive Accuracy

AlphaFold  can  be  efficient  in  predicting  structures  of  IDPs  that  adopt  a  defined 

conformation  upon  binding  to  a  ligand.  Those  conditionally  folded  proteins  are  usually 

predicted with high confidence score and the structure shown resembles the bound and 

structured  state  (Alderson  et  al.,  2023).  Proteins  that  do  not  adopt  structure  under 

physiological conditions at all are predicted with low confidence and the predictions are not 

precise (Aderinwale et al., 2022)

Combining more tools together can produce more accurate results. Using AlphaFold in 

combination with Rosetta ResidueDisorder, tool specifically developed for identification of 

disordered regions, provides promising results at 73.7% accuracy compared to NMR data (He 

et al., 2022). 

New methods combining MD simulations with deep learning models seem to have 

promising results, yet their predictive accuracy is not robust and usually works only for a 

subset of IDPs (Zhu et al., 2023). 

4.3 Concluding Remarks on the Impact of AI in IDP Research

Deep learning models have changed the way we study protein structure significantly 

(Jumper et al., 2021). While predictive methods such as AlphaFold are immensely accurate for 

structured  proteins,  their  use  for  IDPs  is  still  limited.  Programs  tailored  for  predicting 

structures of IDPs are being constantly developed, yet they still lack the accuracy compared to 

structured protein prediction. The complexities of IDPs pose a great challenge in predicting 

their 3D structure in a way that accurately reflects their real movement and quick changes in 

degree of disorder, but new methods are being developed constantly and with the use of deep 

learning methods it’s it’s conceivable that future breakthroughs may well enable us to predict 

the structures and behavior of IDPs with high precision.
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5 Defining Model Organisms and Occurrence of IDPs/IDRs

While IDPs are present in all forms of life, there is a visible corelation between the 

portion of disordered regions and increasing organism complexity. Their presence in bacteria 

and archaea is lower in comparison to eukaryotes as seen in Figure 4 (Schad et al., 2011). This 

disparity  could  be  accounted  to  a  bigger  demand for  complex  signalling  and regulatory 

pathways in compartmentalised cells of eukaryotes. What’s more, the transition in IDP/IDR 

fraction of proteome is not smooth; while most prokaryotic and archaeal proteomes consist of 

a maximum of 28 % of IDPs/IDRs, eukaryotic organisms usually have no less than 32 % of 

disordered regions (Xue et al., 2012). 

This relationship between biological complexity (defined by the number of unique 

specialized cell types) and degree of disorder is not observed in eukaryotes (Schad et al., 2011)

. The highest degree of disorder in eukaryotic organisms is surprisingly found in protists, 

unicellular organisms. This fact sets the whole corelation off. The specific phyla with the 

highest degree of disorder are parasites responsible for serious diseases both in humans and 

other animals. These findings could be of great clinical importance  disordered proteins play a 

crucial role in their pathogenesis as discussed in chapter 3.2 (Pancsa & Tompa, 2012).

 In this chapter, I focus on three model organisms to demonstrate the difference in 

abundance of  protein disorder and pinpoint  different  ways IDPs work in  organisms with 

extremely high occurrence of disordered proteins. Moreover, I choose to compare cellular 

localisation of IDPs as this information can be very beneficial in deepening our understanding 

of the various roles IDPs take on in the cell. 

Figure  4-Species divided into six groups and their average degree of protein structure disorder. The graph shows major  
difference between bacteria and eukaryota. In this experiment only a small subset of each phyla was taken into account, which 
explains such a large standard deviation in fungi and plants, yet it still demonstrates the large variability between these 
kingdoms (Schad et al., 2011).
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5.1 Comparison of IDPs in selected organisms
To accurately compare the degree of disorder in different organisms, I examine the 

abundance and localisation of IDPS/IDRS in Escherichia Coli as model organism of bacteria, 

Homo Sapiens as an example of a multicellular eukaryote and Toxoplasma Gondii, as it is one 

of the eukaryotes with the highest known degree of protein disorder (Ahrens et al., 2018). This 

comparison shows the extreme variety in abundance of disorder between prokaryotes and 

eukaryotes and highlights the specific functions IDPs are crucial for. 

E. Coli is the most used model organism of prokaryotes. It has a genome of around 4.5-

5.5 Mb and approximately  4500 coding sequences  (Engelbrecht  et  al.,  2017).  Using two 

different predictive methods (PONDR and IUpred), it was estimated that long sequences of 

disorder (measured as sequence of >30 residues, as opposed to shorter disordered sequences 

that are often found in linkers) make up only 3.6 or 5.5 % of total proteome respectively 

(Tompa et al., 2006). Highest degree of disorder was found in proteins taking part in cell cycle 

regulation, and organelle/membrane organisation.

Humans, in contrast, have a much higher degree of protein disorder. Out of more than 

100 000 proteins encoded by our DNA, 35 % of them contain sequences of disorder longer 

than 30 residues and 21 % have disordered sequences of at least 50 residues (Ward, Sodhi, et 

al., 2004). 

Parasitic protists possess the highest known degree of protein disorder. The degree of 

disorder is dependent on the lifestyle of protists, as obligate parasites with a simple life cycle 

have a much smaller amount of IDPs compared to nonparasitic species or species that have a 

complicated life cycle with a multitude of hosts. Largest known degree of protein disorder is  

found in Toxoplasma Gondii, a parasite responsible for toxoplasmosis, with 65 % of its proteins 

containing at least one long (<30 residues) disordered sequence (Ward, Sodhi, et al., 2004). 

This fact cannot be accounted to extremely reduced genome as it is in some parasitic species, 

as Toxoplasma Gondii has more than 8 000 proteins encoded in its genome. 

Toxoplasma Gondii can infect most warm-blooded animals, meaning it needs to have a 

plethora of different cellular mechanisms enabling it to adapt to such a wide variety of hosts. A 

big part of proteins taking part in these cellular processes shows a significant degree of  

disorder, highlighting the functional and structural versatility of IDPs (Feng et al., 2006). 
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Figure 5-The relationship between average protein length and average degree of disorder in proteomes of different eukaryotic  
organisms (Ward, Sodhi, et al., 2004).

5.2 Insights from organisms with high IDP profiles 

As mentioned in chapter 3.1, the highest degree of disorder in eukaryotic organisms is  

found in Apicomplexa which can be seen in Figure 5. This phylum is entirely parasitic, with 

some species causing serious human and animal diseases such as malaria, toxoplasmosis, or 

coccidiosis.  These  protists  utilize  IDRs  for  the  process  of  infection.  For  instance,  TgIST 

(Toxoplasma inhibitor of STAT1-dependent transcription), an IDP found in Toxoplasma gondii, s

ilences STAT1 (signal transducer and activator of transcription) signalisation and effectively 

blocks interferon mediated response to infection (Huang et al., 2022). While the complete 

structure of this protein is still unknown, it has been found that it is completely unstructured 

when not in bound state and undergoes a fast disorder-to-order transition upon binding to 

STAT, which is a common mechanism seen in IDPs. The disordered character allows this protein 

to react quickly to its environment and mediate this pathway in many different species  (Huang 

et al., 2022). Another reason why this parasite is so widespread is its resilience. This can be in 

part accounted to Late Embryogenesis Abundant proteins, a group of intrinsically disordered 
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proteins enabling Toxoplasma embryos to endure extreme conditions such as high and low 

temperature, high salinity and many more, making them extremely resistant to environmental 

stress (Arranz-Solís et al., 2023).

 High degree of disorder can also be found in many different proteins of Plasmodium.  

These proteins play a crucial role in the process of infection as well. One of them is EBL 

(erythrocyte binding ligand) protein that is required for successful invasion of host red blood 

cells. Many surface proteins of plasmodium exhibit a high degree of disorder. This attribute is 

beneficial for the parasite as it helps with epitope masking in host organisms (Naung et al., 

2022). For instance, MSP2 (merozoite surface protein 2) of Plasmodium falciparum can escape 

antibody recognition in many cases (Morales et al., 2015). Plasmodium in general possesses a 

high degree of disorder localised in its parasitophorous vacuole, apical complex and exported 

proteins, all of which are highly involved in the infection process of this organism.

This insight can be of great use when designing vaccines against malaria by targeting 

specific IDPs such as EBL or MSP2 and it can lead to more effective ways to prevent this  

parasite from evading the host immune system. Deeper knowledge of these proteins can lead 

to the development of vaccines that induce a robust and lasting immune response against 

different life stages of Plasmodium (Naung et al., 2022).

To conclude, it is evident that IDPs/IDRs play a vital role in some parasitic eukaryotes.  

Their versatility grants them the ability to infect many different species and survive extreme 

conditions, complicating the host’s  efforts to fight these pathogens. More insight into the 

disorder-to-order transitions and different interactions with other proteins is needed, but it is 

evident that these proteins could be a good possible target for novel therapeutic strategies as 

seen in recent research (Eacret et al., 2019), while still posing a challenge due to their high 

degree of polymorphism, which has been one of the main problems in designing effective 

vaccines (Barry & Arnott, 2014; Takala & Plowe, 2009).

5.3 Cellular Localization of IDPs: Comparative Analysis

Thanks to their specific function, IDPs are distributed rather unevenly across different 

cellular  compartments.  This  disparity  can  be  best  observed  in  eukaryotic,  highly 

compartmentalised cells. 

A large-scale analysis of cellular localization of almost all human proteins was done in 

2021, using Gene Ontology annotation of cellular localization and MobiDB-lite for prediction 
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of disorder (Zhao et al., 2021). MobiDB-lite utilizes a multitude of different predictive methods 

and combines the results together into a consensus prediction, resulting in a more precise 

prediction of disorder (Necci et al., 2017). In this study it was concluded that several cellular 

compartments are enriched in  long disordered regions (LDRs)  of  more than 30 residues 

compared  to  others.  The  highest  degree  of  disorder  was  found  in  the  nucleus  and 

cytoskeleton, with around 60 % of proteins containing at least one LDR. On the other hand, 

many cellular compartments were significantly depleted of LDRs, with lysosome, vacuolar 

membrane, and peroxisome being on the far end of this spectrum, with only around 20 % of 

proteins containing LDRs (Zhao et al., 2021). This finding is in agreement with the fact that IDRs 

are found mostly in proteins that moderate protein-DNA, protein-RNA and protein-protein 

interactions.

Many proteins can be found in more than one cellular compartment. It was concluded, 

that compartment specifity of a protein plays a crucial role in the degree of disorder found. 

While proteins associated with only one cellular compartment have a content of IDRs at 12 %, 

proteins associated with eight or more compartments have a 7 % degree of disorder (Zhao et 

al., 2021). 

In summary, these findings highlight the specific functions of IDPs serve. The enriched 

presence  of  IDPs  with  LDRs  in  the  nucleus  and  cytoskeleton  underscores  their  critical 

involvement  in  regulating  gene  expression,  signal  transduction,  and  maintaining  cellular 

architecture.  On the other  hand,  their  smaller  frequency  in  more metabolically  focused 

organelles such as lysosome or peroxisome underscores the different requirements needed 

for enzymes (Zhao et al., 2021).  
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6 Conclusion

Protein disorder has been a pivotal topic of structural biology in the last two decades and 

research in this area has broken the structure-function dogma of protein biology. IDRs/IDPs 

play a crucial role in cellular signalling, protein-protein interactions, and regulation of many 

other cellular processes, which makes them indispensable parts of all living organisms. 

While  they  are,  to  some degree,  found in  all  forms of  life,  their  abundance  is  not 

consistent between species and with a few exceptions, it correlates with the complexity of 

organisms. While prokaryotic organisms with a very low cellular complexity have a much lower 

degree of protein disorder than eukaryotes in general, this correlation is not visible among 

eukaryotic organisms, where the highest degree of disorder can be found in Apicomplexa. In 

this phylum of parasitic protists, proteins with long disordered regions can make up to 65% of 

the whole proteome and they play a vital role in regulating immune response of the host. As  

Alveolata are the cause of many diseases such as malaria and toxoplasmosis, research in this  

area could lead to a better understanding of the mechanisms of infection in these protists and 

potentially the development of vaccines for the diseases they cause.

In humans, aggregated IDRs are the root of many serious diseases, namely Alzheimer’s 

and Parkinson’s disease and, as they mediate cellular regulation, many different types of 

cancer. Deeper knowledge of these proteins and reasons leading to their malfunction is vital 

for their understanding and effective treatment.

One of the reasons why IDPs/IDRs were not more thoroughly studied in the past and a lot 

about them is still  unknown today are the various complications with their detection by 

experimental methods and prediction in silico. X-ray crystallography, which is the most widely 

used experimental method for identification of protein structure is not suitable for IDPs. While 

mechanisms for protein structure prediction have improved tremendously in the past several 

years, their results with IDPs/IDRs are not reliable and, in many cases, predicted with very low 

confidence. 

In conclusion, the study of intrinsically disordered proteins and intrinsically disordered 

regions is an important and until recently overlooked part of structural biology of major 

clinical significance and specific role in many cellular processes. With the emergence of new 

methods such as NMR spectroscopy and deep learning-based programs for protein prediction, 

IDPs/IDRs are slowly starting to be understood, yet there is need for further research for 
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programs to be specifically tailored for prediction of unstructured proteins and the way they 

work in living organisms. 
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