
BUDAPESTI MŰSZAKI ÉS GAZDASÁGTUDOMÁNYI EGYETEM 
VEGYÉSZMÉRNÖKI ÉS BIOMÉRNÖKI KAR 

OLÁH GYÖRGY DOKTORI ISKOLA 
 
 
 

 

George Oláh  Doctoral School 
 
 
 
 

 

The characterization of different functional mechanisms  

in Intrinsically Disordered Proteins and Motifs 
 
 
 
 

 

 
Thesis booklet 

 
 
 
 
 
 
 
 

Author: Murvai Nikoletta 

Supervisor: Dr. Tantos Ágnes 

 
 
 
 
 
 

ELKH Research Centre for Natural Sciences, Institute of Enzymology 
 Research Group of Intrinsically Disordered Proteins 

 
 
 
 
 

2021



1 
 

1. Introduction 
 
References to the unusual properties of disordered or ’unstructured’ proteins can be found in 
articles in the scientific literature dating back to the ’80s. Later on we can read about the study 
and discovery of intrinsically disordered proteins (IDPs) in many works, although structural 
disorder was not an unknown concept at that time. In 1998, the concept of disorder was 
defined [1]. Due to that, the discovery of this area has been significantly accelerated. 
Intrinsically Disordered Proteins have a history of more than 20 years, although their 
biochemical characterization and exploration of their functions is not completely 
accomplished during this period. In practice, this means that many proteins are known to be 
disordered, but their exact functions or molecular mechanisms are not yet known, however 
our knowledge about IDPs were extensively broadened. The Research Group of Intrinsically 
Disordered Proteins, led by Peter Tompa, has been working on this field since the beginning 
and our aim is to explore and obtain better understanding on how IDPs can fulfill their 
functions with their unique biophysical properties.   
Therefore my thesis focuses on the characterization of Intrinsically Disordered Proteins and 
Motifs through two distinct modes of action where function can be gained by a transient 
disorder to order transformation upon binding of protein segments or in another case when 
function comes from the intrinsically disordered linker region between domains in the protein. 
In the present dissertation, I aimed to dissect the structure-function correlation of a disordered 
chaperone protein, the Early Response to Dehydration 14 (ERD14) and at the same time I 
intended to investigate how disordered linker regions can be beneficial and promotes 
processivity in many enzymes. In my PhD work, I sought the answer to how functionality can 
be resulted from the disordered state of proteins. 
 
2. Literature overview 

 
For a long time, the model was accepted that proteins have only ordered native and disordered 
denatured structures, among which the reversible “all or nothing” principle has been applied 
[2]. The denatured, biologically inactive form is equivalent to the random coil state of 
synthetic polymers, while the native is usually identified by a compact globular conformation 
with a rigid, highly ordered and well-defined structure. Due to this rigidity, many proteins can 
be crystallized, which allows their structure to be determined by X-ray diffraction. At the turn 
of the 20th century, however, this view changed dramatically, as it was systematically shown 
that many proteins do not have a well-defined structure in aqueous media, i.e., are partially or 
completely unfolded, yet can perform biological functions [3]. 

Disordered regions were first identified by X-ray crystallographic studies as invisible 
regions of the crystal structure. These regions also have high flexibility and a number of 
greatly different structures within the crystal, making them invisible by crystallographic 
techniques. Later, unstructured regions were also identified by Nuclear Magnetic Resonance 
Spectroscopy (NMR), followed by native proteins that were completely disordered. 

Disordered proteins are often not disordered along the entire length of the polypeptide 
chain, but contain locally formed transient or permanent secondary structures, or are 
constructed as a loose set of more compact secondary structures. Based on this, they can 
assume a random coil-like, premolten globule or molten globule conformational state. Due to 
their high flexibility, they are able to traverse these structures freely under native conditions. 
According to the view accepted today, at equilibrium, disordered proteins take up all of the 
structures energetically allowed by the polypeptide chain with equal probability. This 
definition is known as the “structural ensemble” of disordered proteins. In the case of globular 
proteins, the formation of these structures depends on different degrees of denaturation. Such 
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free transformation of structure is described by the “protein trinity” and “protein quartet” 
models respectively [4]. 

According to the Anfisen paradigm, the spatial structure of a protein is determined by 
the amino acid sequence. This is also true for disordered proteins, where the amino acid 
composition is determinant for disorder formation. IDPs sequences are enriched in Ala, Arg, 
Gly, Gln, Ser, Pro, Glu, and Lys amino acids. These are called as "disorder-promoting" 
residues [5,6]. Hydrophobic amino acids are present in low proportions and polar amino acids 
in high proportions in disordered proteins. In addition to the high net charge and low average 
hydrophobicity, structural disorder is also ensured by the large number of prolines present in 
the sequences of IDPs [7]. 

A significant proportion of disordered proteins are characterized by the presence of 
repetitive stretches that are formed by repeat expansion [8]. These regions can be formed by 
repeating an amino acid or by multiplying a region of up to 10-15 amino acids in length. They 
contain a large number of S, T, P or Q amino acids, sometimes showing a strongly acidic or 
basic character. Such regions are termed low complexity domains, which are mostly found in 
disordered regions or are disordered themselves. Disordered proteins can be distinguished 
from globular proteins by a number of methods due to their different biophysical properties. 
For example, CD spectra, extreme proteolytic sensitivity, X-ray crystallography, and many 
other studies may indicate the “unstructured state”. The absence of secondary structural 
elements can be indicated by NMR or Fourier-transformed infrared spectra [7]. 

It have been found that structural disorder is a common phenomenon among proteins. 
Eukaryotic genomes contain 30–40% of proteins with a disordered region longer than 50 
amino acids, and about 6–17% of completely disordered proteins [9]; for example, 23% of 
Arabidopsis thaliana proteins are completely disordered [10]. Based on these, we can 
conclude that disorder is a common phenomenon in the living world. 

Most of the known functions of disordered proteins are based on molecular 
interactions, the requirement (or consequence) of which is the formation of a local structure in 
most cases. These proteins form high-specificity but low-affinity bonds [7]. To our current 
knowledge, protein binding starts from a less mobile nucleus, called the MoRE (Molecular 
Recognition Element), which is the first interface between the two molecules. This primary 
binding induces further structure formation that stabilizes the binding of the two molecules 
[11]. The mechanism mentioned above is called induced folding. The dual function of 
proteins, called moonlighting, has long been known in biochemistry. Proteins with this 
property are able to perform more than one different function. In the case of globular proteins, 
this form of divergence of function can occur in the formation of sterically distinct binding 
sites on the surface of the proteins. Disordered proteins have different, in many cases 
overlapping, binding sites and, in many cases, have the opposite effect on the same substrate in 
terms of their function, depending on the circumstances [12]. 

In the class of entropic chains, we can find examples for function of disordered 
proteins in the absence of a binding event. These functions are determined by the advantage 
directly derived from structural disorder. Therefore, they function without becoming 
structured. Examples of entropic chains include spacers that regulate the distances between 
domains and flexible linkers, which connect domains and control their positioning relative to 
each other. 

Studies on a family of flexible linkers in the 70 kDa subunit of replication protein A 
resulted in evidence that flexibility is a functional characteristic that needs to be maintained.  
These linkers display conserved dynamic behavior, while their sequence conservation is 
negligible [13]. Actually, IDRs also exist in many multidomain allosteric proteins without a 
disorder-to-order transition. For example, Polo-like kinase 1, a serine/threonine kinase 
controlling cell signaling through phosphorylation, contains a long disordered linker of  
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51 residues between the kinase domain and the polobox domain. Similarly, PIN1, CaN, PKA, 
PCK, SRC, and CDK2 are auto-inhibited allosteric kinases with different length of inter-
domain linkers. Generally, the basic architecture of most multidomain allosteric proteins is 
composed of two domains connected by a disordered linker, and the two domains can adopt a 
closed (bound) or open (unbound) state, where the equilibrium is affected by the allosteric 
ligand [14]. 

It follows from Schulz’s thermodynamic notion that disordered proteins mostly form a 
high-specificity but low-affinity bond [15]. The structural change and the binding itself 
reduces the entropy of the protein, which is unfavorable, but the formation of the interaction 
stabilizes the structure. In addition, it has been confirmed in several cases that interaction with 
natural ligands alters the net charge and hydrophobicity of the disordered protein, resulting in 
the folding of the polypeptide chain [16]. These types of interactions are effective tools for 
cellular regulatory mechanisms. Another important property of the binding of disordered 
proteins is that they can bind to the partner molecule at multiple sites[17]. 

3. Aims 
 

The main goal of my work was the characterization of disordered regions in proteins with 
different functional relevance, as well as the development and improvement of methods 
suitable for such studies. The research was grouped around two topics, in connection with the 
two main functionalities of the regions studied: 
 
2.1. The role of disordered binding segments in the protective function of ERD14 

• Dissection of the determinants of the protective effect of ERD14 in vivo.  
• Identification of key structural determinants of the partner recognition in cells. 

Structural studies and recognition of regions responsible for the function: 
o For the structural analysis of ERD14, detailed in vitro and in-cell NMR 

measurements were conducted under different conditions, including the 
preparation of properly isotopically labeled samples for the experiments, 
measurement, analysis and evaluation of the recorded data of the protein 
samples (WT ERD14 and Full-Scr construct).  

o For identifying the functionally relevant sequences within the protein I create 
and study deletion and scrambled mutant ERD14 proteins, and test their effect 
compared to wild-type ERD14 in cell survival assays. 

• Is there any substrate specificity of ERD14 or the protective effect is not dedicated for 
exact partners within the cells?  

• Quantitation of the contribution of the conserved motifs to ERD14 function 
 

2.2. Processivity of DLD-type enzymes 
• The determination of the role of disordered linkers in the DLD-type processive 

enzymes 
o To decide whether the length and flexibility of the linker region of the 

monomeric processive enzymes plays a role in the regulation of the movement, 
examples of DLD type processive enzymes were collected from the literature. 
The length, disorder tendency and flexibility of the linker regions were 
analysed along with the evolutionary conservation of their sequences.  

• Characterization of the different linker regions, regarding their amino acid composition 
o Comparison of the DLD linkers with other types of disordered linker segments 

was performed to determine the specific features that define the functionality of 
the DLD linkers. For this analysis, the DisProt database was used, where the 
function of the annotated disordered regions is indicated. 



4 
 

• Determination of specific sequence features of processive linkers 
o Specific sequential characteristics, like charge distribution and proline content 

of the DLD type linkers were analysed in order to understand the molecular 
design needed to allow for the movement of DLD enzymes. 

 
 

Experimental methods 
 

 The protective effect of  the wild-type ERD14 and the different deletion and sequentially 
mixed constructs of the protein, were studied by cell viability assay set-up in our lab.  
The basis of the method is to monitor the proliferation of cells surviving the applied 
stress conditions by measuring the optical density and to determine the survival rates of 
the cells expressing different protein mutants. These measurements were aimed to 
explore the relationship between protein structure and function. 

 Furthermore, the wild-type ERD14 and Full-Scr ERD14 protein, which is a sequentially 
mixed mutant variant, were examined by both in vitro and in-cell NMR measurements. 
These technique allows us a deeper insight into transient structural elements of the 
protein and thus i could examine the protein’s interaction with partners. 

 Domain-linker-domain type processing enzymes were selected by literature research and 
then investigated by bioinformatics methods, during which the structural disorder of 
linkers, linker flexibility, amino acid composition and length distribution were studied. I 
determined the charge distributions and calculated κ values. In addition, I examined the 
variability and conservation of linkers. 

 
 Results and discussion 
 

1. Characterizing the structure-function correlation of ERD14 protein 

My results provide strong evidence for the in vivo chaperone activity of a disordered dehydrin, 
ERD14. The link of its molecular activity with residual disorder inside cells has many 
intriguing consequences for the cellular mechanism(s) of IDPs in general and IDSPs in 
particular. First, I show that ERD14 is largely disordered in vivo, which suggests that IDPs 
might not be made to fold by crowding in the cell, i.e. structural disorder is their native, 
physiological state. The identification of a large number of binding partners (potential 
clients/substrates) [18] suggests that IDSPs (LEA proteins, hydrophilins, etc.) might be 
chaperones of rather broad substrate specificity, and may represent a thus-far little appreciated 
layer of cell protection mechanisms [19, 20]. This novel insight underscores that structural 
disorder can be compatible with protein function in a cellular context, which has important 
implications. 

The overall similarity of in vitro and in vivo spectra of ERD14 shows that ERD14 is 
mostly disordered in the cytoplasm of a living cell that it protects against stress, which 
substantiates that intrinsic disorder is the native, functional state of this chaperone (Figure 1). 
Further, in-cell NMR shows that the protein is not completely disordered but it contains 
dispersed motifs connected by flexible linkers (such as beads on a string), which may be a 
general function-related organizational principle of many IDPs in the cell. This result adds to a 
series of studies on the structural state of IDPs under the extreme macromolecular 
concentrations of the interior of the cell, which was thought to make IDPs fold, and shows that 
the native state of IDPs may in fact be disordered.  
 



5 
 

 

Figure 1. ERD14 is largely disordered in the cytoplasm by in-cell NMR. 
(A) ERD14 was overexpressed in E. coli cells under 13C- and 15N-labeling conditions and its in-cell 1H-15N 
HSQC spectrum (teal) was recorded at 700 MHz, T=277 K. The spectrum is overlaid onto the reference 
HSQC spectrum (purple) recorded of purified ERD14 at 700 MHz, 277K at pH 7.7. The narrow region in 
which peaks are distributed in the proton dimension (8.1 – 8.8 ppm) indicates that the protein is largely 
disordered in the cytoplasm of the cell. The region most affected by cellular conditions and interaction 
partners is enlarged. 
 

Our results point to the importance of short segments (motifs) of ERD14 in its 
protective function, in particular the K segments Kb and Kc, and segments H and S. There 
have been multiple prior links of evidence for the importance of K segments in dehydrins. 
Whereas interaction of K (and partially H) segments with partners via motifs follows from our 
results and many prior observations, the exact mode of interaction with client proteins remains 
an open question. The detailed nature of interaction cannot be ascertained from in vivo 
analyses, but detailed studies of traditional chaperones suggest that hydrophobic interactions 
must play an important role. In all, induced folding is probably an important element of 
partner recognition by binding motifs of ERD14 
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From analyzing and comparing the relative contribution of the various segments to 
cellular protective function, more detailed insight can be gained. (i) The function of ERD14 is 
distributed in the sequence, i.e. practically all regions of the disordered chaperone contribute to 
its function. That is, unlike with folded proteins, enzymes, or classical chaperones, deletion of 
none of the regions fully abolishes activity, and binding of any region alone is not sufficient 
for cellular protection (ii) Different regions carry different of function: S and Kc being the 
strongest, and Ka he weakest. (iii) Distribution also comes from the fact that different regions 
contribute to the effect with varying efficiency. (iv) As Kc (a region binding to partners) and S 
(a region that remains disordered) dominate the protective effects, it points to the functional 
interplay of binding and disordered regions in the cellular chaperone function of ERD14. (v) 
With regards to the functionally important and conserved [21] S segment, it remains unbound 
and disordered in our system, thus it probably contributes to increasing the solvation potential 
of ERD14. Further, as dehydrins – among them ERD14 – are known to be regulated by 
phosphorylation, ERD14 may be most effectively regulated by phosphorylating serines in the 
S segment.  

 

Figure 2. A general mechanistic model of the chaperone activity of ERD14 in vivo. 
The variety of in vivo observations alongside previous in vitro data on the protection of ERD14 of the 
proteome can be rationalized by a model that combines binding functions of short conserved motifs and 
space filling (entropic separation) by disordered linking and flanking regions. The model incorporates the 
following elements: (a) under non-stressed conditions, largely disordered ERD14 is loosely associated with 
native proteins, with its multivalent binding mediated by its short binding regions (exemplified by Kb and 
Kc), while its S segment is unbound. Upon stress, many proteins in the cell become structurally 
compromised and expose hydrophobic regions, thus ERD14 can engage with them, rather than the cell 
membrane (b). Binding in a monovalent fashion (c) leads to no protection, whereas multivalent binding 
protects protein partners and the cell. Effective binding can be targeted on one partner (d) but is probably 
more effective by simultaneously binding more than one partners (e). 
 

 
To integrate all the observation, we suggest a mechanistic model of the in vivo 

chaperone action of ERD14 (Figure 2). (i) Prior to stress, ERD14 is in loose association with 
proteins, probably sampling proteins for unfolding and misfolding via rapid association and 
dissociation (Figure 2a), as also evident for traditional chaperones [22]. The association of 
ERD14 is multivalent (either to the same or multiple partners), as follows from the 
disappearance of its multiple motifs from the in-cell NMR spectrum. A large part of the protein 
is disordered. (ii) The application of stress and the appearance of misfolded proteins in large 
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quantities induce a redistribution of ERD14 to structurally compromised partners. Binding 
after stress has to be bi- or multivalent (Figure 2d and 2e), consistently with the lack of activity 
of Scr-Kc  
(Figure 2c), for example. As suggested in a previous in vitro study, deletion of two K-segments 
of ERD10 (leaving one intact) makes the protein almost inactive. While binding through the 
motifs, the linker regions including the S segment remain unbound and disordered. (iii) 
Binding by any two motifs in combination will do, as shown by the fact that that deletion of 
any – or even multiple – motifs leaves a mutant ERD14 with significant residual activity. (iv) 
Low activity of Ka may also be in agreement with its marginal evolutionary conservation (as 
opposed to Kb and Kc) (v) Disordered regions might serve as entropic linkers  
(Figure 2d and 2e), keeping bound proteins apart and/or entropic bristles, solubilizing bound 
partners and/or keeping other (non-bound) proteins away. Binding through a single motif only 
(Figure 2) and translocation to the membrane and membrane protection (Figure 2b) are not 
consistent with our data. 

In all, by such a binding mode as outlined, ERD14 holds different proteins apart, but 
parts of the same protein in spatial proximity, in a (re)folding competent form. It also solvates 
its partners and prevents the exposure of their hydrophobic regions amenable for aggregation. 
As a fully disordered protein, ERD14 cannot consume ATP energy, they cannot function as 
active “foldases” [5], but can hold their structurally compromised client at bay, until 
spontaneous re-folding succeeds. Such “holdase” activity is consistent with the extended 
molecular shield and entropy transfer models of chaperone action of IDPs. Protection of a 
large part of the proteome suggests that the effect of ERD14 as a chaperone is of broad 
specificity, with a strong preference for enzymes and essential proteins, though. 

 
5.2. Disordered linker regions’ potential role in the function of processive enzymes 
 
Processive enzymes are characterized by their capability of making multiple rounds of 
modification without releasing their substrates. These types of enzymes are found in all 
organisms and play roles in a plethora of biological processes. Due to the huge diversity of 
their substrates and the variability of the chemical changes they make, the molecular details of 
the function of processive enzymes are rather diverse, yet they can mostly be described as 
combinations of two basic design principles. The widely known and well characterized 
mechanism relies on structural confinement by binding of the enzymes. A different mechanism 
is exemplified by mechanochemical motors, such as kinesin and dynein, which move along 
polymeric protein tracks of tubulin. These are dimeric proteins that have long coiled-coil stalks 
and ATPase binding domains, which undergo conformational changes resulting in a strong 
preference for rebinding after dissociation due to spatial confinement. The latter class of 
processive motors suggests that the presence of two binding elements connected by flexible 
linker region(s) can provide structural basis for processivity. 

There are many processive enzymes in biology and out of 47 processive enzymes of 
various mechanisms , we identified 12 processive systems that appear to rely on the domain-
linker-domain (DLD) domain arrangement. An important feature of these enzymes is that they 
function without the need for ATP-hydrolysis, showing a fundamentally different processive 
mechanism from mechanochemical motors.  

Such enzymes are MMP-9, bacterial cellulases, Cel7A, cellobiohydrolase I and 
chitinases, whose unifying feature is their ATP-independence and the structural disorder of 
their linker regions. According to our findings, the specific physicochemical characteristics of 
the linker regions ensure a high local concentration and relatively restricted conformational 
search of the binding domains around their binding sites. The importance of this arrangement 
is highlighted in the case of cellobiohydrolase I, in which the deletion of the linker 
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dramatically reduces the rate of crystalline cellulose degradation [23] and other glycoside 
hydrolases [24], where removal of the carbohydrate-binding module leads to a significant 
decrease in their activity without directly affecting the catalytic domain. 

Underlining their functional importance, the length and flexibility of linkers in the 
processive enzymes is conserved, despite the rapid evolution and sequence variability of 
IDPs/IDRs, and other, non-processive disordered linker regions.  

 
Figure 3. Linker length in DLD enzymes correlates with step size. 
Linker length in amino acids of the DLD-type processive enzymes (Table 2) is plotted as a function of the unit 
(step) size in the given substrate. Variances are derived from the variations of the linker lengths in the orthologue 
proteins. The unit size is the size of the elementary unit derived from the geometry of the substrate, which is the 
first approximation of the size of elementary steps the enzyme may take along the given substrate. The linear fit 
shows the correlation between the two (R2= 0.4998), whereas horizontal dashed lines show the shortest and 
longest linker that occurs in DLD processive enzymes. 
 

 
This functional-kinetic property is also seen in a relatively limited range of linker 

lengths, which appear to be in co-evolutionary link with the particular step size along their 
typical substrate (Figure 3). This has been also suggested by the behavior of the related 
mechanochemical motors kinesin-1 and kinesin-2, the degree of processivity of which sharply 
changes by changing the length of their linker regions [25]. An important observation 
supporting this notion is that short and long linkers are entirely missing in DLD-type 
processive enzymes.  

In a broader functional context, we can assume that processive linkers represent a 
special case of the entropic chain functions of IDPs/IDRs and appear as a conceptual 
extension of mechanisms, such as fly casting [26] and monkey-bar mechanism [27]. 
Processivity appears to draw on all these mechanisms and may represent one of the primary 
benefits of the flexibility emerging from structural disorder. This type of function cannot be 
supported by a structured protein. Understanding of this molecular behavior may enable the 
design and generation of enzymes of improved capacity for the needs of biotechnology. 
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Possibility of application 
 
The cell survival assay set up in structural and functional studies of the ERD14 protein has 
potential for measuring the protective effect of other chaperones in vivo in a bacterial system. 

For processive enzymes, understanding the recognized molecular behavior may enable 
us to design and produce enzymes for biotechnology needs that similarly follow the domain-
linker-domain arrangement by inserting an disordered linker with appropriate length and amino 
acid composition. 
 
 

Thesis points 
 

I. Using in-cell NMR measurements I demonstrated that ERD14 remains disordered 
within cells. Structural disorder is its functional state, and its conserved segments 
participate in partner binding while going through disorder-to-order transition [P.I.] 

 
II. I showed that the chaperone effect of ERD14 linearly correlates with its 

concentration in the cells within the physiological range of expression observed 
under stress conditions in A. thaliana.  I concluded that ERD14 has no specificity 
for protein partners and can act on a broad range of proteins/whole proteome. [P.I.] 

 
III. I demonstrated that under heat stress conditions wild-type ERD14 is highly potent 

in protecting E. coli cells, indicating that it can exert its chaperone effect in vivo in 
a heterologous system. By combining different mutations, I was able to 
demonstrate that proper protection can only be achieved by the synergistic 
operation of the regions going through disorder-to-order transition and those that 
remain disordered in the cell. [P.I., P.III.] 

 
IV. Using bioinformatics analysis of the sequential properties of the linker regions in 

monomeric processive enzymes, I showed that disorder of the linker regions is 
required for the processive function/movement of the proteins. I proved that the 
specific amino acid composition and charge distribution of the disordered linker 
region provides required and adequate flexibility. [P.II., P.IV.] 

 

V. I presented evidence that linker length is optimized to achieve correct placement of 
the binding units of the processive enzymes and that it correlates with the distance 
between binding sites on a given substrate. [P.II.] 
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