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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. 

As a relevant beginning, I would like to provide an overview on intrinsically disordered 

proteins in general, along with the introduction of how functionality can result from the 

disordered state. 
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Chapter I 

Literature overview 

 

  

1.1. Development of structure-function relationship - The protein kingdom expands 

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]. 

Before this drastic change of view occurred in the definition of native proteins, the “folding-

unfolding” mechanism of proteins was also completely re-evaluated. Numerous experimental 

results have shown that the native and fully unfolded states of globular proteins do not always 

follow the “all or nothing” principle, and intermediate states that are partially unfolded in urea 

or guanidine HCl can be observed between disordered and ordered states [4]. One of these 

became known as molten globule and was structurally characterized in the 1980s. It later 

became apparent that there were several partially “folded” intermediates. Some of these were 

placed into the “folding path”, while others did not have a final, folded state (Figure1) [5]. 
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Figure 1: Schematic representation of the energy surface formed by the conformational states of a 

protein (based on Hartl et al., 2011).   

The disordered nascent polypeptide chain is reduced to lower and lower energy levels through the 

formation and degradation of intramolecular interactions, partially coiled intermediates. 

The energy barrier between the local energy minima of the folding paths is crossed spontaneously or by 

chaperones. Improper conformations develop due to the malfunction of the cell quality control system. 

Alternative processes driven mainly by intercellular interactions lead to the formation of aggregates, 

which are often characterized by lower energy levels than the native structure.  

 

1.2. Disordered proteins 

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. 

In a first approach, these proteins were identified as having the same structure as denatured 

globular proteins, hence the name “random coil”. However, this simplistic view was 

unsustainable in later studies, Shorte et al. have already concluded that even under highly 

denaturing conditions, no actual random coil structure is formed [6]. 
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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 free transformation of 

structure is described by the “protein trinity” and “protein quartet” models (Figure 2), 

respectively [7]. 

 

Figure 2. The protein quartet model (based on Hartl et al., 2011).  

 

1.2.1. The basis for the formation of disordered regions 

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. 

Based on previous studies, it can be said that, compared to globular proteins, the amino acids 

Trp, Cys, Phe, Ile, Tyr, Val, Leu, and Asn are present in significantly lower amounts in IDPs, 

however they are enriched in Ala, Arg, Gly, Gln, Ser, Pro, Glu, and Lys. The former are called 

"order-promoting" and the latter as "disorder-promoting" residues. The frequencies of His, 

Met, Thr, and Asp show no significant difference between the two groups of proteins (Figure 

3) [7,8,9]. 
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Figure 3. Disorder and order promoting residues  

(Top) Ranking of the 20 amino acids by the Kyte-Doolittle hydrophobicity scale from most to least 

hydrophobic; (Bottom) Ranking of the amino acids from most to least flexible by Vihinen’s flexibility 

scale. Based on (DeForte, 2016). 

 

To explore the importance of amino acid composition, Uversky et al. investigated the 

hydrodynamic behavior of about 91 disordered proteins by CD, NMR and FTIR [11]. The 

lengths of the proteins used in the study varied between 50 and 1827 amino acids, and their net 

charge at pH 7.0 ranged from +59 to - 117. Statistical analysis showed that the average net 

charge of small globular proteins as well as disordered proteins was 0.04 +/- 0.04 and 0.12 +/- 

0.09, respectively. They concluded that a large net charge is a necessary, but not sufficient 

condition for protein disorder. The hydrophobicity of disordered proteins is well 

distinguishable from the hydrophobicity of globular proteins, which also results from their 

amino acid composition. Hydrophobic amino acids are present in low proportions and polar 

amino acids in high proportions in disordered proteins. Utilizing this observation, Uversky et 

al. plotted the average net charge of globular and disordered proteins as a function of 

hydrophobicity. In this, it can be easily observed that disordered proteins are clearly separated 

from globular proteins. This representation is called the “Uversky plot” or “charge 

hydrophobicity plot” (Figure 4) [12]. 
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Figure 4. Uversky plot [13]. 

 

In addition to the high net charge and low average hydrophobicity, structural disorder is also 

ensured by the large number of prolines [12] present in the sequences of IDPs. Proline 

prevents the formation of secondary structural elements (α-helix, β-sheet), but often promotes 

the formation of a left-handed PP II helix [14]. 

A significant proportion of disordered proteins are characterized by the presence of repetitive 

stretches that are formed by repeat expansion [15]. 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 [16, 17]. 

 

1.2.2. Detection and characterization of structurally disordered regions 

IDPs differ from globular proteins due to their different biophysical properties, therefore they 

can be distinguished from each-other using a number of methods. Examples include far-UV 

CD spectra, proteolytic digestion, X-ray crystallography. The absence of secondary structural 

elements may be indicated by NMR or Fourier-transformed infrared (FTIR) spectra. Most of 

these techniques were developed to determine the properties of denatured proteins and they 

can indicate the disorder of the protein when they are performed under non-denaturing 

conditions. It is not enough to use only one biophysical method to characterize the disordered 
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state, because different techniques provide information on different aspects of disorder and 

many proteins with well-defined structures also can show the characteristics of disordered 

proteins in certain measurements [9]. 

The combined use of several of the following techniques makes it possible to correctly identify 

disordered proteins or disordered regions: 

1. During SDS-polyacrylamide gel electrophoresis, anomalous mobility has been observed for 

a number of disordered proteins when the protein appears at a higher molecular weight than 

the actual molecular weight [9]. This is due to the fact that less sodium dodecyl sulfate (SDS) 

binds to disordered proteins due to their highly polar amino acid composition, resulting in a 

lower net charge of the protein and thus in lower mobility during electrophoresis. 

2. Thermal stability is a diagnostic property of most disordered proteins, which can be 

explained by the lack of compact structure and good solubility. In practice, this means the 

resistance of the protein to heat-induced aggregation, so the protein remains solvated and 

proteins with specific functions do not lose their activity even after boiling. This attribute of 

disordered proteins also enables their separation from globular proteins. 

3. At the end of the 1940s, the correlation between proteolytic sensitivity and protein structure 

was recognized. Fontana et al. [18] were the ones who demonstrated that the rate of 

proteolysis is determined not only by surface location (accessibility) but also by the flexibility 

of potential cleavage sites. A structured region must unfold over a stretch of more than 10 

amino acids to make it possible for an average protease to cleave. Thus, the ratio of digestion 

rate can be calculated by the expression (disordered / ordered) e ^ 
((- ∆G) / RT)

, where ∆G is the 

free enthalpy of unfolding of the segment. For a typical protein, the free enthalpy of unfolding 

is between 7 and 10 kcal / mol [18], so it can be expected that a disordered region will be 

cleaved 105-107 times faster than an ordered region. 

4. Circular dichroism (CD) spectroscopy is suitable for determining the structure of proteins in 

solution phase. The far UV CD spectrum provides a good estimate of the amount of secondary 

structures and is also able to distinguish ordered and molten globule states from random coils. 

With the near UV CD, the aromatic groups can be examined. Based on this technique the 

ordered (sharp aromatic bands), molten globule and random coil states (aromatic bands 

disappear) can be easily identified. The disadvantage of this method is that it provides only 
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semi-quantitative information. For proteins that contain both globular and disordered regions, 

structural analysis is cumbersome, and it is not possible to assign individual structural 

elements to the amino acid sequence [19]. 

5. Random coil proteins can also be characterized by determining their Stoke’s radius. Often, 

the possible disorder of a protein is first detected by its hydrodynamic behavior. This can be 

determined by low-angle X-ray scattering, gel filtration, or ultracentrifugation. An unusually 

large radius of a given molecular weight is strong evidence of disorder. 

6. NMR spectroscopy is suitable for determining the 3D structure of proteins in solution phase 

and for characterizing the dynamics of the protein. In the study of disordered proteins, this 

technique has become paramount because it can provide sequence-specific structural 

information. The most widely used method is 
15

N - 
1
H heteronuclear NOE, in which the 

ordered regions give a positive signal, while the unordered regions give a negative signal. 

However, the determination of molten globule structures is difficult with NMR, because at the 

concentration required for the measurement, the proteins can aggregate and the bands of the 

NMR spectrum broaden. In addition to the NOE method, other relaxation measurements are 

also appropriate for the study of disordered proteins, and secondary chemical shift values are 

also diagnostic. NMR spectroscopy is capable of providing the strongest evidence of protein 

disorder. 

7. Structural studies carried out by X-ray crystallography revealed a lack of electron density in 

many protein structures, suggesting the presence of disordered regions. Such regions have 

been termed “intrinsically disordered” by Dunker et al., Suggesting that the lack of structure is 

inherently found in the native state [1]. 

 

1.2.3. Estimation of the frequency of disordered regions based on sequence analysis 

Intrinsic protein disorder can be predicted from the amino acid sequence. Algorithms based on 

a number of different approaches have been developed for this purpose and are freely available 

on the World Wide Web. Wooton et al. examined the complexity of protein sequences by 

determining Shannon's entropy, as it was observed that the complexity function of the 

sequence correlates with order [20]. The analysis used the Swiss-Prot database and found that 

34% of the proteins in the database contained region(s) of low sequence complexity. 
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According to a study by Dunker et al., distinguishing between globular and disordered 

proteins, 29% of the proteins in the Swiss-Prot database contain disordered region(s) of at least 

40 amino acids and approximately 7% are completely disordered [8]. 

Uversky et al., also examined the Swiss-Prot database and identified 130 proteins that are not 

homologous to each other and typically have low average hydrophobicity and high net charge. 

These proteins are most likely disordered, and because they have numerous homologues, the 

number of disordered proteins is likely to be much higher than this. 

Dunker et al. performed sequence-based prediction on 31 genomes to determine proteins with 

a completely disordered region and a disordered region longer than 50 amino acids. They 

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 [20]; for example, 23% of Arabidopsis thaliana 

proteins are completely disordered [21]. Based on these observations we can conclude that 

disorder is a common phenomenon in the living world. 

 

1.2.4. The current classification scheme of Intrinsically disordered proteins and regions – 

Functional view of IDRs/IDPs classification 

Based on literature analysis of 150 proteins containing 30 residues or longer disordered 

regions, Dunker and co-workers [22] distinguished 28 separate functions for IDPs, which can 

be summarized as molecular assembly, molecular recognition, entropic chains and protein 

motifs. Further development of this scheme resulted in six different functional classes of 

disordered proteins and regions: entropic chains, display sites, chaperones, effectors, 

assemblers, and scavengers (Figure 5) [9, 22, 23]. In another classification scheme, Gsponer 

and Babu classified IDR functions into three broad functional categories: (i) facilitated 

regulation via diverse post-translational modifications, (ii) scaffolding and recruitment of 

different binding partners, and (iii) conformational variability and adaptability [23, 24]. A 

single protein may contain several disordered regions that belong to different functional 

classes [25]. 

To the best of our knowledge, disordered proteins play important roles in cellular regulation 

and cell organization. Due to the high motility of the protein chain, no catalytic center can 
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form in disordered proteins, as a result of which these proteins lack catalytic activity. Many 

disordered proteins are involved in molecular recognition, in which the partner may be another 

protein, DNA or RNA. In post-translational modifications, enzymes are only able to modify 

readily available peptide regions, and accordingly, many post-translational modifications such 

as acetylation, glycosylation, methylation, phosphorylation, ADP-ribosylation, and 

ubiquitination occur in disordered regions [25, 26]. Disordered regions may be involved in 

protein regulation as inhibitors, activators, or even as autoregulators. Disordered regions, due 

to their extended, flexible structure, are able to interact with more partners at a time, thus they 

can participate in the construction and stabilization of large, multi-subunit complexes, such as 

the ribosome [27]. 

 

 

 

Figure 5. Functional classification of disordered proteins. Adapted from (Van Der Lee, 2014). 

 

IDPs/IDRs often take part in molecular interactions [23, 28] but their function may also 

directly originate from the disordered state, termed entropic-chain functions [17]. Binding and 

entropic-chain functions can actually be combined because often part of the IDP remains 

disordered even in the bound state, a phenomenon termed fuzziness [29].  
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1.2.4.1. IDPs’ function without binding – Entropic chains 

In this class of disordered proteins we can find examples of protein function in the absence of 

a binding event. Functions of entropic chains are determined by the benefit directly resulting 

from their conformational 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 

[30]. As an example for spacer function, the microtubule-associated protein 2 projection 

domain repels molecules that approach microtubules, thereby providing spacing in the 

cytoskeleton. Another subcategory of entropic chains are entropic springs. It is presented in 

the titin protein, which contains repeat regions rich in PEVK amino acids that generate force 

upon overstretching to help restore muscle cells to their relaxed length [15, 31]. 

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 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 [32]. 

 

2.4.2. Molecular recognition of disordered proteins 

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. 

The thermodynamic significance of the structural transition and its functional consequence 

were first described by Schulz’s thermodynamic experiment [1]. The experiment is based on 

the fact that during the formation of a sterically hindered protein-protein interaction, one of the 

partners undergoes a structural change that is accompanied by an energetic change. 
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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 [33]. The mechanism mentioned above is called induced folding. 

It follows from Schulz’s thermodynamic notion that disordered proteins mostly form a high-

specificity but low-affinity bond. 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 [12]. 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. For example, 

calmodulin completely surrounds the bound helix with a flexible region and binds to calpain 

through three distinct and separated regions of calpastatin. Another possibility is that the 

protein binds multiple ligands. A good example of this is the Ca3(PO4)2 binding of casein [34]. 

 

 1.2.4.3. Interaction with multiple partners - Moonlighting 

The dual function of proteins, called moonlighting, has long been known in the biochemical 

field. Proteins with this property are able to perform more than one different function. In the 

case of globular proteins, this divergence of function can occur by the formation of sterically 

distinct binding sites on the surface of proteins. Disordered proteins have different, in many 

cases overlapping, binding sites and many times they have the opposite effect on the same 

substrate in terms of their function, depending on the circumstances (Table 1) [35-38]. 
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Proteina 
One (inhibiting) 

function 

Another 
(activating) 

function 

IUPred 

(%)b 
PONDR® (%)c 

Calpastatin Inhibition of calpain Activation of calpain 100 80.1 

CFTR (R 
domain) 

Inhibition of CFTR Activation of CFTR 40.8 53.7 

DHPR 
(peptide C) 

Inhibition of RyR Activation of RyR 100 81.1 

EBV-SM 
Down-regulation of 
intron-containing 
mRNA 

Up-regulation of 
intron-less mRNA 

44.1 44.4 

MDM2 (180–
298) 

Down-regulation of 
p21Cip1 

Activation of estrogen 
receptor α 

70.0 70.0 

p21Cip1 and 
p27Kip1 

Inhibition of Cdk Activation of Cdk 48.2 61.0 

PIAS1 (392–
541) 

Inhibition of 
activated STAT 

Activation of p53 41.3 40.7 

I-2 Inhibition of PP1 Activation of PP1 91.7 77.8 

Ribosomal L5 
Inhibition of MDM2 
ubiquitin ligase 

Activation 
(chaperoning) of 
ribosome 

22.3 30.8 

Securin 
Inhibition of 
separase 

Activation 
(chaperoning) of 
separase 

52.0 54.2 

Thymosin-β4 
(WH2 domain) 

Sequestration of G-
actin 

Activation of actin 
polymerization, ILK 
kinase 

100 64.3 

Table 1. Examples of disordered moonlighting proteins. 
a 
Proteins known to have two opposing functions. If known, the region (domain) to where the functions 

are localized is indicated.  

 

1.3. Chaperones  

Molecular chaperones are involved in maintaining a functional proteome [5, 40]. Many 

chaperones, including the DnaK/DnaJ/GrpE system, are classified as ‘‘foldases’’ as they 

promote protein folding in an ATP-dependent process. The other category of chaperones is 

‘‘holdases.’’ They include stress-specific chaperones that are needed to protect proteins 

against aggregation under distinct stress situations [41, 42]. 

https://www.sciencedirect.com/science/article/pii/S0968000405002185?casa_token=E8F2lV0H7akAAAAA:MKoHS6t3nmAYBtU0S_lbkiVs0SkGrJvwIOa502u2q9hSDfPTt9RWlOw0udqByBWHvz0IGdYEutU#tblfn1
https://www.sciencedirect.com/science/article/pii/S0968000405002185?casa_token=E8F2lV0H7akAAAAA:MKoHS6t3nmAYBtU0S_lbkiVs0SkGrJvwIOa502u2q9hSDfPTt9RWlOw0udqByBWHvz0IGdYEutU#tblfn2
https://www.sciencedirect.com/science/article/pii/S0968000405002185?casa_token=E8F2lV0H7akAAAAA:MKoHS6t3nmAYBtU0S_lbkiVs0SkGrJvwIOa502u2q9hSDfPTt9RWlOw0udqByBWHvz0IGdYEutU#tblfn3
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Chaperones provide the formation and protection of the structure of RNA or protein partners 

through complex biochemical processes. Their presence is essential for the formation of the 

native structure of macromolecules, which is a basic condition for the performance of the 

function. The protein structure is determined by the amino acid sequence, however, the native 

structure is not always formed after protein synthesis, but gets stuck in a structure with a local 

energy minimum. The function of chaperone proteins is to resolve these structures, accelerate 

protein folding, and prevent denaturation of proteins under unfavorable conditions [5, 43]. 

Most chaperone proteins known so far are globular, as are most chaperones belonging to the 

known Hsp family of proteins. In contrast, chaperone proteins belonging to the family of 

disordered proteins are also known. The interesting thing about this case is that they can 

perform the chaperone function without a 3D structure. On a theoretical level, their function is 

based on the so-called “entropy transfer” mechanism [44]. The point is that the disordered 

protein transfers part of its entropy to the substrate (RNA or protein). As a result, the structure 

of the substrate loosens, giving it an opportunity to traverse the conformational space and pick 

up the correct structure. Based on the putative mechanism, the chaperone moves the substrate 

out of the local energy minimum by transient association-dissociation. As a result, there is no 

long-term and stable interaction over the entire length of the binding region, but (1) no more 

than one anchor segment binds the chaperone protein to the partner molecule and the rest of 

the binding region performs “entropy transfer,” or (2) the total length of the binding region 

goes through transient association-dissociation cycles until the correct structure is obtained. 

A more poorly characterized but expanding group of intrinsically disordered proteins includes 

molecular chaperones that use their structural plasticity to fulfill their function [45, 46, 47]. 

Among the disordered chaperone proteins, MAP2 is known [48], which prevents protein 

aggregation and promotes protein folding. For example: α-synuclein protects the esterase 

substrate against heat-induced aggregation [49] AavLEA1 (from the LEA-3 family) protects 

lactate dehydrogenase from loss of activity caused by freezing and prevents amyloid formation 

of polyalanine, polyglutamine sequences in vivo [50]. α- and β-caseins inhibit the aggregation 

of κ-casein into amyloid fibers [51]. Among the above proteins are those that play a role in the 

protection of the substrate, but also those that are actively involved in the formation of the 

active conformation of the substrate protein [37, 44]. 
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1.3.1. LEA proteins 

The name LEA (Late Embryogenesis Abundant) refers to the general expression of protective 

proteins that can be attributed to the late stage of nuclear maturation in plant. It is because the 

degree of hydration of the seeds is very low and yet they must remain viable for elongated 

times in this unfavorable condition. The family of proteins includes a number of functionally 

distinct proteins that in each case protect the plant cell. Protection appears at two main points: 

on the one hand, LEA proteins affect intracellular signaling. This is reflected in the protein 

composition of the cell and in post-translational modifications. The other main function 

probably the protection of the organelles, cell membrane, proteins and other partners through 

molecular interactions [50, 52]. The molecular mechanism of these processes is unknown in 

most cases, and many additional putative functions have not yet been experimentally 

demonstrated. The hydrophilic LEA proteins, which are typically expressed during drought, 

are expressed in adult plants during normal dehydration, cold, osmotic stress, and high UV 

radiation and heat [137], as well as during normal maturation. Some members of the group 

(ERD10 and ERD14) have also been shown to be expressed in actively dividing cells under 

normal, stress-free conditions [54]. LEA proteins appear in different cell types and occur at 

different concentrations, however, under stress, they can reach up to 4% of the total protein 

content of the cell [55, 56].  

Homologs of LEA proteins have been identified in bacteria, invertebrates and also in 

vertebrates living in extreme environments. Being very diverse in their structure and functions, 

their role as protein shields during abiotic stresses such as dehydration or exposure to low 

temperatures, makes LEA proteins intriguing and extremely challenging research subjects 

[47]. 

An increase in crowding conditions did not promote their folding suggesting that, most 

probably, LEA proteins are active in their unfolded or partially unfolded state. The mechanism 

by which fully disordered chaperones execute their activity is poorly understood. The 

abundance of hydrophilic and charged residues in the sequence of the LEA chaperones, may 

allow them to serve as hydration buffers, retaining water during dehydration. Besides their 

hydrophilic nature, it is possible that the constitutive disordered conformation allows for 

flexible substrate recognition by these chaperones, similarly to that achieved by the 

conditional disorder induced by stress in other chaperones [55].  It is unknown yet whether 

chaperones like the LEA proteins are promiscuous or specific in their binding, and whether 
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they favor structurally disordered clients over correctly folded ones. Their ability to adopt a 

folded (or partially folded) conformation under stress conditions might play a role in their 

binding mechanism, helping to stabilize chaperone and substrate together as a soluble complex 

while preventing entropic collisions with unfolded substrates [56]. Due to difficulties in 

obtaining structural information related to the unfolded chaperones and their aggregation-

prone substrates, especially in physiological conditions, the degree and process of unfolding 

during the chaperone activity cycle is not fully characterized. 

IDPs have been proposed as critical for plant adaptation and stress response because of their 

ability to perform more than one function by the so-called “moonlighting” activity [57]. This 

property allows LEA proteins to perform antiaggregation, protein stabilization, as well as 

molecular chaperone-like activities [50, 52, 58-61]. 

Several studies have attempted to identify, classify, and assess LEA proteins function in plants 

[59,62,63] however, a comprehensive understanding of the evolutionary history and its 

relationship with the high diversification of sequence and function of LEA proteins in plants is 

still elusive [53]. An interesting addition that in many cases LEA proteins can fulfill their 

function in heterologous system such as bacteria, yeast or even in mammalian cells [64-67]. 

 

LEA D-II family: Dehydrin proteins 

Dehydrins are a subgroup of LEA proteins and belong to the LEA D-II family. They can be 

isolated mainly from plants, typically low-water tissues, and developing seeds. They have 

been isolated first from plant Arabidopsis thaliana, but are also found in other higher plants, in 

algae, yeast, and cyanobacteria [69]. Dehydrins play an important protective role during seed 

maturation and adaptation to environmental influences. Their accumulation is caused by 

environmental effects attributable to osmotic stress, such as low temperature, drought and 

increase in salt concentration. Similar conditions occur under natural conditions during seed 

maturation. Dehydrins have been shown to protect the plant from damage caused by drought 

or cold, and their absence results in a decrease or complete lack of stress tolerance. Under 

normal conditions, however, they are also expressed in adult plant tissues under stress and 

reported to have multifunctional roles in stress response (Figure 6) [54, 69, 70]. 
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Figure 6. The multifunctionality of dehydrins with experimental evidence.  

Functions are represented by A–H. A, binding to phospholipids; B, radical scavenging; C, binding to 

water and ions; D, phosphorylation; E, binding to calcium; F, protection of enzymes; G, binding to 

cytoskeletons; H, binding to nucleic acids. This scheme is produced by combining data from individual 

studies. Some dehydrins do not have all of the functions shown in the scheme [71]. 

 

Dehydrins are generally characterized by high net charge and the presence of polar amino 

acids. They are rich in glycine and lysine residues, but are deficient in cysteine and tryptophan 

[69], suggesting disordered character. Their initial characterization is based on the highly 

conserved segments that can be found in their sequence [70]. The segments can be found in all 

dehydrins in different combinations are the following: i) K-segment that is approximately 15 

amino acid long conserved lysine-rich motif present in all cold-expressed dehydrins. The K-

segment can be found in multiple copies (1-12) within a dehydrin, according to in silico 

prediction it takes up an amphipathic α-helix structure and presumably can play a role in 

shaping the interaction with partner molecules. Experimental evidence for the latter is not yet 

available. ii) S-segment is a serine-rich region that can be phosphorylated. In most cases, it is 

wedged between the K-segments. The exact function of phosphorylation is not yet known, and 

may play a role in protein delivery to the nucleus or membrane stabilization. iii) Y-segment is 

a conserved region at the N-terminus of the protein. It shows homology to the nucleotide 

binding regions of plant proteins and bacterial chaperone proteins. iv) ChP-1 segment is 

strongly charged, lysine-rich region. It bears a strong resemblance to the charged linker region 

of the Hsp-90 chaperone protein found in animals. v) q-segment is a less conserved apolar 

region composed of glycine or proline and alanine amino acids, usually located between two 

K-segments [70, 72]. 
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ERD14  

ERD proteins are proteins belonging to the dehydrin family expressed in Arabidopsis thaliana. 

As their name suggests (Early Response to Dehydration) they appear in the early stages of 

drought stress, but naturally accumulate in the seed, in the late stages of seed maturation. They 

are also present in rapidly dividing tissues such as the meristem, root, and shoot tips [54] and 

expressed in all organs of the plant under stress. Their polypeptide chains are disordered along 

their entire length (Figure 7). Their function is related to the stress response through the 

protection of the proteome and cellular compartments. 

 

 

Figure 7. IUPred2 prediction of ERD14 [73]. 

 

In vitro chaperone studies have shown that ERD14 dehydrins are potentially active chaperones 

for a number of substrates. Experiments with lysozyme, alcohol dehydrogenase, luciferase, 

and citrate synthase model substrates showed that these proteins are capable of preventing 

heat-induced aggregation and loss of activity of the enzymes. However, they did not show 

chaperone activity in reactivating denatured proteins. The ERD10 and ERD14 proteins are 

chaperones with broad substrate specificity, which play an important role in protecting the 

structure of folded proteins and preserving their biological activity. This also overlaps with the 

conditions of expression, as these proteins are expressed during cellular stress, i.e. cold, 

dryness or active division, on the basis of which they provide protection for existing proteins 

[74], however the exact mechanism and details of the chaperone function is yet unknown.  
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1.4. The liquid-liquid phase separation (LLPS) phenomena of IDPs 

Membraneless compartments with novel functionality formed by LLPS have been in the 

spotlight lately. Within the cell, various biochemical reactions often require specific conditions 

which demand that the individual steps be separated in space. This can be achieved by 

separating cellular compartments with membranes, but an alternative strategy can be the 

formation of membrane-free protein-based organelles. A subset of cellular compartments, such 

as the nucleolus [75], PML bodies [76], Cajal bodies [77], P-bodies, and also stress and 

germinal granules, ribonucleoprotein (RNA-protein) granules are such membraneless 

organelles created by LLPS inside the cells. The absence of the surrounding membrane makes 

it possible to efficiently track environmental changes, intracellular signals and respond quickly 

in order to keep cellular integrity and homeostasis [78, 79]. It is a surprising feature of 

membrane-free organelles that the protein-based interior excludes most of the aqueous phase 

and thus they are able to form liquid-liquid phases within the cell (Figure 8) [80, 81].  

 

Figure 8. A representative example for the mechanism of phase separation. 

Cartoon presenting the mechanism of the process from soluble proteins to phase separation and finally 

to fibric aggregations by the repetitive basic-acidic motif. Figure taken from (Xue, 2019). 

 

Broad scientific evidence suggests that IDPs are heavily involved in the processes of LLPS 

[82]. As this mechanism is a thermodynamically favorable process, no external cellular energy 

(ATP) is necessary to maintain this separation within the cell. Biological LLPS is driven by 

collective weak interactions between multivalent substrates and intrinsically disordered 

proteins. IDPs/IDRs have multiple conformations and many of them have low complexity 

domains where a small number of amino acid residues are overrepresented, especially many 

polar and charged amino acids including Gln, Pro, Glu, Lys, Arg, Gly and Ser. The entropic 
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energy constraints of mixing is overcomed by the resulting weak interactions that include 

electrostatic, cation–π, and π–π interactions. While IDPs are important for phase separation, 

nucleic acids, especially RNA molecules, can also serve as multivalent substrates and drive 

phase separation. In fact, RNA has been found sufficient to promote demixing and alter the 

internal viscosity of membraneless compartments [83, 84, 85]. 

Biochemical and biophysical studies have begun to elucidate how these dynamic assemblies of 

IDPs contribute to the mesoscale organization of the cytoplasm and nucleoplasm, and how 

they participate in such functions as spatiotemporal regulation of gene expression, signaling, 

and stress response. The IDPs responsible for intracellular phase separation can often be 

expressed recombinantly and, above a critical concentration, spontaneously coacervate into 

protein-rich liquid droplets in equilibrium with a protein-poor phase [86]. Liquid-liquid phase 

separation occurs via a multitude of transient, non-covalent, intermolecular interactions 

resulting in phase transition of IDPs/IDRs and other biopolymers into dynamic, non-

stoichiometric, supramolecular condensates [82, 87]. 

The cellular reprogramming that occurs in response to a disruptive external fluctuation is 

broadly termed as stress response. Cells are frequently exposed to fluctuating, potentially 

adverse environmental conditions. To survive adverse changes they must rapidly alter gene 

expression in order to maintain internal homeostasis. Cellular stress response typically 

includes slowing or ceasing growth. While overall translation is repressed, many 

posttranscriptional regulatory proteins and mRNAs undergo phase separation. During stress, 

this process might segregate functionally important proteins and RNAs and that promotes 

survival (Figure 9) [88]. Stress granules (SGs) are an example of an evolutionarily conserved 

non-membrane compartment formed in response to stress and are composed of cytosolic 

proteins, mRNAs, and small molecules [89, 90, 91]. The key to SG formation is self-assembly 

of intrinsically disordered proteins.  

Plants exhibit different physiological and molecular responses to adverse changes in their 

environment. There is evidence that heat stress also induces the formation of SG in 

Arabidopsis thaliana. SGs assemble rapidly in response to stress and disappear when the stress 

ceases, Analogously to other stress granules, they sequester proteins essential for SG 

formation, dynamics, and function, also including RNA-binding proteins with prion-like 

domain, ATPases and chaperones, and the amino acids proline and glutamic acid. The 

published data suggest that cpSG have a role in plant stress tolerance [91]. 
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Figure 9. Characteristics and possible function of liquid-like compartments under stress.  
Low complexity domains (LCDs) may function as environmental sensors. Upon environmental stress, 

cellular integrity is compromised due to irreversible protein aggregation (bottom center), leading to a 

reduced capacity to recover after stress (bottom right). LCDs might sense stress-induced perturbations 

in the physicochemical environment through conformational changes. This in turn promotes the 

assembly of membraneless compartments to prevent protein inactivation (top center) and induce rapid 

metabolic recovery after stress (top right). Figure taken from (Cuevas-Velazquez, 2018). 

 

 

1.5. IDPs and drug design 

IDPs are potential drug targets due to their prevalence and the important roles they play in 

cells [137]. Nevertheless, the dynamic nature of IDPs severely hampers conventional drug 

design approaches based on static 3D structures and thus complicates the direct targeting of 

IDP ensembles. 

The design of small molecules directed against IDPs should therefore be based on 

conformational ensembles, which best describe the dynamic nature of these proteins. Currently 

existing drug design strategies for IDPs include the development of small molecule and 

peptide inhibitors [155], arresting order-to-disorder transitions[156], targeting regulatory 

elements [157] and the modulation of post-translational modifications[158]. Small molecules 

or short peptides have been designed to either bind to the flexible, disordered region or the 

interaction interface of their binding partners. For example, recent studies have found small 

molecules that shift the equilibrium of Myc-Max dimerization by binding to a disordered 

region of the Myc protein, thereby opening the possibility of counteracting the effects of Myc 

overexpression in many cancers [155]. Designed peptides that target the PDZ domain of 

Dishevelled (a protein that is upregulated in several cancers) have been shown to inhibit the 

Wnt signalling pathway [159].  
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The notion that IDPs are tightly regulated and several disease conditions primarily arise 

because of their altered availability, suggests an alternative strategy for drug development. In 

addition to identifying molecules that directly influence the interaction or stability of the 

protein itself, one can target regulatory enzymes that post-translationally modify IDPs, 

consequently affecting their availability. Indeed, Puca et al. [160] have shown that natural 

agents which inhibit Sirt1-deacetylase or siRNAs that reduce the abundance of the kinase 

HIPK2, lead to the increased stability of p53 and drive cancer cells towards apoptosis. Another 

study by Yuzwa et al. [161] identified an inhibitor of tau deglycosylation to counter 

Alzheimer’s disease development.  

Another example, the drug-like compound phenyl sulfonamide, ELN484228, has been 

proposed as a small molecule, which targets the disordered soluble state of α-synuclein. Using 

in silico structure-based computational docking, several small molecules were identified, 

which access binding pockets in the molecular ensemble of α-synuclein. Of these, ELN484228 

was shown to have significant cellular activity and to restore disrupted synaptic vesicle 

trafficking.[162] These representative examples show that drug design associated with IDPs is 

an important direction for the treatment of multiple cancers and neurodegenerative diseases 

[163, 164]. 
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CHAPTER II 

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 
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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. 

 

• 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.  
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CHAPTER III 

Materials and methods 

 

 

3.1. Constructs, recombinant proteins, mutagenesis 

Various deletion constructs of ERD14 were generated from the wild-type sequence by site 

directed mutagenesis. Scrambled sequences (Full-Scr, Scr-Kc, Scr-S, Scr-SKc, Scr-Kabc, and 

Scr-KabcS) designed in silico were generated by total cDNA synthesis. For in-cell stability 

determination, ERD14 was FLAG-tagged by inserting it into the expression vector  

pT7-FLAG 2. Sequences of the constructs and the control proteins are delineated in Table A1. 

Wild-type ERD14 was expressed from a previously prepared construct of ERD14 in a pET22b 

vector [93], which was cloned to contain no additional amino acids next to the original ERD14 

sequence. The pelB leader sequence was eliminated by introducing a stop codon before its 

sequence in the vector to ensure cytoplasmic localization of the protein. 

For Full-Scrambled (Full-Scr) ERD14, amino acids except for the starting methionine were 

scrambled in silico. The resulting amino acid sequence was checked for the lack of coils, 

secondary structures, and overall folding tendency to make sure that the protein possessed a 

truly disordered nature. The final sequence was chosen from over 100 different variants, and 

the coding sequence was generated by full cDNA synthesis. The construct was cloned into a 

pET22b vector so that it did not contain any additional amino acids other than the scrambled 

sequence indicated in Table A1. The pelB leader sequence was removed the same way as in 

the case of the wild-type variant. 

The pGEX-5X 1 vector was used to express glutathione S-transferase (GST) or calpastatin 

protein in the same cell line as a control. 

 

3.2. Protein expression and purification for in vitro studies 

The pET-22b (+) vector containing the appropriate construct was transformed into competent 

E. coli BL21* (DE3) pLysS cells and growing in LB medium containing 0.05 mg / mL 

carbenicillin overnight at 37 °C with shaking at 200 rpm. After inoculation with the starter cell 

culture into fresh LB medium containing 0.05 mg / mL carbenicillin was done and the cells 

were grown to OD600 = 0.6 - 0.8. After induction with 0.5 mM IPTG protein was expressed for 

3 hours under the same conditions as the growth.  
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After expression, the cells were harvested by centrifugation at 4 ° C at 4000 rpm for  

20 minutes. Then supernatant was discarded and the pellet was resuspended in lysis buffer  

(50 mM Tris, 150 mM NaCl, 0.4 mM DTE, pH 7.5) supplemented with protease inhibitor 

mixture tablet prior usage. Sonication was performed for 6 x 15 seconds with 30 second 

pauses during which the sample was kept on ice. Samples were centrifuged at 4 °C 5100 rpm 

for 20 min to settle the cell debris. Using the high temperature resistance of ERD14, boiling 

the supernatant was performed for 10–15 min to precipitate globular proteins and ERD14 

constructs remained in solution during the heat treatment. The denaturated portion was 

removed by centrifugation at 4 °C, 16,000 rpm for 30 min. The supernatant was filtered 

through 0.2 µm filter. The protein extract was purified with ÄKTAexplorer
TM

 LC purification 

system. First purification step was buffer exchange to remove excess salt from the buffer using 

HiPrep 26/10 Desalting column (polystyrene/divinylbenzene packing with [NH4]
+
). The 

sample was transferred to 50 mM Tris buffer (pH 7.5).  

Fractions containing ERD14 were purified on Resource Q 6 ml anion exchange column. 

Elution was performed with a linear salt gradient up to 500 mM NaCl content. Fractions 

selected from the chromatogram were checked by SDS PAGE on 15% gel. Based on the gel 

image, the fractions containing pure protein were dialyzed into MQ water. Dialysis was 

performed at 4 °C O/N. The samples were lyophilized and stored at -20 °C until usage. 

 

3.3. Cell viability assays 

Cell viability was measured in the LB medium, by observing the time it takes for cells to reach 

an optical density of 0.55 at 600 nm of appropriately diluted samples. To this end, BL21 Star 

(DE3) E. coli cells overexpressing one of various ERD14 constructs or control proteins (GST, 

calpastatin (CAST)) were grown in 5 mL LB medium containing 50 µg/mL carbenicillin 

overnight in 37 °C under continuous shaking at 200 rpm. In the next day 50 µL aliquots were 

transferred into 5 mL LB medium containing 50 µg/mL carbenicillin and were grown for 2 

hours. Protein expression was induced with 0.5 mM IPTG for 3 hours. 0.5 mL aliquots were 

taken and either stressed or not stressed before appropriate dilution into LB medium into the 

wells of a 96 well plate. The stress condition was heat stress at 50 °C for 15 min. Each samples 

(except for calibration) were diluted into fresh LB media 20X. 

Measurements of absorbance at 600 nm were taken every 2 minutes in a BioTek Synergy Mx 

microplate reader for 12 hours at 37 °C by 200 rpm shaking: viability was associated with the 
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time taken for the cells to reach an optical density of 0.55, roughly the half-maximal value 

they attain after long incubation periods. From a number of different conditions, we selected 

50
o
C x 15 min for an optimal stress effect. The observed protection effect was normalized to 

the actual expression level of the given construct in the given experiment, enabled by the 

linearity of dependence. In short, the actual concentration was determined, and the expected 

protection at a concentration matching that of ERD14 WT was calculated by linear intra- or 

extrapolation (Figure 10).                                    

 

 

 

Figure 10. Scheme about the set-up of the cell viability assay. 

 

 

3.4. Varying ERD14 concentration in vivo – Dose-effect correlation measurements 

To follow the dependence of protection on intracellular ERD14 concentration, we applied two 

approaches for varying ERD14 expression, relying on induction by either IPTG or arabinose. 

For IPTG, to allow monitoring the ERD14 concentration, we used the FLAG-tagged variant of 

WT ERD14, ERDA14/pT7-FLAG2 (this tagged ERD14 has the same cell-protection effect as 

the non-tagged wt-ERD14). Cell viability assays were carried out by varying induction times 

from 0.5 to 4.0 hours. Relative survival rates were measured the same way as in cell viability 

assays and the concentrations of ERD14 in the different samples were measured with 
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densitometry of anti-FLAG Western blots. Images were evaluated by the ImageJ image 

processing program.  

For the arabinose-induction system, we used the pBAD vector containing WT ERD14. The E. 

coli strain used in this study was TOP10 (Invitrogen). Cell viability assays were carried out by 

varying L-arabinose added to the broth at final concentrations of 0.002, 0.02 and 0.2 (w/V) %. 

Relative survival rates were measured the same way as in cell viability assays and the 

concentrations of ERD14 in the different samples were measured by anti-ERD14 Western 

blots. Images were evaluated by the ImageJ image processing program. 

 

3.5. Protection of the proteome in vivo 

To assess if ERD14 protects the proteome under stress conditions, we visualized the amount of 

soluble proteins in cells expressing either ERD14 or CAST, with or without applying heat 

stress (50
o
C x 15 min). Cells were lysed in lysis buffer (20 mM TRIS, 200 mM NaCl, 2 mM 

EDTA, complemented with 1 Mini Complete protease inhibitor tablet (Roche) / 10 mL 

solution) by sonication with 6 consecutive bursts of 15 s followed by 60 s cooling. Lysates 

were centrifuged 13000 rpm x 10 min, and supernatants were separated from pellets. Both the 

supernatants and the pellets were run on 12.5% SDS-PAGE and analyzed by densitometry.  

 

3.6. NMR measurements 

3.6.1. In-cell NMR and spectral assignment 

BL21 (DE3) Star pLysS cells containing the wild type or the Full-Scr ERD14 construct were 

grown in LB medium (Sigma-Aldrich L3522) containing 50 mg/mL carbenicillin to an OD600 

of about 0.6-0.8. Cells were collected by gentle centrifugation (under sterile conditions, 

2700xg, 20 minutes, room temperature) and resuspended in fresh 
15

N-labeled M9 minimal 

medium (using a quarter of the initial volume of full medium). The M9 minimal medium 

contained  

32 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 0.1 mM CaCl2, 1 mM MgSO4, 50 mg/L 

carbenicillin, 10 mL/L vitamin mix from Sigma-Aldrich, 10 mL/L 100X trace elements 

solution, 1 g/L 
15

NH4Cl, 4 g/L glucose.H2O. The 100X trace elements solution consisted of  

17 mM EDTA, 3 mM FeCl3, 0.6 mM ZnCl2, 0.08 mM CuCl2, 0.04 mM CoCl2, 0.16 mM 

H3BO3, 0.007 mM MnCl2. After one hour of additional growth at 37 °C, cells were induced 

with 1.6 mM IPTG at 37 °C. Samples were taken before and after 3 hours of induction, 

respectively. 
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For both samples, 100 mL of bacterial culture were pelleted by gentle centrifugation (under 

sterile conditions, 3000 x g, 20 min, 20 °C), resuspended in 1.5 mL of NMR-M9 medium  

(32 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 0.1 mM CaCl2, 1 mM MgSO4, 50 mg/L 

carbenicillin, 4 g/L glucose.H2O), followed by another gentle centrifugation step and 

resuspension in 800 µL NMR-M9 buffer. Finally, 100 µL of D2O were added to 1 mL of this 

very dense cell suspension and inserted into a standard NMR tube. For both samples 1D 

(watergate), as well as 2D (
15

N-HSQC) in-cell NMR spectra were acquired on a Bruker DRX 

700 MHz spectrometer at 277 K. HSQC spectra were recorded with a resolution of 1024 and 

256 measured time points and spectral widths of 4.691 +/- 5 ppm and 118.49 +/- 11.5 ppm in 

the 1H and 15N dimensions, respectively, with 4/8 (no induction) and 4/16 (induced) 

dummy/regular scans. 

Cell suspensions were recollected from the NMR tube right after the in-cell NMR 

measurements, and pelleted by centrifugation (13000 g x 2 min, RT). DSS was added, and the 

spectrum of the supernatant was acquired in exactly the same way as for the in-cell spectra, so 

as to give evidence of the true in-cell status of the measured protein (no leaking from the 

cells). Furthermore, at all stages of the in-cell experiment (in-cell spectra and supernatant 

spectra, before and after the measurements) samples were taken for gel electrophoresis and 

SDS-PAGE was performed. 

 

3.6.2. In vitro references and controls to the in-cell NMR experiments 

NMR peaks assigned in vitro (181/185) [93] were transferred to the in vivo state by taking into 

consideration that the intracellular pH of bacterial cells is relatively high [94]. To this end, WT 

and Full-Scr ERD14 were expressed and purified as described previously. Lyophilized,  

15
N labeled ERD14 was dissolved at a concentration of about 1 mM in 550 mŁ of NMR-M9 

buffer containing 10% D2O and 1 mM DSS. In vitro HSQC spectra were recorded at 277 K  

at pH 6.58 at different temperatures (288 K, 282.5 K and 277 K) and several pH values  

(6.58, 6.94, 7.29, 7.42, 7.57, 7.70) to transfer the previous assignment to the temperature and 

pH conditions of the in-cell spectrum (Appendix. Figure A1A and A1B, respectively). WT 

ERD14 chemical shifts have been deposited to the BioMagResBank under BMRB Accession 

Number 26636). The HSQC spectrum at 277 K and pH 7.7 was then used as a reference for 

the in-cell spectra (Appendix Figure A1C and Table A2).  

In order to mimic non-specific crowding effects within the cell, different amounts of dextran 

(from Leuconostoc ssp, Fluka, MW ~70 kDa) were added to reach final concentrations of  
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0, 150, 300 and 400 mg/mL, and HSQC spectra were recorded at pH 7.79 and 277 K.  

The same sample was used as in the temperature- and pH-titration. A small pH shift of 7.79 to 

7.63 was observed (but not corrected for). All listed experiments were acquired on a Bruker 

DRX 700 MHz spectrometer using the same parameters as for the in-cell spectra, unless stated 

otherwise. 

3.6.3. Interpretation of in-cell NMR spectra 

For the interpretation of the in-cell results, the observed differences between in-cell and 

reference spectra were categorized. We marked resonances “steady” if they are present in both 

spectra in the same position with high confidence level, “disappearing”, if they are missing 

from the in-cell spectrum, “broadening”, if they are detectable but because of poor S/N ratio 

and severe signal overlap within the cell, they are hard to unequivocally assign in the cell. A 

small number of resonances, the presence of which could not be ascertained, are marked as 

“unknown” (all marks are given in Appex Table A2). For the interpretation of results, i.e. to 

see if changes cluster to certain regions and correlate with structural-functional elements of 

ERD14, we visualized these scores by giving -1 for disappearing, 0 for broadening and +1 for 

steady residues, taking into account only residues which were not disappearing in the presence 

of 400 g/L dextran (Figure 14B). 

In order to ascertain that we can detect the whole amount of expressed WT ERD14 in cells, 

which is responsible for the function in vivo, and to determine the protein concentration within 

the cells, we conducted the following experiment based on [95, 96]. Our in-cell samples, on 

the average, contained 8 ± 0.96 x 10
10

 cells (calculated as given in [97]). To prepare lysates of 

in-cell NMR samples, cells were sedimented for at 3000 g x 20 min and resuspended in NMR-

M9 buffer. After sonication and boiling for 5 min, denatured globular proteins were 

sedimented by centrifugation for 12100 rpm x 30 min. The cell extract was purified on 

ResourceQ anion exchange column, dialyzed into MQ water and lyophilized. The purified 

protein was dissolved into NMR-M9 buffer and transferred to the original NMR tubes. 1D/2D 

NMR spectra were recorded with identical spectrometer and acquisition settings as for the 

intact in-cell NMR samples. The quantity and intactness of WT ERD14 and Full-Scr ERD14 

were analyzed on SDS-PAGE gel. Comparing the obtained peak intensity ratios (Figure 13C), 

the 1D signal ratios of in-cell and purified protein NMR spectra and the band intensities on 

SDS-PAGE gels, the protein concentration was calculated based on [95, 96].  

We found that the cells contained 177 ± 30 µM WT ERD14 protein during the in-cell NMR 

measurements, which is in the physiological range of ERD14, as dehydrin amount can reach  
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4% of the proteome under stress conditions [98]. The bacterial cytoplasm contains 300 mg/ml 

proteins which is about 25% of the total cell volume [99]. In this case, 4% of the proteome is  

12 mg/mL. In our NMR and cell viability experiments, the cells contained about 3.7 mg/mL 

ERD14 protein, which is approximately 3-times less than its maximum concentration attained 

upon stress. 

 

3.7. CD Spectroscopy Measurements 

Circular dichroism (CD) spectroscopy experiments were carried out on a Jasco J-810 

instrument (Japan Spectroscopic Co., Tokyo, Japan) equipped with a Peltier-controlled 

thermostat. For secondary structure determination in 10 mM Na-phosphate, pH 7.4 buffer and 

in the presence of 30% trifluoro-ethanol (TFE), a quartz cell of 10 μM pathlength was used 

with a protein concentration of 5 mg/mL. Four scans were accumulated by using a scanning 

rate of 20 nm/min, a bandwidth of 1 nm, and a data integration time of 4 s. Secondary 

structure composition was analyzed by the BeStSel algorithm [100]. 

 

3.8. Collection of processive enzymes and intrinsically disordered proteins  

Processive enzymes have been collected from the literature by searching for keywords 

“processive” or “processivity”. We have aimed for a full coverage of all types of processive 

enzymes, which resulted in 47 illustrative examples (Appex. Table A3), many of which were 

covered previously [101]. From this collection we have selected 12 monomeric enzymes, for 

further analysis (Table 2). Selection criteria were: the availability of specific data on the 

kinetic parameters of the enzymes (Kon, Koff, processivity, movement speed) and the 

existence of at least one orthologue protein.  Due to their dominant modular arrangement, we 

term these monomeric processive enzymes domain-linker-domain (DLD) type. For 

comparative purposes, we also downloaded 1274 IDP/IDR sequences from the DisProt 

database (version 7.0) and selected 133 of the IDRs annotated as “linkers” [102]. 
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3.9. Assessing structural disorder of linkers  

Structural disorder of processive enzymes was predicted by the IUPred algorithm [39], which 

is based on estimating the total pair-wise inter-residue interaction energy gained upon folding 

of a polypeptide chain. The predictor returns a position-specific disorder score in the range 0.0 

– 1.0, and a residue with score ≥0.5 is considered as locally disordered. To characterize the 

disorder tendency of domains and linkers, we calculated the ratio of disordered residues within 

the given region. 

 

 

3.10. Flexibility of linker regions 

To quantify the flexibility of linkers, we used DynaMine [103], a backbone dynamics 

predictor that has been trained on proteins for which NMR-based chemical shifts and 

experimental amide bond order parameters were available. Its score falls between 0.0 and 1.0, 

with a threshold 0.78 separating flexible (below) and rigid (above) regions.  

Values were averaged for the entire sequence of linkers to calculate an overall measure of 

flexibility. 

 

3.11. Charge state and kappa value calculation of linkers 

The charge state of linkers was characterized by three parameters [104, 105]. The net charge 

per residue value (NCPR) is defined as |f+ − f−|, where f+ and f− are the fractions of 

positively- and negatively charged residues within the linker region, respectively. The total 

fraction of charged residues (FCR) is defined as f+ + f−). The linear distribution of opposite 

charges is described by the kappa (κ) parameter [105], which is the mean-square deviation of 

local charge asymmetry from the overall sequence charge asymmetry weighted on the 

maximal asymmetry allowed for a given amino-acid composition. Kappa can range from 0 

(when opposite charges are evenly distributed) to 1 (when opposite charges are segregated into 

two clusters). Kappa has a basic influence on IDP/IDR conformation, as there appears to be an 

inverse correlation between the kappa value and the radius of gyration of the polypeptide 

chain. 
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3.12. Amino-acid composition and length distribution of linkers 

The length and amino acid composition of each processive linker (Table 2) and all IDPs/IDRs 

in DisProt [102] were calculated. For classification purposes, we also determined composition 

in terms of a reduced set of amino acid types (positive/basic: Arg, Lys; negative/acidic: Asp, 

Glu; polar: Ser, Thr, Cys, Gln, His, Tyr, Asn; hydrophobic: Ala, Val, Met, Trp, Phe, Leu, Ile; 

and special: Pro, Gly). 

 

3.13. Variability and conservation of linker regions 

The DLD-type processive enzymes studied here contain two globular domains connected by a 

disordered linker. To analyze their evolutionary relatedness, we applied the MAFFT (Multiple 

Alignment using Fast Fourier Transform) program to generate multiple alignments [106] of 

the sequences from several species, anchored by the flanking ordered binding domain(s), 

which are highly conserved. Evolutionary conservation of a given region (either disordered or 

folded) was calculated by an algorithm that computes the average of genetic distances between 

each pair of sequences in the alignment. The details of the applied method are given in 

reference [107]. The species used for alignments and conservation analysis are listed for each 

protein in Table 3. 
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Contribution 

Some of the results included in my doctoral dissertation were made by the collaborative work 

of several researchers. I have written my own results in first person singular and the results 

from the joint work of several researchers in plural. In each case, I named my colleague or 

collaborator who was responsible of performing the particular experiment. 
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CHAPTER IV 

Results and discussion 

 

 

4.1 Characterizing the structure-function correlation of ERD14 protein 

Whereas complete understanding of the function of a plant chaperone requires studies in plant 

cells, our detailed mechanistic studies planned using E. coli-based system, due to several 

points: (1) separating ERD14 from other dehydrins and LEA proteins simplifies functional 

interpretation of the results, largely overcoming the problem of their functional redundancy 

[62]. (2) The application of bacterial cells enables us to carry out structural studies by in-cell 

NMR, not yet possible in plant cells [56]. (3) Studying a stress-related IDP (IDSP) enables to 

overcome the problem caused by the low sensitivity of NMR and low physiological 

concentrations of disordered signaling proteins [108], because the high intracellular 

concentrations required for in-cell NMR are in the physiological range of IDSPs attained 

under stress conditions [53, 109]. (4) As witnessed in many heterologous systems, including E. 

coli [110, 111, 112], dehydrins are of broad substrate specificity, thus E. coli is an appropriate 

model system for their study. (5) IDSPs (hydrophilins) are widespread in evolution [59, 113, 

114] and a few analogues of dehydrins do exist in bacteria [114], i.e., the underlying 

mechanism can be conserved across very distant taxa. 

 

4.1.1 ERD14 protects cells under temperature stress 

In vitro observations of the chaperone activity of IDSPs, such as ERD14 [10], do not ascertain 

their chaperone activity in a cellular context. To be able to address this question, we set up an 

in vivo assay based on measuring the viability of E. coli cells by following cell proliferation 

before and after applying a transient heat stress to model an abiotic stress condition which 

induces the overexpression of ERD14 in A. thaliana cells. This stress (50
 
°C x 15 min) causes 

a significant reduction of the number of viable cells. BL21* cells’ survival rate was 26.2%, 

while 36.8% of the cells containing an empty plasmid was viable after stress. Overexpression 

of the globular control protein GST (survival rate 38.9%) or the IDP calpastatin [115] 

(survival rate 38.7%) has no protective effect under the same conditions (Figure 11). On the 
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contrary, if ERD14 is overexpressed, the survival rate of E. coli cells remains 73.9% following 

stress (all survival rate data are enlisted in Appex. Table A4). 

Figure 11. Survival rates of E. coli cells against 

stress  
Survival rate (viability) is reduced by the applied heat 

stress to 26.2% (compared to non-stressed cells) for 

cells without plasmid, 36.8% for cells containing an 

empty vector and about 39% in the case of 

overexpression of control proteins: GST (38.9%) and 

IDP calpastatin (38.7%). Overexpression of ERD14 

increases the survival rate to 73.9%. An ERD14 

variant which keeping the amino acid composition 

but scrambling the sequence of ERD14 (Full-Scr) 

completely abolishes its protective effect. Survival 

rates are shown as mean values with SEM. 

Significant differences compared to WT ERD14 are 

labeled with asterisks (*). 

  

Previous analyses suggested two possible molecular mechanisms for the chaperone activity of 

IDPs: (i) one that assumes the physical separation of misfolded substrate molecules by 

disordered chaperone chains without (specific) physical contacts (a basic molecular shield 

mechanism [50]) and (ii) another one that relies on transient contacts between the proteins 

(entropy transfer model [44], or an extended molecular shield model [116]). To investigate the 

possible explanation of the protective effect of ERD14, we asked how scrambling the entire 

sequence of ERD14 (for all ERD14 constructs, see Appex. Table A1), which abolishes local 

recognition elements but preserves the overall amino acid composition and disordered state 

affects its activity. The protein construction created based on this concept, Full-Scr, offers no 

protection to cells against heat stress (survival rate 39.8%, Figure 11), which, together with the 

lack of protection by the fully disordered calpastatin points to the interplay of partner binding 

and structural disorder in the in vivo chaperone effect of ERD14. As suggested by the 

literature, this cellular effect could originate form protecting membranes and/or other cellular 

proteins [117]. 

 

4.1.2 Improved cell viability is linked to protection of proteins  

In previous in vitro studies we observed no effect of ERD14 on membrane fluidity [46] and in 

vivo localization experiment shows a cytoplasmic localization of the disordered chaperone, 

which does not change upon applying the heat stress (50 °C × 15 min) to cells [118]. These 

observations are in good accordance with the presumption that proteins being the primary 
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clients of this dehydrin, in line with a range of prior studies [58, 112, 116, 119]. Therefore, I 

next asked if, after stress, a larger fraction of the proteome gets aggregated in cells 

overexpressing the non-protective control protein calpastatin (Figure 11) than in cells 

overexpressing ERD14. To this end, I treated cells overexpressed either ERD14 or calpastatin 

with the applied heat stress in the viability assay. After collecting and lysating the cells, the 

samples’ protein content was checked separately in the supernatant and pellet fraction by SDS 

polyacrylamide gel electrophoresis (Figure 12A). Quantitative analysis by densitometry of the 

peak intensities shows proteome-wide, broad range protection from aggregation/denaturation 

by ERD14 (Figure 12B).  

 

 

Figure 12. ERD14 protein has a general protective effect on the proteome as shown by the pattern of 

proteins before (no stress, NS) and after (stress, S) heat stress. (A) ERD14 and Calpastatin 

overexpressing cell extracts’ supernatant (sup) and pellet (pel) fractions on 12.5% SDS-PAGE gel. (B) 

Densitometric analysis of pellets before (blue line) and after (red line) stress was carried out using 

ImageJ image processing software. Differences are colored for better clarity. The results suggest that 

after heat stress proteins within the whole Mw range get more aggregated in the presence of calpastatin 

but remain more in solution in the presence of ERD14 (the observed differences are significant).  

 

These results suggest that protection of cells by overexpressed ERD14 is due to protecting 

either the entire proteome, or a range of specific proteins. Next, we asked if the structural state 

of ERD14 in the cell is linked with its protective effect. 

A B 
ERD14 

Calpastatin 
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4.1.3 ERD14 is largely disordered in vivo 

Several LEA proteins and most hydrophilins have been shown to be structurally disordered 

proteins [44, 59, 62, 116]. Although their chaperone effect has been amply demonstrated in 

vitro and also in vivo, the direct functional role of their structural disorder has never been 

addressed. In our prior in vitro multidimensional NMR analysis, we could assign 181/185 

residues of ERD14 (BMRB entry 16876) and showed that the protein is fully disordered, with 

some tendency of its conserved motifs to sample transient secondary structures [93]. Of 

course, due to extreme molecular crowding in the cell, structural features of ERD14 in vitro do 

not necessarily translate to its behavior in vivo, although for several IDPs in-cell NMR 

suggested a primarily disordered in vivo state [108, 120, 121]. It is rarely asked, though, how 

the disordered state observed in the cell actually pertains to the function of the protein [121]. 

Therefore, to address if ERD14 is disordered in cells and to find out if its potent cellular 

chaperone activity observed is linked with its structural disorder, ERD14 was overexpressed in 

E. coli cells under labeling conditions (in M9 minimal medium, supplemented by 
15

NH4Cl, in 

experiments for spectral assignment by 
13

C-glucose and 
15

NH4Cl) and recorded its in-cell 
1
H-

15
N-HSQC spectrum at 277 K (Figure 13A). Although spectral details are affected by cellular 

crowding and the inherent inhomogeneity of the cell suspension (causing broadening and 

disappearance of signals), the in vivo spectrum overlaid onto the corresponding in vitro 

spectrum shows that the protein is largely disordered in the cell, as evidenced by the narrow 

distribution of peaks in the proton dimension (8.1≤ δ≤ 8.8 ppm). To show that ERD14 does 

not leak from cells during the in-cell NMR experiment [123, 124],  we have taken the NMR 

sample once the in-cell spectrum was recorded, centrifuged it (13000g x 2 min), and recorded 

the HSQC spectrum of its supernatant. An SDS-PAGE gel was also ran to directly visualize 

the protein content of cells and supernatant. Both the gel picture and NMR spectrum show the 

absence of labeled protein in the supernatant of cells, confirming that overexpressed ERD14 

stays inside cells for the duration of the entire experiment and is disordered in the crowded 

cytoplasm.  

The region covered by the HSQC spectrum suggests that the protein is in an overall disordered 

state, and its certain regions do not bind to partners, whereas its other regions are much 

affected by binding-induced line broadening, causing disappearance of peaks (Figure 13A, 

region enlarged). To prove that the whole amount of molecules in the cell can be seen, i.e. 
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disordered ERD14 conveys cellular function, I have quantified and compared peak intensities 

in the cell and following extraction (Figure 13B), and could show that the intensity of selected 

peaks (clearly identifiable both in the cell and after extraction) decrease only slightly upon 

purification. Inferring from this result I can state that we have the NMR signature of functional 

protein molecules in the cell. 

Therefore, these experiments connect the disordered state of an IDP with its in vivo function, 

which goes beyond interpreting IDP function by induced folding, when (part of) the protein 

becomes structured in the presence of a partner [125]. 

 

4.1.4 ERD14 is stable in the cell  

As a caveat to this link of structural disorder and protective (chaperone) effect of ERD14 in 

cells, one has to assume that the protein is stable enough in the cell to survive sufficiently long 

under stress, which might be in conflict with the noted sensitivity of IDPs to proteolytic 

degradation [9]. To this end, we recorded the 1D 
1
H spectrum of ERD14 in cells in the first 

day after expression, and then again in 5 days, when all spectra were recorded for the 

assignmental studies of WT and Full-Scr constructs of ERD14. Changes due to degradation of 

the protein 

 can not be observed. (Figure 12B). Cell viability remains after the in-cell NMR 

measurements: after inoculation of the sample into fresh media the cells are capable of 

growing. It is to be noted that similar stability was also reported for a few other IDPs in in-cell 

NMR experiments [108, 120, 121]. 
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Figure 13. ERD14 is largely disordered in the cytoplasm by in-cell NMR 

(A) ERD14 was overexpressed in E. coli cells under 
13

C- and 
15

N-labeling conditions and its in-cell 
1
H-

15
N 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. (B) ERD14 WT is stable in cells during the NMR 

measurements: overlaid 1D spectra (first day (blue) and 5th day (red)) show no significant change in 

signal intensity. (C) Comparison of NMR signal intensities within the cell (teal) and after extraction 

and purification (purple). 12 peaks (labeled red on 2A) well-defined both in vivo and in vitro are 

selected for analysis.  

 

  

A 
B 

C 
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4.1.5 Conserved regions of ERD14 bind to partner molecules in the cell 

In previous in vitro NMR experiments [93], secondary chemical shift and relaxation data 

showed that the conformation of ERD14 is close to a random coil, with its five short 

conserved segments (Ka, Kb, Kc, S, and ChP) transiently sampling local helical conformations 

(Figure 14A). Given the evolutionary conservation [8, 53], of these regions, the suggested in 

vitro functions of similar K segments in other dehydrins [126, 127, 128] and the general 

tendency of structurally pre-formed regions (i.e., pre-structured motifs, PreSMos [129]) in 

IDPs to be involved in molecular function, we hypothesized that these five regions may be 

involved in functional interactions of ERD14. 

Therefore, I have set to analyze the in vivo HSQC spectrum of ERD14 in detail. To this end, 

first we transferred the assignment from our prior in vitro NMR analysis to conditions similar 

to those within E. coli cells, where macromolecular crowding and relatively high pH 

conditions (about pH 7.6-7.8 [94] prevail). Through a series of spectra recorded at various 

temperatures (277 K to 288 K, Appex. Figure A1A) and pHs (pH 6.58 to 7.70, Appex. Figure 

A1B), the assignment of resonances could be transferred to the in vitro reference HSQC 

spectrum (T= 277 K, pH 7.7: Appex. Figure A1C, BMRB Accession Number 26636). 

A comparison of this in vitro spectrum and the in vivo 
1
H-

15
N-HSQC spectrum of ERD14 

(Figure 13A) shows that several characteristic peaks occupy the same position in vitro and in 

vivo (42 resonances, marked as “steady” in Appex. Table A2.). Thus, these residues must be in 

a comparable (disordered) structural state in vitro and in vivo. Second, a subset of the signals 

vanish from the in-cell spectrum (29 “disappearing” resonances), probably due to severe line 

broadening caused by partner binding, only 5 of which also disappears under crowding 

conditions in vitro elicited by 400 mg/mL dextran. Third, due to the high degree of signal 

overlap of the central spectral region, many resonances cannot be resolved with high 

confidence, but appear to be largely preserved (93, marked as “broadening” in Appex. Table 

A2). Finally, 21 resonances cannot be linked to the in vivo spectrum, thus they are marked as 

“unknown” and are left out of further consideration. I interpret disappearance of resonances as 

a result of the binding of ERD14 segments to other protein molecules in the cell, whereas 

relate their steady or broadening behavior as a sign of a primarily disordered state in the cell 

(Figure 14B). 
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Figure 14. Conserved regions tend to form transient α-helices in vitro and linked to partner binding 

in cell  

(A) Previous in vitro NMR studies show that conserved regions of ERD14 sample transient helical 

structures in isolation based on sequence corrected Secondary Chemical Shift (SCS) values. Areas, 

where the Cα values are shifted upfield, while the Hα values are shifted downfield, correspond to 

partially formed α -helices (Figure partly adapted with permission from (Szalaine Agoston et al., 

2011)). Conserved motifs of EDR14 marked by colored shading. (B) Disappearance scores based on 

the assignment and analysis of the in-cell spectrum, we mapped a comparison of in-cell and in vitro 

NMR spectra on ERD14 sequence (cf. Appex. Table A2). "Steady" (+1) peaks do not change position, 

“disappearing” (-1) peaks are not seen in vivo, empty circles represent residues which are disappearing 

in the presence of high dextrane concentration, whereas “broadening” (0) peaks broaden and overlap so 

much that their identity is difficult to determine in vivo. 

 

  

A 

B 
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Such spectral effects, however, can also be accounted for by kinetic-exchange phenomena 

between different conformational states in the viscous and crowded cytoplasm. I have two 

lines of evidence against this interpretation. First, I refer to the comparison of the in-cell 

spectrum of ERD14 (Figure 13A) with that of Full-Scr ERD14 (Figure 15A), which has no 

cellular protective effect (Figure 11) and lacks the preformed motifs. Whereas overall disorder 

of the two proteins is very similar (Appex. Figure A2), there is no indication of significant line 

broadening in the case of Full-Scr ERD14 (Figure 15A).  

 

 

Figure 15. Overlapped in vitro and in-cell HSQC spectra of Full-Scr with CD experiments for TFE 

induced secondary structure changes    

(A) In-cell 
1
H-

15
N HSQC spectrum of scrambled (Full-Scr) ERD14 (teal) is compared to the HSQC 

spectrum (purple) of purified Full-Scr ERD14 recorded in buffer. Broadenings of several resonances 

can be observed, but there are no peak disappearances. (B) As shown by circular dichroism (CD) 

measurements, TFE at 30% concentration induces conformational changes in Full-Scr ERD14, (C) 

Analysis of CD spectra by BestSel (Micsonai et al., 2018) suggests that Full-Scr ERD14 is mostly 

disordered (α-helix content 2.5%), whereas in the presence of 30% TFE the secondary structure content 

increases (α -helix content is 5.8%). 
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Second, I applied 30% trifluoro-ethanol (TFE), an agent that promotes secondary structure 

formation of (disordered) proteins [130], noted to stabilize transient α-helices in dehydrins 

[131]. Whereas circular dichroism (CD) shows that the helical content of WT ERD14 

increases significantly (from about 5% to 25%, Figure 16B and 16C, CD spectra deconvoluted 

by BestSel [100]) peaks in the region of the HSQC spectrum of ERD14 most affected by 

cellular conditions (Figure 13A) only broaden and shift but do not disappear in the presence of 

30% TFE (Figure 16A, spectra of TFE titration shown on Appex. Figure A3.). In all, I 

conclude that severe shift or disappearance of peaks in the in-cell spectrum (Figure 13A and 

Appex. Table A2) can be attributed to the binding of ERD14 to partner molecules in the cell.  

To identify the regions involved, the differences between in-cell and reference spectra were 

projected onto the sequence of ERD14 (Appex. Table A2) and visualized by plotting +1 for 

“steady”, 0 for “broadening” and -1 for “disappearing” residues (Figure 14B).  

By also considering resonances which disappear in the presence of 400 mg/ml dextran, I found 

that binding of partners can be associated with the K-segments (Ka, Kb and Kc) and partially 

the Chp and H segments. Segment S seems to remain disordered, i.e. it is not involved in 

partner binding, and the same applies to some flanking regions, primarily to the N- and C-

termini of the protein, and the long linker between Ka and S segments (Figure 14B). 

This pattern directs our attention to the possible functional involvement of these regions in the 

protection function of ERD14. 
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Figure 16. TFE induced secondary structure changes in WT ERD14 measured by NMR and CD 

experiments 

(A) Comparison of th e 
1
H-

15
N HSQC spectra of WT ERD14 measured in MES puffer (pH 6.5) 

(purple) and in the presence of 30% TFE (blue). As shown by circular dichroism (CD) measurements 

(B), TFE at this concentration induces conformational changes in ERD14, yet it only causes peak shifts 

and broadening, no signal disappearances (Panel (A), insert). (C) Analysis of CD spectra by BestSel 

(Micsonai et al., 2018) suggests that WT ERD14 is mostly disordered (α-helix content 5.1%), whereas 

in the presence of 30% TFE it assumes significant secondary structure (α-helix content is 24.5%). 

 

 

4.1.6 Dissecting the determinants of the cellular protective effect of ERD14 

The lack of activity of scrambled ERD14 (Figure 11) implies that sequence elements (motifs) 

of the protein are indispensable for its chaperone effect. Because these regions sample 

transient secondary structure in vitro and are engaged in partner binding in vivo (Figure 13A), 

we hypothesized that they might be important determinants of ERD14 function. To address 

their functional involvement, we have made a variety of deletion mutants targeting these 

regions (for constructs, cf. Appex Table A1). The constructs were expressed in E. coli cells (at 

A B 

C 
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levels comparable to that of WT ERD14, Appex. Figure A4), and their protective effects in the 

cell viability assay were measured (Figure 17, for all results).   

Deletion of different conserved regions has varying effects on the chaperone activity of 

ERD14 (Figure 17). Deletion of Kc (∆Kc) impaired activity the most, reducing the remaining 

cell viability from 73.9% (wild type) to 52.8%.  

 

Figure 17. Conserved binding regions of ERD14 contribute to cell protection 

Viability of E. coli cells was measured by following cell growth of appropriately diluted samples. The 

protective effect of various ERD14 mutants, against heat stress (50
o
C x 15 min), was compared to that 

of WT ERD14. Protective effect of a series of deletion mutants in which conserved regions of the 

protein (K-segments Ka, Kb and Kc, as well as Chp-, S- and H-segments; Cf. sequence insert and 

Suppl. Table A1) have been individually deleted and the protective effect of double- and triple deletion 

mutants, in which two or three short segments are deleted were plotted. Significant differences from 

the effect of ERD14 WT are marked with an asterisk. Data represent mean ± SEM. Data represents the 

results of at least 18 parallels for each construct, the maximum number of parallels for WT and GST 

were 180. Significant differences compared to WT ERD14 are labeled with asterisks (*). 

 

Interestingly, the effect of deleting the S segment, that remains disordered in the cell, is similar 

to that of ∆Kc (S, 54.9%). Deletion of Kb (∆Kb, 58.9%), H (∆H, 63.6%), and ChP (∆ChP, 

64.3%) have intermediate effects, whereas removing the Ka segment (∆Ka, 70.5%) causes 

almost no change in activity. These results suggest that the Kc and S segments are the primary 

sites of activity, together with varying contributions of other segments. This can be explained 

by two different mechanisms: in the first scenario, binding of any of the effective short motifs 

(Kc, Kb, H or Chp) to different partners contributes directly to protection, with the rest of the 

protein being secondary or unnecessary for the activity. In the second, effective binding 

regions mediate binding to partner(s), and the rest of the protein acts as an entropic spacer, 

providing spatial exclusion/space filling between structurally compromised proteins [116]. 
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In order to be able to discriminate between these alternatives, I created a variety of further 

mutants, where different elements of ERD14 were changed either individually or in various 

combinations (Figure 18). 

 

 
Ka segment 

ERD14 WT MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

 

  S segment    ChP segment           Kb segment 

  PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

 

  H region            Kc segment 

  KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPVEKKGILEKIKEKLPGYHPKTTVEEEKKDKE 

 

Figure 18. Segments of ERD14. 
Conserved regions indicated next to sequence of ERD14 WT. During my studies these regions were 

varied by truncation or keeping intact and the scrambling the remaining part of the protein. 

 

 

At first, I generated mutant protein variants where only one conserved segment was kept intact 

and the other regions in the protein were scrambled - kept disordered, but with randomized 

amino acid sequence (Figure 19). Keeping one of the most effective segments (Scr-Kc or Scr-

S) resulted in a protein with negligible chaperone activity, similarly to the entirely scrambled 

protein (Full-Scr). Keeping two segments (Scr-KcS) resulted in a more active protein, whereas 

keeping three (Scr-Kabc) or four (Scr-KabcS) made it an even more potent chaperone. These 

results support the second mechanism, i.e. binding at multiple points complemented by the 

functional role of a disordered linker and/or terminal regions. 
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Figure 19. Scrambling the conserved regions of ERD14 affects protection. 
Viability of E. coli cells was measured by following cell growth of appropriately diluted samples. The 

protective effect of various ERD14 mutants, against heat stress (50
o
C x 15 min), was compared to that 

of WT ERD14. Protective effect of scrambled mutants, in which either the full sequence is scrambled 

(Full-Scr), or particular binding regions are kept intact (e.g. Kc in Scr-Kc) and the rest of the sequence 

is scrambled. Data represent mean ± SEM and the results of at least 18 parallels for each construct, the 

maximum number of parallels for WT and GST were 180. Significant differences compared to WT 

ERD14 are labeled with asterisks (*). 

 

 

An additional element of function, redundancy of motifs also appears at several levels, as 

manifest in the apparent exchangeability of individual motifs. This was shown by deleting 

multiple motifs (Figure 17). For example, the activity of the deletion mutant ∆Kc was not 

further reduced by the deletion of Ka or Kb segment (cf. ∆Kac, 53.8%, ∆Kbc, 54.1%, and 

∆Kabc 52.0%), i.e. Ka and Kb segments are rather redundant and without the more effective 

Kc or S segment, are of little additional effect. Further, ∆Kab is almost as effective a 

chaperone as WT ERD14, i.e. even Ka and Kb combined has little protective function. 

Although Kc seems to be the most important, Kc alone (cf. Scr-Kc) is ineffective, whereas its 

combined deletion with S segment almost completely abrogates activity. This points to the 

strong synergy of a binding (Kc) and an apparently non-binding (S) regions in ERD14.  

From a mechanistic point of view, these results infer that at least two transiently pre-structured 

motifs, separated by a disordered linker, have to bind partner(s) to hold them apart, i.e., motifs 

act in functional synergy with the disordered region(s) to provide effective cellular protection. 
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4.1.7 The chaperone effect of ERD14 is not saturable  

Previous results showed that ERD14 stabilizes a significant portion of the proteome under 

stress (Figure 12), and the effect of deletion mutants suggested that ERD14 has to bind 

through multiple regions (to one or more partners) to be effective. The observed redundancy of 

short binding motifs also argues that ERD14 probably has many, rather than one or a few, 

preferred targets.  

 

 

 

Figure 20. Dose-effect correlation 

of ERD14 
The protective effect increases with 

increasing concentration in the cell of 

ERD14 (red) or ∆Kc (blue), 

measured by overexpressed FLAG-

tagged proteins and determining their 

concentration by quantitative 

Western blotting. Linearity of 

response can also be observed when 

WT ERD14 is expressed by an 

arabinose inducible pBAD construct 

(black). 

 

 

 

If the in vivo chaperone effect of ERD14 is only exerted through the protection of one (or a 

very few) specific proteins, this effect could be saturated, as ERD14 is expressed at a high 

level. To address this point, I have varied the expression level of FLAG-tagged ERD14 (which 

has the same protective effect as WT ERD14) in E. coli, determined its absolute concentration 

by Western blot and measured its protection of cells (Figure 20). The protective effect 

increased linearly with intracellular ERD14 concentration, up to about 300 µM, i.e. it did not 

level off as expected for a single or a few dedicated, saturable, partner(s). A very similar 

dependency, but much less efficiency, can be seen with the ∆Kc mutant (Figure 20), which 

would not be the case if the most important binding region, Kc, had a particular binding 

partner in the cell. Nevertheless, the IPTG-inducible expression system results in largely 

differing cell densities upon different incubation times, which has a potential influence on the 

observed survival rates. To eliminate this possibility I also tested cellular protection by another 

expression system, in which different levels of ERD14 expression can be achieved by applying 

different arabinose concentrations for the same period of time. This system allows for the 
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measurement of cell survival at the same final cell densities, with differing levels of ERD14 

expression. The results confirmed my findings with the IPTG-inducible system, i.e. that the 

efficiency of protection increases linearly with intracellular ERD14 concentration (Figure 20). 

 

4.1.8. Conclusions 

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) [118] suggests that IDSPs (LEA proteins, hydrophilins, etc.) might be 

chaperones of rather broad substrate specificity [57], and may represent a thus-far little 

appreciated layer of cell protection mechanisms [113]. This novel insight underscores that 

structural disorder can be compatible with protein function in a cellular context [132], which 

has important implications. 

 

Disordered functional state observed by in-cell NMR 

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. 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 [96, 122, 133, 134], which was thought to make IDPs fold [23], and shows that the native 

state of IDPs may in fact be disordered.  
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Figure 21. 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). 
 

The role of K segments 

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. First of all, 

these and the S segment are the most conserved regions in dehydrins. Dehydrins are actually 

defined and classified by the architecture of these segments [114, 165], e.g. ERD14 is 

classified into the SK2 family, primarily because Ka has little similarity to the canonical K 

segment. In vitro studies have shown that deletion of K segments of wheat dehydrin DHN-5 

renders the dehydrin inactive [126], whereas sequential removal of K segments from ERD10 

causes a gradual decrease in its protective activity [166]. Interestingly, in 8 out of 10 dehydrins 

from A. thaliana, K segments occur more than once, up to 6 K segments in protein XERO2 
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[114], which is a strong evolutionary argument for the operation of a chaperone model relying 

on multivalent binding (cf. Figure 21).  

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 [167]. The H-segment has moderate hydrophobicity, whereas K-

segments constitute amphipathic helices with a hydrophobic face [168]. Prior to stress, they 

probably use their charged face to bind to the surface of native proteins and when protein 

clients start to unfold under stress, a switch to their hydrophobic face can be surmised. In all, 

induced folding is probably an important element of partner recognition by binding motifs of 

ERD14 [169]. 

 

Synergy and redundancy of ERD14 segments 

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 [114] 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.  
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The molecular mechanism of a disordered chaperone in vivo 

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

action of ERD14 (Figure 21). (i) Prior to stress, ERD14 is in loose association with proteins, 

probably sampling proteins for unfolding and misfolding via rapid association and dissociation 

(Figure 21a), as also evident for traditional chaperones [135]. 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 quantities induce a 

redistribution of ERD14 to structurally compromised partners. Binding after stress has to be 

bi- or multivalent (Figure 21d and 21e), consistently with the lack of activity of Scr-Kc (Figure 

21c), 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 [136]. 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 21d and 

21e), 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 21) and 

translocation to the membrane and membrane protection (Figure 21b) 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 

[116] and entropy transfer [44] 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. 
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4.1.9. Outlook – Liquid-liquid phase separation of ERD14 

 

An interesting additional feature of ERD14 is its possible involvement in the formation of 

phase separated particles. As the Kb segment has a predicted RNA binding capacity and LLPS 

in general is thought to be involved in stress response [137, 138], I investigated the phase 

separation of ERD14 with different partners and by its own in vitro. According to my findings 

ERD14 is capable of LLPS under a wide range of conditions in concentrated solution (from 

100 μM) which has a dependency on counterions present (potassium-phosphate buffer 

preferred over sodium ions) and partners involved (GSTF9 [139], various RNAs) (Figure 22). 

 

Figure 22. Phase separation of ERD14 in vitro 
Wild-type ERD14 (left) and WT ERD14-DL488 protein (right) forms bright/green spherical liquid 

droplets in the presence of multiple RNAs.  

 

Within the framework of my doctoral dissertation, I do not explain and show all data obtained 

in this field in detail, as this work is in its preliminary phase and further experiments are still 

required.  

The results obtained this far nevertheless indicate that there is an intriguing possibility that 

ERD14 and other similar chaperones may rely on LLPS in their molecular mechanism to fight 

against the detrimental effects of stress. 
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4.2. 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 (Appendix Table A3), 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. The selected enzymes are listed in  

Table 2, and are analyzed further. 
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  Protein Name 
UniProt 
Entry 

Partner 

Linker 
Length 

and 
Position 

Kappa 
values of 

linker  
(Plot region) 

Processivity 

1 
H. sapiens 
RNAse H1 

O60930 RNA 
50 aa  

(78-127) 
0.254 (2)   

2 
H. sapiens  
XPF 

Q92889 DNA 
22 aa  

(821-842) 
0.187 (1) 

60 
nucleotides 

3 
T. reesei  
Cel7A 

P62694 cellulose 
33 aa  

(445-477) 
0.503 (1) 

21 catalytic 
steps 

4 
H. insolens  
Cel6A 

Q9C1S9 cellulose 
46 aa  

(68-113) 
0.288 (1)   

5 
C. cellulolyticum 
Cel48F* 

P37698 cellulose 
28 aa  

(106-133) 
0.069 (2)   

6 
C. thermocellum 
1,4-beta-
glucanase* 

Q5TIQ4 cellulose 
103 aa  

(688-790) 
0.238 (1)   

7 
H. sapiens 
Telomerase 

O14746 DNA 
94 aa  

(231-324) 
0.252 (1)   

8 
Xenopus 
XMAP215 

Q9PT63 tubulin 
121 aa 
(1079-
1199) 

0.189 (1) 
25 tubulin 

dimers 

9 
H. sapiens 
Chitotriosidase-
1 

Q13231 
chitooligo-

saccharides 
31 aa  

(387-417) 
0.263 (1) 

8.6 cleavage 
steps 

10 
Bacillus circulans 
Chitinase A1 

P20533 crystalline-chitin 
23 aa  

(444-466) 
0.353 (1)   

11 
Oryza sativa 
subsp. Japonica 
Chitinase 2 

Q7DNA1 chitin 
17 aa  

(74-90) 
0.848 (1)   

12 
H. sapiens 
MMP9 

P14780 gelatine 
76 aa  

(434-509) 
0.112 (1)   

* no sufficient number of orthologous proteins 

Table 2. ATP-independent monomeric DLD-type processive enzymes 
A compilation of DLD-type monomeric processive enzymes is taken from the comprehensive list given in 

Appendix Table A3. 

 

4.2.1. Structural disorder of linkers in monomeric processive enzymes 

 

According to our hypothesis, structural disorder of the linker region connecting the binding 

domains has to be a critical element of the processivity of these enzymes, but it has been 

experimentally demonstrated in only a few cases.  
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In order to establish the intrinsic disorder tendency in linker regions, we applied bioinformatic 

predictions for the local structural disorder of the linker regions of DLD enzymes in Table 2 

(Figure 23). Prediction of structural disorder of three processive enzymes MMP-9, Cel6A and 

RNAse H1 by IUPred [39] shows a very sharp transition from local order in the binding 

domains to structural disorder within the linker region. Even though it is only in silico 

prediction, the known reliability of disorder prediction [140], rationalizes the conclusion that 

the linker region in processive enzymes is always disordered (Table 2). Interestingly, in these 

processive enzymes the length of the linkers always falls within the critical range suggested by 

model calculations [141]. 

Figure 23. Structural disorder of linker regions in processive enzymes 
The linker region in monomeric processive enzymes tends to be highly disordered, as shown here for three 

illustrative examples by the IUPred algorithm [39]. Traces of disorder score are given for the human MMP-

9 sequence (A), bacterial cellulase 6A (B) and RNAseH1 (C). In each case, the sharp transition from order 

to disorder (IUPred score > 0.5) and again to order clearly delimits the linker as a disordered element 

connecting two globular domains. Globular domains are visualized on top of the diagrams, with blue 

rectangles representing binding domains and red ones representing catalytic domains. 
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4.2.2. Conservation of sequence, length and dynamics of linkers 

 

Molecular modeling suggested that the key structural elements enabling processive behavior 

of DLD type enzymes are: linker length, structural disorder and flexibility. These parameters 

together determine the distance that such an enzyme can cover in one step, i.e. the distance 

between binding sites on a given substrate. Based on this, evolutionary constraints on the 

length and physical properties of the linker regions can be assumed in these enzymes.  

IDPs/IDRs are known to be more variable in evolution than globular proteins, thus, their 

conservation can be described as three different scenarios [43]: constrained (both sequence and 

structural disorder are conserved), flexible, (variable sequence, but conserved structural 

disorder) and non-conserved (neither sequence, nor structural disorder is conserved). 

Disordered regions that function by molecular recognition tend to have conserved sequences, 

whereas those having linker function are free to evolve, as long as they preserve their 

structural disorder. As shown in our modelling studies [141], however, spatial confinement 

limits the permissible length and flexibility of the linker. We have assessed these features of 

the linkers for the 12 DLD-type processive enzymes in Table 2. 

To be able to assess the restraints of the DLD type linkers, we compared them to all disordered 

regions and to all of the regions annotated as linkers in the DisProt database [102]. This 

comparison is meaningful, since it enables us to decide whether DLD linkers have specific 

features that distinguish them from average linkers with varying functions. 

 

Figure 24. Length distribution and conservation of linker regions in DLD type processive enzymes 

Length distribution of linkers in DLD enzymes (Table 2), in comparison with that of all disordered 

regions and disordered linkers in the DisProt database[102]. 
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According to our results, DLD linker lengths show notably narrower distribution than that of 

all disordered regions and all disordered linker regions. There are no short (<30 residues) or 

very long (>150 residues) linkers in processive enzymes, although there are many such 

examples of IDRs in general (Figure 24).  

 

 

Figure 25. Length distribution of linkers in DLD processive enzymes 
Length distribution was calculated for every DLD processive linker in Table 2, considering their 

homologues used for evolution and conservation studies (Table 3). Length is shown in the number of 

amino acids. The striped column represent the linker length of the actual processive enzyme listed in 

Table 2, whereas columns of full colors give distribution of homologues.    

 

 

Another important observation is that there are differences between the different DLD enzyme 

families (Figure 25), which suggests a co-evolutionary relationship with the typical step size 

the enzyme takes. When the mean of the linker length of different families is plotted as a 

function of unit size of different substrates (Table 3), we can see an increase in linker length 

with the lengthening of processive steps (Figure 26) and no saturation-like curve is observable. 

This suggests that shorter linkers are beneficial for short stepping sizes since a long linker 
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would allow too much distributional flexibility of the binding module. Longer steps on the 

other hand can only be achieved with lengthening of the linker region. 

 

Human 

MMP9 

Human 

RNaseH1 

Human XPF Bacterial cellulase 

7A 

Bacterial 

cellulase 6A 

Homo sapiens Homo sapiens Homo sapiens Hypocrea jecorina Humicola 

insolens 

Pan 

troglodytes 

Pan troglodytes Pan 

troglodytes 

Penicillium 

marneffei 

Corynascus 

sepedonium 

Canis 

familiaris 

Canis familiaris Canis 

familiaris 

Fusarium 

oxysporum 

Chaetomium 

thermophilum 

Mus musculus Mus musculus Bos taurus Talaromyces 

stipitatus 

Valsa mali 

 

Bos taurus Bos taurus Mus musculus Magnaporthiopsis 

poae 

Nectria 

haematococca 

Danio rerio Gallus gallus Gallus gallus Neosartorya fischeri Colletotrichum 

graminicola 

Gallus gallus Xenopus 

tropicalis 

Xenopus 

tropicalis 

Gibberella 

moniliformis 

Trichoderma 

atroviride 

Takifugu 

rubripes 

Tetraodon 

nigroviridis 

Takifugu 

rubripes 

Aspergillus niger Hypocrea 

jecorina 

 Danio rerio Danio rerio Hypocrea virens Trichoderma 

virens 

 Nematostella 

vectensis 

 Necteria 

haematococca 

Talaromyces 

leycettanus 

 Anopheles 

gambiae 

 Gaeumannomyces 

graminis 

Oidiodendron 

maius 

 Caenorhabditis 

elegans 

 Gibberella zeae Pleurotus 

ostreatus 

 Ciona 

intestinalis 

   

 Drosophila 

melanogaster 
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Human 

Telomerase 

Bacterial 

ChitinaseA1 

Human 

Chitotriosidase1 

Amphibian 

XMAP215  Rice Chitinase 

Homo sapiens Bacillus circulans Homo sapiens Xenopus laevis 

Oryza sativa 

subsp. Japonica 

Canis lupus 

familiaris 

Paenibacillus 

polymyxa Pan troglodytes 

Xenopus 

tropicalis Ananas comosus 

Pan 

troglodytes 

Paenibacillus 

pabuli Mus musculus Homo sapiens Citrus sinensis 

Bos taurus 

Paenibacillus 

taichungensis Bos taurus 

Pan 

troglodytes 

Bambusa 

oldhamii  

Mus musculus 

Paenibacillus 

xylanexedens 

Canis lupus 

familiaris Gallus gallus Daucus carota 

Gallus gallus Kurthia zopfii Gallus gallus 

Anolis 

carolinensis 

Arachis 

duranensis 

Anolis 

carolinensis 

Paenibacillus 

tuaregi Danio rerio 

Canis 

familiaris 

Camellia 

sinensis 

Xenopus 

tropicalis 

Paenibacillus 

barengoltzii 

Xenopus 

tropicalis Bos taurus 

Corchorus 

olitorius 

Takifugu 

rubripes 

Paenibacillus 

rubinfantis Takifugu rubripes Mus musculus Drosera adelae 

Tetraodon 

nigroviridis 

Paenibacillus 

senegalimassilien

sis 

Anolis 

carolinensis Danio rerio 

Hevea 

brasiliensis 

Danio rerio 

Brevibacillus 

brevis 

 Takifugu 

rubripes Brassica rapa 

 

Brevibacillus 

laterosporus 

 Branchiostoma 

floridae Vitis vinifera 

   Tetraodon 

nigroviridis 

Arabidopsis 

halleri 

    Coffea 

canephora 

    Pinus contorta 

Table 3. Orthologues of the selected processive enzymes. 

Orthologues of proteins in Table 2 were selected in different species where similar proteins were 

annotated. In each case the protein with highest similarity (at least 90 % homology) was chosen for 

analysis. Please note that for two enzymes from Table 2 (C. cellulolyticum Cel48F and C. 

thermocellum 1,4-beta-glucanase) are omitted because we did not found a sufficient number of 

homologues to carry out proper conservation analysis. 
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Figure 26. 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 (R
2
= 0.4998), whereas horizontal dashed lines show the shortest and 

longest linker that occurs in DLD processive enzymes (Figure 24). 

 

This suggests an adaptation of linker length to the geometry of the actual substrate, which also 

explains: i) very similar linker length of different processive enzymes functioning on the same 

substrate, and ii) the lack of very short and very long linkers in this functional class (Figure 

24). 

The need for the linkers to enable proper movement of the enzymes probably appears as a 

selective pressure to maintain a certain level of flexibility, along with the proper chain length. 

Classical entropic-chain linker functions are mostly paired with flexible disorder, where the 

sequence of the disordered region is rather free to vary, but structural disorder itself is 

conserved. However, even if structural disorder of the linkers is conserved (Figure 27), it may 

not necessarily mean that their level of flexibility is maintained at the same level. To address 

this issue in DLD linkers, we applied the DynaMine tool developed for assessing local 

dynamics of IDP backbones [103]. Nor surprisingly, the overall flexibility of the linkers is 

very high and hardly varies in any of the processive enzymes (Figure 27).  
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Figure 7. Length conservation of linker regions in DLD type processive enzymes 

Comparison of the variance (mean values of the data ± SD) of structural disorder (predicted by IUPred 

[39]) flexibility (as approximated by the ratio of flexible residues predicted by DynaMine [103]) and 

sequence (assessed by DisCons [170]) of the linkers (L) and their flanking domains (D1 and D2) of the 

processive DLD type of enzymes (from Table 2) calculated for sequences in species given in Table 3. 

Sequence conservation is defined in Chapter III – Material and methods. 

  

The conservation of flexibility shows that these regions are clearly under evolutionary pressure 

to maintain a certain structural state, but it does not give information on the actual biophysical 

characteristics that enable the proper flexibility. In general, chain dimensions and 

conformational classes of IDPs are primarily determined by the net charge and charge 

distribution of the protein [104], as even in the lack of hydrophobic groups, polar IDPs/IDRs 

may favor collapsed ensembles in water. To evaluate sequence polarity, usually the net charge 

per residue (NCPR), total fraction of charged residues (FCR) and the linear distribution of 

opposite charges (characterized by κ value) [105] are considered. Interestingly, almost all the 

DLD linkers have low NCPR value calculated and their FCR is below the threshold of 0.2 

(Figure 28), meaning that they contain fewer charged residues overall and even their charged 

residue content is „balanced”. The calculated NCPR and FCR values indicate that they are 

weak polyampholytes and preferentially populate collapsed states. It would imply that they 

form compact globules. However, it more likely reflects the limitations of the technique. 

Inferring their sequence–ensemble relationships requires additional considerations, such as the 

compositions of polar residues, the proline contents (discussed later), and the presence of 

sequence stretches with preferences for specific secondary structures. [105]. Their κ value  

(Table 2), which represents the extent of charged amino acids mixing in the sequence, is low. 

It indicates that they tend to have coil-like conformations. It is of note that high proline content 
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may make the structure more extended than simply suggested by charge distribution. In our 

case, 8 out of 12 proteins have linkers with high proline content, with the exception of the two 

proteins in the boundary region (1: Human RNAse H1 and 5: C. cellulolyticum Cel48F, cf. 

Table 2). High proline content combined with the charge distribution that favors collapsed 

states provide ideal circumstances for a linker that needs to be able to adopt extended and 

compressed states alike. This feature is mirrored in the amino acid composition of the linkers, 

discussed below. 

 

 

Figure 28. Graphical representation of the charge distribution of the DLD linkers 

The charge distribution of linkers was calculated by the CIDER server. The light green area 

corresponds to weak polyampholytes or weak polyelectrolytes that form rather compact conformations. 

The dark green area corresponds to strong polyampholytes that form coil- or hairpin-like structures. 

The boundary between the two green regions represents a continuum of possibilities between these two 

states that lends a context-dependent nature to the sequences. Areas of blue and red correspond to 

either positively (blue) or negatively (red) charged strong polyampholytes that form swollen coil 

structures. The numbers correspond to the DLD type processive enzyme linkers in Table 2. 

 

 

4.2.3. Specific sequence features of processive linkers 

Processive linkers in DLD enzymes may also be under particular pressure in terms of amino 

acid composition. Specific interactions mediated by the linker region with the flanking 
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domains or with other partners as well as the presence of regulatory PTMs, may be of high 

importance for the processive function. To assess these features, we analyzed the amino acid 

composition of disordered linkers in DLD enzymes and compared them to that of DisProt 

linkers and all disordered regions in the DisProt database [102] (Figure 29). The results show 

that processive linkers have significantly less hydrophobic residues than other linkers and 

disordered proteins in general, which suggests they have to avoid hydrophobic collapse. This 

is also reflected in the charge state and the κ values discussed earlier. It also shows molecular 

interactions are also avoided by these linkers, as interactions with partners are most often 

mediated by motifs of hydrophobic character [33]. On the other hand, they are enriched in Pro 

and Gly residues (denoted as special residues Fig 29 only shows P under ‘special’), which 

entails that they have to remain extended and flexible and have a balance in oppositely-

charged residues (D + E vs. R + K). Probably for the same reason, they are, on average, more 

polar than other linkers or IDRs. 

Figure 28. Special features of amino acid composition of linkers  

Amino acid composition of linkers in DLD processive enzymes was analyzed and depicted with 

reference to similar measures of other data.  (A) Amino acids of linkers were grouped into five 

categories and compared to the composition of non-linker (binding domain) regions of DLD enzymes 

(in Table 2) and also of all disordered linkers and assigned disordered linkers in the DisProt database 
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[102]. (B) The abundance of amino acids in linkers and non-linker regions in DLD processive enzymes 

and in all disordered regions and assigned linker regions in the DisProt database. 

 

A further notable feature of DLD linkers is that they are enriched in serine and threonine 

residues, which may indicate their frequent O-linked glycosylation and/or phosphorylation. A 

search in UniProt [142] for post-translational modifications (PTMs) of the DLD linkers shows 

several such modifications in these enzymes (Table 4). 

These post-translational modifications may have an impact on their kinetic and structural 

parameters, which, in turn, may influence the activity and processing speed of the enzymes. In 

some cases, the interaction of the linker with other partners can also be controlled by PTMs. 

For example, regulated linker-domain interactions are instrumental in MMP9, in which the 

linker has two short binding motifs that bind to the catalytic domain of the enzyme [143]. 

 

Enzyme 
UniProt 

ID 
PTMs 

Domain 
binding  

Ref. 

H. sapiens 
RNASE H1 

O60930 
Phosphorylation:  

S74, S76 
 1 

T. reesei 
Cel7A 

P62694 

Glycosylation : 
T461, T462, T463, 
T464, T469, T470, 
T471, S473, S474 

+ 2 

H. sapiens 
Telomerase 

O14746 
Phosphorylation: 

S227 
 (3-5) 

H. sapiens 
P14780   +  

MMP9 
 

 

 
Table 4. Additional functions of linkers in DLD processive enzymes  

The primary function of linkers in DLD processive enzymes is to ensure relatively unrestricted spatial 

search of domains for binding sites along a multivalent (polymeric) substrate partner. They, however, 

are also often involved in the regulation of the functioning of the enzyme, as witnessed by additional 

binding functions and/or PTM events within the linkers themselves (for PTMs, data are either taken 

from UniProt or from the reference given) Refs shown in the Reference list separately. 
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4.2.4. Conclusions 

There are many processive enzymes such as MMP-9 [144, 145], bacterial cellulases [146], 

Cel7A [147], cellobiohydrolase I [148] and chitinases [149] 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 dramatically reduces the rate of 

crystalline cellulose degradation [150]. 

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.  

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. 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 [152]. 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 [153] and monkey-bar mechanism [154]. Processivity appears 

to draw on all these mechanisms and may represent one of the primary benefits of the 

flexibility emerging from structural disorder [23, 61]. 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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Summary  

During my doctoral work, I have been working on proteins and protein groups representing 

two different mechanisms of action of disordered proteins. One of these is disordered ERD14, 

which performs its function through partner binding, and the another is the group of monomer 

processive enzymes, where the flexibility of disordered linker regions ensures proper 

movement of the enzymes without the linkers themselves participating in specific partner 

binding. 

Intrinsically disordered stress proteins (IDSPs), such as the dehydrin A. thaliana Early 

Response to Dehydration, can protect client proteins and cells under the conditions of 

dehydration stress. Here I show that ERD14 enhances viability of E. coli cells from 38.9 % to 

73.9 % following heat stress (50
o
C x 15 min), primarily by protecting its proteome. In-cell 

NMR experiments show that this activity is associated with a largely disordered structural 

state, in which conserved, short sequence motifs (K-segments), which transiently sample 

helical conformations in vitro, engage in partner binding in vivo. Other regions of the protein, 

such as its S segment and its regions linking and flanking the binding motifs, remain unbound 

and disordered in the cell. Deletion of any of these segments impairs cellular activity, whereas 

scrambling the entire sequence completely abolishes cell protection. Our data suggest that the 

cellular chaperone function of ERD14 is compatible with its residual structural disorder in vivo 

[118]. 

Processivity is common among enzymes and mechanochemical motors that synthesize, 

degrade, modify or move along polymeric substrates. Processive enzymes can make multiple 

rounds of modification without releasing the substrate/partner, making their operation 

extremely effective and economical. The molecular mechanism of processivity is rather well 

understood in cases when the enzyme structurally confines the substrate or also when ATP 

energy is used to confine the succession of molecular events. However, processivity may also 

result from the kinetic bias of binding imposed by spatial confinement of two binding elements 

connected by an intrinsically disordered linker. By analyzing 12 DLD-type processive 

enzymes, such as cellulase and RNAse-H, I demonstrated that in these proteins linker length 

and flexibility, and the kinetic parameters of binding elements, are fine-tuned for optimizing 

processivity [141]. We also report a conservation of structural disorder, special amino acid 

composition of linkers, and the correlation of their length with step size. These observations 
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suggest a unique type of entropic chain function of ID proteins, that may impart functional 

advantages on diverse enzymes in a variety of biological contexts. 

In a broader functional context, I suggest that this observed behavior is a special case of the 

entropic chain functions of IDPs/IDRs and appears as a conceptual extension of such 

mechanisms. This type of function cannot be supported by a structured protein, thus it is an 

appealing addition to the functional arsenal of structural disorder. 

  



76 

 

Összefoglalás 

Doktori munkám során a rendezetlen fehérjék két különböző hatásmechanizmusát képviselő 

fehérjével, illetve fehérje csoporttal foglalkoztam. Az első ezek közül a rendezetlen ERD14, 

mely funkcióját partner kötésen keresztül valósítja meg, a második pedig a monomer 

processzív enzimek csoportja, ahol a rendezetlen linker régiók flexibilitása biztosítja az 

enzimek megfelelő mozgását anélkül, hogy maguk a linkerek specifikus partner kötésben 

vennének részt. 

A rendezetlen stresszfehérjék (IDSP-k), mint például az A. thaliana dehidrin, ERD14, képesek 

partnereik védelmére különböző stressz körülmények között. Doktori munkámban kimutattam, 

hogy az ERD14 fehérje 38,9%-ról 73,9%-ra növeli az E. coli sejtek életképességét az 

alkalmazott hőstressz (50 °C x 15 perc) során, elsősorban a proteom védelmén keresztül. A 

sejten belüli NMR mérések megmutatták, hogy a fehérje védő funkciójához nagyrészt 

rendezetlen szerkezeti állapot köthető. A fehérje szekvenciájában mindössze néhány rövid, 

evolúciósan konzervált régió rendelkezik másodlagos szerkezeti tendenciával in vitro (K-

szegmensek), és a sejten belül ezek a szakaszok képesek partnerkötésre is. A fehérje egyéb 

régiói, például az S-szegmens és az egyes motívumokat összekötő linker régiók érintetlenek a 

kötés kialakításában és rendezetlenek maradnak a sejtben. Ennek ellenére a védőhatás 

kifejtésében szerepet játszanak, így ezen szegmensek bármelyikének deléciója rontja a fehérje 

aktivitását, míg a teljes szekvencia randomizált keverése (Full-Scr konstrukció) megszünteti a 

sejt védelmét, azt bizonyítva, hogy a konzervált régiók elengedhetetlenül szükségesek az 

ERD14 hatásának kifejtéséhez. Adataink arra utalnak, hogy az ERD14 chaperone funkciója 

kompatibilis szerkezeti rendezetlenségével in vivo [118]. 

A második témakörben a monomer processzív enzimek rendezetlen linker réióinak 

elemzésével foglalkoztam. A processzivitás általános jelenség azon enzimek és a 

mechanokémiai motorok között, amelyek polimer szubsztrátokat szintetizálnak, lebontanak, 

módosítanak vagy ezek mentén mozognak. A processzív enzimek több, egymást követő 

enzimatikus lépést végezhetnek anélkül, hogy elengednék a szubsztrátot / partnert, így 

működésük rendkívül hatékony és gazdaságos. A processzivitás molekuláris mechanizmusa 

meglehetősen jól ismert azokban az esetekben, amikor az enzimek strukturálisan behatárolják 

a szubsztrátot, vagy amikor ATP energiát használnak a molekuláris események 

egymásutániságának biztosításához. A processzivitás azonban származhat egy ettől eltérő 
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molekuláris elrendezésből is, amelynek során két kötőelemet egy rendezetlen, flexibilis linker 

régió csatol egymáshoz, és a folyamatos előrehaladó mozgást a két kötőelem egymáshoz 

viszonyított térbeli elmozdulása biztosítja. Munkám során összegyűjtöttem és elemeztem 12 

domén-linker-domén típusú processzív enzimet és kimutattam, hogy ezekben a fehérjékben a 

linkerek hossza és flexibilitása, valamint a kötő elemek kinetikai paraméterei 

finomhangolódnak a processzivitás optimalizálása érdekében [141]. Megmutattuk a szerkezeti 

rendezetlenség és flexibilitás konzerváltságát, a linkerek speciális aminosav-összetételét és 

azok hosszának korrelációját a lépés méretével. Ezek a megfigyelések a rendezetlen fehérjék 

egyedi típusú entrópikus lánc funkciójára utalnak, amely lehetővé teszi a két globuláris domén 

megfelelő irányultságú és összehangolt mozgását. Ez a fajta funkció strukturált fehérjével nem 

megvalósítható, így egy fontos kiegészítője a strukturális rendezetlenség funkcionális 

arzenáljának. 
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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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Appendix 

Table A1: Sequences of the protein constructs used for the experiments.  

 

(A) Deletion mutants: 
Ka segment 

ERD14 wt  MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆Ka   MAEEIKNVPEQEVPKVATEESSA--------------------EETPIASEFEQKVHISEPE 

∆Kb       MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆Kc       MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆S   MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆ChP   MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆H   MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆Kac   MAEEIKNVPEQEVPKVATEESSA--------------------EETPIASEFEQKVHISEPE 

∆Kbc   MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆Kabc  MAEEIKNVPEQEVPKVATEESSA--------------------EETPIASEFEQKVHISEPE 

∆KcS   MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

∆KcH   MAEEIKNVPEQEVPKVATEESSAEVTDRGLFDFLGKKKDETKPEETPIASEFEQKVHISEPE 

***********************     ******************* 

      S segment  ChP segment     Kb segment 

ERD14 wt  PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

∆Ka   PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

∆Kb   PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKE------------ 

∆Kc   PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

∆S   PEVKHESLLEK------------EEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

∆ChP   PEVKHESLLEKLHRSDSSSSSSSE-----------------PTTEVEVKEEEKKGFMEKLKE 

∆H   PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

∆Kac   PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

∆Kb   PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKE------------ 

∆Kabc  PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKE------------ 

∆KcS   PEVKHESLLEK------------EEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

∆KcH   PEVKHESLLEKLHRSDSSSSSSSEEEGSDGEKRKKKKEKKKPTTEVEVKEEEKKGFMEKLKE 

***********            *                  ********* 

        H region            Kc segment 

ERD14 wt  KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPVEKKGILEKIKEKLPGYHPKTTVEEEKKDKE 

∆Ka   KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPVEKKGILEKIKEKLPGYHPKTTVEEEKKDKE 

∆Kb   ----------GSAVAAAPVVVPPPVEEAHPVEKKGILEKIKEKLPGYHPKTTVEEEKKDKE 

∆Kc   KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPV---------------YHPKTTVEEEKKDKE 

∆S   KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPVEKKGILEKIKEKLPGYHPKTTVEEEKKDKE 

∆ChP   KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPVEKKGILEKIKEKLPGYHPKTTVEEEKKDKE 

∆H   KLPGHKKPED---------------EEAHPVEKKGILEKIKEKLPGYHPKTTVEEEKKDKE 

∆Kac   KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPV---------------YHPKTTVEEEKKDKE 

∆Kbc   ----------GSAVAAAPVVVPPPVEEAHPV---------------YHPKTTVEEEKKDKE 

∆Kabc  ----------GSAVAAAPVVVPPPVEEAHPV---------------YHPKTTVEEEKKDKE 

∆KcS   KLPGHKKPEDGSAVAAAPVVVPPPVEEAHPV---------------YHPKTTVEEEKKDKE 

∆KcH   KLPGHKKPED---------------EEAHPV---------------YHPKTTVEEEKKDKE 

                                    ******               *************** 
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(B) Scrambled mutants: 
 

Full-Scr  MKTGKLPEETSAFEKSNESIVGETKEDKMEESPEPIVSKSKVEEQEEKKEKSTEALEVKPLP 

EEYASRVEPGPHAEVFDGEKVRHGGEEPGFLPAHGKSSVKTEKESAIEVRHETTEPELVEQK 

KLKPPIHKPKEDLEDVEHKEGVVDKKTLPVKDLSKIKSEKMKDSEAVPKAKSKEKEPKKFEA 

 

Scr-Kc  MLDGLHEEHAADPSKDETSELFKTVGELSPRKFNKTDDKVSTRETEKKPEKSEKVEVEVEAS 

KEEKSREKSAHVVKSVPGEEKHSKKSQDEIGKKEKEIPGEEVSPELKDGMPLPAEAEYKAVK 

    PEEVEVQPEGKEFEFTKPAPKSVEHSKIETAEKKGILEKIKEKLPGKKPVKESVLEEPPTH        

 

Scr-S  MKEEEQGAREFIETLASEKTQESKEPILEVADKSPLVEDSLKTPKDEVEPIHPFGKNVAKPK 

EFEEVVTHESELHRSDSSSSSSSKSEPEETPVSEEPIVPELKLMREEPEIEKTHKKPTVLPE 

    EKDAKGGEDPDVAFKHAKEKPGKGKKYKKEGKKKKKEELVPKEKKGVAEAKGEEVEKVTVH 

 

Scr-SKc  MEFKAADKEIPEGEKHSEVIKASDPRIQEPFNLVKKETEEPFTKVEGEEKQPVTKVAPHEST 

LESSDLVELEELHRSDSSSSSSSHPKESKVKKPEMPDEEAVGPEKKKGALFKEKKVGGEDVK 

KPKAPVEGPSVEHEELEAETEAKKTRPKVEVEKKGILEKIKEKLPGEKDPKETKVYKHETE 

 

Scr-KabcS  MVKAESPQTPKEAEEVIENVESAEVTDRGLFDFLGKKKDETKPEEVESPITEFPEEESKPVS 

EHKLLQKIAEHLHRSDSSSSSSSEGTEEKDEEKEPKKTKEKKERSKKVVGEEKKGFMEKLKE 

KLPGHKKPEDAHVEPVEPVPAAAPPVAGVSVEKKGILEKIKEKLPGEKDPKETKVYKHETE 

 

(C) Control proteins: 

 
GST   MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD 

VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLS 

KLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAI 

PQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLIEGRGIPEFPGRLERPHRD 

 

Calpastatin 

MASHHHHHHGDPTETKAIPVSQQMEGPHLPNKKKHKKQAVKTEPEKKSQSTKLSVVHEKKSQ 

EGKPKEHTEPKSLPKQASDTGSNDAHNKKAVSRSAEQQPSEKSTEPKTKPQDMISAGGESVA 

GITAISGKPGDKKKEKKSLTPAVPVESKPDKPSGKSGMDAALDDLIDTLGGPEETEEENTTY 

TGPEVSDPMSSTYIEELGKREVTIPPKYRELLAKKEGITGPPADSSKPIGPDDAIDALSSDF 

TCGSPTAAGKKTEKEESTEVLKAQSAGTVRSAAPPQEKKRKVEKDTMSDQALEALSASLGTR 

QAEPELDLRSIKEVDEAKAKEEKLEKCGEDDETIPSEYRLKPATDKDGKPLLPEPEEKPKPR 

SESELIDELSEDFDRSECKEKPSKPTEKTEESKAAAPAHHHHHH 
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Table A2: Processing the in-cell HSQC spectrum of ERD14 wt comparing to the in vitro HSQC 

spectrum’s chemical shifts and mapped to the conserved segments of the protein. 

Residue 

number 

 

 

name 

 

in-cell NMR: 

raw data 

Control 

experiment: 

dextrane 

 

in-cell NMR: 

final result 

Final dis-

apperance 

score: 

 

Conserved 

segments 

in-cell 
15

N 

chem. 

shift 

in-cell 
1
H 

chem. 

shift 

  (A) (B) (C) (D) (E) (F) (G) 

1 Met   unknown 0    

2 Ala   unknown 0    

3 Glu   unknown 0    

4 Glu steady  steady 1  123.87 8.767 

5 Ile steady  steady 1  124.61 8.553 

6 Lys steady  steady 1  126.99 8.621 

7 Asn steady  steady 1  121.06 8.645 

8 Val   broadening 0    

9 Pro   unknown 0    

10 Glu steady  steady 1  121.59 8.689 

11 Gln   broadening 0    

12 Glu   broadening 0    

13 Val steady  steady 1  124.59 8.471 

14 Pro   unknown 0    

15 Lys   broadening 0    

16 Val   unknown 0    

17 Ala steady  steady 1  129.17 8.662 

18 Thr steady  steady 1  114.52 8.321 

19 Glu   broadening 0    

20 Glu   broadening 0    

21 Ser steady  steady 1  117.64 8.562 

22 Ser steady  steady 1  118.51 8.529 

23 Ala   broadening 0    

24 Glu steady  steady 1 Ka 120.36 8.422 

25 Val   unknown 0 Ka   

26 Thr   broadening 1 Ka   

27 Asp   broadening 0 Ka   
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Residue 

number 

 

 

name 

 

in-cell NMR: 

raw data 

Control 

experiment: 

dextrane 

 

in-cell NMR: 

final result 

Final dis-

apperance 

score: 

 

Conserved 

segments 

in-cell 
15

N 

chem. 

shift 

in-cell 
1
H 

chem. 

shift 

28 Arg   broadening 0 Ka   

29 Gly disappearing  disappearing -1 Ka   

30 Leu disappearing  disappearing -1 Ka   

31 Phe disappearing disappearing disappearing -1 Ka   

32 Asp   broadening 0 Ka   

33 Phe disappearing  disappearing -1 Ka   

34 Leu   broadening 0 Ka   

35 Gly disappearing  disappearing -1 Ka   

36 Lys disappearing  disappearing -1 Ka   

37 Lys   broadening 0 Ka   

38 Lys   broadening 0 Ka   

39 Asp   broadening 0 Ka   

40 Glu   broadening 0 Ka   

41 Thr steady  steady 1 Ka 116.32 8.440 

42 Lys   broadening 0 Ka   

43 Pro   unknown 0 Ka   

44 Glu steady  steady 1  121.56 8.755 

45 Glu   broadening 0    

46 Thr steady  steady 1  119.68 8.479 

47 Pro   unknown 0    

48 Ile   broadening 0    

49 Ala steady  steady 1  129.34 8.571 

50 Ser steady  steady 1  116.12 8.479 

51 Glu   broadening 0    

52 Phe steady  steady 1  120.17 8.231 

53 Glu   broadening 0    

54 Gln   broadening 0    

55 Lys   broadening 0    

56 Val   broadening 0    

57 His disappearing  disappearing -1    
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Residue 

number 

 

 

name 

 

in-cell NMR: 

raw data 

Control 

experiment: 

dextrane 

 

in-cell NMR: 

final result 

Final dis-

apperance 

score: 

 

Conserved 

segments 

in-cell 
15

N 

chem. 

shift 

in-cell 
1
H 

chem. 

shift 

58 Ile disappearing disappearing disappearing -1    

59 Ser   broadening 0    

60 Glu steady  steady 1  124.99 8.589 

61 Pro   unknown 0    

62 Glu   broadening 0    

63 Pro   unknown 0    

64 Glu steady  steady 1  122.27 8.657 

65 Val   broadening 0    

66 Lys disappearing disappearing disappearing -1    

67 His   broadening 0    

68 Glu   broadening 0    

69 Ser disappearing disappearing disappearing -1    

70 Leu   broadening 0    

71 Leu disappearing  disappearing -1    

72 Glu   broadening 0    

73 Lys   broadening 0    

74 Leu   broadening 0 S   

75 His   broadening 1 S   

76 Arg   broadening 0 S   

77 Ser   broadening 1 S   

78 Asp   broadening 0 S   

79 Ser   broadening 1 S   

80 Ser steady  steady 1 S 118.25 8.525 

81 Ser   broadening 1 S   

82 Ser steady  steady 1 S 118.16 8.479 

83 Ser steady  steady 1 S 118.22 8.503 

84 Ser steady  steady 1 S 118.22 8.503 

85 Ser steady  steady 1 S 118.22 8.503 

86 Glu   broadening 0    

87 Glu steady  steady 1 ChP 121.62 8.481 
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Residue 

number 

 

 

name 

 

in-cell NMR: 

raw data 

Control 

experiment: 

dextrane 

 

in-cell NMR: 

final result 

Final dis-

apperance 

score: 

 

Conserved 

segments 

in-cell 
15

N 

chem. 

shift 

in-cell 
1
H 

chem. 

shift 

88 Glu   broadening 0 ChP   

89 Gly steady  steady 1 ChP 110.44 8.614 

90 Ser steady  steady 1 ChP 116.10 8.448 

91 Asp steady  steady 1 ChP 122.31 8.688 

92 Gly steady  steady 1 ChP 109.04 8.454 

93 Glu   broadening 0 ChP   

94 Lys   broadening 0 ChP   

95 Arg   broadening 0 ChP   

96 Lys   broadening 0 ChP   

97 Lys   broadening 0 ChP   

98 Lys   broadening 0 ChP   

99 Lys   broadening 0 ChP   

100 Glu   broadening 0 ChP   

101 Lys   broadening 0 ChP   

102 Lys   broadening 0 ChP   

103 Lys   broadening 0 ChP   

104 Pro   unknown 0    

105 Thr   broadening 0    

106 Thr steady  steady 1  116.53 8.298 

107 Glu   broadening 0    

108 Val   broadening 0    

109 Glu disappearing disappearing broadening 0    

110 Val   broadening 0    

111 Lys disappearing disappearing broadening 0    

112 Glu   broadening 0    

113 Glu   broadening 0 Kb   

114 Glu   broadening 0 Kb   

115 Lys   broadening 0 Kb   

116 Lys   broadening 0 Kb   

117 Gly disappearing  disappearing -1 Kb   
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Residue 

number 

 

 

name 

 

in-cell NMR: 

raw data 

Control 

experiment: 

dextrane 

 

in-cell NMR: 

final result 

Final dis-

apperance 

score: 

 

Conserved 

segments 

in-cell 
15

N 

chem. 

shift 

in-cell 
1
H 

chem. 

shift 

118 Phe disappearing  disappearing -1 Kb   

119 Met   broadening 0 Kb   

120 Glu   broadening 0 Kb   

121 Lys   broadening 0 Kb   

122 Leu disappearing disappearing disappearing -1 Kb   

123 Lys   broadening 0 Kb   

124 Glu   broadening 0 Kb   

125 Lys   broadening 0 Kb   

126 Leu disappearing  disappearing -1 Kb   

127 Pro   unknown 0 Kb   

128 Gly disappearing  disappearing -1 Kb   

129 His disappearing  disappearing -1 Kb   

130 Lys disappearing  disappearing -1 Kb   

131 Lys   disappearing -1 Kb   

132 Pro   unknown 0 Kb   

133 Glu steady  steady 1 Kb 121.49 8.842 

134 Asp   broadening 0 Kb   

135 Gly steady  steady 1 H 110.37 8.550 

136 Ser steady  steady 1 H 116.15 8.313 

137 Ala steady  steady 1 H 126.06 8.425 

138 Val steady  steady 1 H 120.13 8.192 

139 Ala steady  steady 1 H 128.79 8.485 

140 Ala   broadening 0 H   

141 Ala disappearing  disappearing -1 H   

142 Pro   unknown 0 H   

143 Val   broadening 0 H   

144 Val disappearing  disappearing -1 H   

145 Val steady  steady 1 H 129.14 8.627 

146 Pro   unknown 0 H   

147 Pro   unknown 0 H   



96 

 

Residue 

number 

 

 

name 

 

in-cell NMR: 

raw data 

Control 

experiment: 

dextrane 

 

in-cell NMR: 

final result 

Final dis-

apperance 

score: 

 

Conserved 

segments 

in-cell 
15

N 

chem. 

shift 

in-cell 
1
H 

chem. 

shift 

148 Pro   unknown 0 H   

149 Val   broadening 0 H   

150 Glu   disappearing -1    

151 Glu   broadening 0    

152 Ala   broadening 0    

153 His disappearing  disappearing -1    

154 Pro   unknown 0    

155 Val   broadening 0    

156 Glu   disappearing -1 Kc   

157 Lys   broadening 0 Kc   

158 Lys   broadening 0 Kc   

159 Gly steady  steady 1 Kc 110.67 8.615 

160 Ile disappearing  disappearing -1 Kc   

161 Leu   broadening 0 Kc   

162 Glu   broadening 0 Kc   

163 Lys   broadening 0 Kc   

164 Ile   broadening 0 Kc   

165 Lys   broadening 0 Kc   

166 Glu   broadening 0 Kc   

167 Lys   broadening 0 Kc   

168 Leu disappearing  disappearing -1 Kc   

169 Pro   unknown 0 Kc   

170 Gly disappearing  disappearing -1 Kc   

171 Tyr disappearing  disappearing -1    

172 His disappearing disappearing disappearing -1    

173 Pro   unknown 0    

174 Lys   broadening 0    

175 Thr steady  steady 1  116.33 8.422 

176 Thr   broadening 0    

177 Val   broadening 0    



97 

 

Residue 

number 

 

 

name 

 

in-cell NMR: 

raw data 

Control 

experiment: 

dextrane 

 

in-cell NMR: 

final result 

Final dis-

apperance 

score: 

 

Conserved 

segments 

in-cell 
15

N 

chem. 

shift 

in-cell 
1
H 

chem. 

shift 

178 Glu   broadening 0    

179 Glu   broadening 0    

180 Glu   broadening 0    

181 Lys   broadening 0    

182 Lys   broadening 0    

183 Asp steady  steady 1  121.64 8.509 

184 Lys steady  steady 1  121.36 8.302 

185 Glu steady  steady 1  127.57 8.166 
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Table A3: Identified processive enzymes in literature. 
Processive proteins and enzymes have been identified by text search in literature for “processive” and 

“processivity”. In principle, the proteins can be grouped into two major categories and four substrate-

categories, as follows. 1) Enzymes relying on structural confinement, such as: i) complexes with subunits 

that surround the substrate and ii) enzymes with asymmetric active-site cavities, and 2) enzymes relying on 

spatial confinement, such as: iii) dimeric mechanochemical motors and iv) monomeric processive enzymes 

of domain-linker-domain (DLD) architecture. As these categories cannot always be clearly separated, they 

are not indicated, but important parameters relating to the possible mechanism, such as subunit structure, 

the presence of active-site cleft, length and disorder of linker, the measure of processivity (average number 

of rounds of modification/steps taken before dissociation) are given. 12 DLD-type processive enzyme 

(marked grey) were chosen for further analysis. 

 

  
Structural characteristics 

   

Protein Name ATP Complex Channel Groove 

Domain

-Linker-

Domain 

Partner 
Linker 

length 
Processivity 

Yeast 40S 

Ribosome 
+ + + - - RNA - 

>1700 

nucleotids 

T.  acidophilum 20S 

Proteasome 
+ + + - - Polypeptide - ~140 

Yeast RNAP II + + + - - dsDNA - 1000000 

T7 gp4 helicase + + + - - dsDNA - 40000 

E1 helicase + + + - - dsDNA - 
>3000 

nucleotids 

T7 DNA helicase + + + - - dsDNA - 75000 bp 

T7 DNA 

polymerase   

dimer  

(gp5 and 

trx prot) 

+ + - dsDNA - 17±3 kb 

chiHuman Upf1 + + - - - mRNA - > 10 kb 

PCNA (in DNA 

polymerase δ) 
- 

homo-

trimer 
+ - - dsDNA - >13000 

V. Virus Uracil 

DNA glycosylase 
- 3 subunit - + - dsDNA - 

1500-2000 

nucleotids 

E. Coli -protein + + + - - dsDNA - >5000 

T4 gp45 + + + - - dsDNA - >20000 

Human Pol  - 3 subunit + - - ssDNA - 2250±162 

Bacteriophage  

exonuclease 
- 3 subunit + - - dsDNA - ~3000 

E.Coli PNPase (in 

RNA 

degradosome) 

- + + - - ssRNA - 
 

S. antibioticus 

PNPase 
- + + - - ssRNA - 

 

T. reesei Cel7A - - - + + cellulose 24 aa 20-90 acts 

H. insolens Cel6A - - - + + cellulose 52 aa 
 

C. cellulolyticum 

Cel48F 
- - - + + cellulose 49 aa 

 

C. phytofermentans 

Cel48 
- - - + n.a. cellulose 

 
3,5-6 acts 

Cellulase E4 - - -   cellulose 
  

D. melanogaster 

Kinesin-1 
+ - - - + microtubule 31 aa 

1747 ± 199 

nm 

http://en.wikipedia.org/wiki/DNA_polymerase#Eukaryotic_DNA_polymerases
http://en.wikipedia.org/wiki/DNA_polymerase#Eukaryotic_DNA_polymerases
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Mouse Kinesin-2 + - - - + microtubule 17 aa 449 ± 30 nm 

Neurospora crassa 

Kin-3 
+ - - - + microtubule 22 aa 

2.14±0.29 

 

Mouse Dynein + - - - + microtubule 204 aa 339 ± 33 nm 

Gallus gallus 

Myosin V 
+ - - - + actin 64 aa 2.2±  

Human Myosin VI + - - - + actin 62 aa 796±639 nm 

Xenopus 

Centrosome 

protein E 

+ - - - + microtubule 12 aa 2.6±  

Human XPF - - - - + DNA 22 aa 60 nt 

Sulf. solfataricus  

XPF 
- - - - + DNA 19 aa 12 nt 

Staph. aureus 

Helicase PcrA 
+ - - + - dsDNA - 20 

E.Coli 

Exonuclease I 
- - + - - ssDNA - >900 

S. cerevisiae Mip1 - -    ssDNA  480±20 nt 

HIV Reverse 

transcriptase 
- - - + - 

ssDNA, 

ssRNA 
- <50 

Human 

Telomerase 
-     DNA 94 aa  

AP-endonuclease-

1 
- - - + - dsDNA - 

200 

nucleotids 

Human MMP9 -     gelatine 76 aa  

T7 RNA 

polymerase 
 -  +  dsDNA  thousands 

Mouse Formin 

(mDia1) 
-     actin 23 aa 

2600 

subunits 

S. cerevisiae 

Formin (Bni1) 
-     actin 17 aa 

12000 

subunits 

Xenopus XMAP215 -     tubulin  
25 tubulin 

dimer 

C. thermocellum 

1,4-beta-glucanase 
-     cellulose 103 aa  

Human 

Chitotriosidase-1 
-     

chitooligosacc

harides 
31 aa 8.6±1.1 

Bacillus circulans 

Chitinase A1 
-     

crystalline-

chitin 
23 aa  

Oryza sativa subsp. 

Japonica Chitinase 

2 

-     chitin 17 aa  

Human Nedd4-1 -     protein 322 aa  

Human RNAse H1 -     RNA 64 aa  

 

 

http://en.wikipedia.org/wiki/Staphylococcus_aureus
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Figure A1: NMR measurements of ERD14 WT. (A) In vitro HSQC spectra were recorded at 277 K at pH 6.58 at different temperatures (288 K: blue, 282.5 

K: green and 277 K: red) (B) several pH values (6.58: navy, 6.94: light blue, 7.29: green, 7.42: yellow, 7.57: orange, 7.70: red) to transfer the previous 

assignment to the temperature and pH conditions of the in-cell spectrum. WT ERD14 chemical shifts have been deposited to the BioMagResBank under 

BMRB Accession Number 26636). The HSQC spectrum at 277 K and pH 7.7 was then used as a reference for the in-cell spectra. 



 
 

101 

 

Figure A2: IUPred prediction of the WT ERD14 and Full-Scr. 
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Figure A3. ERD14 WT HSQC spectra of TFE titration.  
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Figure A4. Expression levels of the different protein constructs and controls. 

 

              

 

* Both bands attributable for Scr-Kc according to Mass Spectroscopy analysis. 

* 


