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Intrinsically disordered proteins or proteins with disordered regions are very common in nature. 

These proteins have numerous biological functions which are complementary to the biological 

activities of traditional ordered proteins. A noticeable difference in the amino acid sequences 

encoding long and short disordered regions was found and this difference was used in the 

development of length-dependent predictors of intrinsic disorder. In this study, we analyze the 

scaling of intrinsic disorder in eukaryotic proteins and investigate the presence of length-

dependent functions attributed to proteins containing long disordered regions. 

Keywords: Intrinsically disordered protein; Protein function; Eukaryotic proteome. 

1.   Introduction 

It is clear now that any given proteome contains significant number of highly flexible 

proteins that possess crucial biological functions.
1-5

 The discovery of these intrinsically 

disordered proteins (IDPs) and protein regions (IDPRs) challenged and changed the 

traditional protein structure-function paradigm which states that well-defined three-

dimensional structure is required for the correct functioning of a protein and that the 

structure defines the function of the protein.
6-8

 IDPs and IDPRs are involved in numerous 

biological processes, where they play different roles in regulation of the function of their 

binding partners and in promotion of the assembly of supra-molecular complexes.
6-39

 It 

was further suggested that many protein functions indeed require disordered regions of 

flexible, dynamic conformations instead of rigid ordered regions.
12

 The conformational 

plasticity associated with intrinsic disorder provides IDPs/IDPRs with a wide spectrum of 

exceptional functional advantages over the functional modes of ordered proteins and 

domains.
8; 9; 11-13; 20; 21; 25; 30; 31; 33; 34; 39

  

IDPs/IDPRs possess complex “anatomy” (they contain multiple, relatively short 

functional elements), which contributes to their unique “physiology” (an ability to be 

involved in interaction with, regulation of and control by multiple structurally unrelated 

partners). Given the existence of multiple functions in a single disordered protein, and 

given that each functional element is typically relatively short, alternative splicing could 

readily generate a set of protein isoforms with a highly diverse set of regulatory 

elements.
40

 The complexity of the disorder-based interactomes is further increased due to 

the ability of a single IDPR to bind to multiple partners gaining very different structures 

in the bound state.
34; 41

 Often, dysfunction and dysregulation of IDPs are associated with 

the development of various pathological conditions and intrinsic disorder is commonly 

seeing in proteins from pathogenic microbes and viruses.
42-52

 

IDPs and IDPRs differ from structured globular proteins and domains with regard to 

many attributes, including amino acid composition, sequence complexity, flexibility, 
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charge, hydrophobicity, and type and rate of amino acid substitutions over evolutionary 

time.
8; 26; 53; 54

 This makes IDPs and IDPRs recognizable and opens numerous 

opportunities for the development of specific predictors of intrinsic disorder that can be 

used to evaluate the propensity for intrinsic order and disorder from the amino acid 

sequence.
55

 The success of these predictors strongly supports the hypothesis that intrinsic 

disorder, like globular structure, is also encoded by the amino acid sequence.
7; 8

 

It was also proposed that there could be several subtypes (flavors) of intrinsic 

disorder that could be distinguished by amino acid compositions and sequence properties 

and therefore resemble the structural classification of ordered proteins, e.g. α-helix and β-

sheet at the secondary structure level, and all α, all β, α/β and α+β classes at the tertiary 

structure level.
56

 Structurally, entirely disordered proteins are commonly classified as 

proteins possessing extended disorder (native coils and native “pre-molten globules”) and 

proteins with compact disordered conformations (native “molten globules”).
10; 15-17; 39

 

Furthermore, it was recognized  that there is a noticeable difference in the amino acid 

sequences encoding long and short disordered regions.
57-59

 These differences were 

exploited in the development of length-dependent predictor of intrinsic disorder, which is 

an accurate meta-predictor which was trained to integrate the specialized predictors for 

short (≤30 residues) and long disordered regions (>30 residues) into the final predictor 

model.
59

 The resulting meta-predictor was shown to be applicable for identification of 

disordered regions of any length, being able to accurately identify the short disordered 

regions that are often misclassified by our previous disorder predictors.
59

 

In this study, we first analyzed the peculiarities of the disorder distribution in short 

and long eukaryotic proteins and investigated their functional priorities. Next, from a list 

of all know short (20-100 amino acids) and long (over 3,000 amino acids) UniProt 

proteins, random protein samples were selected, and functional and structural information 

was gathered from literature for each protein in these sample sets. For each protein, this 

analysis was further supplemented by the evaluation of the intrinsic disorder propensity 

using a set of well-known disorder predictors. These data were used to determine if 

intrinsic disorder play a role in the functioning of a given protein. 

2.   Materials and Methods 

2.1.   Datasets 

We analyze all 110 complete eukaryotic proteomes, which total to 1,901,810 proteins, 

from UniProt release 2011_08.
60

 The proteomes are assigned to their abbreviated 

taxonomic lineage based on NCBI,
61

 where the lowest taxonomic level, which we refer to 

as “species”, could be the genus, family or species. Two protein sets were extracted from 

the resulting dataset: (1) 73,261 short-proteins with up to 75 amino acids; and (2) 50,090 

long proteins that include chains with at least 1500 residues. Three subsets were 

generated from these two sets: (1) short-proteins that contain long disordered segments 

with at least 30 consecutive disordered residues; (2) long-proteins with long disordered 
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segments with at least 30 consecutive disordered residues; and (3) long-proteins with 

long disordered segments of at least 100 residues.  

2.2.   Methods 

We applied two fast and accurate disordered predictors, IUPRED
62; 63

 and Espritz,
64

 to 

obtain putative disordered residues and segments. We used two versions of IUPRED that 

were designed for predictions of long and short disordered segments, respectively, and 

three versions of Espritz  that consider disorder annotations by false positive rate and 

based on NMR structures, X-ray crystal structures, and experimental annotations from 

DisProt database.
65

 Espritz and IUPRED were shown to be competitive in terms of their 

predictive quality
63; 66

 and they cover the main characteristics of the disorder including 

the three annotation types and two types of disordered segments. The resulting five 

predictions were combined together using the majority vote consensus, which is 

motivated by the fact that consensus-based approaches provide improved predictive 

quality.
67

 The putative disorder was used to calculate the disorder content (fraction of 

disordered residues in a given chain) and to characterize proteins with long disordered 

segments that consist of at least 30 or 100 consecutive disordered amino acids.  

Based on the Gene Ontology (GO)
68

 terms that are provided in UniProt, we 

investigate relations between protein length, intrinsic disorder, and protein functions; the 

latter are expressed as biological processes or molecular functions. We removed 

functional annotations with less than 50 annotated chains, as they would not provide 

sufficient sample size to produce statistically sound results. We utilize all available 

annotations including those based on experimental evidence, curator and author 

statement-based evidence, evidence based on computational analysis, and evidence 

inferred automatically from electronic annotations. Significant majority of the 

annotations is computational, based either on sequence/structural similarity or inferred 

from electronic annotations, and thus relatively broad and statistically sound analysis was 

possible only when we included these annotations into the analysis. We note that we 

include all GO terms in the analysis, including both leaf and internal terms. We contrast 

the abundance of a given functional annotation between a given set of chains (say short-

proteins with long, >30, disordered segments) and a background abundance of this 

annotation in the entire set of eukaryotic proteins. We define this functional abundance as 

a ratio between the number of proteins annotated with a given functions and the total 

number of functionally annotated proteins in a given protein set. We randomly select half 

of the proteins from the considered protein subset and compare them with the same 

number of chains drawn at random from the entire eukaryotic proteome dataset using the 

functional abundance. This is repeated 10 times and we evaluate significance of the 

differences in these two functional abundance vectors of a given function. If the 

measurements are normal, as evaluated with the Anderson-Darling test
69

 at 0.05 

significance, then we utilize the t-test; otherwise we use the non-parametric Wilcoxon 

rank sum test.
70

 We consider only the functions with abundance of at least 2% in a 

considered protein subset. 
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2.3.   Functional and disorder annotations for random protein samples  

From a list of all know short (20-100 amino acids) and long (over 3,000 amino acids) 

UniProt proteins (www.uniprot.org), random protein samples were selected, and 

functional and structural information was gathered from literature for each protein in 

these sample sets. For each protein, this analysis was further supplemented by the 

evaluation of the intrinsic disorder propensity using a set of well-known disorder 

predictors.  

The intrinsic disorder propensities of the proteins from random samples were 

evaluated by two different disorder predictors. The first one is PONDR
®
 VLXT,

71
 which 

applies various compositional probabilities and hydrophobic measures of amino acid as 

the input features of artificial neural networks for the prediction. Although it is no longer 

the most accurate predictor, it is very sensitive to the local compositional biases. Hence, 

it is capable of identifying potential molecular interaction motifs.
22; 72

 The second 

predictor is a meta-predictor PONDR®FIT,
73

 that combines six individual predictors, 

which are PONDR
®
 VLXT,

71
 VSL2,

74
 VL3,

59
 FoldIndex,

75
 IUPred,

62
 and TopIDP.

76
 This 

meta-predictor is moderately more accurate than each of the component predictors. 

 

Figure 1.  Length distribution of the eukaryotic proteins analyzed in this study. Plot shows data for limited 

range of protein lengths. Inset represents the length distribution of all the eukaryotic proteins in the double 

logarithmic scale. In this plot, protein chain length is binned into intervals of 5 residues. 

 

3.   Results and Discussion 

3.1.   Amino acid compositions of short and long eukaryotic proteins 

Figure 1 represents length distribution of 1,901,810 proteins from 110 complete 

eukaryotic proteomes found in UniProt release 2011_08, whereas inset to this figure 

represents data in the double logarithmic scale. It is clearly seeing that the number of 
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proteins first increases with the increase in the protein length, approaching maximum at a 

length of about 150 residues, and then decreases steadily as the protein length further 

increases.  Typically, bins corresponding to the proteins longer than 2,000 residues 

contain only a few counts. The presence of the optimal protein length in a range of 150-

200 residues is further evidenced from the inclusion to Figure 1, which shows the length 

distribution of eukaryotic proteins in the double logarithmic scale.  

 

Figure 2. A. Fractional difference in the amino acid composition between the different eukaryotic proteins and 

a set of completely ordered proteins calculated for each amino acid residue (compositional profiles). The 

fractional difference was evaluated as (Cx-Corder)/Corder, where Cx is the content of a given amino acid in a query 

set, and Corder is the corresponding content in the dataset of fully ordered proteins. Composition profiles for all 

eukaryotic proteins, as well as short and long eukaryotic proteins are shown by red, green and yellow bars, 

respectively. Composition profile of typical intrinsically disordered proteins from the DisProt database is shown 

for comparison (black bars). Positive bars correspond to residues found more abundantly in histones, whereas 

negative bars show residues, in which histones are depleted. Amino acid types were ranked according to their 

increasing disorder-promoting potential. B. Fractional difference in the amino acid composition between the 

short and long eukaryotic proteins. For this plot, the fractional difference was evaluated as (Cshort-Clong)/Clong, 

where Cshort is the content of a given amino acid in a set of short eukaryotic proteins, and Clong is the 

corresponding content in the dataset of long proteins. 

 

Analysis of the amino acid composition biases can provide interesting information 

on the nature of a protein. For example, the amino acid compositions of extended IDPs 
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high mean net charge. These global biases determine the highly unstructured and 

extended state of these proteins, since high net charge leads to strong electrostatic 

repulsion, and low hydropathy prevents efficient compaction.
7
 In agreement with these 

global observations, IDPs were shown to be significantly depleted in so-called order-

promoting amino acids, C, W, I, Y, F, L, H, V, and N, and substantially enriched in 

disorder-promoting residues, A, G, R, T, S, K, Q, E, and P.
8; 26; 71; 77; 78

 We use a 

computational tool, Composition Profiler,
78

 to investigate the compositional biases in 

short and long eukaryotic proteins. This approach is based on the calculation of a 

normalized composition of a given protein or protein dataset in the (Cs – Corder)/Corder 

form, where Cs is a content of a given residue in a query  protein or dataset, and Corder is 

the corresponding value for the set of ordered proteins from PDB Select 25.
79

  

Figure 2 shows that, in comparison with typical ordered proteins, eukaryotic proteins 

from all 110 complete eukaryotic proteomes are moderately depleted in some order-

promoting residues (e.g., W, I, Y, V, and N, see red bars in Figure 2A) and are 

moderately enriched in some disorder-promoting residues (e.g., Q, S, and P). Long 

eukaryotic proteins are depleted in order-promoting W, I, F, V, N, and M, and enriched in 

disorder-promoting Q, S, E, and P. Both depletion in order-promoting residues and 

enrichment in disorder-promoting residues are generally more pronounced that those 

calculated for eukaryotic proteins in general (see yellow bars in Figure 2A). Short 

eukaryotic proteins are depleted in order-promoting W and V, being noticeably enriched 

in C, I, F, H, and M, and are enriched in disorder-promoting K, S and P, being depleted in 

such disorder-promoting residues as D, G, A, and E (see green bars in Figure 2A). Figure 

2 also clearly shows that amino acid compositions of short and long eukaryotic proteins 

are rather different. This is most evident from Figure 2B, which represents the relative 

composition of short eukaryotic proteins calculated as (Cshort – Clong)/Clong. This plot 

clearly indicates that in comparison with long eukaryotic proteins, short eukaryotic 

proteins are dramatically depleted in almost all order-promoting residues (C, W, I, Y, F, 

H, and M) and some disorder-promoting residues (K, Q, S, E, and P). However, some 

disorder-promoting residues (R, D, G, and A) are noticeably more common in short 

proteins. Based on these observations, one could expect that short and long eukaryotic 

proteins might possess different overall propensities for intrinsic disorder. In agreement 

with this hypothesis, the subsequent analysis revealed very peculiar protein length scaling 

of intrinsic disorder in eukaryotic proteins. 

3.2.   Abundance of intrinsic disorder in short and long eukaryotic proteins 

Figure 3A shows that the protein length-dependence of the average disorder content 

possess an intriguing shape. In fact, short proteins are predicted to have significant 

amount of disorder. The amount of predicted disorder decreases as protein length 

increases and reaches minimum at ~ 15% for proteins with the length of 250-300 

residues. Then, the amount of intrinsic disorder start to increase, reaches a plateau at the 

level of 24-28% for proteins with length of ~1,000-2,000 residues, and then again starts 

to decrease for longer proteins. Since the number of very long proteins is relatively small, 
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that part of the plot corresponding to proteins longer than 5,000 residues is very noisy. 

Importantly, some long proteins contain very significant amount of predicted disorder, up 

to 90-95%. Inset to Figure 3A represents length distribution of predicted disorder for 

proteins shorter than 1,500 residues to better illustrates the peculiarities of scaling for 

shorter proteins. 
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Figure 3. A. Length dependence of the intrinsic disorder in eukaryotic proteomes represented as an average 

disorder content versus protein length plot in a wide range of protein length (up to 10,000 residues). Inset 

represents an expanded dependence for proteins with the length up to 1500 residues. In this plot, protein chain 

length is binned into intervals of 5 residues. B. Average disorder content (solid red line) and fraction of proteins 

with long disordered segments composed of 30 (short dashed blue line) or 100 (long-short dashed green line) 

consecutive disordered residues vs. protein chain length that is binned into intervals shown on the x-axis. 

Figure 3B further summarizes the results of this analysis and shows the relations 

between the disorder content, fraction of proteins with long disordered segments; i.e., 

proteins with at least 30 or at least 100 consecutive disordered residues, and protein chain 

size. It is seen that the fraction of proteins with long disordered regions increases for 

proteins with the length from 30 to ~2,000 residues and then reaches plateau or even 
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short proteins with long (30 or more AAs) disordered regions
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starts to slightly decrease. Figure 3B also shows that ~80% of proteins longer than 1,500 

contain disorder regions longer than 30 residues and ~50% of such proteins contain 

disordered regions longer 100 residues.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Significantly enriched biological processes for (Panel A) short proteins (75 or fewer amino acids), 

(Panel B) short proteins that have long (30 or more consecutive amino acids) disordered segments, (Panel C) 

long proteins (1500 or more residues), (Panel D) long proteins that have long (30 or more consecutive amino 

acids) disordered segments, (Panel E) long proteins that have long (100 or more consecutive amino acids) 

disordered segments. Hollow/solid bars denote processes that correspond to GO terms from leaf/internal nodes. 

The x-axis shows relative difference defined as the difference of the functional abundance for a considered 

protein subset relative to the abundance on the entire protein dataset. "+/++/+++" denotes the differences that 

were found significant with p-value below 0.05/0.001/0.0001. 

In agreement with the data shown in Figure 3A, proteins with the length of 200-500 

residues possess the least amount of predicted disorder. It is of interest that this length 
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interval is within the optimal length of a protein domain. It is also interesting that it 

seems that there is an optimal length of long proteins to have high disorder content. In 

fact, Figure 3 clearly shows that long protein with the length ranging from 1,500 to 2,000 

residues are predicted to have most disorder, with ~25-30% of their residues being 

predicted to be disordered. 

3.3.   GO-based functional annotation of short and long eukaryotic proteins 

Data shown in Figure 3 (especially in its part describing the length dependence of the 

average disorder content) are a bit counter-intuitive. In fact, based on the simple 

probability evaluations, one can expect that short proteins would contain less disorder 

than long proteins, and therefore the disorder content would increase with the protein 

length. In fact, this expectation is fulfilled for proteins with the length of their 

polypeptide chain ranging from ~200 to ~1,500 residues (see Figure 3A). The fact that 

short proteins (shorter than 150 residues) contain highest amount of predicted disorder 

and the fact that long disordered proteins seem to have some optimal length (1,500-2,000 

residues) with relatively high disorder content (25-30%) may potentially have some 

functional explanations. To check this hypothesis, we analyzed the distribution of GO-

annotated biological processes and functions in short and long proteins. Figure 4 

represents the results of such analysis for biological processes, whereas the results of the 

analysis for biological functions are shown in Figure 5.  

Figures clearly show that both biological processes and biological functions ascribed 

to short proteins (shorter than 75 residues) are very different from those of long proteins 

(1,500 or more residues). Furthermore, some interesting observations can be made in 

relation to the functions of proteins with long disordered regions. Most abundant 

biological processes for short proteins with long regions of disorder are multicellular 

organism development, nucleosome assembly, translation, positive and negative 

regulation of transcription, and actin cytoskeleton organization (see Figure 4B). Most 

abundant biological functions for these proteins are transcription factors, DNA binding, 

receptor activity, protein binding, and structural constituent of ribosome (see Figure 5B). 

Sets of biological processes and molecular functions for long proteins with long 

disordered regions are very different those discussed above (see Figures 4D, 4E, 5D and 

5E). The general functional themes here are binding of small molecules, metal ions, 

cofactors, DNA, other proteins, regulation and control activity in various biological 

processes such as transcription, DNA replication, signal transduction, cell 

communication, DNA integration and many others. Importantly, these observations are in 

a good agreement with earlier studies, since many of functions and processes shown in 

Figures 4 and 5 were earlier attributed to IDPs and IDPRs. We also note that the enriched 

GO terms for short and long chains include similar proportions of annotations from leaf 

(hollow bars) and internal (solid bars) nodes, which suggests that generality of the GO 

terms did not bias our length dependent analysis. 
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short proteins with long (30 or more AAs) disordered regions
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Figure 5. Significantly enriched molecular functions for (Panel A) short proteins (75 or fewer amino acids), 

(Panel B) short proteins that have long (30 or more consecutive amino acids) disordered segments, (Panel C) 

long proteins (1500 or more residues), (Panel D) long proteins that have long (30 or more consecutive amino 

acids) disordered segments, (Panel E) long proteins that have long (100 or more consecutive amino acids) 

disordered segments. Hollow/solid bars denote functions that correspond to GO terms from leaf/internal nodes. 

The x-axis shows relative difference defined as the difference of the functional abundance for a considered 

protein subset relative to the abundance on the entire protein dataset. "+/++/+++" denotes the differences that 

were found significant with p-value below 0.05/0.001/0.0001. 
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3.4.   Structure, function, and intrinsic disorder of some short proteins 

At the next stage, we analyzed available structural and functional information for several 

random samples of short and long proteins. To this end, 16 short (containing 20-100 

amino acids) and 12 long proteins (containing ≥ 3,000 residues) were randomly selected 

from the UniProt database (www.uniprot.org). For these 27 proteins, functional and 

structural information was gathered from literature and disorder propensity was evaluated 

using a set of well-known disorder predictors. This functional, structural and disorder 

information was then used to see if intrinsic disorder play a role in the functioning of a 

given protein. Results of this analysis are represented below. 

3.4.1.   HEPN-1 

The product of the putative cancer susceptibility gene, hepatocellular carcinoma down-

regulated 1 (HEPN1), is a 10.305 Da protein comprised of 88 amino acids, which is 

predominantly found in the cytoplasm of hepatocytes.
80

 HEPN1 is mapped to 

chromosome 11q24.2. More specifically, HEPN1 is located on the antisense strand of the 

3'-noncoding region of the HEPACAM gene.
81

 This protein retain “Putative” status since 

its gene maps to the 3'-noncoding region of the HEPACAM gene and since it is not 

entirely clear if this DNA sequence is translated into an actual protein within the cells. 

However, there are several abnormalities associated with chromosome 11q dysfunction, 

such as chromosome breakage, rearrangement and loss on the long arm.
80

 These 

abnormalities have been indicated in a number of human cancers, including colorectal, 

breast, melanoma, acute lymphoblastic leukemia, and ovarian cancer, signifying the 

likely presence of tumor suppressor genes in this region.
80

  

Transient transfection studies showed that exogenous HEPN1 is capable of 

suppressing cell growth and inducing apoptosis in Hepatocellular carcinoma (HepG2) 

cells.
80

 Since expression of HEPN1 is down-regulated or lost in hepatocellular 

carcinomas (HCC) patients and cell lines, it was suggested that loss of this gene can be 

involved in carcinogenesis of hepatocytes.
80

 However, researchers have failed to identify 

any correlation between the loss of HEPN1 expression and the events related to the 

development and progression of HCC, as well as failed to identify the mechanisms of its 

antiproliferative effect.
80

 

HEPN1 does not resemble any known human tumor suppressor genes, and the 

product of this gene, HEPN1, has no significant homology to any known proteins or 

peptides and does not contain any known functional or sequence motifs.
80

 Disorder 

propensity analysis revealed that the N-terminal segment comprising the first 13 amino 

acids of HEPN1 is expected to be disordered, but the rest of the protein (14-88) is 

predicted to be ordered.  

 

http://www.uniprot.org/
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3.4.2.   MALAT-1 

MALAT-1 is a gene located on chromosome 11q13. The RNA transcript of more than 

8000 nucleotides, with an ORF of 940 nucleotides encodes for a theoretical protein with a 

length of 57 amino acids and a molecular mass of 6.29 kDa. High levels of MALAT-1 

RNA transcript expression have been reported in the pancreas and lung, with 

intermediate expression levels reported in the prostate, ovary, colon, placenta, spleen, 

small intestine, kidney, heart, liver, testis and brain.
82

 High levels of expression have also 

been detected in both non-small cell lung cancer cell lines and patient samples.
82

 High 

levels of MALAT-1 RNA transcript expression in lung adenocarcinoma have been 

associated with the subsequent metastasis of the cancer.
82

 

MALAT-1 RNA transcript expression has been shown to be significantly up 

regulated in placenta previa increta/percreta and strongly associated with the trophoblast-

like cell invasion in vitro.
83

 These results suggest that MALAT-1, already having been 

linked to invasive malignancies, may also play a functional role in the development of 

abnormally invasive placentation.
83

 It has been shown that there is a striking similarity of 

invasion ability between placental and cancer cells, suggesting a general role for 

MALAT-1 in abnormal cellular invasion.
84

  

In yet another role, MALAT-1 has been identified as a regulator of the tumor 

suppressor protein, PSF.
85

 Other cellular functions of MALAT-1 include pre-mRNA 

metabolism via an intimate association with SC35 splicing domains within the 

mammalian nucleus,
86

 and a role in nucleoli as a riboregulator controlling expression of 

its targeted gene,
87

 as well as regulating alternative splicing by modulating the levels of 

active serine/arginine splicing factor proteins.
88

 These results suggest that MALAT-1 

plays a role in regulating cellular interactions and functions.
84-87

 Much more information 

is needed to determine the exact molecular mechanisms of how MALAT-1 is involved in 

normal cellular functioning and abnormal cellular invasion.  

According to UniProtKB, there is evidence at the transcript level for the theoretical 

protein that MALAT-1 RNA transcript would encode for. This theoretical protein 

discloses no substantial sequence motifs. The MALAT-1 RNA transcript lacks credible 

open reading frames and does not contain a valid Kozak sequence, suggesting the 

unlikelihood of translation and its role as a non-coding RNA.
82; 83

 Furthermore, 

significant signal of MALAT-1 is not observed outside the nucleus.
86

 Disorder 

predictions for the MALAT-1 show a protein that is intrinsically disordered in the 

segments containing the first 8 amino acids and the last 7 amino acids. The protein is 

predicted to be highly structured throughout its central part. Due to the fact that MALAT-

1 RNA transcript is most likely not translated into a protein, intrinsic disorder will not 

play a role in the functioning of this molecule.  

3.4.3.   Ovarian cancer-related protein 1 

Ovarian cancer-related protein 1 is a protein composed of 76 amino acids, with a 

molecular mass of 8,369 Da. The protein contains a phosphorylated threonine residue at 
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position 61. A literature search for this protein turned up no useful information, 

suggesting that very little research has been done on this protein. The protein discloses no 

substantial sequence motifs. Disorder prediction for this protein shows a protein that is 

intrinsically disordered in the segments containing the first 12 amino acids and the last 8 

amino acids, being highly structured throughout the rest of the protein. Due to the fact 

that the function of this protein is unknown it is difficult to determine if these short 

segments of intrinsic disorder will play a role in the functioning of this molecule. More 

studies need to be done to determine the role this protein plays within human cells. 

3.4.4.   Up-regulated during skeletal muscle growth protein 5 

Up-regulated during skeletal muscle growth protein 5, also known as hepatitis C virus 

(HCV) F- transactivated protein 2, is a recently described, frame-shift product of the 

HCV core encoding sequence of genotype 1a.
89

 Its function and antigenic properties are 

currently unknown. The protein sequence is 58 amino acids long, the sequence status is 

complete, and its existence has the evidence at the protein level. This protein is located is 

in the mitochondrion membrane and is thought to be a single-pass membrane protein. 

According to the disorder predictions, this protein is expected to have disordered N- and 

C-termini (the first 9 and the last 11 residues), being mostly structured throughout its 

central region.  

3.4.5.   APM2 

Adipose most abundant gene transcript 2 (APM2), also known as C10orf116, is a 76 

amino acid protein that is expressed in liver, cornea and adipose tissue and is encoded by 

a gene which maps to human chromosome 10. Chromosome 10 houses over 1,200 genes 

and comprises nearly 4.5% of the human genome. Several protein-coding genes, 

including those that encode for chemokines, cadherins, excision repair proteins, and early 

growth response factors (Egrs) and fibroblast growth receptors (FGFRs) are located on 

chromosome 10. Defects in some of the genes that map to chromosome 10 are associated 

with Charcot-Marie Tooth disease, Jackson-Weiss syndrome, Usher syndrome, 

nonsyndromatic deafness, Wolman’s syndrome, Cowden syndrome, multiple endocrine 

neoplasia type 2 and porphyria. It was shown that APM2 might be responsible for the 

promotion of the cisplatin resistance in the HCT116 cell line irrespectively of the status 

of two well-established determinants of cisplatin resistance, p53 and Mismatch-repair 

(MMR) protein.
90

 This is an important finding since the cisplatin resistance hinders the 

effectiveness of this one of the most widely used chemotherapeutics in the world today. 

Intriguingly, APM2 is predicted to be mostly disordered suggesting an important role of 

intrinsic disorder in promoting the cisplatin resistance. 
 

3.4.6.   SMPX 

Small muscular protein X-linked (SMPX), also known as Stretch-responsive skeletal 

muscle protein, is an 88 long amino acid protein that plays a role in the regulatory 
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network through which muscle cells coordinate their structural and functional states 

during growth, adaptation, and repair.
91; 92

 SMPX is preferentially and abundantly 

expressed in heart and skeletal muscle. Defects in SMPX are the cause of deafness X-

linked type 4 (DFNX4), which is a non-syndromic form of progressive hearing loss.
93; 94

 

In affected males, the auditory impairment affects high frequency hearing first. It later 

becomes a severe form, which affects all frequencies. Carrier females manifest moderate 

hearing impairment in the high frequencies. Disorder predictions reveled that this protein 

is expected to be mostly disordered, suggesting that natural disorderedness might play a 

role in its functioning. 
 

3.4.7.   Bg-II toxin 

The Bg-II toxin is a short polypeptide found within the sea anemone Bunodosoma 

granulifera.
95

 Bg-II consists of 48 amino acid residues and shares a 71% sequence 

identity with the 49 residue-long polypeptide anthopleurin-A (also known as AP-A) from 

the sea anemone Anthopleura xanthogrammica (Giant Green Sea Anemone).
96

 These two 

proteins are expected to possess similar compact structure consisting of four short strands 

of antiparallel -sheet (in AP-A, residues 2-4, 20-23, 34-37, and 45-48) connected by 

three loops.
96

 The structure of both AP-A and Bg-II is stabilized by three disulfide bonds 

that function to condense the molecule to some degree. The first loop, that accounts for 

~30% of the protein (residues 5-19), was shown to be the least well-defined region of 

AP-A.
96

 This poorly defined loop contains at least some of the residues considered to be 

essential for activity.
97

 The other region that shows increased mobility involves residues 

39-44, which forms a loop linking the third and fourth -strands of the -sheet.
96

  

Despite some degree of disorder, Bg-II is a biologically functional cardio- and neuro- 

toxin.  This toxin holds open voltage gated sodium channels, prolonging action potentials 

such that regeneration of new signals is slowed.  This is accomplished via binding to site 

3 on the alpha subunit of the channel, locking it into a position that increases its 

permeability to the sodium ion.
98

 Searching for similarities between Bg-II and other 

cardiotoxins, such as those found in scorpions, has helped to build a greater 

understanding of the molecular basis behind such peptide-channel interactions. Although 

there was not enough sequence similarity between the two proteins to suggest 

relatedness, those homologies observed in the active sites appear to indicate convergent 

evolution.
95

  When the functionally important regions were overlaid, they revealed that 4 

basic residues and 1 tyrosine are similarly located within their sequences.
95

 These 4 

residues (asparagine, lysine, lysine, and asparagines) in both toxins form two groups of 

positive charges at either end of the protein.  When the asparagine was changed to 

aspartic acid, toxicity decreased.
95

 It can be assumed that the positive poles are 

responsible for the efficacy of the toxin. This may be because the IVS4 segment of site 3 

on the channel to which Bg-II binds, is negatively charged.
98

   

In agreement with the NMR data for homologous AP-A protein, disorder prediction 

revealed that the N-terminal half of Bg-II is expected to be highly disordered. This is 

where the arginine residues proposed responsible for the formation of the polar poles 
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mentioned earlier are located. The disorder seen within the peptide could assist in protein 

function by increasing flexibility.  Given that a channel will open and close, it only 

makes sense to have a binding molecule that exhibit a similar degree of movement.  

Rigidity would decrease its ability to properly bind and therefore, its toxicity.  Disorder 

decreases towards the center of the sequence around hydrophobic residues like leucine, 

tryptophan, and tyrosine.  Increased order in conjunction with hydrophobic residues, 

suggest that these amino acids may be internalized from the hydrophilic environment. 

Flexibility in the form of disorder may enhance functionality of these poles.   

3.4.8.   Cytotoxin 2  

The cytotoxin 2 CX2_NAJME is a polypeptide of 61 amino acid residues found within 

the venom of Naja melanoleuca (Black-lipped cobra).
99

  This particular toxin 

characteristically causes hemolysis and cardiac cell death.
100

 It does so by binding to both 

the lipid bilayer of normal cells and voltage gated ion channels in cardiac cells.
101

 

Hemolysis is the phenomenon of bursting cells, which, being left untreated, results in 

tissue necrosis. Binding of the toxin to the ion channels in cardiomyocytes causes 

constant depolarization within the cell, preventing repolarization from taking place.  

Hence, new action potentials cannot be generated and without proper treatment, the heart 

may cease to beat entirely.   

Cytotoxin-2 is a member of the snake three-finger toxin family.
100

 Structurally, it 

contains a three-loop -sheet motif resulting in a sort of hydrophobic tripod structure 

responsible for penetrating the surface of the cell membrane.
101

 Additionally, preceding 

the hydrophobic tips, there are positively charged amino acids that are attracted to the 

negatively charged fatty acids in the lipid bilayer, increasing the binding force between 

the two surfaces.
101

 The extent to which the toxin will permeate the membrane depends 

on the belt of polar lysine and arginine residues around the peptide.
100

  

Interestingly, this particular toxin has a substitution of neutral glycine and leucine at 

positions 25 and 27 in place of methionine.
99

 The substitution is a proposed cause of its 

reduced toxicity, a viable solution given that one of the hydrophobic residues is being 

changed to a neutral charge. This may ultimately reduce the affinity of the three-loop 

structure for the cell membrane, thereby decreasing its ability to disrupt the lipid bilayer.   

Disorder prediction for Cytotoxin-2 revealed that this toxin is expected to be disordered 

at the very beginning and very end of its sequence.  The grand majority of the sequence 

seems to exhibit a very high degree of order.  This central part of the sequence contains a 

handful of hydrophobic lysine residues.  These residues may function to create the 

previously mentioned tips that assist in penetrating the cell membrane.  The disorder at 

the beginning and end of the sequence may lend a degree of flexibility, which aids not 

only in binding but also in penetrating the lipid bilayer.  It could allow the rigid 

hydrophobic structure of toxin to better open up the cell membrane resulting in 

hemolysis. 
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3.4.9.   HIRV2 

The small protein hirudin variant-2 (HIRV2) consists of 72 amino acid residues and is 

found in the medicinal leech Hirundo medicinalis (medicinal leech).  It functions as a 

protease inhibitor that modulates clotting by binding to -thrombin.
102

 The thrombin 

protein is essential to the liberation of fibrin monomers from fibrinogen, a process 

ultimately responsible for blood coagulation.  HIRV2 residues Ile-8, Thr-9, and Tyr-10 

form bonds with the thrombin active site. Residues 62 through 72 interact with the 

fibrinogen binding site of thrombin.
102

 Interestingly, although HIRV2 is a protease 

inhibitor, it has a unique way of inhibiting thrombin function independent of active site 

interaction. It is the amount of interaction rather than the location that is responsible for 

such strong inhibition and specificity.   

 

Figure 6. Intrinsic disorder in hirudin. A. Crystal structure of the hirudin-thrombin complex (PDB ID: 4HTC), 

where hirudin binds to thrombin non-covalently over an area of approximately 1400 Å, therefore representing 

an illustrative example of wrapping-upon-binding mode of an IDP interaction with its binding partner (see the 

text for more details). B. Intrinsic disorder propensity distribution in hiruding evaluated by PONDR-FIT (red 

line). Light pink shadow around PONDR-FIT prediction shows the statistical error of PONDR-FIT prediction. 

Unlike other members of this protein family, which have binding areas of roughly 

400-500 Å.
102

, hirudin binds to thrombin non-covalently over an area of approximately 

1400 Å.
102

 Figure 6A illustrates this wrapping-upon-binding mode which covers an area 

that is almost three times as much as other members of this protein family. Such kind of 

wrapping interaction is typical for the intrinsic disorder-based binding.
103

 Figure 6A 
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shows that the bound structure of the HIRV2 contains a long tail and shows the 

remaining part of the protein as four short -strands connected by short bends. In 

agreement with this structure, Figure 6B shows that HIRV2 is predicted to have an 

ordered central domain (residues 10-38) and possess long disordered tails (residues 1-9 

and 39-72). The asymmetry and disorder of this HIRV2 bound structure may lend to its 

intricate binding properties. The disordered nature of this protein confers a considerable 

amount of flexibility useful for blanketing the thrombin.  Hirundin can therefore 

physically restrain the thrombin from breaking down fibrinogen.  The flexibility in 

conjunction with the primary sequence also function together to make this blanketing (or 

wrapping) inhibition highly specific to the thrombin protein.  Because this mode of 

interaction involves covering thrombin rather than reacting with its active site, this is a 

proposed reason why hirundin inhibits no other serine proteases.
102

   

3.4.10.   Small proline-rich protein 2A 

Small proline-rich protein 2A is a 72 amino acid keratinocyte protein that first appears in 

the cell cytosol before, ultimately, becoming cross-linked to the membrane proteins by 

transglutaminase. This, in turn, results in the formation of an insoluble envelope 

underneath the plasma membrane. The most distinctive feature of the small proline-rich 

protein gene family lies in the central segments of the encoded polypeptides that are 

assembled from tandemly repeated units of either eight or nine amino acids with the 

general consensus *K*PEP**.
104

 Sequencing data of the different members of this family 

combined with their chromosomal organization strongly indicated that this gene family 

evolved from a single ancestor gene as a result of several intra- and intergenic 

duplications.
105

 Analysis of the different subfamilies indicated that a process of 

homogenization has acted on the different members of one subfamily. At the levels of 

both protein structure and gene regulation however, the different subfamilies appear to 

have diverged from one another.
105

 Human small proline-rich protein 2A is predicted to 

be mostly disordered. 

3.4.11.   SUMO4 

Small ubiquitin-related modifier 4 (SUMO4) is a 95 amino acid ubiquitin-like 
protein, which can be covalently attached to lysines of target proteins as a monomer. 

It is primarily expressed at various levels in immune tissues, with highest expression 

being found in the lymph nodes and the spleen. One particular polymorphism of interest 

related to disease is the variant Val-55, which is believed to be associated with insulin-

dependent diabetes mellitus. It does not seem to be involved in protein degradation and 

may modulate protein subcellular localization, stability or activity. When cell undergoes 

oxidative stress, SUMO4 demonstrates the ability to conjugate with various anti-

oxidant enzymes, chaperones, and stress defense proteins. In addition to these proteins, it 

may also conjugate with NFKBIA, TFAP2A and FOS, which negatively regulate 

transcriptional activity. Another protein it conjugates with, NR3C1, is able to positively 

regulate its transcriptional activity. Covalent attachment to its substrates requires prior 
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activation by the E1 complex SAE1-SAE2 and linkage to the E2 enzyme UBE2I.
106

 This 

ability to covalently bond with and interact with a diverse array of different proteins 

indicates that the SUMO4 may possess intrinsic disorder. In agreement with this 

hypothesis the disorder prediction revealed that 20 N-terminal and 30 C-terminal residues 

of SUMO4 are expected to be disordered, shown that ~50% of this protein is 

characterized by the highly flexible structure.  

3.4.12.   TRIA1 

p53 is a well-known tumor suppressor whose mutation is implicated in more than half of 

all cancers. As a result, a lot of research has been focused on characterizing p53 and the 

proteins it interacts with that are involved in the cancer pathway. Despite the efforts 

made, the mechanisms of the p53-dependent activities that determine cellular survival or 

death are still not fully understood. A 76 amino acid novel p53 target protein was recently 

found and named the TP53-regulated inhibitor of apoptosis (TRIA1).107 It is believed 

that TRIA1 (also known as p53-inducible cell-survival factor) is one of the important 

players in the p53-mediated cell survival mechanism. This protein functions by 

facilitating cell survival through the inhibition of caspase-9 activation. By preventing this 

activation, this protein is successfully able to prevent the initiation of apoptosis 1. This 

would be a favorable protein to interact with the p53 protein because it would aid in 

tumor suppression by aiding in the elimination of identified cancerous cells. It is induced 

in response to low levels of DNA damage, however, and not when damage is severe, 

which may prevent the killing of potentially dangerous further developed cancer cells.107 

In order to interact with the highly intrinsically disordered p53 protein.34, this inhibitor 

of apoptosis likely contains some regions of intrinsic unfolding. This hypothesis was 

supported by the results of the analysis of disorder distribution within TRIA1 which 

showed the disordered nature of its N- and C-terminal regions (residues 1-11 and 61-76). 

3.4.13.   Vpr 

The HIV-1 viral protein R (Vpr) is a 96 amino acid protein with the molecular mass of 

14kDa.  The specific sequence analyzed here was isolated from group M subtype B 

(isolate BRU/LAI) (HIV-1).  The function of Vpr in HIV parthenogenesis is to regulate 

transport of the HIV pre-integration complex into the nucleus of the host cell.
108

 It 

contains two separate nuclear localization activities associated with the 1-73 and 73-96 

regions.
109

 These activities do not depend on the traditional nuclear localization signals 

but instead give viral protein R direct access to the nuclear pore complex.
109

 Vpr is also 

known to create pores in the membranes of neurons that function as cation channels and 

to permeabilize the mitochondrial membrane through a pore forming interaction with the 

adenine nucleotide translocator.
110; 111

 In addition to its pore forming activities, Vpr also 

functions to arrest the cell cycle of proliferating cells at the G₂/M transition.
112

 It does 

this by activating Wee1 and inactivating Cdc2 which both result in the production of 

inactive Cdk-1.
113
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Vpr is a pleiotropic protein that has a variety of roles in determining HIV-1 

infectivity, as it is involved in apoptosis, cell cycle arrest, and dysregulation of immune 

functions.
114-117

 Among other important biological functions of Vpr are the modulation of 

transcription of the virus genome,
118

  the induction of defects in mitosis,
119

 the facilitation 

of reverse transcription,
120

  the suppression of immune activation,
121

 the reduction of the 

HIV mutation rate,
122

 and ion channel formation and cytopathogenicity.
110; 123

  

The solution structure of Vpr was determined by NMR.
124

  It consists of three well-

defined α-helices (residues 17-33, 38-50, and 56-77) surrounded by flexible N- and C-

terminal domains.  Ordered helical structures are common in proteins that cross or form 

pores in plasma membranes so this is not unexpected.  The helical region closest to the C 

terminus has been determined to be important in the protein’s nuclear localization and 

apoptosis mediating functions.
113; 125

 This helix may also allow the protein to form 

homodimers.
126

 

Disorder predictions by several algorithms revealed that both the N-terminal 

(residues 1-17) and the C-terminal tails (residues 75-96) are likely to be disordered.  

These regions correspond to the disordered flexible domains detected in the NMR 

structure of Vpr. This disorder is probably a contributing factor to the ability of Vpr to 

bind to multiple partners and carry out the multiple cellular functions described above. 

Various roles of intrinsically disordered regions in function of Vpr were considered in a 

recent review dedicated to the analysis of the structural peculiarities of HIV-1 proteins, 

the abundance of intrinsic disorder in viral proteins, and the role of intrinsic disorder in 

their functions.
52

 

 

3.4.14.   TIM10 

Mitochondrial import inner membrane translocase subunit Tim10 (TIM10) is a 93 amino 

acid protein with the molecular mass of 10.3 kDa.  The specific sequence analyzed in this 

study was taken from Saccharomyces cerevisiae (strain ATCC 204508 / S288c).  As its 

name implies, the mitochondrial import inner membrane translocase complex is found on 

the inner membrane of the mitochondria.  It is a heterohexamer composed of 3 TIM9 

subunits and 3 TIM10 subunits.
127; 128

 The complex functions as a chaperone, guiding the 

import and insertion of transmembrane proteins into the inner mitochondrial 

membrane.
127

 It binds to the hydrophobic membrane spanning regions of these proteins 

preventing them from aggregating in the intramembrane space.
127

 The TIM9 and TIM10 

proteins can also exist outside of the complex and still facilitate the integration of 

intramembrane proteins through interactions with the TIM22 complex.
129

 The 

TIM9/TIM10 complex is also essential for the assembly of TOM40, a component of the 

TOM complex which facilitates protein transport across the outer mitochondrial 

membrane.
130

 

The TIM10 protein itself contains one N-terminal and one C-terminal -helical 

region joined by a loop.
128

 The central loop of each subunit interacts with an -helical 

region of another subunit forming the quaternary structure of the complex as shown in the 
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figure below.
128

 The PONDR-FIT analysis reveals that this loop region is predicted to be 

more disordered than adjacent regions. This area corresponds to a twin CX3C motif in 

which the ends of the loop come together in 3D space and form two disulfide bonds.
131

 

The increased disorder of the loop may impart flexibility to the structure that allows for 

necessary movement during complex formation. The N-terminal region of TIM10, in the 

area before the -helix structure begins, functions as a substrate sensor for the 

complex.
132

 This also corresponds to a disordered region as predicted by PONDR-FIT. 

The disorder in this region may function in the ability of the protein to the different 

transmembrane proteins that the TIM9/TIM10 complex is known to associate with. 

3.4.15.   Ice structuring protein A 

Ice structuring protein A is an 82 amino acid protein with the molecular mass of 7.7kDa.  

The specific sequence analyzed here was taken from the winter flounder 

(Pseudopleuronectes americanus). The protein is cleaved in vivo to produce its active 37 

amino acid form.
133

 This sequence is composed of amino acids 45-81 from the original 

protein. Its function in vivo is the binding of ice crystals as they form in the blood of the 

fish in order to lower the blood’s freezing point. In order to carry out its function, the 

protein must be secreted into the bloodstream. Its first 23 amino acids at the N-terminal 

region compose a secretory signal sequence that is part of the region which is removed 

during cleavage to the active form.
134

   

Many different proteins with antifreeze properties have been isolated from coldwater 

fish.
135

 The proteins can be placed into five categories based on their structure. Ice-

structuring protein A has been labeled a type one antifreeze protein because of its -

helical structure.
135

 In the energy optimized structure determined by molecular modeling 

simulations, ice-structuring protein A is seeing as an alanine rich -helix containing four 

threonine resides that take on a specific spatial orientation. The side chains of these 

threonine residues are able to hydrogen bond with the water molecules in newly forming 

ice crystals and interrupt the crystal growth process.
133

 Because of this, the 3-D structure 

of the entire helix that, in turn, determines the specific orientation of the threonine resides 

must be maintained for the protein to function. However, another study involving NMR 

spectroscopy has determined that significant bending of the helix and rotation of the side 

chains actually takes place when the protein is in solution.
136

 

Disorder predictions for this protein reveal that at least one region of the protein is 

likely to be disordered, the sequence spanning amino acids 19-46.  It is worth noting that 

residue number 45 is where the functional -helical structure of the protein begins. 

Therefore, any intrinsic disorder present in the adjacent 19-46 region may be involved in 

the proteolytic cleavage that takes place when the N terminal half of the protein is 

removed and the final active form of the protein is generated. The significant disorder 

was also predicted in the C terminal region of the protein, where the -helix is located. A 

possible explanations for this somewhat counterintuitive result is that the -helix 

structure is not known to be completely stable. It contains a central bend that may provide 
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flexibility in solution and is exaggerated in the X-ray crystallographic structure of the 

protein.
136

   

3.4.16.   Acylphosphatase 

Acylphosphatase is a small cytosolic enzyme.  It belongs to the acylphosphatase family 

and contains one acylphosphatase-like domain. Acylphosphatase catalyzes the hydrolysis 

of the carboxyl-phosphate bond of acylphosphates. The reaction involves acylphosphate 

and water, which yields a carboxylate and a phosphate. Two isoenzymes have been 

isolated, muscle acylphosphatase and erythrocyte acylphosphatase. They are named on 

the basis of their tissue localization. This gene encodes the erythrocyte acylphosphatase 

isoenzyme. Alternatively spliced transcript variants that encode different proteins were 

identified through data analysis. Acylphosphatase has active sites at amino acids 24 and 

42 and is 99 amino acids in length. Its physiological role is not completely clear as of yet. 

Organ-common type isozyme is found in many different tissues. Disorder prediction for 

this protein reveals disordered N- and C-terminal regions, with the central region being 

predicted to be highly ordered, an expected behavior for the small enzyme.  

3.5.   Structure, function, and intrinsic disorder of some long proteins 

3.5.1.   FAT tumor suppressor homolog 4 

FAT tumor suppressor homolog 4 (Fat4) is a protein that is encoded for by the Fat4 gene. 

It is a large protein, which is encoded for by 4,981 amino acids and has a molecular mass 

of 542.687 kDa. Fat4 is located on chromosome 4 in the human genome.
137

 The protein 

has three isoforms, which are produced by alternative splicing. Isoform 3 is significantly 

smaller than the other two isoforms, containing only 3,222 amino acids and having a 

molecular mass of only 351.191 kDa. Fat4 is a member of the Fat family that belongs to 

the cadherin family, which is involved in cell adhesion and consists of more than 80 

members in mammalian species.
137

 There are four members of Fat family in mice and 

humans, which share high homology to the Drosophila Fat gene.
137

 Fat is most likely to 

function at the apical point of the Hippo signaling as a potential transmembrane receptor 

in Drosophila.
138

 The Hippo signaling pathway plays an important role in controlling 

organ size.
139

 Fat is also involved in the planar polarity formation, which refers to the 

asymmetry of a cell within the plane of the epithelium.
139

  

Several small regions from the cytoplasmic region of Fat4 are highly conserved in 

the Drosophila Fat, suggesting that human Fat4 is a homolog of the Drosophila Fat.
137

 A 

critical role of Fat4 in tumorigenesis has been demonstrated, with the loss of Fat4 

expression having been found to occur in some primary breast tumors and breast cell 

lines.
137

 It was found that the loss of Fat4 in non-tumorigenic mammary epithelial cells 

transformed the cells into tumorigenic cells and restoring Fat4 in these cells inhibited 

their ability to form tumors, implicating its important role in breast tumorigenesis.
137

  

There is evidence that Fat4 is essential gene with a key role in vertebrate planar cell 

polarity (PCP).
140; 141

 The loss of Fat4 has been shown to disrupt oriented cell divisions 
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and tubule elongation during kidney development, leading to cystic kidney disease.
140; 141

 

Fat4 genetically interacts with the PCP genes Vangl2 and Fjx1 in cyst formation, 

suggesting that Fat4 plays a role in regulating vertebrate PCP and that loss of PCP 

signaling may help cause cystic diseases in humans.
140; 141

  

The Fat4 protein contains three different types of conserved domains. Cadherin 

repeat domains, laminin G domains, and calcium-binding EGF-like domains. All of these 

domains are involved with cell-to-cell calcium signaling. These domains suggest that 

Fat4 is a transmembrane protein with both intracellular and extracellular domains . 

Disorder predictions showed that this protein has long regions of intrinsic disorder, with 

high disorder scores expected for the first 43 amino acids and throughout the last 70 

amino acids. In agreement with its transmembrane nature, the central part of this protein 

is predicted to be highly ordered. Though the exact molecular mechanisms of this protein 

are still unknown, the fact that it is likely a transmembrane protein with long disordered 

N- and C-terminal tails make it likely that intrinsic disorder plays a role in the 

functioning of this protein by giving flexibility to the intracellular and extracellular ends 

and allowing them to perform their specific functions while being incorporated into the 

membrane.  

3.5.2.   Ovarian cancer-related tumor marker CA125 

Ovarian cancer-related tumor marker CA125 is a mucin protein that is encoded by the 

MUC16 Mucin gene.
142

 MUC16 has been shown to map to chromosome 19p13.2.
142

 The 

protein has a length of 22,152 amino acids and a molecular weight of 2,353.428 kDa. 

CA125 is a tumor antigen that forms the basis for a serum assay that has been widely 

used in the monitoring of ovarian since its discovery in 1981.
143

 A radioimmunoassay for 

the antigen was subsequently developed, application of which showed that serum CA125 

levels are elevated in about 80% of women with epithelial ovarian cancer, but is elevated 

in less than 1% of healthy women.
144

 A rise in CA125 levels usually precedes clinical 

detection of ovarian cancer by about 3 months.
142

 Therefore, CA125 is considered to be 

one of the best available cancer serum markers.
142

 Furthermore, in chemotherapy, rising 

CA125 levels during or post treatment often indicate an insufficient response to the 

therapy and an unfavorable prognosis.
145; 146

 However, CA125 has shown to be of limited 

use in the initial diagnosis of ovarian cancer because of its elevation in some benign 

conditions.
145; 146

 It has also been found that the induction of anti-CA125 responses in 

ovarian cancer patients leads to prolonged survival time compared with untreated 

patients.
147

 This suggests that CA125 could act as a targeting antigen to elicit antibody-

dependent, cell-mediated cytotoxicity against ovarian cancer cells or that it plays a key 

physiological role that promotes tumor development.
147

 Furthering the evidence for 

CA125 playing a key role in tumorigenesis, it has been shown to bind selectively to 

mesothelin, a protein that is expressed on all normal mesothelial cells and that could 

provide a point of contact between metastasizing ovarian cancer cells and the normal 

mesothelial cells which line the peritoneum.
148; 149
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The normal function of CA125 remains unknown, but it is found normally in seminal 

fluid, the fallopian tube and endometrium, which is consistent with a role in 

reproduction.
149

 CA125 is a membrane spanning molecule with a heavily glycosylated 

amino terminal extracellular domain, an extracellular tandem repeat domain, and a 

carboxy terminal domain with a transmembrane region and a short cytoplasmic tail.
148-150

  

The repeats in CA125 are characteristic of mucins and are each composed of 156 

amino acids. Different Ca125 variants can have 7, 20, or 60 of these repeats.
148

 The 

repeats house varying types of SEA domains, which are so named for the organisms that 

they were first found in: S = sea urchin, E = enterokinase, and A = agrin.
150

 These SEA 

domains are believed to comprise sites for proteolytic cleavage, but unlike the well-

characterized MUC1, the SEA domains within CA125 are not all similar and do not all 

have the proteolytic domain sequence typical of most mucins.
150

 The N-terminal domain 

is of particular interest in mucin proteins, as it contains glycosylation sites and the heavy 

glycosylation renders CA125 extremely greasy and therefore able to lubricate surfaces 

and modulate cellular adhesion.
150

 The addition of the phosphate group at the C-terminal 

tyrosine phosphorylation site creates a conformational change, which switches CA125 

from its inactive state to its active state.
150

 CA125 is phosphorylated when it is in the cell 

and dephosphorylated prior to its release from the cell.
150

 Due to the fact that there are so 

many possible cleavage sites for this protein, it is also possible that there are many 

different phenotypes of the ovarian cancer it is implicated in. Determining how these 

variations affect the prognosis and treatment of ovarian cancer may help to allow for 

more precise decision making in the future.  

Disorder predictions for CA125 show a high percentage of disordered residues in 

this protein. The first 12,071 residues corresponding to the extracellular N-terminal and 

tandem repeat domains form a large, continuous, highly disordered segment. The rest of 

the protein shows some smaller segments of disorder, but this region of the protein is 

much more structured than the N-terminal part. This is most likely due to the fact that this 

part of the protein contains a transmembrane domain, which would have to be structured 

to span the membrane. The tandem repeat domain most likely shows a very high 

abundance of disorder due to the fact that it contains many potential splice sites that 

would have accessible to cleavage proteins.  

3.5.3.   Reelin 

Reelin is a protein with a length of 3,460 amino acids and a molecular mass of 388.388 

kDa. Gene that encodes Reelin, RELN, is mapped to the human chromosome 7q22.
151

 

RELN is expressed in fetal and postnatal brain as well as in liver, with the expression of 

RELN in postnatal human brain being high in the cerebellum.
151

 In mice, Reelin is an 

extracellular matrix molecule, a large glycoprotein secreted by Cajal-Retzius cells during 

early cortical development, which is required to control proper migration and positioning 

of cortical neurons.
152

 It has been thought that Reelin functions as a neuron-specific 

extracellular protein that controls neuronal migration in the developing brain and 

stabilizes the architecture of laminar structures.
151
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Lack of Reelin expression in mice results in the reeler phenotype, which is 

associated with a both pronounced neurological symptoms and striking abnormalities in 

the architecture of the telencephalic and cerebellar cortices.
151; 152

 The apolipoprotein E 

receptor 2 (Apoer2) and the very low-density lipoprotein receptor (Vldlr) were identified 

as Reelin receptors in mice.
153

 With each individual receptor exerting a different function 

in neuronal positioning.
154

 Research has revealed that the predicted mouse and human 

proteins are similar in size and amino acid composition, with the protein and nucleotide 

sequences having 94.2% and 87.2% sequence identity, respectively.
151

   

In the human cerebral cortex, Reelin deficiency is accompanied by neuronal 

migration defects leading to the phenotype of lissencephaly or smooth brain.
155

 Reelin 

has been shown to promote extension of dendritic processes and maturation of dendritic 

spines during cortical development.
156

 and to play a role in modulating synaptic function 

in the mature brain.
157

 A variety of neurological and psychiatric disorders, including 

schizophrenia, autism, major depression, temporal lobe epilepsy and Alzheimer’s disease 

have been associated with decreased Reelin expression.
158

 Reelin is obviously a complex 

molecule with a role in both developmental and adult network functions. Progress is 

being made in the understanding Reelin function and signaling at different developmental 

stages, but much more research needs to be done before we fully understand this 

molecule.  

The Reelin protein appears to be extracellular matrix molecule containing an amino-

terminal region with homology to F-spondin, which is a protein expressed and secreted at 

high levels in a cell group, the floor plate, that plays a critical role in the control of neural 

cell pattern and axonal growth in the developing nervous system.
151-158

 The amino 

terminal region is followed by a hinge region upstream from eight repeats of 350–390 

amino acids, with each repeat being composed of two sub repeats separated by an 

epidermal growth factor (EGF)-like motif.
151

 Reelin ends with a highly basic C-

terminus.
151

 Disorder predictions of this protein show a highly ordered structure 

throughout the whole amino acid sequence. In fact, according to different algorithms, 

Reelin has from 2.5 to 7% disordered residues, with the longest disordered region being 

of 55 residues (in the 2142-2196 region). Thus, it is highly unlikely that intrinsic disorder 

plays any role in its function. This is an exciting molecule that, with more understanding, 

may lead to important breakthroughs in our understanding of various neurodevelopmental 

and neurodegenerative disorders.            

3.5.4.   Dystrophin 

The mouse dystrophin protein consists of 3,678 amino acid residues and functions to 

attach the extracellular matrix to the cytoskelaton within muscle tissue.
159 

  It is also 

present in varying isoforms during different developmental stages and in other tissues 

including the heart and murine brain tissue.
160

 Dystrophin has a domain of residues 1-240 

that interacts with F-actin to reinforce the structure of a muscle fiber cell, preventing it 

from being altered by the force of its own contraction.
159
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Defects in the formation of a functional dystrophin protein may result in diseases 

such as muscular dystrophy affecting but not limited skeletal muscle, heart, and brain 

tissue.
160

 Symptoms include muscle weakness, cardiovascular abnormalities, and 

shortness of breath.  Some forms of mental retardation have also been associated with 

defects in the dystrophin protein.
160

 These symptoms are a direct result of the diminished 

structural integrity of cells arising from these defects.  

According to the disorder predictors, more than half of the dystrophin molecule 

exhibits a high degree of order.  The disordered regions in the dystrophin protein may aid 

in binding to intracellular elements.  Given that the protein is particularly large, it adopts 

a fairly rigid structure that confers cellular stability.  Hence, disordered regions of loops 

connecting the various helices within the dystrophin allow it greater leniency when trying 

to find a bond with another molecule within the cell.   

3.5.5.   Filaggrin 

Filaggrin found in humans is a 4,061 amino acid residue sequence. Interacting with 

keratin, it functions to create the epithelial barrier of the skin.
161

  At the cellular level, 

filaggrin can be seen concentrated towards the top of the epidermis, while keratin is 

distributed throughout the underlying layers of skin.  This differentiation is evidence for 

the suppression of filaggrin transcription and translational modification as it ascends to 

the epithelial surface.
161

 The filaggrin molecule itself is functional in its ability to interact 

with keratin only after its linker regions have been removed via proteolysis.
161

 Defects 

concerning filaggrin tend to result in forms of hyperkeratinosis in which the epidermal 

layer becomes thicker and tougher in appearance.
162

  

Examination of the primary sequence has revealed the first 92 amino acid residues 

sharing 78% identity and 86% homology with the last 92 residues.
161

  There also exist 

conserved aliphatic regions at residues 23-38 and 347-362 followed by sequences 

homologous to mouse filaggrin.
161

  The homology may imply a conservation of function. 

The aliphatic regions may play a role in interaction with keratin.   

According to the intrinsic disorder prediction, the first third of the filaggrin protein is 

extremely disordered.  The last two thirds however exhibit a high degree of order.  As 

filaggrin is a protein associated with the formation of the epidermal layer, a disordered 

region would grant it the flexibility for physical movement associated with the elastic 

nature of skin.  The other, longer, ordered region may provide the structural support via 

interaction with keratin.   

3.5.6.   Twitchin 

The protein twitchin consists of 7,158 amino acid residues and can be found in the worm 

Caenorhabditis elegans.
163

 Twitchin is a large titin-like protein made of many 

immunoglobin and fibronectin type domains.  It also contains one kinase domain near the 

C-terminal end of the protein, proposed to be both a “regulator of muscle contraction” as 

well as a sensor of muscle movement.
164

 It affects muscle contraction by prolonging 

relaxation of muscle movement. In terms of spatial structure, this kinase domain is 
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shoved between two subdomains of the “catalytic core” to which it strongly interacts, 

resulting in a considerable degree of inhibition.
164

 This type of inhibition is called 

autoinhibition- where structures within the molecule physically block it from its active 

conformation.
164

  

One proposed cause of “giant kinase” activation is the sheer force of mechanical 

movement.
164

   The extent and intensity of movement may be ebough to physically detach 

the kinase domain from its “wedged” position.
164

 Research has found that this protein is 

able to handle physical stretching without breaking apart and is still able to return to its 

original shape.  This kinase domain is also positioned with the “molecular spring” of the 

muscle to act as an ideal force sensor.
164

 It is the position of the two sets of -sheets 

within the molecule that is responsible for this type of flexibility and structural stability.  

Those sheets resisting a “pulling force” are positioned parallel to said force; while those 

sheets exposing the kinase domain are located perpendicular to this force.
164

  

According to the disorder prediction algorithms, the N-terminal region of twitchin 

appears to be significantly ordered with some noticeable peaks of predicted disorder. 

These interspersed peaks of disorder may indicate regions that confer a degree of 

flexibility to the protein. According to the current model of the twitchin action, there is a 

significant amount of unwinding and stretching that occurs at the two ends of the protein.  

Disordered regions may give the twitchin the flexibility to move while still having an 

order in its primary sequence that would allow it to return to its original shape after the 

force is removed. This change in shape may be the driving impulse of the ‘sensor’ 

function.   

 

3.5.7.   Nucleoporin RanBP2 

RanBP2 is a nucleoporin that has E3 SUMO-protein ligase activity and mediates SUMO1 

and SUMO2 conjugation by UBE2I.
165

 RanBP2 is comprised of 3,224 amino acid 

residues and it has multiple unrelated functions. For example, this protein is involved in 

transport factor (Ran-GTP, karyopherin)-mediated protein import via the FG repeat-

containing domain which acts as a docking site for substrates.
166

 RanBP2 is believed to 

be a component of the nuclear export pathway and contain a specific docking site for the 

nuclear export factor exportin-1.
166

 It contains a GTPase-binding domain.
167

, promotes 
modification of the HDAC4 deacetylase.

168
, possesses isomerase and/or 

chaperone activity.
169

 and may act as a tumor suppressor.
170

  

According to various disorder predictors, RanBP2 is expected to contain up to 50% 

disordered residues. This finding is in a good agreement with recent temperature-

dependent enzyme kinetic analysis that has revealed that E3 SUMO-protein ligase 

RanBP2 confers unusually large and favorable activation entropy to lower the activation 

energy of the reaction.
171

 This entropy-driven mechanism of the E3 is in line with the 

lack of sequential and structural conservation among E3’s despite their similar functions. 
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These experiments also illustrate that intrinsically disordered proteins could enhance 

thermodynamic chemistry and have a role in determining the protein–protein 

interactions.
171

  

3.5.8.   E3 ubiquitin-protein ligase HERC2 

E3 ubiquitin-protein ligase HERC2 controls ubiquitin-dependent retention of repair 

proteins on damaged chromosomes.
172

 HERC2 ubiquitin ligase is involved in the 

circadian control of XPA and excision repair of cisplatin-DNA damage.
173

 

HERC2 contains 5,233 amino acids and is encoded by the HERC2 gene. Genetic 

variations in this gene are associated with skin, hair and eye pigmentation variability. For 

example, a mutation in the HERC2 gene adjacent to the OCA2 gene, which affects 

OCA2’s expression in the human iris, is found in almost all people with blue eyes.
174

  

HERC2 is predicted to contain ~30% disordered residues forming a number of short, 

medium and long disordered regions. In fact, HERC2 possesses up to 75 disordered 

regions ranging in length from 5 to 115 residues.   

3.5.9.   BRCA2 

BRCA2 is one of the two major breast cancer susceptibility genes. The product of 
this gene is a large protein that consists of 3,418 amino acid residues. In the cell, 

BRCA2 severs as breast cancer tumor suppressor being involved in the repair of double 

strand breaks and broken replication forks by homologous recombination through its 

interaction with DNA repair protein Rad51. Here, BRCA2 aids assembly of Rad51 onto 

single-stranded DNA and acts by stabilizing Rad51 and single-stranded DNA filaments 

via the blocking of ATP hydrolysis.
175

 Furthermore, C-terminal domain of BRCA2 is 

involved in interaction with Fanconi anemia (FA, which is an autosomal recessive cancer 

susceptibility syndrome) complementation group D2 (FANCD2) protein.
176; 177

 There are 

eight FA proteins that cooperate in a common pathway, and of the eight genes related to 

the FA, the FANCD1 gene is identical to the breast cancer susceptibility gene, 

BRCA2,178 which is able to interact with both non-ubiquitinated and mono-

ubiquitinated FANCD2. BRCA2 has been observed in both monomeric and dimeric 

form and is also found as a part of a trimeric complex, which consists of BRCA1, 

BRCA2 and PALB2.
175

  

Defects in BRCA2 have been known to lead to malignancy originating from breast 

epithelial tissue.
179

 and also to be a cause of susceptibility to breast-ovarian cancer 

familial type 2, which is a condition associated with familial predisposition to cancer of 

the breast and ovaries.
180; 181

 BRCA2 mutations are also associated with the onset of 

pancreatic cancer type 2, which is a malignant neoplasm of the pancreas developed from 

both the exocrine and endocrine portions of the pancreas, with the 95% of tumors 

developing from the exocrine portion.
182

 

The BRCA2 tumor suppressor gene is implicated in many cellular pathways 

including transcription; cell-cycle checkpoint control, apoptosis and DNA repair.
175

 

BRCA2 is predicted to contain up to 50% disordered residues. According to this analysis, 



Intrinsic disorder in short and long eukaryotic proteins     29 

 

there are at least 20 long disordered regions in this protein ranging in length from 50 to 

250 residues.   

3.5.10.   BRCA1 

Talking about BRCA2 it is difficult not to mention another famous member of the BRCA 

family, the breast cancer type 1 susceptibility protein (BRCA1). This is because of the 

fact that the differential response of this protein to different types of DNA damage 

represents an excellent example of how IDPs can modify signal flow. BRCA1 is involved 

in many diverse biological signaling processes such as DNA damage response (DDR), 

transcription and cell-cycle checkpoint control, tumor suppression, oncogenesis, stress 

response and apoptosis.
183; 184

 Concomitant with its role in DDR, BRCA1 has been 

implicated in a variety of different cancers.
184

  

Figure 7. Intrinsic disorder propensity distribution in BRCA1 (A) and BRCA2 (B) evaluated by PONDR-FIT 

(red line). Light pink shadow around PONDR-FIT predictions show the statistical errors of PONDR-FIT 

predictions. 

BRCA1 is a 1,863 residue-long protein that consists of two structured domains 

located at the N- and C-termini that are separated by a large internal ID region that 

comprises 79% of the residues. This 1,480 amino acid central region was shown by NMR 

and CD spectroscopy to be disordered.
185

 In agreement with these experimental data, 

86% of BRCA1 residues are predicted to be disordered. The disordered central region 

contains binding sites for DNA as well as several protein partners such as p53, 
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retinoblastoma protein, BRCA2; the oncogenes c-Myc and JunB; DNA damage repair 

proteins such as Rad50 and Rad51; and the Fanconi anemia group A protein.
185

 Overall, 

more than 50 proteins interact with BRCA1, including a variety of DNA damage sensors, 

DNA repair proteins and signal transducers.
183; 184

 The vast majority of these interactions 

occur in the long central IDR. 

Figure 7 represents the results of the PONDR-FIT analysis of these two members of 

the BRCA family and clearly shows that both, BRCA1 (Figure 7A) and BRCA2 (Figure 

7B) are predicted to have significant amount of intrinsic disorder. It is also important to 

note that the level of predicted intrinsic disorder seeing in BRCA1 agrees well with 

accumulated experimental data.  

3.5.11.   The IgGFc-binding protein 

The IgGFc-binding protein consists of 5,405 amino acids and it is involved in the 

maintenance of the mucosal structure as a gel-like component of the mucosa.
186

 It is 

mainly expressed in the placenta and in colon epithelium and interacts with the Fc portion 

of IgG and with Muc2 mucin.
187

 FcGF binding protein is believed to play an important 

role in immune protection and inflammation in the intestines. It is present in higher 

concentrations in patients with various autoimmune diseases.
188

 

Several oncogenic rearrangements and mutations are believed to be responsible for 

the development of thyroid papillary carcinomas, follicular adenomas, and carcinomas. It 

is difficult to distinguish between the events that are responsible for each individual 

carcinoma. Quantitative real-time PCR helped confirm the differential expression. 

Experiments showed that IgGFc-binding protein is differentially expressed in normal 

thyroid tissue, thyroid adenomas and thyroid carcinomas.
189

 The IgGFc-binding protein 

gene is constitutively expressed in normal thyroid tissue. However, its expression is 

significantly increased in follicular thyroid adenomas and significantly decreased in 

papillary and follicular thyroid carcinomas. As a result, measurement of the expression 

levels of IgGFc-binding protein in thyroid biopsies helps to make the distinction between 

a thyroid follicular adenoma and a follicular carcinoma.
189 

Analysis of the IgGFc-binding protein by several disorder predictors revealed that 

this protein contains up to 30% disordered residues. The large portion of disordered 

residues is condensed in ~25 long disordered regions, with the longest IDR including 125 

residues.     

3.5.12.   HC-toxin synthetase 

HC-toxin synthetase 1 (HTS1) is a 5,218 amino acid protein with a molecular mass of 

574 kDa.  It is found in the organism Cochliobolus carbonum (Bipolaris zeicola), a 

filamentous fungal pathogen affecting many plants including corn.
190; 191

 This protein is 

crucial for maintenance of the fungal virulence as it functions to produce peptides that are 

toxic to the host maize plant, including a cyclic tetrapeptide, HC-toxin.
190

 Therefore, 

HTS1 is a cyclic tetrapeptide synthetase, which is non-ribosomal peptide synthetase able 

to activate proline and AEO (2-amino-9,10-epoxi-8-oxodecanoic acid), and epimerize L-
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Pro.
192

 The toxin works by inhibiting the action of host histone deacetylase enzymes.
191

 
 
It 

also contains a D-alanine residue but this is isomerized from L-alanine by a different 

enzyme in the toxin production pathway and simply incorporated into the toxin by HC-

toxin synthetase.
191

 

HTS1 contains four amino acid binding domains and it preforms aminoacylation and 

thioesterification reactions as it synthesizes the toxic peptide.
191

 HTS1 also contains a 

single epimerization motif but this appears to be non-functional as multiple epimerization 

motifs are necessary to carry out the L to D epimerization reaction.
191

 No structure has 

been determined for this protein but in addition to its recognized amino acid binding 

domains, it does have some sequence similarity to the ATP-dependent AMP-binding 

enzyme family. 

Disorder predisposition analysis of the HTS1 showed that this protein contains up to 

15-20% disordered residues, mostly in a form of relatively short disordered regions, with 

the longest IDR containing ~70 residues.     
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