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Abstract

Many biologically active proteins, which are usually called intrinsically disordered or natively
unfolded proteins, lack stable tertiary and/or secondary structure under physiological conditions /n
vitro. Their functions complement the functional repertoire of ordered proteins, with intrinsically
disordered proteins (IDPs) often being involved in regulation, signaling and control. Their amino
acid sequences and compositions are very different from those of ordered proteins, making
reliable identification of IDPs possible at the proteome level. IDPs are highly abundant in various
human diseases, including neurodegeneration and other protein dysfunction maladies and,
therefore, represent attractive novel drug targets. Some of the aspects of IDPs, as well as their
roles in neurodegeneration and protein dysfunction diseases, are discussed in this article, together
with the peculiarities of IDPs as potential drug targets.
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Intrinsically disordered proteins

Proteins play a number of crucial roles in the maintenance of life, and protein dysfunctions
may cause the development of various pathological conditions. For a very long time it has
been believed that the specific functionality of a given protein is predetermined by its unique
3D structure [1,2]. However, Figure 1 shows that, although many proteins are indeed
predisposed to fold into unique structures, which evolved to possess unique biological
functions, some proteins can misfold either spontaneously or owing to a number of factors,
such as mutations and other genetic alterations, problematic processing or post-translational
modifications, or exposure to harmful environmental conditions. Such misfolding is now
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considered a crucial early step in the development of various protein conformation diseases
[3]. Finally, many proteins (now widely known as intrinsically disordered proteins [IDPs])
possess no definite ordered 3D structure, but still play important biological roles. Figure 1
shows that protein disorder is a multifaced phenomenon. IDPs can be disordered as a whole
or can contain intrinsically disordered regions (IDRs) of different length. IDPs, being
mobile, flexible and dynamic, might have very different structural features, ranging from the
collapsed molten globule-like conformation to the extended premolten globule-like, and
even coil-like, conformations [4-7]. The discovery and characterization of these proteins is
becoming one of the fastest growing areas of protein science and they are now recognized as
having important biological functions [6,8-19]. Structural flexibility and plasticity
originating from the lack of a definite ordered 3D structure are believed to represent the
major functional advantages for these proteins, enabling them to interact with a broad range
of binding partners, including other proteins, membranes, nucleic acids and various small
molecules [20-22].

Some illustrative biological activities of IDPs include regulation of cell division,
transcription and translation, signal transduction, storage of small molecules, chaperone
action and regulation of the self-assembly of large multiprotein complexes, such as the
ribosome [6,8-13,16-19,23-30]. The functional diversity provided by IDPs is believed to
complement functions of ordered proteins.

Unbound IDPs are disordered in solution. However, they often perform their biological
functions by binding to their specific partners. This binding involves a disorder-to-order
transition, in which either an entire IDP or its region adopts a highly structured conformation
[31-38]. In this way, IDPs play diverse roles in regulating the function of their binding
partners and in promoting the assembly of supramolecular complexes. Furthermore, because
sites within their polypeptide chains are highly accessible, IDPs can undergo extensive post-
translational modifications, such as phosphorylation, acetylation and/or ubiquitination
(sumoylation), allowing for modulation of their biological activity or function. IDPs were
also shown to be highly associated with numerous human diseases (disorders), giving rise to
the “disorder in disorders’ (D2) concept [39]. According to this concept, IDPs are abundantly
involved in the development of various diseases, owing to their unique structural and
functional properties. Such diseases, therefore, may originate from misidentification,
misregulation and mis-signaling owing to the misfolding of causative IDPs [39].

Computer-aided search for IDPs

The disorderedness of a given protein is linked to the peculiarities of its amino acid
sequence. In fact, IDPs exhibit low sequence complexity, are generally enriched in polar and
charged residues, and are depleted of hydrophobic residues (other than proline). These
features are consistent with their inability to fold into globular structures and form the basis
of computational tools for disorder prediction [6,13,40-43]. These same computational tools
can also be utilized for the large-scale discovery of IDPs in various proteomes.

Similar to the ‘normal’ foldable proteins, whose correct folding into the rigid biologically
active conformation is determined by amino acid sequence, the absence of rigid structure in
the ‘non-traditional’ nonfoldable IDPs is encoded in the specific features of their amino acid
sequences. In fact, some of the IDPs have been discovered because of their unusual amino
acid sequence compositions, and the absence of regular structure in these proteins has been
explained by the specific features of their amino acid sequences, including the presence of
numerous uncompensated charged groups (i.e., a large net charge at neutral pH arising from
the extreme pl values in such proteins [44-46]), and a low content of hydrophobic amino
acid residues [44,46]. From the physical viewpoint, a combination of low hydrophobicity
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with high net charge represents an obvious prerequisite for intrinsic unfoldedness: high net
charge leads to charge—charge repulsion, and low hydrophobicity means less driving force
for protein compaction. In other words, these features are characteristic for highly extended
IDPs with the coil-like (or close to coil-like) structures. Obviously, such highly disordered
proteins represent only a small subset of the IDP realm. One of the first disorder predictors,
charge—-hydropathy (CH) plot, was built based on these features [40].

More detailed comparisons of amino acid compositions of ordered and IDPs and regions
revealed that IDPs are significantly depleted in balky hydrophobic (lle, Leu and Val) and
aromatic amino acid residues (Trp, Tyr and Phe), which would normally form the
hydrophobic core of a folded globular protein, and also possess low content of Cys and Asn
residues [6]. The depletion of IDPs in Cys is also crucial, as this amino acid residue is
known to have a significant contribution to the protein conformation stability via the
disulfide bond formation or being involved in coordination of different prosthetic groups.
These depleted residues — Trp, Tyr, Phe, lle, Leu, Val, Cys and Asn — were proposed to be
called order-promoting amino acids. On the other hand, IDPs were shown to be substantially
enriched in polar, disorder-promoting amino acids (Ala, Arg, Gly, GlIn, Ser, Glu and Lys)
and also in the hydrophobic but structure-breaking Pro [6,47,48]. Note that these biases in
the amino acid compositions of IDPs are also consistent with the low overall hydrophobicity
and high net charge, characteristic of the extended IDPs, also known as natively unfolded
proteins [40]. Since the amino acid sequences of the IDPs and IDRs differ dramatically from
those of the ordered proteins and regions, these amino acid sequence differences were used
to develop various predictors of intrinsic disorder, utilizing various prediction ideas and
different computing techniques. The current list of intrinsic disorder predictors includes
more than 50 specialized computational tools [49].

The proteome-wide application of disorder predictors revealed that IDPs are highly
abundant in nature. At the proteome level, many proteins were not only predicted to have
long disordered regions (~55% of eukaryatic proteins are predicted to contain at least one
disordered region that is at least 30 amino acids in length [6,50]), but were shown to be
disordered along their entire lengths (~25% of eukaryotic proteins are predicted to be fully
disordered) [7,35].

Experimental search for IDPs

Being characterized by specific (and somewhat unique) amino acid sequences, IDPs possess
a number of very distinctive structural properties that can be implemented for their
discovery. The specific structural features include, but are not limited to, sensitivity to
proteolysis [51], aberrant migration during SDS-PAGE [52], insensitivity to denaturing
conditions [53], as well as definitive disorder characteristics visualized by CD
spectropolarimetry, NMR spectroscopy, small-angle x-ray scattering, hydrodynamic
measurement, fluorescence, Raman and infrared spectroscopies [5,54]. Structurally, IDPs
range from completely unstructured polypeptides, to extended partially structured forms, to
compact disordered ensembles containing substantial secondary structure (Figure 1)
[6,11,12,25,55]. Many proteins contain mixtures of ordered and disordered regions.
Extended IDPs are known to possess the atypical conformational behavior (e.g., ‘turn-out’
response to acidic pH and high temperature, and insensitivity to high concentrations of
strong denaturants), which is determined by the peculiarities of their amino acid sequences
and the lack of ordered 3D structure [56]. These unique structural features of extended IDPs
and their specific conformational behavior were shown to be useful in elaborating the
experimental techniques for the large-scale identification of these important members of the
protein kingdom. Three related methods were introduced: a method based on the finding that
many proteins that fail to precipitate during perchloric acid or trichloroacetic acid treatment
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were IDPs [57], a method utilizing the fact that IDPs possessed high resistance toward the
aggregation induced by the heat treatment [57-59], and a method based on heat treatment
coupled with a novel 2D gel methodology to identify IDPs in cell extracts [58]. It is
anticipated that these methodologies, combined with the highly sensitive mass spectrometry
(MS)-based techniques, can be used for the detection and functional characterization of IDPs
in various proteomes.

Bioinformatics approaches for the large-scale discovery of the disease-
related IDPs

Misfolding (the failure of a specific peptide or protein to adopt its functional conformational
state) and related dysfunction of many proteins were considered a major cause for the
development of different pathological conditions. Such misfolding and dysfunction can
originate from point mutation(s) or result from an exposure to internal or external toxins,
impaired post-translational modifications (e.g., phosphorylation, advanced glycation,
deamidation and racemization), an increased probability of degradation, impaired
trafficking, lost binding partners or oxidative damage. All these factors can act
independently or in association with one another.

Although the formation of various aggregates represents the most visible consequence of
protein misfolding, and although these aggregates form the basis for the development of
various protein deposition diseases, the pathogenesis of many more human diseases does not
depend on aggregation, but rather on protein dysfunction. To support this hypothesis, three
computational approaches were elaborated for estimating the abundance of IDPs in various
pathological conditions. The first approach is based on the assembly of specific datasets of
proteins associated with a given disease, and the computational analysis of these datasets
using a number of disorder predictors [27,39,60,61]. In essence, this is an analysis of
individual proteins, extended to a set of independent proteins. The second approach utilized
a network of genetic diseases, where the related proteins are interlinked within one disease
and between different diseases [62]. The third approach is based on the evaluation of the
association between a particular protein function (including the disease-specific functional
keywords) with the level of intrinsic disorder in a set of proteins known to carry out this
function [16-18]. These three approaches are briefly described later.

The easiest way to evaluate the abundance of intrinsic disorder in a given disease is based on
a simple two-stage protocol, where a set of disease-related proteins is first assembled by
searching various databases, and then the collected group of proteins is analyzed for intrinsic
disorder. The depth of this analysis is based on the breadth of the search for the disease-
related proteins and on the number of different computational tools utilized to find
disordered proteins/regions [27,39,60,61,63,64]. Using this approach, it has been shown that
many proteins associated with cancer, neurodegenerative diseases and cardiovascular
disease are highly disordered, being depleted in major order-promoting residues (Trp, Phe,
Tyr, lle and Val) and enriched in some disorder-promoting residues (Arg, Gln, Ser, Pro and
Glu). A high level of intrinsic disorder, and a substantial number of potential interaction
sites, were also found using a set of computational tools, and many proteins were predicted
to be wholly disordered. Overall, these studies clearly showed that intrinsic disorder is
highly prevalent in proteins associated with human diseases, comparable to that of signaling
proteins and significantly exceeding the levels of intrinsic disorder in eukaryotic proteins
and in nonhomologous structured proteins.

A set of IDPs associated with human genetic diseases was assembled via the analysis of a
specific network, which was built to estimate whether human genetic diseases and
corresponding disease genes are related to each other at a higher level of cellular and
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organism organization. This network represented a bipartite graph with a network of genetic
diseases, the ‘human disease network’ (HDN), where two diseases were directly linked if
there was a gene that was related to both of them, and a network of disease genes, the
‘disease gene network’ (DGN), where two genes were directly linked if there was a disease
to which they were both related to [65]. This framework, called the human diseasome,
systematically linked the human disease phenome (which includes all the human genetic
diseases) with the human disease genome (which contains all the disease-related genes) [65].
The analysis of HDN revealed that of 1284 genetic diseases, 867 had at least one link to
other diseases and 516 diseases formed a giant component, suggesting that the genetic
origins of most diseases were, to some extent, shared with other diseases. In the DGN, 1377
of 1777 disease genes were shown to be connected to other disease genes, and 903 genes
belonged to a giant cluster of the HDN. The vast majority of genes associated with genetic
diseases were nonessential, and showed no tendency to encode hub proteins [65]. The large-
scale analysis of the abundance of intrinsic disorder in transcripts of the various disease-
related genes was performed using a set of computational tools, which uncovers several
important features [62,63]:

« Intrinsic disorder is common in proteins associated with many human genetic
diseases

» Different disease classes vary in the IDP contents of their associated proteins

»  Molecular recognition features, which are relatively short loosely structured protein
regions within mostly disordered sequences, and which gain structure upon binding
to partners, are common in the diseasome, and their abundance correlates with the
intrinsic disorder level

«  Some disease classes have a significant fraction of genes affected by alternative
splicing, and the alternatively spliced regions in the corresponding proteins are
predicted to be highly disordered and, in some diseases, contain a significant
number of molecular recognition features (MoRFs), which are structure-prone
segments located within long disordered regions

»  Correlations were found among the various diseasome graph-related properties and
intrinsic disorder. In agreement with earlier studies, hub proteins were shown to be
more disordered.

Another approach is a computational tool elaborated for the evaluation of a correlation
between the functional annotations in the Swiss-Prot database and the predicted intrinsic
disorder [16-18]. The approach is based on the hypothesis that if a function described by a
given keyword relies on intrinsic disorder, then the keyword-associated protein would be
expected to have a greater level of predicted disorder compared with the protein randomly
chosen from the Swiss-Prot database. To test this hypothesis, functional keywords
associated with 20 or more proteins in Swiss-Prot were found, and corresponding keyword-
associated datasets of proteins were assembled. Next, for each keyword-associated set, a
length-matching set of proteins was randomly drawn from the Swiss-Prot, and order—
disorder predictions were carried out for the keyword-associated sets, as well as for the
random sets [16-18]. The application of this tool revealed that, out of 710 Swiss-Prot
keywords, 310 functional keywords were associated with ordered proteins, 238 functional
keywords were attributed to disordered proteins, and the remaining 162 keywords yielded
ambiguity in the likely function—structure associations [16-18]. It has also been shown that
keywords describing various diseases were strongly correlated with proteins predicted to be
disordered. Contrary to this, no disease-associated proteins were found to be strongly
correlated to the absence of disorder [17].
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lllustrative examples of IDPs in neurodegeneration

The large class of human neurodegenerative maladies includes many acquired neurological
diseases, with distinct phenotypic and pathologic expressions, all characterized by the
pathological conditions in which cells of the brain and spinal cord are lost. As neurons are
not readily regenerated, over time their deterioration leads to dysfunctions and disabilities.
Neurodegenerative diseases can be divided into two groups according to their phenotypic
effects: conditions causing problems with movements, and conditions affecting memory and
leading to dementia. Neurodegeneration is a slow process, which begins long before the
patient experiences any symptoms. It can take months or even years before visible outcomes
of this degeneration are felt and diagnosed. Symptoms are usually noticed when many cells
die or fail to function and a part of the brain begins to cease functioning properly. For
example, the symptoms of Parkinson’s disease (PD) become apparent after more than 70%
dopaminergic neurons die in the substantia nigra (a small area of cells in the mid-brain
affected by PD).

Many of the well-known neurodegenerative diseases represent a set of proteinopathies,
which can be classified and grouped based on the causative proteins. In fact,
neurodegenerative maladies constitute a subset of a broader class of human diseases, known
as protein conformational or protein-misfolding diseases. These disorders arise from the
failure of a specific peptide or protein to adopt its native functional state. The obvious
consequences of misfolding are protein aggregation (and/or fibril formation), loss of
function and gain-of-toxic function. Some proteins have an intrinsic propensity to assume a
pathologic conformation, which becomes evident with aging or at persistently high
concentrations.

Often, neurodegenerative diseases are protein-deposition maladies, characterized by the
formation and accumulation of extracellular amyloid fibrils or intracellular inclusions with
amyloid-like characteristics. Protein deposition diseases can be sporadic (85%), hereditary
(10%) or even transmissible, as in the case of prion diseases (5%) [66]. Although these
diseases are very different clinically, they share similar molecular mechanisms, where a
specific protein or protein fragment changes from its natural soluble form into insoluble
fibrils. It has been pointed out that, prior to fibrillation, amyloidogenic polypeptides may be
rich in B-sheet, a-helix, p-helix, or contain both a-helices and p-sheets. They may be
globular proteins with rigid 3D structure or that belong to the class of natively unfolded (or
intrinsically unstructured) proteins [67]. The molecular mechanisms of fibrillation of IDPs
and ordered proteins are different [67]. In ordered proteins, the first critical step in
fibrillogenesis is the partial unfolding [67-76], whereas the earliest stage of fibrillation of
IDPs is their partial folding [67].

An incomplete list of human neurodegenerative diseases associated with IDPs includes
Alzheimer’s disease (AD; deposition of amyloid-p, tau-protein and a-synuclein fragment
[NAC] [77,78]); taupathies, including progressive supranuclear palsy, corticobasal
degeneration, Niemann—Pick disease type C, subacute sclerosing panencephalitis,
argyrophilic grain disease, myotonic dystrophy and motor neuron disease with
neurofibrillary tangles (NFTs; accumulation of tau-protein in form of NFTs [79]); Down’s
syndrome (nonfilamentous amyloid-p deposits [80]); synucleinopathies, such as PD,
dementia with Lewy body (LB; also known as diffuse LB disease, the LB variant of AD,
senile dementia of the LB type, and PD in AD), multiple system atrophy (MSA) and
Hallervorden—Spatz disease (deposition of a-synuclein in a form of LB, or Lewy neurites
[LNs] [81]); prion diseases (deposition of PrPSC [82]); and a family of polyQ diseases, a
group of neurodegenerative disorders caused by expansion of GAC trinucleotide repeats
coding for polyQ in the gene products [83], and amyotrophic lateral sclerosis (ALS),
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familial or sporadic forms that are characterized by the presence of intracellular inclusions
composed of superoxide dismutase (SOD1) [84] and transactive response (TAR) DNA-
binding protein 43 (TDP-43) [85].

The fact that the causative agents of various neurodegenerative diseases are IDPs is
illustrated by Figure 2A, which compares the amino acid compositions of several
neurodegeneration-related proteins with the compositions of ordered proteins from a protein
data bank (PDB) [64]. The corresponding data for the typical IDPs from the DisProt
database [86] are shown for comparison. The calculations were performed using a
normalization procedure, elaborated for analysis of IDPs [87,88]. In brief, compositional
profiling is based on the evaluation of the (Cg;—Cs)/Cy, values, where Cg; is a content of a
given residue in a set of interest (proteins associated with neurodegenerative diseases or
typical IDPs from DisProt), and Csy is the corresponding value for the set of ordered
proteins. In this presentation, negative values correspond to residues that are depleted in a
given dataset, in comparison to a set of ordered proteins, whereas the positive values
correspond to the residues that are over-represented in the set. Figure 2A clearly shows that
neurodegeneration-related proteins are very different from typical ordered proteins, and
generally follow the trends expected for IDPs (with some exceptions). In general, they are
depleted in major order-promoting residues (C, W, 1, Y, F, V and N) but are highly enriched
in the major disorder-promoting residues (Q, S, R and P). This suggests that the
neurodegeneration-related proteins are characterized by a high level of intrinsic disorder.
This conclusion is further illustrated by Figure 2B, which represents the results of evaluation
of intrinsic disorder in a set of 689 proteins related to neurodegenerative diseases as
percentages of proteins with at least 30 consecutive residues predicted to be disordered.
Figure 2B confirms that intrinsic disorder is highly prevalent in neurodegenerative disease-
related proteins, comparable to that of signaling and cancer-related proteins [89], and
significantly exceeds the level of intrinsic disorder in eukaryotic proteins from Swiss-Prot,
and in nonhomologous structured proteins from the PDB [64].

a-synuclein & synucleinopathies

a-synuclein, being one of the most studied disease-related IDPs, is a protein that links
various synucleinopathies [90,91]. It possesses little-to-no ordered structure under the
‘physiological’ conditions /n vitro [92]. At neutral pH, a-synuclein is essentially disordered,
but is slightly more compact than a random coil [92]. This conclusion confirms the results of
pulsed-field gradient NMR, which also shows that a-synuclein is slightly collapsed [93]. A
high-resolution NMR analysis of the protein revealed that a-synuclein is largely unfolded in
a solution, but exhibits a region between residues 6 and 37 with a preference for helical
conformation [94]. Conformational analysis of a-synuclein, under a variety of
environments, showed that the structure of this protein is extremely sensitive to the
environment. It adopts a variety of structurally unrelated conformations, including the
substantially unfolded state, an amyloidogenic partially folded conformation, and different
a-helical or B-structural species, folded to a different degree, both monomeric and
oligomeric [90-92,95]. Furthermore, it may also form several morphologically different
types of aggregates, including oligomers (spheres or doughnuts), amorphous aggregates and
amyloid-like fibrils [92]. Based on this astonishing conformational behavior, the concept of
a protein chameleon was proposed, according to which the structure of a-synuclein, to a
dramatic degree, depends on the environment, and the choice between different
conformations is determined by the peculiarities of protein surroundings [92].

Amyloid B-protein, tau & AD

Alzheimer’s disease is characterized biochemically by the accumulation of two types of
proteinaceous inclusions: extracellular amyloid deposits — senile plaques in the cerebral
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cortex and vasculature — and intracellular NFTs (which comprise the paired helical filaments
[PHFs]) [96]. Amyloid deposits in AD contain the amyloid p-protein (AB), which is a 40-42
residue peptide produced by endoproteolytic cleavage of the amyloid precursor protein
(APP). PHFs are assembled from a hyperphosphorylated form of the microtubular protein
tau. Structurally, both of these proteins are intrinsically disordered. In fact, AP appears to be
unfolded at the beginning of fibrillation under physiological conditions. NMR studies have
shown that monomers of AP1_49, Or AP1_42 Possess no a-helical or B-sheet structure [97]
(i.e., they exist predominantly as random coil-like, highly extended chains). It is worth
noting that, although APP is predicted to be highly disordered, both AB1_40 and AB1_42
peptides are rather hydrophobic and, therefore, are not completely consistent with the
definition of extended IDPs, which are characterized by the low content of hydrophobic
amino acid residues. Partial folding to the premolten globule-like conformation has been
detected at the earliest stages of Ap fibrillation [97]. Similarly, prior to aggregation, tau
protein was shown to be in a mostly random coil-like state [98]. Analysis of the primary
structure revealed a very low content of hydrophobic amino acids and a high content of
charged residues, which was sufficient to explain the lack of folding [98]. Based on the
detailed analysis of tau fibrillation in the presence of anionic inducers using a set of
spectroscopic techniques, it has been concluded that the fibrillation inducer (anionic
surfactants) stabilized a monomeric partially folded species with the structural
characteristics of a premolten globule state [99]. The stabilization of this intermediate was
sufficient to trigger the fibrilliation of the protein [99].

Prion protein & prion diseases

Prion diseases are a group of incurable and fatal neurodegenerative maladies in mammals.
These diseases, collectively referred to as the transmissible spongiform encephalopathies
(TSEs; including Creutzfeldt-Jakob disease [CJD], Gerstmann-Straussler—Scheinker [GSS]
disease, fatal familial insomnia [FFI] and kuru in humans; scrapie in sheep; bovine
spongiform encephalopathy [BSE] in cattle; and chronic wasting disease [CWD] in mule
deer and elk [100]), are caused by the pathological deposition of the prion protein (PrP) in
its aggregated form. The N-terminal region of approximately 100 amino acids in PrPC (from
amino acid 23 to 126) is largely unstructured [101]. Investigations of the steps required for
prion propagation and neurodegeneration indicated that the last 50 residues in the disordered
N-terminal region play a particularly important role in the interaction of PrPC with PrPSC,
which leads to the conversion of the former to the latter [102,103]. Those residues are
largely unordered or weakly helical in the full-length PrPC [104,105], but are predicted to be
B-structure in PrPSC [106].

Polyglutamine repeat diseases & their causative proteins

There are at least nine hereditary diseases in which the expansion of a CAG repeat in the
gene (which correspond to the expansion of the polyglutamine repeat in the corresponding
protein) leads to neurodegeneration [107,108]. These polyglutamine repeat diseases include
Huntington’s disease (HD), Kennedy disease (also known as spinal and bulbar muscular
atrophy), spinocerebellar ataxia type 1 (SCAL), dentatorubral—pallidoluysian atrophy
(DRPLA), spinocerebellar ataxia type 2 (SCA2), Machado-Joseph disease (MJD/SCA3),
SCAB, SCAT and SCAL7. In HD, the CAG repeat that encodes the polyQ region is the part
of exon 1 in the 3140-residue huntingtin protein [109]. The polyQ repeat varies between 16
and 37 residues in healthy individuals, and individuals who are afflicted by disease have
repeats of more than 38 residues. The mechanistic hypothesis linking CAG repeat expansion
to toxicity involves the tendency of longer polyQ sequences, regardless of protein context, to
form insoluble aggregates [83,110-117]. Biophysical characterization of polyglutamine
peptides with lengths of 5, 15, 28 and 44 residues, revealed their highly disordered nature
despite the length of the polyQ stretch, suggesting that length dependence of the disease is
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not related to a conformational change in the monomeric states of expanded polyQ
sequences [115]. By contrast, there was a dramatic acceleration in the spontaneous
formation of amyloid-like aggregates for polyQ peptides longer than 37 residues. In addition
to the obvious intrinsically disordered nature of polyglutamine stretches, several proteins
responsible for the pathogenesis of polyQ repeat diseases were shown or predicted to be
either completely disordered or to contain long disordered regions [64]. The examples
include androgen receptor in SBMA [118], atrophin-1 in DRPLA [119], ataxin-2 in SCA2
[120], ataxin-3 in SCA3/MJD [121], P/Q-type calcium channel a 1A subunit in SCAG6 [64],
ataxin-7 in SCA7 [64,122] and TATA-box-binding protein in SCA17 [64,123].

Abri, Adan & familial dementias

Familial British dementia (FBD) and familial Danish dementia (FDD) are autosomal
dominant diseases linked to a genetic defect in the BR/2gene. FBD is a neurodegenerative
malady with the onset at approximately the fifth decade of life and full penetrance by the
age of 60 years characterized by the presence of amyloid deposits comprised of the protein
subunit (termed ABri) in cerebral blood vessels and brain parenchyma, which coexist with
NFTs in limbic areas [124]. In FDD, the deposited amyloid protein, ADan, is the C-terminal
proteolytic fragment of a genetically altered BRI2 precursor molecule [125]. Structural
analysis revealed that, similar to AB, ABri [126] and ADan [127] are typical natively
unfolded proteins.

SOD1, TDP-43, progranulin, angiogenin, FUS/TLS, senataxin & SMN in amyotrophic lateral

sclerosis

Amyotrophic lateral sclerosis is a neurodegenerative disorder affecting upper and lower
motor neurons and results in fatal paralysis; it is one of the most common motor neuron
diseases in the USA. Although the occurrence of ALS is predominantly sporadic,
approximately 10% of cases are familial, with approximately 20% of these familial cases
being caused by mutations in the gene that encodes the antioxidant enzyme copper-zinc
superoxide dismutase (SODI) [84,128]. SOD1 is an abundant protein found in the cytosol,
the nucleus, peroxisomes and the mitochondrial intermembrane space of human cells. The
primary function of SOD1 is to serve as an antioxidant enzyme, lowering the steady-state
concentration of superoxide via the catalysis of the dismutation of superoxide to oxygen and
hydrogen peroxide. Each subunit of the SOD1 homodimer can coordinate one Cu2* and one
Zn2* jon, and several ALS-related mutations were shown to diminish the affinity of this
protein for Cu2* or Zn?* [84]. Structural analysis of the human wild-type SOD1 and three
pathogenic variants of SODI (A4V, G93R and H48Q), which cause familial ALS, revealed
that these proteins are partially unfolded at physiological temperature (e.g., it is locally
unfolded at residues 21-53 and 117-144) and unfold noncooperatively [129]. In agreement
with these experimental data, computational analysis revealed that the regions 22—-30, 55-95
and 123-142 of human SOD1 are likely to be intrinsically disordered (Figure 3A).

In addition to mutations in SOD1, mutations in TARDBP, the gene encoding TDP-43, have
been discovered in sporadic and familial ALS [130]. It is now recognized that TDP-43 is a
nuclear protein that is involved in several major neurodegenerative diseases, such as
frontotemporal lobar degeneration with ubiquitin (FTLD-U), a neurodegenerative condition
that predominantly affects behavior, social awareness and language, and ALS. In fact,
TDP-43 was recognized as the primary protein component of intracellular ubiquitinated
inclusions in most cases of these two disorders [131,132]. As discussed in a review by
Buratti and Baralle, TDP-43 is a DNA-, RNA- and protein-binding nucleoprotein involved
in the regulation of numerous processes, such as transcription, splicing, cell cycle regulation,
apoptosis, miRNA biogenesis, mRNA transport to, and local translation at, the synapse, and
scaffolding for nuclear bodies [133]. TDP-43 has multiple alternatively spliced isoforms,
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and contains two RNA-recognition motifs, and a C-terminal glycinerich region that is
involved in protein binding [134], and is crucial for protein solubility and cellular
localization [135]. Figure 3B shows that human TDP-43 is a highly disordered protein,
containing approximately 50% predicted disordered residues, mostly localized to its C-
terminal half.

Progranulin (PGRN) is a secreted precursor protein that is ubiquitously expressed and
contains tandem repeats of a unique (ten- or) 12-Cys motif, which are proteolytically
cleaved to form seven granulin (Grn) peptides (Grn A to G). Both full-length PGRN and the
Grn peptides are involved in a wide variety of biological functions, starting at embryonic
development and including cell cycle regulation, wound repair, tumor growth and
inflammation, sometimes with opposite effects [136]. High-resolution NMR analysis
revealed that only the three human Grns, hGrnA, hGrnC and hGrnF, contained relatively
well-defined 3D structures in solution, whereas four other granulins represented mixtures of
poorly structured disulfide isomers. Structurally, folded granulins hGrnA, hGrnC and hGrnF
were characterized by a stable stack of two B-hairpins in their N-terminal subdomains,
whereas their C-terminal subdomains were highly dynamic [137]. Figure 3C support these
experimental data, and shows that, according to the PONDR VSL2 analysis, human PGRN
is predicted to contain a number of long disordered regions (e.g., regions 76-169, 180-270,
328-426 and 530-593).

Another protein with mutations implemented in ALS is angiogenin (ANG), which is a 14.1-
kDa protein that belongs to the pancreatic ribonuclease superfamily [138]. NMR analysis
revealed that human ANG is a relatively well-folded protein, with increased dynamics in
some regions (e.g., backbone atoms of ~five residues at both N- and C-termini, and regions
59-70 and 82-95 were shown to possess relatively high root-mean square deviations from
their position in the mean structure) [139]. Figure 3D shows that these regions are predicted
to be intrinsically disordered.

Some familial ALS patients were reported to have mutations in fused in sarcoma/translated
in liposarcoma (FUS/TLS) protein [140,141]. FUS/TLS is a 526-amino acid-long nuclear
protein, characterized by an N-terminal serine, tyrosine, glycine and glutamine-rich region,
an RNA-recognition motif (RRM), a C2/C2 zinc finger motif, multiple RGG-repeat regions
and a nuclear localization sequence (NLS) at the extreme C-terminus [138]. FUS/TLS is
involved in multiple biological processes, and is proposed to serve as an RNA chaperone
[138], since it is engaged in rapid nucleo—cytoplasmic shuttling [142]. Unfortunately, as of
yet, FUS/TLS has not been structurally characterized. However, Figure 3E clearly shows
that this protein is predicted to be mostly disordered.

Mutations in the senataxin (SETX) are known to result in the development of an autosomal
dominant form of juvenile ALS, with slow progressive distal muscle weakness and an onset
prior to 25 years of age [143]. SETX is a ubiquitously expressed 302.8-kDa protein
consisting of 2677 amino acids, which, at the C-terminus, contains a classical seven-motif
domain characteristic for RNA/DNA helicases. Although not much is known about
structural properties of this large protein, Figure 3F shows that it has a large number of long
disordered regions, especially in the central and C-terminal regions.

Finally, the high risk of developing ALS is associated with the abnormal copy number of the
survival motor neurons (SMNI) gene [144]. There are two copies of the SMN/ gene in
humans, SMNI and SMNZ2. SMNZ differs from SMNZI by a C to T transition in exon 7,
resulting in a predominant skipping of exon 7 in the SMNZ2 transcript [145]. The SMN1 is a
294-amino acid-long protein found in the cytoplasm and nucleus, especially in discrete
Gemini of Cajal bodies (Gems) [146]. It is an important part of the assemblyosome, called
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the SMN complex, involved in the creation of the ring-shaped core domain of the small
nuclear (sn)RNPs [138], which combine with unmodified pre-mRNA and various other
proteins to form a spliceosome, a large RNA-protein molecular complex where pre-mRNA
splicing occurs. Structurally, human SMN1 protein contains a SMN protein-interacting
protein 1 binding site (residues 13—-44), an ordered Tudor domain (residues 91-151), a smith
antigen B binding site (residues 240-267), a region required for interaction with
heterogeneous nuclear ribonucleoprotein Q encoded by SYNCRIP (residues 279-294), and
several polyproline regions (residues 195-203, 217-226 and 244-248) in the C-terminal
domain. Data shown in Figure 3G illustrate that human SMN1 protein is predicted to have
several disordered regions. Some of the identified binding sites of SMN1 are located within,
or in the close proximity to, the long disordered regions.

IDPs in other neurodegenerative diseases

The major causative agents of many neurodegenerative diseases are frequently disordered
[64]. In addition to the relatively well-documented examples outlined previously, intrinsic
disorder was predicted and, in part, confirmed experimentally (mostly based on the aberrant
mobility on SDS-gel electrophoresis) for mitochondrial DNA polymerase y in Alpers
disease [147], DNA excision repair protein ERCC-6 in Cockayne syndrome [148], survival
of motor neurons protein and spinal muscular atrophy [149], various septins [150] and
members of the neurotrophin family [151].

lllustrative examples of IDPs in protein-dysfunction diseases

p53 & cancer

p53 (also known as tumor protein 53 or tumor antigen p53) is a tumor-suppressor protein
encoded in humans by the 7P53gene [152]. p53 is located at the center of a large signaling
network, regulating expression of genes involved in such cellular processes as cell cycle
progression, apoptosis induction, DNA repair and response to cellular stress [153]. p53 has
been demonstrated to induce or inhibit over 150 genes, including p21, GADD45, MDM?,
IGFBP3and BAX[154]. Since p53 plays a crucial role in conserving stability by preventing
genome mutation, it has been described as ‘the guardian of the genome’, ‘the guardian-angel
gene’ and the “‘master watchman’ [155]. Therefore, when p53 function is lost, either directly
through mutation or indirectly through several other mechanisms, the cell often undergoes
cancerous transformation [156]. Mutations in the p53 gene are associated with 50-55% of
human cancers, and cancers showing mutations in p53 are found in colon, lung, esophagus,
breast, liver, brain, reticuloendothelial and hemopoietic tissues [156]. These mutations
frequently occur in the DNA-binding domain of p53, destabilizing it to a great degree
[157-159] and, therefore, clearly representing a case of the protein-misfolding disease.

As p53 is one of the most studied proteins, it represents an excellent illustrative example of
the D2 concept. This is summarized in Figure 4, which shows the currently available
information on p53 interactions and structure [21]. There are four domains in p53: the
unstructured N-terminal transactivation domain, the structured central DNA-binding
domain, and the unstructured C-terminal tetramerization and regulatory domain [21]. At the
transactivation region, p53 interacts with TFIID, TFIIH, Mdm2, RPA, CBP/p300 and CSN5/
Jabl, among many other proteins [153]. At the C-terminal domain, it interacts with GSK3p,
PARP-1, TAF1, TRRAP, hGenb, TAF, 14-3-3, S100B(Bp) and several other proteins
[153]. In Figure 4, some of these interactions are mapped to regions of the p53 sequence,
together with the order/disorder tendencies of p53 as revealed by PONDR® VLXT. Figure 4
shows that many complexes are formed that involve the disordered regions of p53. An
interesting aspect of these many partnerships is that, for each interaction, only a short region
of p53 typically becomes structured upon binding. Examples include the mdm2-binding
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motif of the N-terminal domain, the tetramerization domain, and the short segment near the
p53 C-terminus, which binds to four different partners. Because this segment is unstructured
to begin with, it can adopt different conformations when binding to the different partners.
For this particular example, the disordered segment adopts a short a-helix, a B-strand and
two different coils upon binding with its four different partners [21].

Disorder comes in waves: intrinsic disorder in p53 upstream regulators & downstream

effectors

p53 is an important hub protein located at the middle of the regulatory network that includes
a complex array of upstream regulators and downstream effectors [160]. This central
position helps p53 in integrating a wide range of signals to promote adaptive responses to
stress. As has been pointed out in the review by Lu et al. [161], there are three major
regulatory mechanisms in the upstream control of the p53 regulatory network: stabilization,
antirepression and promoter-specific activation [162]. The first two mechanisms, p53
stabilization and antirepression, are based on involvement of the Mdm proteins as key
regulators. The activity of Mdm proteins is, in turn, regulated by their interaction with
p19ARF ‘also known as cyclin-dependent kinase inhibitor 2A [161]. Post-translational
modifications (e.g., phosphorylation by checkpoint kinase 2 [CHK2] and other kinases) are
also crucial for p53 activation, and for apoptosis induction in response to ionizing radiation
[163]. Furthermore, the p53 interaction with some other upstream regulators, such as ataxia—
telangiectasia mutated protein (ATM), and ataxia—telangiectasia and Rad3-related protein
(ATR), are important for the induction of the UV radiation-induced cell death [164].

Activated p53 is crucial for widely diverse stress responses, the outcomes of which depend
on the involvement of p53 transcriptional targets (downstream effectors) [161]. Depending
on a particular set of these downstream effectors, activated p53 is known to initiate
apoptosis by targeting BH3-only Bcl-2 subfamily, and antagonists of the inhibitor of
apoptosis (anti-1AP) to promote DNA repair by targeting DNA mismatch-repair protein
MSH?2, ribonucleotide reductase (RNR) and ssDNA-dependent ATP-dependent helicase
Ku70/Ku80, and to mediate cell cycle arrest by targeting cyclin E and cyclin-dependent
kinase inhibitor 1 (or protein p21). It also controls crucial metabolic pathways by regulating
the expression of several genes, such as phosphoglycerate mutase (PGAM), TP53-induced
glycolysis and apoptosis regulator (TIGAR), and synthesis of cytochrome ¢ oxidase 2
(SC02), each linked to the processes of glycolysis and oxidative phosphorylation [165]. It
also regulates tumor invasion and/or metastasis by modulating expression of the tumor
metastasis suppressor gene KA/1, plasminogen activator inhibitor 1 (PA/Z), and maspin
[166].

Many of the aforementioned upstream regulators of p53 activity and downstream effectors
were predicted to be noticeably disordered. This is illustrated by Figure 5, which is an
oversimplified representation of the p53 regulatory network. The figure shows that both
regulators and effectors of p53 are predicted to contain noticeable amount of disorder.
However, not all members of the p53 regulatory network are disordered to a similar degree.
There is a wide range of predicted disorder in this network (from as low as 10.7% in PIA1 to
as high as 75.8% in Mdmz2). The abundance of disorder seems to be correlated with
pathways; for example, in the upstream regulators, the members of the ARF-Mdm pathway
are more greatly disordered than the CHK2/DNA-PK/ATM/ATR group. Similarly, p53
effectors responsible for the cell death and the cell cycle arrest contain, on average, more
predicted intrinsic disorder than proteins responsible for the suppression of tumor invasion.
These data clearly show that intrinsic disorder plays a crucial role in all the stages of p53
functioning, such as p53 activation, actual p53 function and functions of various p53
effectors.
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c-Myc & cancer

Deregulation of the c-Myc transcription factor is involved in many types of cancer, making
this oncoprotein an attractive target for drug discovery. In order to bind DNA, regulate
target gene expression and function in most biological contexts, c-Myc must dimerize with
Max, which lacks a transactivation segment. The interaction regions of both Max and c-Myc
are disordered as monomers. They undergo mutual coupled binding and folding when their
zipper domains interact to form a helical coiled coil [167].

PDEA4D & stroke

Cyclic AMP is a second messenger that mediates physiological responses to host hormones,
neurotransmitters and autacoids, and broadly suppresses the activity of immune and
inflammatory cells. cAMP-specific 3”,5"-cyclic phosphodiesterase 4D (CN4D, also known
as PDE4D) is a member of a large protein family that regulates the level of cAMP in the cell
[168]. It has been indicated that the gene encoding PDE4D is strongly associated with
carotid and cardiogenic stroke, forms of stroke related to atherosclerosis [169]. A substantial
disregulation of multiple PDE4D isoforms in individuals affected by stroke was observed.
Based on these findings it has been proposed that PDE4D is involved in the pathogenesis of
stroke, possibly through atherosclerosis, which is the primary pathological process
underlying ischemic stroke [169]. Furthermore, the selective inhibitors of the PDE4 family
provide potent anti-inflammatory agents [168]. PDE4D contains three functional domains: a
conserved catalytic core (>50% sequence identity through family), a regulatory N-terminus
and the C-terminus. The catalytic domain was predicted to be ordered and was perfectly
aligned with the determined structure [61]. Both termini contain long regions of predicted
disorder. However, important functions, such as phosphorylation, membrane targeting and
intramolecular inhibitory function, are associated with the N-terminal fragment, whereas the
C-terminal region is thought to be involved in dimerization [170]. The N-terminal domain of
PDE4D (residues 1-136) was shown to be able to bind to SH3 domains of certain proteins,
including src family tyrosyl kinase lyn, fyn and src, as well as abl tyrosyl kinase and the
cytoskeletal protein fodrin [171].

IRS1 & diabetes

IRS1 is one of several proteins activated by the binding of insulin to insulin receptor (IR) on
a cell’s surface. IR is a tyrosine kinase that phosphorylates several proteins, including IRS1
[172], Gab1, isoforms of Shc, p609°K, APS and Cbl [173]. Certain proteins with Src
homology 2 (SH2) domains then recognize the phophorylated tyrosines and interact with the
aforementioned proteins. These SH2-containing proteins include both adaptor molecules and
enzymes. The interaction of IRS1 and Shc with Grb2 leads to activation of the MAP kinase
pathway via Ras, allowing cell growth and differentiation [174].

IRS1 also interacts with the p85 regulatory portion of PI3K, through pYMXM and pY XXM
motifs, to activate it [175]. PI3K then phosphorylates phosphoinositides on the 3-position,
generating PtdIns(3,4,5)P3, which binds to the pleckstrin homology domain on the AGC
serine/threonine kinase family member, phosphoinositide-dependent kinase 1 (PDK1),
which activates the serine/threonine kinase Akt/PKB [176]. Activation of Akt leads to
translocation of Glut4 vesicles for glucose transport, through a currently unknown
mechanism [177].

The activity of PI3K is controlled by two different phosphatases, PTEN [178] and the SH2
domain-containing inositol-5-phosphatase (SHIP2) [179]. Disruption of these two proteins,
either through gene disruption or by reducing mRNA expression, yielded mice with
increased insulin sensitivity [180]. Finally, IR and its substrates are dephosphorylated by
phosphatases, such as protein tyrosine phosphatase 1B (PTP1B). PTP1B has received much
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attention because, when knocked out, both IR and IRS proteins assume higher
phosphorylated states, which contribute to increased insulin sensitivity and reduced
occurrence of dietrelated obesity [181]. Although IRS1 is predicted to be a highly disordered
protein (834 out of 1242 residues are predicted to be disordered), its N-terminal domain
adopts a folded crystallizable structure, and its short fragment located near residue 900, folds
upon binding to IGF-1 receptor kinase [182].

IDPs as novel drug targets

The possibility of interrupting the action of disease-associated proteins is an extremely
attractive objective for the development of new drugs. The rational design of enzyme
inhibitors depends on the classical view of protein function, which states that 3D structure is
an obligatory prerequisite for function. Computational evaluations can be used to search a
protein’s interaction surface for sites that will potentially bind small molecules [183],
provided that a reliable 3D structure is available. While this approach has led to many
successful drug molecules that target enzymatic domains, it has influenced thinking with
regard to all types of protein functions, including functions that depend on intrinsic disorder.
Although structure-aided design techniques have been modified and extended for the
discovery of molecules that function as inhibitors of protein—protein interactions, the search
for such inhibitors has been mostly unsuccessful, in large part because many of the
approaches for discovery of such inhibitors were derived directly from the techniques used
for the discovery of enzyme inhibitors [184]. However, there is a fundamental difference
between the action mechanisms of these two types of effectors. To be an effective blocker of
the enzymatic activity, the small molecules have to bind a contiguous epitope of five or
more residues [185], whereas many protein—protein interfaces are much more complex and
consist of discontinuous, or a combination of multiple contiguous, epitopes [186].

Since disordered proteins often bind their partners via relatively short molecular-recognition
motifs, which become ordered upon binding [35,36,187], and since IDPs are involved in two
types of protein—protein interactions, where either both partners are disordered or an IDP
interacts with the ordered partner, there are two general concepts for targeting interactions
involving IDPs. One approach is similar to traditional drug-discovery approaches, where a
small molecule targets the binding site on the structured partner. In another approach, small
molecules target possible binding sites on the IDP. An interesting twist of this second
approach is that targeting disordered regions can be described as induction of hon-native
structure to prevent function.

An illustrative example of the first approach is a set of small molecules that bind to the
structured protein Mdm2, an E3 ubiquitin ligase and, thereby, prevents the binding of this
protein to a disordered region of the tumor-suppressor p53. Mdm2 associates with a short
stretch of p53, residues 13-29 (Figure 3), which is located within the transactivation
domain. As a result, p53 cannot activate or inhibit other genes when Mdm2 is bound.
Furthermore, Mdm2 binding leads to p53 ubiquitination and, thus, targets it for destruction.
Mdm?2 also contains a nuclear export signal, which causes p53 to be transported out of the
nucleus. Because of the importance of the p53—-MDM?2 interaction, this system has been
investigated as a possible drug target and several successful peptide inhibitors of this
interaction have been created [188-191]. In addition to the peptide inhibitors, several small,
drug-like molecules have been found to block the p53-MDM?2 interaction [192-195]. More
importantly, computational analysis of p53 using a set of disorder predictors suggested that
the disordered sites of druggable protein—protein interactions are predictable [21]. This
druggable p53-MDM?2 interaction involves a disorder-to-order transition, principles of
which are generally understood and, therefore, can be used to find similar drug targets [196].
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In the second approach, the protein—protein interaction is prevented via small molecules
interacting directly with the disordered binding regions of proteins. These small molecules
induce misfolding of disordered regions to non-native structures incompatible with
complexation. This approach is illustrated by a set of small molecules that inhibit the
interaction between c-Myc and its obligate heterodimerization partner, Max [197-207].
Recently, the effective c-Myc inhibition was achieved via the disruption of the formation of
the c-Myc—Max complex, induced by the c-Myc interaction with small-molecule inhibitors
[199,204]. These molecules were shown to bind to one of three discrete sites within the 85-
residue bHLHZip domain of c-Myc, a region that is disordered before it binds to Max.
Inhibitor binding induced only local conformational changes, which preserved the overall
disorder of c-Myc and inhibited the interaction with Max. Therefore, rational approaches to
the inhibition of protein—protein interactions involving IDPs may be possible through the
targeting of disordered sequence [167,206] or structured partner [196].

Summary & conclusion

Intrinsically disordered proteins are highly abundant in nature and are frequently associated
with various human diseases, including protein-dysfunction diseases and neurodegeneration.
A high degree of association between protein intrinsic disorder and human diseases is owing
to structural and functional peculiarities of IDPs, which are typically involved in cellular
regulation, recognition and signal transduction. Structurally, IDPs represent a diverse group
of proteins without a unique 3D structure, and disorder might be collapsed (as in native
molten globules) or extended (as in native random coils or in native premolten globules).
Amino acid sequences of IDPs are characterized by several unique features, which provide a
solid background for the reliable identification of these proteins, and are utilized in the
development of various computational tools for the prediction and characterization of a
disorder at the proteome level.

The major functional advantages of IDPs are based on their structural flexibility and
plasticity, originating from the lack of a definite ordered 3D structure. This plasticity is
believed to represent the major functional advantage for IDPs, providing them with a unique
capability to interact with a broad range of binding partners, including other proteins,
membranes, nucleic acids and various small molecules.

Many IDPs and IDRs undergo disorder-to-order transition as a result of interaction with
their specific binding partners. The amino acid sequences of foldable IDRs (known as
MoRFs, among other terms) are characterized by specific features. These features were
utilized for the reliable identification of MoRFs from the amino acid sequence alone.

So far, three computational approaches were elaborated for estimating the abundance of
IDPs in various pathological conditions. In the first approach, specific datasets of proteins
associated with a given disease were assembled and analyzed using various disorder
predictors. In the second approach, the network of genetic diseases linking protein mutations
with diseases was analyzed. In the third approach, the association between a particular
protein function (including the disease-specific functional keywords), and the level of
intrinsic disorder in a set of proteins known to carry out this function, was analyzed.

Intrinsically disordered proteins are unique novel drug targets. Although this field is still at
its early stages, two methodologically different approaches for the IDP-based drug discovery
have already been developed. In the first approach, a small molecule targets a binding site at
the ordered binding partner, and prevents this partner from interaction with IDP. In the
second approach, a small molecule directly interacts with IDP and induces conformation that
is incompatible with binding.
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Expert commentary

The past decade has witnessed a dramatic increase in the appreciation of the protein intrinsic
disorder phenomenon. The discovery and characterization of IDPs is becoming one of the
fastest-growing areas of protein science. This field continues to develop at an accelerating
pace, since many such proteins with no unique structures have important biological
functions and are involved in various diseases. Novel computational and experimental tools
are being constantly elaborated for more accurate predictions of IDPs and IDRs, and for
more precise characterizations of their structural and functional properties.

Biological functions of IDPs & IDRs

It is now well accepted that the century-old lock-and-key paradigm of protein functionality,
where the function of a protein is closely linked to its rigid 3D structure, needs to be re-
examined to include IDPs and their numerous functions. In fact, the conformational
plasticity of IDPs and their intrinsic lack of rigid structure results in a number of exceptional
functional advantages, providing them with unique capabilities to act in functional modes
not achievable by ordered proteins [6-10,12,15,19,21,23,26,28,34]. Since these advantages
were systemized in several recent reviews, only several illustrative examples are provided.
Many IDPs contain multiple functional elements, which are often relatively short. Given the
existence of multiple functions in a single disordered region, and given that each element is
localized over a few amino acids, alternative splicing could readily generate a set of protein
isoforms, having a highly diverse collection of regulatory elements [208]. The ability of
many IDPs/IDRs to fold at binding to natural partners decouples the specificity and strength
of binding, giving rise to the high-specificity—low-affinity interactions. Furthermore, a
continuum of binding strength is expected to exist, since binding regions containing
predominant preformed structure contribute more free energy to binding, and those regions
with little or no preformed structure contribute little free energy to binding [7].

One IDR can bind to multiple partners and, consequently, gain very different structures [21].
The overall repertoire of binding modes utilized by IDPs is very broad as well, ranging from
binding-induced gaining of local structure on the surface of a binding partner, to folding of a
whole molecule, and from wrapping around the binding partner, to penetrating deep inside
the binding partner. IDPs can form highly stable complexes, or be involved in signaling
interactions, where they undergo constant ‘bound-unbound’ transitions, thus acting as
dynamic and sensitive ‘on—off’ switches. In general, the action of IDPs illustrates a new
meaning of the ‘reversibility’ concept. The ability of these proteins to return to the highly
flexible conformations after the completion of a particular function, and their predisposition
to gain different conformations depending on the environmental peculiarities, are unique
physiological properties of IDPs, which allow them to exert different functions in different
cellular contests according to a specific conformational state.

Analyzing structural properties of IDPs

Structurally, IDPs and IDRs are considered as natural analogues of various partially folded
conformations of globular proteins [4-7]. However, this is just an approximation that should
not be regarded as the final truth. In fact, IDPs, with their exceptional variability in amino
acid compositions and sequences, are expected to wander over much greater areas of the
polypeptide conformational space than ordered proteins. The characterization of the
conformational properties and functions of IDPs continues to represent a major challenge.
The set of experimentally characterized IDPs is rapidly growing and several experimental
approaches sensitive to the intrinsic disorder of a given protein, or its part, have been
developed. Ironically, the vast majority of current knowledge about IDPs was accumulated
using experimental tools elaborated for the analysis of ordered proteins. The choice of
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suitable techniques for the characterization of IDPs is based on the experience retrieved
from the studies on structure and folding of ordered proteins. In fact, the conclusion about
the disordered nature of a given protein is often based on the lack of a specific signal
expected to be seen by a given technique if the protein were ordered. This inevitably results
in rather frequent misidentifications and misclassifications.

One illustrative example of how dangerous this approach could be is now provided. Size-
exclusion chromatography is frequently used for the estimation of protein molecular mass.
However, this technique physically separates proteins by their hydrodynamic volumes,
rather than by masses. The hydrodynamic volume of a polypeptide chain depends on its
folding degree. Therefore, nonfolded IDPs, with their increased hydrodynamic volumes
relative to volumes of ordered proteins of similar molecular masses, are characterized by
increased apparent molecular masses, as evaluated by gel filtration. For example, for a 100-
residue-long polypeptide with a real molecular mass of 11 kDa, the apparent molecular mass
of a molten globular conformation estimated from the hydrodynamic data (e.g., gel
filtration) is 16 kDa; for the native premolten globule, it is 29 kDa, whereas, for the native
coil, the gel-filtration column will be approximately 40 kDa. For a 500 residue-long IDP
with a real molecular mass of 55 kDa these numbers are approximately 90, 180 and 375 kDa
if the protein is a native molten globule, a native premolten globule or a native coil,
respectively [7]. Obviously, the use of the gel filtration as a tool for the evaluation of protein
molecular masses will produce erroneous conclusions regarding the existence of the specific
oligomers for monomeric proteins, with different degrees of disorderedness. Therefore,
extreme caution should be taken when interpreting the experimental data for IDPs.

Computational analysis of IDPs

The development of computational tools for disorder prediction is based on the hypothesis
that the absence of rigid structure in the IDPs is encoded in the peculiarities of their amino
acid sequences. First predictors have already achieved accuracies slightly over 70%. The
fact that the predictors’ accuracy was significantly higher than expected by chance
suggested that the information for failure to fold into a 3D structure is, indeed, somehow
encoded within the amino acid sequence. Over the years, the prediction accuracy has
continued to increase, and recently several machine-learning algorithms for predicting
structure and disorder have achieved accuracies exceeding 80% [209]. Taking into account
the numerous efforts made over the past decade to develop predictors of intrinsic disorder
(currently, there are more than 50 specialized computational tools for disorder prediction
[49]), the gain of a mere 10% in the accuracy of disorder prediction seems to be a moderate
success.

However, it is very likely that the accuracy of ‘general’ disorder prediction has natural
limits. These limits are only partly determined by the obvious ‘noise’ in the datasets used for
training of disorder predictors; another reason is that intrinsic disorder is a highly
heterogeneous phenomenon and, structurally IDPs/IDRs can range from relatively ordered
collapsed molten globule-like species to highly disordered, coil-like or premolten globule-
like conformations [4-7]. Furthermore, research shows that IDRs and IDPs are very sensitive
to changes in amino acid sequences and to the peculiarities of their environment [210]. On
the other hand, the environmental conditions for living organisms vary naturally, from
highly acidic to highly alkaline, and from cold to hot. They also can be characterized by
extremely high salinity or by extremely high hydrostatic pressure. All this could have
profound effects on protein structure, dynamics and function and, therefore, can influence
the accuracy of disorder prediction. Finally, some IDPs/IDRs never fold, and their
disordered ensembles are the biologically active states, while other IDPs/IDRs undergo
function-related structural transitions. Obviously, all these structural-, functional- and
environment-specific peculiarities are also encoded in the amino acid sequences. For
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example, a recent analysis revealed that the disordered regions of the a-helical bundle
integral membrane proteins, those of the B-barrel integral membrane proteins and those of
the water-soluble proteins, all exhibit statistically distinct amino acid compositional biases
[211]. Another example is foldable IDRs (or MoRFs), which are mostly disordered while
free in solution, but are able to gain unique structure when bound to specific partners. These
regions where shown to be characterized by specific and identifiable sequence features
[35,36,38,212]. However, none of these structural-, functional- or environment-specific
sequence features are explicitly considered by current ‘generalized’ disorder predictors, thus
affecting their overall accuracy. For example, short disordered regions have distinct
sequence biases, and are known to be less accurately predictable than the long regions by
current predictors [213,214]. Therefore, the possible future gain in disorder prediction
accuracy is potentially associated with the development of specialized predictors utilizing
unique environment-, structure- and function-specific features of IDP sequences.

The large number of currently available disorder predictors, with their great variability of
prediction ideas, computing techniques and training attributes, makes the choice of a
suitable tool a difficult task. The problem is further aggravated by the fact that different
predictors often give different (at times, dramatically different) answers for a given protein.
One of the possible solutions for this problem is the development of so-called meta-
predictors, where the predicted results from a collection of individual predictors are used as
the inputs for a meta-predictor. This approach often results in improvement of the prediction
accuracy, since the different predictors are orthogonal (i.e., they utilize complementary
information arising from different sequence features, different prediction models and
different training sets) [215-218].

IDPs in diseases

Application of various bioinformatics tools revealed that IDPs are commonly associated
with various diseases. On the other hand, the results of this analysis (Figure 2B) show that
there is no significant difference in the abundance of long disordered regions between the
normal proteins involved in cell signaling and the pathological proteins responsible for the
development of various diseases (e.g., cancer, neurodegenerative diseases, cardiovascular
disease and diabetes). This clearly shows that high levels of intrinsic disorder in proteins are
not sufficient to cause the development of disease.

The maladies considered in this review have been frequently termed conformational
diseases, since they are characterized by the conformational changes, misfolding, and often
aggregation, of an underlying protein. One should keep in mind that there is a clear
distinction between misfolded and unfolded proteins, which can be illustrated in terms of
their energy landscapes. The energy landscape of an unfolded protein (including extended
coil-like and pore-molten globule-like IDPSs) is characterized by numerous local energy
minima, leading to a highly frustrated system without any stable well-folded conformation
[39]. This is in great contrast to the funnelled energy landscape of a globular protein, which
is characterized by a deep energy minimum and, therefore, resembles a funnel [219,220].
Misfolded protein forms wrong intramolecular interactions and gets kinetically trapped in a
low energy minimum. Therefore, misfolding is related to the perturbed protein homeostasis
and occurs when a protein fails to keep its intrinsically disordered state (for IDPs), or, for
ordered proteins, fails to fold normally (i.e., to achieve its native folded 3D structure). In
order to regain the ability to fold normally or to regain native intrinsically disordered state,
the misfolded protein has to climb out this low-energy minimum. In other words, it has to
unfold (at least partially) to eliminate wrong intramolecular interactions formed during the
misfolding process.
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To better understand conformational diseases, perturbed protein functionality must also be
considered, as the aforementioned high level of intrinsic disorder in pathogenic proteins is a
reflection of the involvement of these proteins in some crucial signaling functions.
Therefore, the misregulation and misfolding of these proteins can result in their dysfunction,
ultimately leading to the development of life-threatening pathological conditions. For
example, functions ascribed to a-synuclein, a protein involved in several neurodegenerative
diseases, including the binding of fatty acids and metal ions, regulation of certain enzymes,
transporters and neurotransmitter vesicles, and regulation of neuronal survival (reviewed in
[81,90,91,95]). Furthermore, a-synuclein possesses an amazing structural plasticity,
adopting a series of different monomeric and oligomeric conformations, as well as
assembling in various insoluble aggregates (reviewed in [90-92,95]). The choice between
these conformations is determined by the peculiarities of the protein environment,
suggesting that a-synuclein has an exceptional ability to fold in a template-dependent
manner [90-92,95]. Based on these and similar observations, it was hypothesized that the
development of the conformational diseases may originate from protein dysfunctions
associated with misidentification, misregulation and mis-signaling events, and accompanied
by the protein misfolding. In other words, mutations and/or changes in the environment may
result in protein confusion, reducing its capability to recognize proper binding partners, and
leading to the formation of nonfunctional complexes and deadly aggregates [28].

IDPs as drug targets

The modulation of protein—protein interactions of pathogenic proteins is an appealing
opportunity for the development of new drugs. However, the vast majority of currently
available drugs target the active site of enzymes, presumably since these are the only
proteins for which the lock-and-key function paradigm is generally applicable and,
therefore, the structure-based rational drug design could be used. The limited success of
drug development efforts that are targeted to disrupt specific protein—protein interactions
[184] is determined (at least in part) by the failure to recognize the important role of intrinsic
disorder in protein function. This means that novel, nonstandard solutions are needed to
resolve this problem and to find effective inhibitors of protein—protein interactions.
Obviously, structure-based approaches do not work well for objects without fixed structure,
but might work for the disordered subjects, which are able to gain folded structure on
binding to specific sites located on surface of the ordered interaction partners. Therefore, the
successful approach for these cases can utilize the traditional drug discovery modus
operandi, where a small molecule acts as a competitive inhibitor that targets the binding site
on the structured partner [192-195]. An alternative approach is the ‘medicated dysfunction’,
where, to prevent function, a small molecule targets a possible binding site on the IDP, and
induces misfolding of this region into the non-native dysfunctional conformation [167,206].
Obviously, these two directions are just the first steps, and some radically new ways of
thinking about approaches for the nontraditional inhibition of protein—protein interactions
are needed.

The aforementioned advances in understanding of intrinsic disorder phenomenon are
necessary prerequisites for the development of new computational and experimental tools,
aiming for the structural and functional characterization of IDPs and IDRs, for evaluating
the abundance of IDPs/IDRs in various human diseases, and for better understanding of the
roles of IDP dysfunctions in the pathogenesis of these diseases. This will create a venue to
design novel drugs successfully targeting disorder-based protein—protein interactions.

Five-year view

In the upcoming years, more-sensitive and accurate computational and experimental tools
will be developed for finding and characterizing IDPs individually and at the proteome
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level. New IDP functions will be found, and a better understanding of the interconnection
between IDP structure, function, dysfunction and various human diseases will be achieved.

A dramatic increase in the number of experimentally characterized IDPs is expected. These
new examples will facilitate the development of novel experimental and computational
tools, and their application for subsequent discovery of new members of the IDP family.
New tools will be created to analyze the structure and function of IDPs in their natural
environments (i.e., inside the living cell).

A better understanding of the relationship between the intracellular environment (e.g.,
reactive oxygen species levels, cellular confinement and macromolecular crowding) and
protein structure and function, will also be achieved. The role of post-transcriptional
modifications in the regulation and modulation of structure and function of various IDPs
will be analyzed in detail.

Intrinsically disordered proteins will become important and accepted targets for the
development of novel drugs aiming at the modulation of protein functions. New small
molecules will be discovered, which will not only inhibit the action of IDPs, but will be able
to produce a wide range of functional modulation (e.g., enhancing IDP function via
stabilizing the functional conformations). Intrinsic disorder will be utilized for the
development of drugs that target given protein—protein interactions in a tissue-specific
manner, opening a unique opportunity for the highly targeted modulation of the IDP
function in a given tissue and not affecting the functionality of this same protein in other
tissues.

Key issues

* Intrinsic disorder is highly abundant in nature, especially among the proteins
involved in signaling and regulation.

* Intrinsically disordered proteins (IDPs) possess numerous unique features at the
levels of amino acid composition, sequence and overall structure, which are
used for their experimental and computational identification.

*  Various computational and experimental tools are developed for the
identification and characterization of IDPs.

*  Many disease-related proteins are IDPs.

* IDPs represent a set of novel and very promising targets for the development of
drugs aiming at the inhibition or modulation of protein-based interactions.
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Figure 1. Fate of a polypeptide chain

The three structures on the left representing typical intrinsically disordered proteins with
different disordered levels (from top to bottom): native coil, native premolten globule and
native molten globule. Top right structure illustrates a well-folded protein, whereas the
bottom right structure represents one of the products of protein misfolding — a molecular
model of the compact, 4-protofilament insulin fibril.

Modified from [221].

Expert Rev Proteomics. Author manuscript; available in PMC 2012 June 9.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 33

B Neurodegenerative
0.8+ DisProt

0.6

0.44

0.2+ 1

(C,~C,)IC,,

0.2+ T
0.4 : 1T
-0.6

087777777177 T T T T T T 1

Residue
100+
W Cancer

M Signaling

80 B Neurodegenerative
Eukaryotic
Ordered

60

40

Proteins (%)

20 I

=30 >40 =50 260 >70 >80 >90 >100
Length of disordered regions (amino acids)

Figure 2. Peculiarities of amino acid sequences of intrinsically disor dered proteins associated
with neur odegeneration

(A) Compositional profiling of proteins involved in neurodegenerative disease.
Compositional profiling is based on the evaluation of the (C5;—Cg,)/Cgo values, where Cq; is
a content of a given residue in a set of interest (proteins associated with neurodegenerative
diseases or typical intrinsically disordered proteins [IDPs] from DisProt), and Cs is the
corresponding value for the set of ordered proteins. In this presentation, enrichment or
depletion in each amino acid type appears as a positive or negative bar, respectively. Amino
acids are indicated by the single-letter code and ordered according to their disorder
promoting strength. Corresponding data for well-characterized intrinsically disordered
regions from DisProt are also shown. (B) Abundance of intrinsic disorder in proteins
associated with neurodegenerative diseases. Percentages of disease-associated proteins with
at least 30-100 consecutive residues predicted to be disordered. The error bars represent
95% Cls and were calculated using 1000 bootstrap re-sampling. Corresponding data for
signaling and ordered proteins are shown for the comparison. Analyzed protein sets included
1786 proteins associated with cancer, 2329 proteins involved in cellular signaling, 689
proteins involved in the neurodegenerative diseases, 53,630 nonredundant eukaryotic
proteins from Swiss-Prot, and 1138 non-homologous ordered proteins from PDB Select 25
(this dataset contained only the ordered parts of the proteins). Redrawn from [64].
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Figure 3. Predicted intrinsic disorder in proteins associated with amyotrophic lateral sclerosis
Abundance of intrinsic disorder in human proteins associated with amyotrophic lateral
sclerosis was evaluated using the PONDR® VSL2 algorithm [214], which is one of the most
accurate predictors of intrinsic disorder for proteins containing both ordered and disorder
regions. Each plot represents a distribution of the predicted intrinsic disorder propensity
(PONDR VSL2 score) within the amino acid sequence of a given protein. Analyzed proteins
are: (A) SOD1, (B) TDP-43, (C) progranulin, (D) angiogenin, (E) fused in sarcoma/
translated in liposarcoma, (F) senataxin and (G) survival motor neuron protein. Shaded
areas in each plot correspond to the scores associated with predicted intrinsic disorder.
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Figured. Intrinsic disorder in p53 and interactions with different binding partners

A structure versus disorder prediction on the p53 amino acid sequence is shown in the center
of the figure, along with the structures of various regions of p53 bound to 14 different
partners. Disorder predictions were done using the PONDR VLXT algorithm. The plot
represents the distribution of the disorder propensity (PONDR score, up = disorder, down =
order) within the amino acid sequence of p53. The results of the disorder predictions (the
central region was predicted to be ordered, whereas the N- and C-termini were predicted to
be disordered) have been confirmed experimentally for p53. The various regions of p53 are
color coded to show their structures in the complex, and to map the binding segments to the
amino acid sequence. Starting with the p53—-DNA complex (top-left: magenta = protein; blue
= DNA), and moving in a clockwise direction, the Protein Data Bank IDs and partner names
are given as follows for the 14 complexes: 1tsr—DNA, 1gzh-53BP1, 1g2d-gcn5, 3sak—p53
(tetrametization domain), 1xgh-set9, 1h26-cyclinA, 1ma3-sirtuin, 1jsp-CBP bromo
domain, 1dt7-s1008p, 2h1l-sv40 large T antigen, 1ycs-53BP2, 2gs0-PH, 1ycr—Mdmz2 and
2b3g-rpa70.

Reproduced from [7].
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Figure 5. Abundance of intrinsic disorder within the p53 regulatory network

Selected upstream regulators, downstream effectors and output terms are shown. A
simplified evolutionary schematic of the p53 regulatory network, which was presented in
[162], was used as a basis for this figure. Color-gradient coding related to the range of
conservation of various members of the p53 regulatory network in vertebrates and in
invertebrates is removed. The new color coding corresponds to the various pathways within
the p53 network. Several p53 effectors related to the regulation of metabolism were added to
the original plot together with the new output term ‘tumor invasion/metastasis’. Percentages
in brackets reflect the information on abundance of predicted disorder in various members of
this network.
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