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1.1 Introduction

Intrinsically disordered proteins (IDPs) and intrinsically disordered regions (IDRs)
lack a stable structure in isolation, and instead exist as an ensemble of conformations
that varies over time and populations (/—3). The term “intrinsically disordered” was
originally borrowed from the term “disorder” as used by X-ray crystallographers.
This term refers to portions of a structure that are not resolved due to variable or fluc-
tuating positions with the crystal lattice. “Intrinsic” is meant to reflect that structure
and disordered states are encoded in a protein sequence, so these structural properties
are intrinsic to the sequence.

A given protein may have one, many, or no IDRs, and in some cases entire pro-
teins are intrinsically disordered. For example, the X-ray crystal structure of the
protein Bcl-xL has several intrinsically disordered regions (Fig. 1.1). Like many pro-
teins, Bcl-xL has an IDR at one of its termini, the C- terminus. In general, terminal
IDRs can vary greatly in length, from a few to hundreds of residues, and can be
present at both termini. Bcl-xL also has a large IDR that occurs within the bounds
of its structured domains. These domain-internal disordered regions may also vary
greatly in length. Though they are typically shorter than terminal disordered regions,
there seems to be no physical limit to their length (5). The other possible sequence
location of IDRs is between domains, so-called linker regions. Linkers can be any
length, from just a few residues to hundreds to a thousand residues, as in the case of
BRCAI1, which has a 1500 residue disordered region linking ordered domains at its
N- and C- termini (6).
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FIG. 1.1

Representation of disordered regions in the context of a protein’s structure. The X-ray
crystal structure of Bel-xL (4) (light and dark blue ribbons) is shown along with several
possible conformations of its two IDRs (red and orange worms). IDR conformations are
randomly generated to scale. The sequence of Bcl-xL is also shown, with colors matching
the structure diagram.

IDRs enable a wide variety of biological processes via mechanisms that are
distinct from their structured counterparts. Broad analysis relating protein function
to intrinsic disorder reveals a central role for IDRs in molecular recognition and
cellular regulation (7). Often, structured and disordered regions work in concert, as
in the case of the lac repressor (8). Intrinsic disorder enables complex regulation
using concerted molecular recognition, posttranslational modification, and alterna-
tive splicing. The Nfat family of proteins exemplifies this phenomenon (9). Intrinsic
disorder also plays an important role in the inhibition and disinhibition of central
cellular regulation, which is exemplified by p27 and related proteins (/0—13). The
diverse biophysical properties of IDRs enable their myriad functions. While all IDRs
are similar in that they lack an intrinsic stable structure, the biophysical properties of
IDRs vary to all extremes. The biophysical and functional properties of IDRs are re-
flected in their composition, sequence complexity, and conservation. These sequence
properties have been leveraged to design algorithms that predict intrinsic disorder
from a protein sequence with high accuracy.

1.2 Biological processes associated with IDPs and IDRs

For structured proteins (proteins that do not include IDRs), the widely recognized
concept that drives functional characterization is that sequence encodes structure
and structure encodes function. The widespread use of disorder for biological
function—revealed at least in part by computational studies—has led to a coequal
summarizing concept, namely sequence encodes an IDP ensemble, the IDP ensem-
ble encodes function.

Two approaches have been commonly used for correlating biological processes
with proteins that may be structured, that may be IDPs, or that may utilize IDRs.
The first approach is focused experimentation on particular proteins to determine
their roles in cellular processes (/4) and in structure-function relationships (/5-17).
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Structure-function relationships can reveal that a particular function involves IDPs
or IDRs or even the interactions between IDPs and structured protein partners. Here,
we describe a few important proteins and their associated biological processes, high-
lighting results that suggest intrinsic disorder plays important roles in these pro-
cesses. The second approach is broad computational studies that discover novel
associations between the function and structure of IDRs, followed by further work
to verify the implications of these associations (7, /8-21). Because many if not most
proteins contain both structured and disordered regions, often it is not clear whether
the key molecular function underlying the indicated biological process actually uti-
lizes the IDR or the structured region or even the collaboration of their structured
and intrinsically disordered regions. Thus, such bioinformatics approaches need to
be followed up with further studies to remove this ambiguity.

Identifying structure-function relationships for IDPs and proteins with IDRs is a
major challenge. Two similar bioinformatics reports used computational approaches
to estimate structure-function relationships on a large scale of thousands of proteins.
The first report used the data on the model organism, yeast, (/8) and the second
used the Swiss-Prot (now Uniprot) database (7). Their respective results are given
in Table 1.1 (left column, (/8), right column, (7)). Both studies used very similar
statistical evaluations to rank the annotated biological processes in the respective
databases with regard to whether the functions were carried out by structured pro-
teins or IDPs based on predictions, and the results of both studies were very similar
overall. The reader should consult the two papers to understand the similarities and
differences in the methods used. The focus here is on the similarities and differences
in the reported results as given in Table 1.1.

First, consider the biological processes associated with the structured proteins.
The biological processes associated with energy pathways (# 1, left column) for
the yeast proteins correlate with the SwissProt protein processes related to electron
transport (#4, right column), aromatic hydrocarbon catabolism (#6 right column),
glycolysis (#7, right column), and carbohydrate metabolism (#10, right column). The
yeast proteins have the annotation “process unknown” (#2, left column). Such a re-
sult is not surprising because even highly studied organisms such as S. cerevisiae and
E. coli have many proteins of unknown function. On the other hand, all the proteins
in SwissProt have been validated in the laboratory, so proteins of unknown function
are rare in this database. The biosynthesis process (#3, left column) for the yeast
proteins correlates with the SwissProt protein processes GMP biosynthesis (#1, right
column), amino acid biosynthesis (#2, right column), lipid A biosynthesis (#5, right
column), purine biosynthesis (#8, right column), and pyrimidine biosynthesis (#9,
right column). These data show that the biological processes tend to be lumped in the
first study (left column) and analyzed at a finer resolution level in the second study
(right column). The reason for this is that the yeast proteome has only about 5300 to
5400 proteins (26), whereas, at the time of the second study, the SwissProt database
already contained more than 200,000 proteins (7). The larger amount of data allowed
a finer-grain evaluation of the biological processes associated with structure and dis-
order in the second study. Because the first study focused on IDPs, the authors chose
to only present three biological processes associated with low predictions of disorder
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Table 1.1 Biological processes predicted to utilize IDPs or structured
proteins (SPs)

Processes associated with IDPs” Processes associated with IDPs”
1. Ty transposition® 1. Differentiation
2. Development? 2. Transcription
3. Morphogenesis 3. Transcription regulation
4. Protein phosphorylation 4. Spermatogenesis
5. Regulation of transcription 5. DNA condensation
6. Transcription 6. Cell cycle
7. DNA packaging 7. mRNA processing
8. Signal transduction 8. mRNA splicing
9. Actin cytoskeleton biogenesis 9. Mitosis
10. Pseudohyphal growth® 10. Apoptosis
Processes associated with SPs® Processes associated with SPs”
1. Energy pathways 1. GMP biosynthesis
2. Process unknown 2. Amino acid biosynthesis
3. Biosynthesis 3. Transport
4. Not given 4. Electron transport
5. Not given 5. Lipid A biosynthesis
6. Not given 6. Aromatic hydrocarbon catabolism
7. Not given 7. Glycolysis
8. Not given 8. Purine biosynthesis
9. Not given 9. Pyrimidine biosynthesis
10. Not given 10. Carbohydrate metabolism

2 These results are from Ward et al. (18).

b These results are from Xie et al. (7).

° Ty Transposition: associated with a Ty Transposable Element that resembles a primitive retrovirus,
specific to yeast (22).

d Development: cell polarity (23), budding (24), and pseudohyphal growth (25) are among the
developmental processes studied in yeast.

¢ Pseudohyphal growth: A pattern of cell growth that occurs in conditions of nitrogen limitation and an
abundant fermentable carbon source. Cells become elongated, switch to a unipolar budding pattern,
remain physically attached to each other, and invade the growth substrate (copied from the Gene
Ontology Database).

(e.g., with structured proteins), and only two of these processes provide useful an-
notations. Nevertheless, these two biological processes in the first study correlate
with 9 of the 10 biological processes in the second study due to the respective lump-
ing and splitting of the two studies. An interesting feature of both studies is that the
proteins involved in the biological processes associated with structured proteins are
all either membrane proteins or enzymes, and both of these categories are known to
be structured.

With respect to the biological processes associated with disorder, the first study
identified two IDP-associated processes specific to yeast, that is, Ty transposition
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(#1, left) and pseudohydral growth (#10, left). Likewise, the second study identified
three IDP processes specifically associated with multicellularity, that is, differentia-
tion (#1, right), spermatogenesis (#4, right), and apoptosis (#10, right). The first study
also identified five processes not observed among the top 10 in the second study,
that is, development (#2, left), morphogenesis (#3, left), protein phosphorylation
(#4, left); signal transduction (#8, left), and actin cytoskeleton biogenesis (#9, left),
whereas the second study identified four processes not observed among the top 10 in
the first, that is cell cycle (#6, right), mRNA processing (#7, right), mRNA splicing
(#8,right), and mitosis (#9, right). The development and morphogenesis identified in
the first study are features that are found to be associated with differentiation identi-
fied in the second, so it is likely that these unmatched categories likely utilize many
homologous proteins. The cell cycle identified in the second study but not in the top
10 of the first is identified (at #20) in the first study. Protein phosphorylation and
signal transduction, which are identified in the first study but not in the second, are
both known to be common features of IDPs, so the reason for the lack of a match for
these examples is unclear. The DNA packaging process in the first study (#7, left)
might involve homologous proteins as the DNA condensation process of the second
study. Finally, both studies identify regulation of transcription (#5, left; #3, right) and
transcription (#6 right, #2, left) as processes that utilize IDPs and proteins with IDRs.

As mentioned above, a weakness of the above computational approach for iden-
tifying IDP-associated biological processes is that most of the proteins containing
IDRs also contain structured domains, so, for each of the indicated biological pro-
cesses, it is unclear whether the underlying molecular functions depend on disorder
or structure. Thus, follow-up studies are needed to confirm that IDRs are crucial for
each biological process.

In the second study, the bioinformatics research was followed up by manual
investigations of the literature to determine whether IDPs or IDRs actually played
crucial roles in the IDP-associated biological processes. These literature investiga-
tions revealed at least one illustrative example of experimentally verified functional
structure or disorder for a majority of the annotations that showed strong positive or
negative correlation with predicted disorder (7). Additional literature investigations
were carried out to determine the extent to which IDPs or IDRs play key roles in the
functions that provide the basis for differentiation. The literature reports provided
experimental confirmation that IDPs or IDRs critically underlie the key molecular
functions upon which differentiation depends. These functions include the following:
cell adhesion, cell communication, 11 different developmental pathways crucial for
metazoan differentiation, and gene regulation associated with body plan develop-
ment for metazoans (27).

To summarize, the molecular functions underlying these various IDP-associated
biological processes often involve signaling and regulatory events that depend on
reversible molecular interactions. Compared to structured proteins, IDPs evidently
have advantages for carrying out the high-specificity, low-affinity interactions that
underlie the reversibility needed for signaling (28). In the context of the intrinsic
disorder-based signaling, IDRs, posttranslational modifications (PTMs), and regions

.
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encoded by alternatively spliced pre-mRNA (AS) were found to be colocalized for
the important tumor suppressor p53 (/0). More recently, we showed that IDPs or
IDRs, AS, and PTMs are found in the same protein for a large number of examples
(27, 29, 30), and for a few examples, these three protein features have been shown to
collaborate and thereby to bring about highly complex signaling (9).

Next, we offer several specific examples that provide experimentally backed
support for the observations coming from the computational studies of the intrinsic
disorder-driven biological processes.

1.3 Representative examples of IDPs and/or IDRs
underlying various hiological processes

1.3.1 Lac repressor

An IDR plays a crucial role in the function of the lac repressor, which was the first
gene regulation system to be understood (/4); for developing this overall under-
standing, Francois Jacob and Jacques Monod were awarded the 1965 Nobel Prize
in Physiology or Medicine. The lac repressor itself was not isolated and structur-
ally characterized until later (75, 16, 31, 32). The 347-residue lac repressor con-
tains a 49-residue three-helix bundle DNA-recognition headpiece (residues 1-49),
a 13-residue IDR connecting the headpiece to the core domain (residues 50-62), a
266-residue core domain (residues 63-329), and a four-helix bundle tetrameriza-
tion domain, which is comprised of one 19-residue helix from the C-terminus of
each lac repressor molecule (76, 31). The lac repressor tetramer is organized as a
pair of lac repressor dimers, with the two head pieces of each dimer binding to a
single lac operon DNA segment. Thus, weak binding by a single headpiece becomes
much stronger due to the avidity resulting from the binding of the second headpiece.
The tetrameric lac repressor achieves cooperativity by binding simultaneously to the
lac operon and to either one of two similar sequences located nearby, thereby forcing
the intervening DNA into a loop (33). The large separation of the two lac dimers in
the tetramer helps to accommodate the looped DNA (76, 31). The flexibility of the
lac repressor IDR is essential for tight binding by the lac repressor dimer. That is, the
high degree of flexibility of the 13-residue IDP linker enables the two head pieces
to move independently, and thereby to separately undergo docking and to become
simultaneously bound to their respective binding sites on the lac operon DNA.
Comparison of the structures of the free dimeric headpiece, the dimeric headpiece
bound to nonspecific DNA (of the same length as the operon DNA), and the head-
piece bound to operon DNA (/7) highlights the role of the IDR in DNA recognition
(Fig. 1.2). In the free form, each of the dimeric headpieces forms a three-helix bun-
dle, but bundles remain highly dynamic by NMR, and the IDR remains unstructured.
Upon binding to operon-length nonspecific DNA, the three-helix bundle exhibits es-
sentially no reduction inits overall flexibility, and the IDR continues to be unstructured
and highly mobile, both regions making multiple nonspecific electrostatic contacts
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Free state

FIG. 1.2

Structural changes in the pathway of protein-DNA recognition by the lac repressor. The
linker region (residues 50-62, red and orange) is an IDR in both the free state and when
bound to nonspecific DNA. This IDR folds into an a-helix when bound into the minor
groove of the natural operator O1. When the lac repressor binds to nonspecific DNA, the
nucleic acid adopts a canonical B-DNA conformation. In contrast, when the lac repressor
binds to its natural operator O1, the DNA becomes bent by ~36 degrees.

Adapted from Kalodimos, C. G.; Biris, N.; Bonvin, A. M.; Levandoski, M. M.; Guennuegues, M.; Boelens, R.;

et al. Structure and Flexibility Adaptation in Nonspecific and Specific Protein-DNA Complexes. Science
(New York, N.Y.) 2004, 305 (5682), 386-389.

with DNA. These multiple weak interactions primarily involving the DNA phos-
phates can exchange rapidly with different phosphates and by this means are thought
to facilitate sliding along the DNA. Upon binding to lac-operon DNA, the two head-
pieces change their tilts with respect to the DNA and become tightly associated with
the DNA, with a helix from each headpiece nestling into the major groove. This
overall structural change is associated with specific hydrogen bonding interactions
between several side chains located on the DNA-facing side of the helix and the
bases comprising the DNA operon (/7). The IDP linkers also contribute to operon
DNA recognition. The two linkers undergo disorder-to-order transitions, with resi-
dues 50-58 forming a helix that binds rather deeply into the minor groove. Minor-
groove binding is facilitated by the intercalation of the side chains of L56 and L56’
into the spaces between the stacked bases of CpG. This intercalation helps to pry
apart the DNA bases, which in turn widens the minor groove, thus giving more space
for helix binding and kinking the DNA. These studies suggest that the IDP linker in
the lac repressor is not only important for DNA binding by facilitating simultaneous
docking of pairs of headpieces, but that the IDP linker is also important for operon-
sequence recognition and for helping to increase binding affinity.

The use of flexible IDP linkers to enable two DNA binding domains to associate si-
multaneously with two different DNA binding loci is also observed for pairs of eukary-
otic transcription factors. For example, the two homeodomain-containing transcription
factors, ultrabithorax and extradentical, simultaneously bind to their respective DNA
binding loci (8), thus enabling this pair of transcription factors to jointly regulate a
number of different genes. These two molecules become bound to their respective loci
while connected through a noncovalent interaction involving an ultrabithorax flexible
IDP linker that utilizes a YPWM motif to bind to a specific site on the extradentical.
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1.3.2 Nuclear factor of activated T-cells

Proteins involved in prokaryotic gene regulation such as the lac repressor have rela-
tively small yet functionally important IDRs that typically comprise less than 30% of
the protein (34), whereas eukaryotic transcription factors contain much larger IDRs
that typically comprise more than 50% of the protein (34, 35). Recent studies show
that putative intrinsic disorder is significantly enriched in eukaryotic DNA-binding
proteins (36). Moreover, as organisms become more complex (as estimated by their
number of different cell types), the amount of predicted disorder shows a strongly
correlated increase for certain transcription factors, namely those associated with cell
cycle, cell size, cell division, cell differentiation, cell proliferation, and other impor-
tant developmental processes (37).

The nuclear factor of activated T-cells (NFAT) illustrates some of the roles of
disorder in transcription factor function, namely modulation of function via molecu-
lar interactions, posttranslational modification, and alternative splicing. The nuclear
factor of NFAT was discovered as an activator for the transcription of interleukin-2,
which is a potent regulator of the immune response of T-cells (38). NFAT signal-
ing is widely used as a response regulator throughout the various cells of the im-
mune system and in a number of other biological processes such as the inflammatory
response, angiogenesis, cardiac valve formation, myocardial development, axonal
guidance, skeletal muscle development, bone homeostasis, development and metas-
tasis of cancer, and many other biological processes (39).

The NFAT family has five members related by their similar DNA binding domain
(DBD). The structured DBD and disordered regions of the five NFAT family mem-
bers are shown in Fig. 1.3A along with additional data showing isoforms that arise
from alternative splicing (Fig. 1.3B) and the structure/disorder and posttranslational
modifications and other features of one member of the NFAT family (Fig. 1.3C). The
structured DBD and IDR determined by prediction (Fig. 1.3A) agree reasonably well
with CD and NMR data indicating the presence of a long IDR for one member of this
protein family (4/). Note that the regions encoded by alternative splicing (AS) are
mainly located in the IDR (Fig. 1.3B). The protein regions encoded by the alterna-
tively spliced RNA of NFATc1 are all located in the disordered N- and/or C-terminus
(Fig. 1.3B) and all the other NFAT genes have multiple AS isoforms at similar loca-
tions. AS is often tissue-specific and associated with cellular differentiation. Tissue-
specific AS RNA encoded protein regions in NFAT have been suggested to contribute
to altered transcriptional regulation in different types of T-cells (42).

NFAT’s IDR contains multiple segments used for signaling and regulation, in-
cluding two CaN binding motifs, a nuclear export signal (NES), a nuclear local-
ization signal (NLS), multiple sites for posttranslational modifications (PTMs) as
well as other markers such as serine-rich regions (SRR) and serine-proline repeat
motifs (SP) (Fig. 1.3C). The PTMs include phosphorylation of SRR1&2 and SP1-3
and sumoylation. These regulatory serine sites are phosphorylated by different ki-
nases, specifically by PKA, DYRK, CK1, or GSK3 in a hierarchical pattern, creating
a complex regulation that may allow for distinctive activation profiles in different



1.3 Representative examples of IDPs 9

Disorder prediction
N-TAD Regulatory domain ~ DNA binding domain C-TAD

NFATc1 943aa | 101 10 isoforms
NFATC2 925aa | ] \l | 5 isoforms
NFATC3 1075aa | || 6 isoforms
NFATc4 902aa || IHIN I | | 24 isoforms
Nears 155t [IRRLTR 00 | N O W [ oo

—_—
(A) 0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Splice variants of NFATc1
[

isoform C-alpha (canonical)

il ] isoform C-beta
I []==ssuns jsoformA-alpha
u []==u=nnsn isoformA-alpha*
ul [l===m=== isoformA-beta
[ ]= == isoform B-alpha
O ]= == isoform B-beta
[ pe=smmmsdf] isoform IA-deltalX
w p=mmmund] isoform IB-deltalX
(B) ssssssssssssssnf === isoform 10
. i S772 813 ’ >
Multiple IDR-localized PTMs of NFATc1 me, 0887
Acetylation P Al WY I
T K626 @ s765 59910
T504 S512 S526 K612 S670 \. Y709
aleneurin ey sttt
binding motif 1
S40 428-697
384-390 -
s324 2 246 253-255
g ! @ RPASRSSSPGAKRRHS
32945 S269 N
1 el
Calcineurin A S28 S23 Q37
binding motif 2 N 5278
118-123 S21 Distinct kinases  Distinct regions
: S158Y By K1 SP1, SRR1
s17 S161 s197 ’
R23
5187 1
S nn? e S169 G4 Phosphorylation IS sP2
Methylation S1727 s184
PKA,DYRK  SP2, SP3, SRR2
€3 Serine-richregion  (NLS  Nuclear localization signal
(C) P1/2/3| SPxx repeat motifs (NES Nuclear export signal

FIG. 1.3

Nuclear Factor of Activated T-cells (NFAT). (A) Disorder prediction of the five

members of NFATs, where red indicates disorder and blue indicates structure. (B)

The splice variants of NFATc1, where missing regions are indicated as a dashed line
and replaced segments are in green. (C) Multiple PTMs from PhosphoSitePlus and
available publications mainly localized within the IDR of NFATc1. PTMs are indicated
by different colors. The important IDRs associated with localized functional regions are
two calcineurin-binding motifs (PxIxIT and LxVP, x indicates any residue), a nuclear
localization signal (NLS), three serine-proline-rich repeat motifs (SP1-3), and two
serine-rich regions (SRR1&2). The structure of the second LxVP short motif is from the
NFATc1-calcineurin binding complex (384-390 residues, the bound structure of which is
shown in PDB id: 5SVE) (40).

Reproduced with permission from Zhou J, Zhao S, Dunker AK. Intrinsically disordered proteins link alterna-

tive splicing and post-translational modifications to complex cell signaling and regulation. J. Mol. Biol.
2018;430(16):2342-59.
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cell types (43). The sumoylation of NFATSs, which is cell-specific and AS-isoform-
specific, was recently shown to repress the transcriptional activity and regulate its
nuclear retention, providing a new regulatory mechanism for NFAT functions (44).

To summarize the regulatory events underlying the many biological processes
listed above, following an appropriate stimulus, the levels of Ca’" increase inside
the cell, Ca®* binds to calmodulin (CaM), and the Ca**/CaM complex binds to
its target locus on CaN, thus activating CaN’s S-T phosphatase activity. Next (or
concurrently), one of NFAT’s CaN binding motifs latches onto CaN. Because the
phosphates and the binding motifs are colocalized in a common IDR on NFAT, the
flexibility of this IDR allows the CaN to remove one phosphate after another while
NFAT remains bound. When sufficient numbers of phosphates are removed, the NLS
becomes active and NFAT translocates into the nucleus where it binds to DNA and
activates a variety of genes that turn on cell division.

It is noteworthy that the carboxyl terminus of CaN ends in a long IDR that con-
tains both an autoinhibitory domain and a Ca**/CaM binding domain. This long IDR
in CaN thus provides the basis for CaN’s activation at high Ca** and deactivation at
low Ca** (45). Also, CaM contains two Ca*"-binding domains connected by a flex-
ible IDP linker. This flexible linker enables CaM to wrap around its helical target as
it binds (46). Thus, overall, the signaling pathway involving CaM, CaN, and NFAT
uses IDRs throughout to connect phosphorylation/dephosphorylation-based signal-
ing with Ca**-based signaling. These are two of the most widely used signaling sys-
tems in eukaryotic cells.

1.3.3 p21, p27, and p57

Cell cycle regulation results from the inhibition of several different cyclin-dependent
kinases (CDKs) when associated with their specific kinases. The well-studied CDK
inhibitory proteins are p21 (p21“VCEPVSdy 557 (p275Ph) "and p57 (p5757%) (47). By
associating with specific CDK-cyclin complexes, these proteins induce cell cycle
arrest. When the production of these inhibitors is turned off and when the existing
molecules are depleted by protease digestion, cell division resumes. The protease
digestion of these proteins is not simple but instead depends on a highly regulated
multistep process. Evidently, this regulated multistep process brings about the inte-
gration of different signals (70, 13, 47, 48).

Studies based on NMR spectroscopy suggested the structural basis for cell-cycle
regulation by one of these proteins, p21, and its binding to CDK2 (48). That is, °N
labeled p21 distinguished its resonances from those of the CDK2. Fig. 1.4 shows
that, in the absence of CDK2, the "H-">N heteronuclear single quantum correlation
(HSQC) NMR spectrum of p21 is poorly dispersed and exhibits overlapping peaks.
Only slight changes in this spectrum occur when 6 M urea is added, indicating the
largely unstructured nature of free p21. When p21 is mixed with CDK2, the NMR
spectrum becomes significantly dispersed (Fig. 1.4B), suggesting that p21 under-
goes a disorder-to-order transition upon binding to CDK2. Also reported in 1996,
the X-ray crystal structure of p27 bound to CDK2-Cyclin A shows how this rather
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long IDP binds to both the kinase and its associated cyclin by wrapping around the
heterodimeric complex (Fig. 1.4C) (49). Finally, the binding region sequences of
p21, p27, and p57 are aligned, showing their overall sequence similarity (Fig. 1.4D).
Also shown in this panel is the buried surface estimated for p27 when it binds to the
CDK2-Cyclin A complex. These data show that a fairly high sequence similarity
occurs for the residues involved in the binding interface between p27 and the CDK2-
Cyclin A complex, suggesting that p21 and p57 may bind similarly to their respective
CDK-cyclin complexes.

Digestion of the p21, p27, or p57 molecule brings about continuation of the cell
cycle progression. In the case of p27 bound to CDK2-cyclinA, this digestion likely
involves conformational changes of the p27 that increase the accessibility of Y88.
Given the elongated structure of p27 in the CDK2-cyclinA-p27 complex (Fig. 1.4C),
perhaps some localized regions bind more weakly than others, thereby leading to
localized separations of certain p27 sites along the binding interface. During such
a transient exposure, p27’s Y88 is phosphorylated by a nonreceptor tyrosine kinase.
Once Y88 is phosphorylated, it remains constitutively separated from the remainder
of the complex, thus making the CDK2 kinase active site more accessible. This fa-
cilitates the intracomplex phosphorylation of p27’s T187. This second phosphoryla-
tion leads to ubiquitination, which is followed by the protease digestion of p27 by
the proteasome. This multistep “signaling conduit” is speculated to provide a means
to integrate multiple signals so that cell cycle progression proceeds only when the
various signals have been received (/0-/3). While still speculative at this time, the
concept that multistep reversal of the very long interfaces of IDPs can bring about
signal integration bears further investigation.

1.4 Biophysical features of IDPs and IDRs

Proteins are unbranched heteropolymers of 20 amino acids. It is thought that these
natural polypeptides have originated as random copolymers of amino acids and were
just evolutionary adjusted or “edited” (based on the principle of natural selection) to
acquire and refine their various structures and functional properties (5/—54). Because
of their very different physicochemical properties, the proteinaceous amino acid resi-
dues are engaged in different interactions of different natures (hydrophobic, elec-
trostatic, or Van der Waals interactions and hydrogen bonding) with each other and
with the protein’s environment. This chemical diversity delimits the physicochemical
heterogeneity of the resulting amino acid sequences and plays a crucial role in defin-
ing the structural heterogeneity of proteins. In fact, depending on the peculiarities of
their amino acid sequences (or just their amino acid compositions) and environment,
proteins either fold into unique structures or stay disordered to different degrees.
Well before the concept of protein intrinsic disorder took its roots in modern protein
science, it was recognized that information dictating unique structures of foldable
proteins or protein domains is encoded in their amino acid sequences,. Therefore, at
optimal conditions (temperature, solvent composition, pH, etc.), the native structure
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represents a unique, stable, and kinetically accessible minimum of the free energy,
a paradigm known as Anfinsen’s dogma (55). Therefore, the peculiarities of protein
amino acid sequences define their ability to fold or to stay nonfolded (or intrinsi-
cally disordered) in specific environments. In agreement with this hypothesis, several
systematic studies indicated that the absence of a rigid structure in IDPs and IDRs
is encoded in the specific features of their amino acid sequences (56—61) that often
contain numerous uncompensated charged groups (62—64) and possess a low content
of hydrophobic amino acid residues (62, 63).

An importance of the interplay between the amino acid sequence of a structured
protein and its environment is illustrated by Fig. 1.5A, where a step-wise or frame-
work model of protein folding is shown. According to this model, protein folds in
such a way that the results of each step are not reconsidered, but just fastened at sub-
sequent steps (65-67). Here, the polypeptide chain first undergoes local folding to
form the first folding intermediate (premolten globule) that contains some elements
of secondary structure fluctuating around their native positions, which collapses next
to form a second partially folded intermediate (molten globule). This molten globule
is characterized by high compaction degree, has much more stable secondary struc-
ture and the main features of the native tertiary fold, but still does not have a unique
three-dimensional (3D) structure that is formed at the last stage of the folding process

Normal folding of globular proteins
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FIG. 1.5

Folding of a structured protein and halted folding of IDPs. (A) Framework model of a
globular structured protein folding. Here, for a given foldable protein, different partially
folded intermediates can be stabilized by changes in the environment. (B) Halted folding
of IDPs, where the folding process seems to be stopped at different stages, thereby
defining the different depth of disorder in a whole protein molecule. Here, differently
underfolded species are observed at the same physiological conditions, and therefore the
depth of disorder is defined by the peculiarities of an amino acid sequence of a given IDP.
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(65-69). Both of these partially folded intermediates were observed as kinetic spe-
cies that are transiently populated during the protein folding process. Furthermore,
for several globular proteins, equilibrium premolten globule and molten globule in-
termediates were described at specific conditions (such as moderate concentrations
of strong denaturing agents or extreme pH values). Therefore, for structured proteins,
the existence of such partially folded intermediates under the equilibrium conditions
is determined by the peculiarities of the protein environment that differently affect
different conformational forces (that is, noncovalent interactions, such as hydrogen
bonds, hydrophobic forces, electrostatic interactions, and van der Waals interactions,
stabilizing the unique 3D structure of a globular protein). In fact, because confor-
mational forces have different physicochemical natures, they differently respond to
changes in the protein environment where some of the forces are either weakened or
even completely eliminated under particular conditions, whereas other conforma-
tional forces remain unchanged or are even intensified under the same conditions.
This gives rise to the formation of various partially folded conformations.

In contrast, IDPs can be disordered to different degrees (Fig. 1.5B). By the anal-
ogy to the partially folded intermediates of foldable proteins, IDPs can be classified
as native coils, native premolten globules, and native molten globules, indicating that
for these proteins, the folding process can be halted at different stages. Generally
speaking, the structure of an IDP can be described as an ensemble of rapidly inter-
changing conformations, with some IDPs being more expanded (native coils and
native premolten globules) and other IDPs being somewhat more compact (native
molten globule) (70). Because all these differently disordered conformations are
present at the same (physiological) conditions, the different levels of disorder in
these proteins are defined by the peculiarities of their amino acid sequences. One
should keep in mind also that the aforementioned considerations are applicable not
only to a whole protein or a protein domain, but also to different protein regions of
various length. In other words, in contrast to the foldable single-domain proteins pos-
sessing a rather homogeneous distribution of the structure-coding potential within
their sequences, IDPs and IDRs are characterized by the extremely high levels of
sequence heterogeneity. This is because these sequences contain elements coding
for potentially foldable, partially foldable, differently foldable, or not foldable at all
protein segments that play different functional roles (70, 71). For instance, some of
the IDRs can bind to multiple partners gaining very different structures in the bound
state (72), and some undergo an order-to-disorder transition to make the protein ac-
tive (70, 73). Therefore, IDPs and IDRs can be described as a modular assembly of
foldons, inducible foldons, semifoldons, nonfoldons, and unfoldons, and this mosaic
organization of these proteins defines their extreme spatiotemporal heterogeneity re-
lated to their multifunctionality.

Another important biophysical feature of extended IDPs and IDRs (native coils
and native premolten globules) is their specific “turned-out” response to changes in
their environment, where they gain structure under conditions resulting in denatur-
ation or even unfolding of ordered proteins (70). For example, such extended IDPs
can partially fold at elevated temperatures (74—79) due to the increased strength of
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the hydrophobic interaction at higher temperatures (74). Similarly, extended IDPs
and IDRs gain more structure at extremely acidic and/or alkaline conditions (74, 75,
80-83), being typically converted from a highly disordered coil-like conformation to
a partially folded premolten globule-like conformation (75, 80), due to the decrease
in the charge-charge intramolecular repulsion that permits hydrophobic-driven col-
lapse and formation of the partially folded conformations (74). It is also important
to note here that not only the full-length IDPs but also IDRs of different lengths can
also possess such a “turned-out” response to changes in the protein’s environment.

Finally, the lack of fixed structure in IDPs and IDRs possessing a wide spectrum
of biological functions breaks a more than a century-old structure-function paradigm
represented by the famous lock-and-key model. In this model, the specific function
of a given protein is determined by its unique 3D structure, where protein and sub-
strate have to fit to each other like a lock and key in order to exert a chemical effect on
each other (84). In fact, the inclusion of intrinsic disorder resulted in the conversion
of the “one sequence-one structure-one function” model into a more realistic protein
structure-function continuum representation of the correlation between protein struc-
ture and function, where a given protein exists as a dynamic conformational ensem-
ble characterized by the diverse structural features and miscellaneous functions (85).
This structure-function continuum model also explains the important observation
that the complexity of biological systems is mostly determined by their proteome
sizes and not by the dimensions of their genomes (86). In fact, the number of func-
tionally different proteins found in eukaryotic organisms dramatically exceeds the
number of genes. For instance, although the number of protein-coding genes in a hu-
man cell is approaching 20,700 (87), the number of functionally different proteins is
in a range of a few million. The functional diversification of proteinaceous products
of a gene is achieved by single or multiple point mutations, indels, SNPs, alternative
splicing, mRNA editing and other pretranslational mechanisms affecting mRNA as
well as by a wide spectrum of various posttranslational modifications (PTMs) of a
polypeptide chain.

All these mechanisms are responsible for the creation of a set of distinct protein mol-
ecules from a single gene, giving rise to the proteoform concept (88). Recently, it was
proposed that in addition to the aforementioned means that increase the chemical vari-
ability of a polypeptide chain, the protein structural diversity can be further increased
by some other mechanisms, such as intrinsic disorder and function (85). Because many
PTM sites are known to be preferentially found within the IDRs (89, 90), because
mRNA regions affected by alternative splicing predominantly encode IDRs (71), be-
cause IDPs and IDRs are known to be highly promiscuous binders (70, 57, 60, 61, 70,
91-106), and because IDPs and IDRs are characterized by the exceptional spatiotem-
poral heterogeneity (see above), these proteins and protein regions represent a very
rich source of proteoforms. Overall, proteoforms are classified as: 1) conformational
or basic proteoforms generated due to the presence of intrinsic disorder in a protein;
2) functioning proteoforms generated by various perturbations induced in the confor-
mational ensemble of an IDP/IDR by interaction with specific partners or any other
function-related mechanisms; and 3) inducible or modified proteoforms generated by
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allelic variations (that is, single- or multiple-point mutations, indels, SNPs), alternative
splicing, and RNA editing of mRNA and numerous PTMs. All this defines the “pro-
tein structure-function continuum’ concept, where a given protein exists as a dynamic
conformational ensemble containing multiple proteoform types characterized by the
diverse structural features and miscellaneous functions (85).

1.5 Sequence features of IDPs and IDRs

The functional and biophysical properties of IDPs and IDRs are reflected in their
sequences. The composition of IDRs is quite distinct from that of structured proteins.
In addition, IDRs show patterns in sequence complexity and conservation that reflect
the extremes of their molecular functions.

1.5.1 Compositional bias of IDPs

The inadequacy of IDRs to autonomously fold into a stable conformation is rooted in
their amino acid composition. IDRs are characterized by a high net charge (62—64) and
low hydrophobicity (62, 63), relative to structured proteins. The relative compositional
bias of IDRs, compared to the structured proteins (Fig. 1.6) demonstrates this bias. In
general, IDRs are strongly depleted in aromatic residues, which often play key roles
in the stabilization of protein structure (//0), large hydrophobic residues, and valine.
IDRs are enriched in charged and hydrophilic residues. Glutamine and arginine are
exceptions in this particular dataset, but they have also been found to be marginally
biased toward IDRs in other datasets (///); this depends on the details of the datasets.
Arginine plays a nuanced role in IDRs. As a charged residue, it is often associated
with IDRs because net charge is a strong determinant disorder (67). It is also known to
play a functional role in the interaction of some IDRs with RNA (772). Conversely, it
is known to stabilize protein structures through ready formation of salt bridges (/13).

The amino acids cysteine and proline play unique roles in protein structure, which
is reflected in the extreme bias observed for these amino acids in IDPs. Under oxidiz-
ing conditions, cysteine forms covalent cross-links that stabilize protein structure.
Additionally, cysteine may coordinate prosthetic groups, such as iron-sulfur centers,
which also stabilize protein structure in addition to their functional aspects (/74).
Under reducing conditions, cysteine cross-links are broken and stabilizing effects are
lost, in many cases resulting in an inactive disordered form of these proteins (/15).
This phenomenon has led to the idea of considering the redox environment when
evaluating protein sequences for intrinsic disorder (/176).

In contrast to cysteine, proline tends to disrupt protein structure, and a relatively
high proline composition is a common feature of IDRs. Proline restricts the confor-
mation of protein backbone angles due to the pyrrolidine side chain, which prevents
free rotation around the backbone C,-N bond. Also, proline lacks a backbone am-
ide hydrogen bond donor, which is required for stable secondary structure forma-
tion. These restrictions prevent proline residues from participating in the interiors
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Compositional bias of IDRs relative to structured proteins. Amino acids are grouped by
their predominant property: aromatic, large hydrophobic, small hydrophobic, hydrophilic,
and charged residues. Proline and cysteine are shown separately. IDRs are represented
by all sequence unique IDRs from the DisProt database v7.5 (107). Structured proteins
are represented by structured domain sequences from the SCOP2 database (108). The
relative composition of each amino acid is calculated as its composition in IDRs minus

its composition in ordered domains, divided by its composition in ordered domains, that
is, positive values correspond to the enrichment in IDRs. Error bars indicate the 95%
confidence interval derived from 10,000 bootstrap iterations (109). All relative differences
are significant (at an experimental error rate of 0.05), except for Asparagine (N), indicated
with an asterisk.

of helices and sheets. Disruption of structure is the basis of proline’s promotion of
disorder in IDRs (//7). Somewhat paradoxically, poly-proline can form stable or
pseudostable structures in the form of poly-proline II helices (//8). These structure
share similar CD signatures with IDRs, leading to the suggestion that poly-proline II
may be more common than is appreciated (//8).

Functional features of IDPs are also reflected by their composition. For instance,
many transcription factors are known to be, or are likely to be, intrinsically disordered
(35). These proteins are often characterized by a high positive charge, which is advanta-
geous when binding to negatively charged DNA. Functional regions of IDRs also often
contradict the general compositional trends. For instance, the presence of aromatic resi-
dues within IDRs is often indicative of molecular recognition regions, and is a feature
of IDR binding regions that may indicate interactions amenable to intervention (//9).

1.5.2 Sequence complexity and conservation

The diversity of amino acid types in a protein sequence is often related to the propen-
sity for structured conformations. A common method to measure amino acid variety in
a sequence is Shannon’s entropy, also referred to as sequence complexity, where higher
entropy values indicate a richer use of different amino acid types and lower entropy
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values indicate use of fewer amino acid types. In general, globular proteins have a
high sequence complexity, which is likely due to the requirement of forming a unique,
stable structure (//7). On the other hand, fibrous proteins and coiled coils tend to have
a lower sequence complexity due to their periodic sequences (//1/). IDRs span a wide
range of sequence complexity, from sequences as complex as the sequence of globular
proteins down to sequences with as little complexity as fibrous proteins (/717).

Similar to sequence complexity, IDRs span the range from highly variable to
highly conserved sequences. Many IDRs are highly variable (/20) and susceptible to
insertions and deletions across species (/21/). Lack of conservation is likely related to
reduced constraints for many IDR sequences, relative to structured proteins. That is
because the structured proteins contain many intramolecular contacts and conserva-
tion of protein structure constrains the evolution of these sequences. However, the
lack of conservation of a particular sequence does imply that there are no evolution-
ary constraints on intrinsically disordered proteins. Compositional constraints have
been observed in several systems.

Conservation of IDR composition has been observed for several proteins where
this conservation is vital for IDR function. For example, in histone H1, DNA binding
and organizing activity has been found to rely only on protein composition rather
than sequence; scrambling the sequence of this region has no impact on its DNA
binding and organizing functions (/22). Similarly, the ubiquitin ligase protein sanl
functions by binding misfolded proteins in a nonspecific manner. Sanl homologs
across closely related species show very little, if any, sequence conservation, but
share a similar pattern of hydrophilic and hydrophobic regions, which are sufficient
for conservation of function (/23).

However, the lack of conventional sequence conservation is not a defining fea-
ture of IDRs; many IDRs are as or more conserved than structured domains within
the same protein (/20). Such conserved IDRs likely bind to partners with an ac-
companying disorder-to-order transition, where conservation arises from the need
to recognize a partner specifically and form a specific structure in the complex. This
relationship has been shown to hold for short linear motifs (/24). These short motif
regions bind to specific partners and fold into specific structures, where these motifs
are located within longer IDRs. Motif regions show greater sequence conservation
than the surrounding IDR in general (/24). This phenomenon has also been observed
in nonmotif binding regions. For example in the tumor suppressor p53, the N- and
C-terminal intrinsically disordered tails show little sequence conservation except in
the short binding regions located in the tails, where conservation is comparable to or
greater than conservation of the DNA binding domain in this protein (//9).

1.6 Prediction of IDPs and IDRs

The presence of sequence biases that make the IDPs and IDRs distinct from the
sequences of structured proteins and regions has motivated the development of com-
putational models for the prediction of IDRs in protein sequences. These models
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provide a score for each amino acid in the input protein sequence in the form of a
real-value propensity for disordered conformation and/or a binary category (disor-
dered versus ordered). The four-decade history of the field of computational disorder
prediction is divided into three distinct periods that resulted in the development of the
first-, second-, and third-generation methods (725, 126).

The first-generation methods were developed between 1979 and 2001. Only sev-
eral methods were released during that time, given a limited amount of IDP/IDR data
that were available to develop and test these tools. The first computational approach
that was published in 1979 was designed to predict random coil conformations (/27).
However, it was later shown to suffer from a relatively poor predictive performance
(125). Two notable first-generation predictors were released by Romero, Obradovic,
and Dunker in 1997 (/28) and by Uversky and Fink in 2000 (67).

The second-generation methods were made between 2002 and 2006. The defin-
ing characteristics of this period are a substantial increase in the number of the de-
veloped methods, the use of relatively simple predictive models, and the adoption of
evolutionary profiles as inputs. The profiles are represented by the position specific
score matrix (PSSM) that is typically generated using the PSI-BLAST algorithm
(129, 130) from the input protein sequence. The acceleration of the development
efforts coincided with the inclusion of the disorder prediction in the biannual CASP
(Critical Assessment of protein Structure Prediction) experiments in 2002 (/31).
The disorder predictions were assessed from CASPS5 in 2002 until CASP10 in 2012
(131-136). The second-generation tools predict IDRs based on two categories of
models: 1) models produced with the help of machine-learning algorithms, with sev-
eral popular examples that include PONDR predictors (//1, 137-141), DisEMBL
(142), DISOPRED (/43), RONN (/44), DISpro (145), and NORSp (/46); and 2)
ab-initio models that apply fundamental biophysical principles to make predictions
directly from amino acid sequences, with examples being GlobPlot (/47) and [UPred
(148, 149).

The third-generation methods were published after 2006. The essential features
of these methods are the use of a sophisticated machine-learning model and the
utilization of meta-predictor designs. Representative methods that take advantage
of the complex machine-learning models include OnD-CREF, (/50), which uses the
conditional random fields model; DNDisorder (/5/7), which applies a deep network
and boosting; DISOPRED3 (/52), which combines three models: a support vector
machine, a neural network, and the nearest neighbor; and SPOT-Disorder, which
utilizes a deep recurrent neural network (/53). The meta-predictors combine out-
puts produced by several predictors, either via a majority vote consensus or a sepa-
rate predictive model. Their underlying goal is to improve predictive performance
when compared to the results produced by the input predictors. Examples of meta-
predictors are MD (154), CSpritz (155), MetaDisorder (156), disCoP (157), MFDp
(158), metaPrDOS (159), DisMeta (160), CSpritz (155), MFDp2 (161, 162), and
MobiDB-lite (/63). Additionally, a couple of methods rely on structural modeling to
identify IDRs, such as PrDOS, which uses structural templates (/64), and DISOclust
(165, 166), which generates and processes multiple structural models.
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Several dozens of disorder predictors have been developed so far. A fairly com-
plete list of these methods can be compiled from several relevant surveys (2, 125,
126, 167-172). Some of these tools are listed at the wiki page at https://en.wikipedia.
org/wiki/List_of_disorder_prediction_software. Table 1.2 provides details for 10
popular disorder predictors that can be accessed and used online. Annual citations
for these methods range between 16 and 115, attesting to the fact that they are fre-
quently used.

These dozens of methods predict IDRs by relying on different datasets, different
information computed from the input protein sequence, various predictive architec-
tures, and a variety of model types. Correspondingly, their predictive performance
also varies. One of the most popular measures of predictive quality is the area under
the ROC curve (AUC). The AUC ranges between 0.5 (equivalent to random predic-
tions) and 1 (always correct predictions). The AUC values for 30 methods that we
published since 2004 are summarized in Fig. 1.7; we could not find AUC values for
the earlier methods. These results were reported by the authors or listed in a com-
parative review in (/67) for the methods for which the authors did not provide AUCs.
These measurements were done using a range of datasets that have different levels of
difficulty and that use different ways to define and annotate disorder, and thus they
should not be directly compared between predictors. However, this analysis reveals
an interesting long-term trend of gradually improving over time the predictive per-
formance of the published tools. This is evidenced by the dotted line that correspond
to a polynomial fit into the AUC values. The average AUC of the predictors published
between 2004 and 2008 is 0.79. It went up to 0.85 over the following 5 years and
it again trended up to 0.87 in the last 5 years. The newest methods, such as SPOT-
Disorder-Single (/76), SPOT-Disorder (/53), AUCpreD (177), and DeepCNF-D
(178), have reported AUCs > 0.88. This is in agreement with the best results reported
in CASP10 where the AUC of the most accurate method has reached 0.91 (/35). This
analysis suggests that the current methods offer very accurate predictions.

There are three databases that offer access to precomputed disorder predictions
for large collections of proteins, as an alternative to making predictions with individ-
ual methods. They provide instantaneous access to predictions of several methods,
without the need to run the predictions (which for some methods and longer protein
sequences may take between several minutes and an hour) or traverse the Internet to
find these predictors. However, they are limited to a certain set of proteins, outside of
which the users will have to resort to using the predictors. These databases include
the DICHOT database (/79) that provides predictions from DISOPRED?2 (/8) and
CLADIST (1/80); the MobiDB database (/8/-183) that includes results generated
with Espritz (174), IUPred (148), DisEMBL (142), GlobPlot (/47), PONDR-VSL2b
(140) and RONN (744); and the D*P? resource (/84) that provides access to outputs
from Espritz (174), IUPred (148), PV2 (185), PrDOS (164), PONDR-VSL2b (140),
and PONDR-VLXT (/11).

As discussed through this chapter, IDPs and proteins with IDRs are crucial for a
wide range of cellular functions (7, 19, 36, 91, 186—199). Correspondingly, recent
years have seen a major shift in the development of computational tools, many of
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Table 1.2 Popular disorder predictors

Name

disCoP
DisEMBL
DISOPRED3
ESpritz
IUPred2
MFDp
PONDR

PrDOS
SPINE-D
SPOT-Disorder

References

(157)

(142)

(143, 152, 173)
(174)

(116, 148, 149)
(158, 162)
(137-141)

(164)
(175)
(153)

Number of
citations

87
1103
604
186
1502
127
426

387
110
32

Annual number of
citations

21.7
73.5
431
31.0
1156.5
15.9
32.8

356.2
18.3
32

URL

http://biomine.cs.vcu.edu/servers/disCoP/
http://dis.embl.de/
http://bioinf.cs.ucl.ac.uk/psipred/?disopred=1
http://protein.bio.unipd.it/espritz/
https://iupred2a.elte.hu/
http://biomine.cs.vcu.edu/servers/MFDp

http://www.pondr.com/
http://www.dabi.temple.edu/disprot/predictor.php

http://prdos.hgc.jp/
http://sparks-lab.org/SPINE-D/
http://sparks-lab.org/server/SPOT-disorder/

Methods are listed in alphabetical order. Citation counts were collected from Google Scholar on Nov. 7, 2018, based on the most-cited publication for each tool,

that is, one article was used for tools that were published multiple times to avoid duplicate citations. The annual number of citations is computed by dividing the
number of citations by the number of years since the corresponding article was published.
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Relation between predictive performance and the year of publication for 30 disorder
predictors that were published since 2004. These methods include SPOT-Disorder-

Single, IUpred2, SPOT-Disorder, AUCpreD, Disoclust?2, DISOPRED3, DeepCNF-D, disCoP,
DNDisorder, MFDp2, ESpritz, MetaDisorder, SPINE-D, CSpritz, IsUnstruct, MFDp, PONDR-
FIT, MD, PreDisorder, Disoclust, metaPrDOS, OnD-CRF, NORSnet, Ucon, PrDOS, PONDR-
VSL2B, DISpro, IUPred, RONN, and DISOPRED2.

which now target the prediction of specific functions of IDRs. These methods ad-
dress mostly interaction-related functions that include protein-protein, protein-DNA,
and protein-RNA binding. The largest group of predictors is dedicated to the predic-
tion of protein-binding IDRs. They include alpha-MoRFpred (200, 201), ANCHOR
(202, 203), retro-MoRF (204), SLiMpred (205), MoRFpred (206, 207), PepBindPred
(208), MFSPSSMpred (209), MoRFChiBi (2/0), fMoRFpred (271), disoRDPbind
(212,213), DISOPRED3 (/52), MoRFChiBiWeb (2/4),and ANCHOR?2 (/16). Only
one method, disoRDPbind (2/2), is available to predict the DNA- and RNA-binding
IDRs. The two newest tools target the prediction of multifunctional IDRs (DMRpred
(215)) and disordered linkers (DFLpred (276)). This variety of recently developed
tools empowers the community to not only accurately identify IDRs in protein se-
quences, but also to hypothesize about the functional roles of these regions.

1.7 Summary

IDPs and IDRs form ensembles of rapidly interchanging conformations and are dis-
ordered to different degrees, including native coils, native premolten globules, and
native molten globules. They are abundant in nature as well as functionally important
and distinct from their structured counterparts. Intrinsic disorder is indispensable
for complex signaling and regulatory processes, which often depend on molecular
interactions that involve proteins and nucleic acids. IDPs and IDRs are characterized
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by unique biophysical properties and several sequence biases when compared to the
structured proteins. These sequence-level biases motivated the development of com-
putational methods that accurately predict IDRs and a selected set of functional types
of IDRs from the protein sequence. While a lot has been learned about IDPs and
IDRs in the last several decades, there are many outstanding mysteries surrounding
this fascinating type of protein.
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