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Abstract

The ideas that proteins might possess specific functions without being uniquely folded into rigid
3D-structures and that these floppy polypeptides might constitute a noticeable part of any given
proteome would have been considered as a preposterous fiction 15 or even 10 years ago. The
situation has changed recently, and the existence of functional yet intrinsically disordered proteins
and regions has become accepted by a significant number of protein scientists. These fuzzy objects
with fuzzy structures and fuzzy functions are among the most interesting and attractive targets for
modern protein research. This review summarizes some of the major discoveries and
breakthroughs in the field of intrinsic disorder by representing related concepts and definitions.

Key words: Intrinsically disordered proteins; protein-protein interaction; protein structure; protein
function; protein non-folding

Abbreviations: AA, amino acid; BRCA1, breast cancer 1; CDK, cyclin-dependent kinase; CPD
Cdc4 phosphodegron; ELM, eukaryotic linear motif; IDP, intrinsically disordered protein; IDR,
intrinsically disordered region; LM, linear motif; MBP, Myelin basic protein; MeCP2, methyl-
CpG binding protein 2; MoRF, molecular recognition feature; Nup, nucleoporin; PCS, primary
contact site; PONDR, predictor of natural disordered regions; PTM, posttranslational
modification; SLiM, short linear motif; XPA, Xeroderma pigmentosum group A-complementing
protein;



1. Rise of intrinsically disordered proteins: Another Cinderella story

Despite the widely-accepted protein structure-function paradigm, which dominated scientific
minds for more than 100 years, intrinsically flexible but biologically active proteins have been
repeatedly observed during the modern history of protein science. However, for a long time,
information about such proteins was very sparse, and the idea that these non-rigid proteins are not
mere rare and obscure exceptions but instead might constitute an important and novel structure-
function class failed to hold. As a result the concept of biological function originating from
conformationally flexible proteins was re-discovered many times. This repeated re-discovery gave
rise to a multitude of terms introduced to describe these “non-traditional” proteins. A short list of
names used by different authors over the years includes: pliable [1], floppy [2], rheomorphic [3],
flexible [4], mobile [5], partially folded [6], natively denatured [7], natively unfolded [8, 9],
natively disordered [10], intrinsically unstructured [11, 12], intrinsically denatured, [7]
intrinsically unfolded [8], intrinsically disordered [13], vulnerable [14], chameleon [15], malleable
[16], 4D [17], and dancing proteins [18], as well as protein clouds [19, 20] and even 32 proteins
[15]. The situation changed at the turn of the century, when, based on the exhaustive analysis of
available then literature data, the important hypothesis was formulated that naturally flexible
proteins, instead of being just rare exceptions, represent a unique and very broad class of proteins
[9, 11-13]. Although these proteins are still described by different names, over the recent years the
terms “intrinsically disordered protein” (IDP) is becoming more widely used than other terms. The
accepted meaning of the “intrinsic disorder” is based on notion that a corresponding protein (or
protein region) is biologically active, yet exists as collapsed or extended, dynamically mobile
conformational ensemble, either at the level of secondary or tertiary structure [9-13, 21, 22].

Currently, IDP-related research is one of the mostly dynamic and popular fields in modern protein
science. In essence, the development of this field represents another Cinderella story, where hard
working housekeeping girl (IDPs) was originally neglected, but suddenly became a star, when her
little glass slipper (natural abundance and biological importance) was found.

2. Intrinsically disordered proteins from A to Z
2.1. A: Amino acid sequence determinants of intrinsic disorder

Alphabet starts with A. Protein starts with amino acid sequence. Therefore, the description of some
of the IDP sequence peculiarities (determinants of intrinsic disorder), which are at the root of
difference between “normal” (ordered) and “abnormal” (intrinsically disordered) proteins, seems
to be a very logical start of this review.

The ability of a protein to fold or not to fold under the physiologic conditions is encoded in its
amino acid sequence [9, 13, 21-24]. Based on the analysis of 275 natively folded and 91 natively
unfolded proteins (i.e., native coils and native pre-molten globules, which are highly disordered
proteins possessing little or no tertiary and secondary structure under physiologic conditions) it



has been concluded that the combination of low mean hydrophobicity (leading to low driving force
for protein compaction) and high net charge (leading to strong electrostatic repulsion) represents
an important prerequisite for the absence of compact structure in a protein [9]. Figure 1 represents
the resulting dependence of the absolute mean charge on the mean normalized hydrophobicity for
these two protein sets and shows that the extended IDPs (native coils or native pre-molten
globules) occupy unique region of the charge-hydropathy phase space and that they are reliably
separated from the compact globular proteins by a simple linear boundary.

More detailed analysis revealed that in comparison with “normal” ordered proteins, IDPs were
significantly depleted in so-called order-promoting amino acids such as lle, Leu, Val, Trp, Tyr,
Phe, Cys, and Asn, being substantially enriched in disorder-promoting amino acids, Ala, Arg, Gly,
GIn, Ser, Glu, Lys, and Pro [13, 25-28]. Furthermore, several other attributes of disordered
segments stood along, and ten of these attributes, such as 14 A contact number, hydropathy,
flexibility, [-sheet propensity, coordination number, Arg+Glu+Ser+Pro, bulkiness,
Cys+Phe+Tyr+Trp, volume, and net charge, provided rather reliable discrimination between
ordered and disordered proteins [13]. Since disordered regions shared at least some common
sequence features over many proteins [21, 29], these features made them recognizable and were
used to develop specific predictors of intrinsic disorder. Development of such predictors provided
a direct support for the hypothesis that intrinsic disorder is encoded in protein amino acid
sequences. Currently, design of algorithms for finding regions lacking ordered structure is a very
active area of research, and more than 50 predictors of disorder have been developed [30].

2.2. B: Binding promiscuity

Many IDPs are known to be promiscuous, being involved in numerous interactions with multiple
partners. They frequently serve as the popular nodes, or hubs, in protein interaction networks [31-
38]. Hubs are central to the normal function and stability of the protein-protein interaction network
in any organism, and the deletion of a hub has been shown to be lethal to the organism [39].
Therefore, many important IDPs involved in the pathogenesis of human diseases are hubs.
Illustrative examples of disordered hubs with tens and even hundreds of binding partners are p53,
a-synuclein, BRCA1, XPA, p21, p27, estrogen receptor, etc. (see below, Section 2.4, for more
detail). The analysis of the potential roles of intrinsic disorder in protein network architecture
revealed that (i) intrinsic disordered regions (IDRs) can serve as the structural basis for hub protein
promiscuity promoting the ability of one IDP-hub to interact with many binding partners; (ii)
multiple IDPs can bind to same structured hub proteins, and (iii) IDRs can serve as flexible linkers
between functional domains with the linkers enabling mechanisms that facilitate binding diversity
and promiscuity [31, 32]. Therefore, in disordered hub proteins, IDRs may be present in one of at
least two forms [40], flexible linker that connects two ordered domains allowing their unrestricted
movement with respect to each other, and direct binding site that often undergoes disorder-to-order
transition at binding (see Sections 2.9 and 2.13 for more details). However, binding of IDPs to



their partners is not always associated with folding and one of the proposed binding modes includes
highly dynamic complexes [41-50] (see Section 2.3. for more detail).

2.3. C: Charge rules

Charged residues are obviously important for defining structure and function of IDPs (see Figure
1). Section 2.1 mentioned that one of the most striking features of highly disordered proteins
(native coils or native pre-molten globules) is their high content of charged residues [9]. This high
net charge is crucial for extended conformation to occur [51], since sequences that are rich in
uncharged, polar amino acids and devoid of canonical hydrophobic residues are repeatedly shown
to form heterogeneous ensembles of collapsed structures in aqueous solutions [52-58]. Based on
the analysis of a set of highly charged polypeptides, it has been concluded that charge content can
modulate the intrinsic preference of polypeptide backbones for collapsed structures [51].
Furthermore, the extensive simulation of coarse-grained polypeptides over a wide range of
sequence hydrophobicities, charges, and lengths revealed that stability of a natively unfolded
protein can be described as a coil-to-globule transition in a charge/hydropathy sequence
composition space [59]. In agreement with these conclusions, the recent structural analysis
revealed that, depending on the content of charged residues, nucleoporins (Nups) containing large
intrinsically disordered domains with multiple Phe-Gly repeats (FG domains) adopt distinct
categories of intrinsically disordered structures. Here, Nups with low charge contents possessed
globular configurations, whereas highly charged Nups adopted more dynamic, extended coil
conformations [60]. Figure 2A illustrates these observations and shows that the FG domains can
indeed be segregated into two distinct categories based on their amino acid (AA) compositions
and their measured Stokes radii [60].

In addition to being decisive for the collapsed/extended status of an IDP, charged residues are
crucial for IDP function. This statement is illustrated by two examples below. The intrinsically
disordered cyclin-dependent kinase (CDK) inhibitor Sicl contains 9 suboptimal phosphorylated
binding sites, known as Cdc4 phosphodegrons (CPDs), that are able to interacts with a single site
on its receptor, the F-box protein Cdc4 [43, 45]. High-affinity binding of Sicl to Cdc4 requires at
least six Sicl sites to be phosphorylated [41]. This binding is mediated via the formation of a
highly dynamic complex where multiple CPDs of pSicl rapidly exchange on and off of the Cdc4-
binding surface, with each individual CPD interacting transiently with the core binding pocket of
Cdc4 [43, 45]. Such interaction mode enables exchange among different sites and insures high
affinity polyvalent interaction, since CPDs not directly bound in the core binding site at any given
moment still can contribute to the binding energy via a second binding site or via long-range
electrostatic interactions [45]. Based on the analysis of a mean-field statistical mechanical model
for the electrostatic interactions between a single receptor site and a conformationally disordered
polyvalent ligand, where phosphorylation sites were considered as negative contributions to the
total charge of the ligand, it has been concluded that ultrasensitivity in the Sic1-Cdc4 system may
be driven by cumulative electrostatic interactions, and that polyelectrostatic interactions, in



general, may provide a powerful mechanism for modulation of protein interactions by multiple
phosphorylation sites in disordered protein regions [43]. Figure 2B represents an oversimplified
model of such highly dynamic polyelectrostatic interaction

Another illustrative example of the role of charged residues in functionality of IDPs is DNA search
by DNA-binding proteins via the intersegment transfer of DNA-binding proteins between different
DNA regions. This interaction mode represents the so-called brachiation mechanisms, where “the
protein jumps between two DNA molecules through an intermediate in which the recognition helix
of the protein is adsorbed to one DNA fragment while the disordered N-tail is adsorbed to the
other, using a motion that resembles that of a child brachiating along monkey-bars” [61]. Based
on the exhaustive computational analysis it was shown that highly positively charged tails of DNA-
binding proteins have higher numbers of intersegment transfers, and the brachiation efficiency is
further increased when the charges were clustered and concentrated in the middle of the tail or
closer to its N terminus [62]. Furthermore, the protein-DNA interactions can be further modulated
by strategic positioning of a few negatively charged residues within the intrinsically disordered
DNA-binding tails [62].

2.4, D: D? concept (disorder in diseases)

Due to their important biological functions (see Section 2.6.) and central positions in protein
interaction networks (see Section 2.2), many IDPs are implicated in various human disease [63,
64]. This conclusion is based on analysis of the pathological roles of several individual IDPs and
extensive computational/bioinformatics studies addressing the abundance of IDPs in various
pathological conditions. By the assembly of specific datasets of proteins associated with a given
disease and the subsequent computational analysis of these datasets using a number of disorder
predictors, the prevalence of intrinsic disorder was shown in proteins associated with cancer,
cardiovascular disease, neurodegenerative diseases, amyloidoses, and several other maladies as
well as in proteins from pathogenic microbes and viruses [63, 65-73]. An analysis of the
diseasome, a network that systematically links the human disease phenome with the human disease
genome, uncovered an unfoldome (see Section 2.21) associated with human genetic diseases
and revealed that intrinsic disorder is common in proteins associated with many human genetic
diseases [74]. 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 showed that many diseases show strong correlations with proteins
predicted to be disordered [75-77]. Based on these and many other observations it has been
concluded that intrinsic disorder is highly abundant among proteins associated with various human
diseases likely due to the importance of signaling to wide range of diseases. All this gave rise to
the “disorder in disorders” or D? concept, according to which protein intrinsic disorder is a
common player in various human disorders [63]. Some of the most recent examples illustrating
the D? concept include a large set of oncogenic chimeric proteins [78], such as the EWS-FLI1
fusion protein in Ewing's sarcoma [79]; a highly abundant chromatin architectural protein, methyl-



CpG binding protein 2 (MeCP2), mutations in which are associated with developmental
abnormalities, such as Rett syndrome [80, 81]; myelin basic protein (MBP), dysregulations of
which are associated with the human autoimmune demyelinating disease multiple sclerosis [82],
tau protein whose misfolding and aggregation are related to Alzheimer’s disease and other
taupathies [83], a highly conserved tissue-specific transcriptional regulator, Limb-bud and heart
(LBH) protein, aberrant gain-of-function of which is associated with partial trisomy 2p syndrome
[84], and many others.

2.5. E: Ensembles of structures (protein clouds)

IDPs and intrinsically disordered regions (IDRs) exist as dynamic ensembles, resembling “protein
clouds” [19], in which the atom positions and backbone Ramachandran angles vary significantly
over time with no specific equilibrium values. Typically, these positions and angles undergo non-
cooperative conformational changes. Although these protein clouds are highly dynamic, often their
structures can be described rather well by a fairly limited number of lower-energy conformations
[85, 86]. As aresult, both extended regions (random coil-like) as well as partially collapsed regions
with residual secondary structure (pre-molten globule-like), domains with noticeable secondary
structure and compaction (partially folded or molten globule-like), and domains with poorly
packed side chains are included in the current view of intrinsic disorder [9, 22-24, 87].

2.6. F: Functional anthology of IDPs

Even rather superficial analysis of the first set of 91 “natively unfolded” proteins revealed that
functionally they were very different from ordered proteins. In fact, this set almost did not contain
enzymes and many IDPs were involved in nucleic acid binding, metal ion binding, heme binding
and interaction with other proteins and membrane bilayers [9]. Later, a focused study identified
more than 150 proteins either as containing functional disordered regions, or being completely
disordered, yet performing vital cellular functions [87-89]. Based their mode of action, IDPs were
grouped into six broad functional classes [assemblers, chaperones, display sites, effectors, entropic
chains, and scavengers [12, 90, 91]], and twenty-eight separate functions were assigned for them,
including molecular recognition via binding to other proteins, or to nucleic acids [88, 89].

The normal physiology and function of any organism are based on a set of highly coordinated
protein interactions. This coordinated action is controlled by the recognition of unique
identification regions, which are frequently located inside the IDRs [31, 32]. Therefore, many IDPs
are commonly involved in regulation, recognition, signaling and control pathways where high-
specificity/low-affinity interactions with multiple partners are necessary prerequisites. The
functional diversity provided by disordered regions complements those of ordered protein regions
[22, 75-77]. This is illustrated by Figure 3, which represents the extended sequence-to-structure-
to-function scheme that includes functions of ordered and disordered proteins [22].



It is important to remember, however, that although biological actions of IDPs frequently involve
functional disorder-to-order transitions, some important activities ascribed to IDPs depend on the
flexibility, pliability and plasticity of the backbone and do not directly involve coupled binding
and folding. These are so-called “entropic chain activities”, since they rely entirely on the constant
motion of an extended random-coil-like polypeptides [13] (see Figure 3).

2.7. G: Grabbers, huggers, pullers, “binding staccato ”, and other interaction modes

Due to their lack of rigid structure, combined with the high level of intrinsic dynamics and almost
unrestricted flexibility at various structure levels in the non-bound state, as well as due to the
unique capability to adjust to structure of the binding partner, intrinsically disordered proteins are
characterized by a very diverse range of binding modes, creating a multitude of unusual complexes,
many of which are not attainable by ordered proteins [20]. Some of these complexes are relatively
static, resemble complexes of ordered proteins, and, therefore are suitable for the structure
determination by X-ray crystallography. Among these static complexes are: molecular recognition
features (MoRFs), wrappers, chameleons, penetrators, huggers, intertwined strings, long
cylindrical containers, connectors, armature, tweezers and forceps, grabbers, tentacles, pullers, and
stackers or B-arcs [20]. In addition to the static complexes, where bound partners have fixed
structures, some intrinsically disordered proteins do not fold even in their bound state, forming so-
called disordered, dynamic, or fuzzy complexes with ordered proteins [43, 45, 46, 48, 49, 92],
other disordered proteins [44, 93, 94], or biological membranes [95, 96]. Here, the complex is
likely to be formed via multiple low affinity binding sites. The existence of several similar binding
sites combined with a highly flexible and dynamic structure of disordered protein creates a unique
situation where any binding site of disordered protein can interact with any binding site of its
partner with almost equal probability, in a staccato manner. The low affinity of each individual
contact implies that each of them is not stable and can be readily broken. In other words, in this
staccato-type interaction mode, an disordered protein rapidly changes multiple binding sites while
probing binding site(s) of its partner [20]. Figure 4 summarizes information about peculiarities of
the IDP interactions with their binding partners by showing the portrait gallery of disorder-based
protein complexes [20].

2.8. H: Hydration

Structure and function of any protein cannot be understood without taking into account its
environment. In fact, protein interaction with environment drives all biological processes.
Although many modulating factors (such as substrates, ions, ligands, cofactors, allosteric
regulators, modifying enzymes, targeting proteins, etc.) are rather specific for a given protein, one
environmental component, water, is inevitably present in any biological system, since life started
in water, and water is still a major component of the majority of living beings. Therefore,
elucidation of the intricate network of protein-water interactions and the peculiarities of a protein



molecule hydration is crucial for understanding of protein structure and function [97]. It is
expected that due to the lack of a folded, compact structures and largely exposed interaction
surfaces, the hydration of IDPs is significantly different from that of ordered, globular proteins. In
agreement with this hypothesis, recent studies clearly showed that hydration of IDPs is
significantly higher than that of globular proteins of similar size [97-99]. Furthermore, fully and
partially disordered IDPs were shown to possess different degree of hydration [98, 99]. IDPs are
also able to bind large amount of charged solute ions [97]. Nature uses these intrinsic propensities
of IDRs and IDPs for having high hydration capacities and high capacities for absorption of
charged solute ions in dehydrins and other dehydration-related proteins that provide protection to
plants and free-living insects against deleterious consequences of water loss and freezing under
dehydration stress conditions. It was proposed that the dehydration stress function of these proteins
probably results from their simultaneous action of retaining water in the drying cells and
preventing an adverse increase in ionic strength, thus countering deleterious effects such as protein
denaturation [97]. IDRs found in the enzyme nudix hydrolase from the desiccation- and radiation-
resistant bacterium D. radiodurans were shown to enlarge the overall surface of the enzyme, and
increase its overall affinity for water, therefore increasing the chances of the protein to be located
in the remaining water patches in the desiccated cell, where it is protected from the desiccation
effects and can function normally [100].

2.9. I: Induced folding

The majority of intrinsically disordered proteins undergo a disorder-to-order transition upon
interaction with specific binding partners [10, 11, 13, 31, 32, 65, 87-89, 101-106]. When
disordered regions bind to signaling partners, the free energy required to bring about the disorder
to order transition takes away from the interfacial, contact free energy, with the net result that a
highly specific interaction can be combined with a low net free energy of association [13, 102].
High specificity coupled with low affinity seems to be a useful pair of properties for a signaling
interaction ensuring their reversibility. In addition, a disordered protein can readily bind to multiple
partners by changing shape to associate with different targets [13, 107, 108]. Furthermore, IDPs
were shown to contain a “conformational preference” for the structures they will adopt upon
binding [109]. This research supported previous findings for proteins involved in individual
protein-protein interactions, such as p27K [110, 111] and p53 [112], which were shown to have
disordered regions with significant residual helical structure that form a-helices upon binding to
their partners. Since foldable-upon-binding IDRs possess specific amino acid features, several
computational tools were developed for their prediction [113-115].

2.10. J: Janus chaperones and other moonlighting IDPs

Several dozen of eukaryotic proteins were shown to fulfill more than one, apparently unrelated,
function [116-118]. These multitasking or moonlighting proteins obviously constitute a logical



challenge to the classical lock-and-key mechanism of protein action. In fact, many of the
moonlighting proteins in addition to catalytic function possess regulatory, signaling, structural,
recognition or chaperone functions [119]. Functional switch is mediated by multiple factors such
as differential expression, change in the localization (outside rather than inside a cell, in the
different cell type, different cellular compartments), or changes in the oligomeric state,
complexation, ligand binding or posttranslational modifications [116-118].

Moonlighting IDPs were shown to have unprecedented multitasking properties, being able to
possess opposing (inhibiting and activating) action [119]. The intrinsic flexibility determine the
unique capabilities of these proteins to utilize the same or overlapping regions to exert distinct
effects and to switch function by adopting different conformations upon binding [119]. Janus
chaperones (or two-faced chaperones which can assist the folding of both RNA and protein
substrates) occupy a standalone position among moonlighting IDPs [120, 121]. Illustrative
examples of such Janus chaperones are L15, L16, L18 and L19 ribosomal proteins of the large
subunit of Escherichia coli ribosome, which in addition to act as RNA chaperones by promoting
the formation of the native RNA fold and/or stabilizing native RNA structure, has genuine protein-
chaperone activity in preventing protein aggregation and promoting the reactivation of inactive
enzymes [120, 121]. A likely molecular means of such Janus chaperone action is the “entropy-
transfer” mechanism, according to which the ordering of the originally disordered chaperone is
accompanied by a concomitant unfolding of the originally (mis)folded substrate [90].

2.11. K: Kinetic advantage of intrinsic disorder

The intrinsic lack of structure and function-related disorder-to-order transitions provide IDPs with
various functional advantages, such as [11, 13, 21, 22, 26, 122-124]: (i) Decoupled specificity and
strength of binding provides mechanistic grounds for the high-specificity-low-affinity interactions;
(i) Increased speed of interaction due to greater capture radius and the ability to spatially search
through interaction space; (iii) Increased interaction (surface) area per residue; (iv) The ability for
one-to-many and many-to-one interactions; (v) Increased capture radius for a specific binding site
in comparison with that of ordered protein with its restricted conformational freedom, (vi) Fast
binding kinetics, etc. The mentioned fast binding kinetics and increased capture radius represent
the essence of the so-called “fly-casting mechanism” of protein binding, according to which the
unfolded polypeptide first binds weakly at a relatively large distance from the actual binding site
and then folds as the protein approaches the binding site [125].

Recently, a detailed two-step analysis of the “fly-casting mechanism” was performed [126]. First,
the available experimental data on the binding kinetics of ordered proteins and IDPs were
compared to show that generally IDPs bind faster than ordered proteins. Second, coarse-grained
molecular dynamics simulations of the pKID-KIX complex were performed to show that
interactions of IDPs with binding partners were characterized by high on- and high off-rates
resulting from the lower binding free-energy barriers [126]. Contrarily to the expectations, the



capture rates of IDPs were shown to be comparable to those of ordered proteins. Based on the
results of these analyses, the authors concluded that lower free-energy barriers which provide
encounter complexes with a greater probability to evolve into the final bound states, rather than
the predicted by the “fly-casting” model grater capture radii of IDPs (whose actual role in the
increase in the binding rates is almost completely eliminated by the slower diffusion of extended
IDPs in the encounter processes) represent the major kinetic advantage of IDPs [126].

2.12. L: Linear motifs and other recognition mechanisms

IDPs recognize and interact with binding partners via several mechanisms. In many cases, intrinsic
conformational preferences of IDPs/IDRs can be utilized to predict potential sites capable for the
disorder-to-order transitions [113-115]. In fact, in IDPs, potential binding regions able to fold into
a-helices upon binding to specific partners are frequently seeing as sharp dips flanked by long
regions of predicted disorder in the PONDR® VLXT plots [113, 114, 127]. Based on this
correlation between the characteristic shapes of the disorder distribution plots and potential
binding sites, specialized predictors of helical binding motifs, molecular recognition features
(MoRFs), were developed [113, 114]. Intrinsic disorder also opens unique ways for using the
palindromic sequences, retro-MoRFs, as potential binding sites, further extending promiscuity of
IDPs since the set of retro-MoRF binding partners likely overlap the partner-sets of the originally
identified MoRFs [128]. Inherent conformational preferences of some IDPs for their bound
conformations, where the elements they use for recognition are partially/transiently pre-formed in
the unbound state, is conceptualized as preformed structural element hypothesis [109]. Another
IDP-specific binding mechanism utilizes the primary contact site (PCS) concept. Here PCSs are
short recognition motifs within the disordered ensemble that are more exposed than other regions,
and thereby may serve as the first sites of contact with the partner and therefore are kinetically
distinguished in binding [98]. Finally, some recognition elements are often detected as short motifs
of discernible conservation, also denoted as “consensus” sequences. The generality of this relation
has led to the concept of linear motifs (LMs, also denoted as eukaryotic linear motifs, ELMs and
short linear motifs, SLiMs). LMs were suggested to fall into locally disordered regions [129-131].

2.13. M: Many-to-one and one-to-many binding modes

In protein-protein interaction networks, disorder is utilized via at least two different mechanisms,
where one IDP binds to many partners (the one-to-many mechanism), and where many IDPs bind
to one (often ordered) partner (the many-to-one mechanism) [31, 32]. Figure 5 shows that p53
represents a great illustration of how intrinsic disorder is used by a hub protein and how disorder



confers amazing structural plasticity to interacting protein allowing it to adopt different
conformations when binding to the different partners. In fact, the C-terminal regulation domain of
p53, being disordered in its free form, adopts four different structures, a short a-helix, a B-strand,
and two differently shaped coils, upon binding to its four different partners [132]. Furthermore,
the same amino acids are buried to very different extends in each of the complexes. In essence,
these pliable unfolded regions allow IDPs to be “poly-linguistic” and communicate to different
partners using different “languages” [132]. In essence, polymorphic C-terminal region of p53 act
as an intermolecular chameleon sequence, i.e., a segment of a protein that can adopt different
secondary structures depending on the context (for more detail, see plot M in Figure 4). The
concept of chameleon sequences was introduced to describe an intriguing phenomenon, where
many unrelated ordered proteins have identical subsequences (up to length of eight residues) which
adopt different secondary structures in different contexts [133-135]. Such sequences have been
called chameleons for their ability to adopt different structures in different environments [134-
140]. In application to IDPs, chameleon behavior could be an important feature that enables one
disordered region to bind to multiple partners. With different secondary structures and with
different side chain participation in the different complexes, it is as if one sequence can be “read”
in multiple ways by the various binding partners.

2.14. N: Natural abundance of IDPs

Since for a very long time the available information on IDPs was very sparse, the abundance of
such proteins or proteins with long IDRs was not clear. In fact, based on the time spent on
collection the first sets of experimentally characterized IDPs, it seemed unlikely that such proteins
would be highly abundant. However, already first applications of disorder predictors to the
available then protein databases produced stunning results: more than 15,000 SwissProt proteins
were predicted to contain disordered regions of at least 40 consecutive amino acids, with more
than 1,000 having especially high disorder scores [141], and, at the genome level, intrinsic disorder
appeared to be a common phenomenon, with eukaryotes having a higher percentage of proteins
with long disordered regions (27-41%) than archaea (4-24%) or bacteria (2-21%) [142]. More
recent bioinformatics studies indicated that about 25 to 30% of eukaryotic proteins are mostly
disordered [143], that more than half of eukaryotic proteins have long regions of disorder [142,
143], and that more than 70% of signaling proteins have long disordered regions [65]. In an
independent study, long (>30 residue) disordered segments were found to occur in 2.0% of
archaean, 4.2% of eubacterial and 33.0% of eukaryotic proteins [144]. This high natural abundance
of IDPs clearly suggests that, although intrinsically disordered proteins fail to form fixed 3D-
structures under physiological conditions, they likely carry out important biological functions [9,
11-13, 23, 24, 31, 65, 89, 104, 105, 145].



2.15. O: Oligomerization of IDPs: Obligate or two-state oligomers, fuzzy complexes, interacting
clouds and coiled-coils

Different types of proteinaceous oligomers or protein complexes have been defined in the literature
[146]. These definitions include the distinction between obligate and non-obligate oligomers,
where the former cover complexes of protomers that cannot exist independently, as opposed to
non-obligate complexes. Another distinction can be made between permanent and transient
complexes. Permanent protein-protein interactions are strong and irreversible, whereas a complex
qualifies as transient if it readily undergoes changes in the oligomeric state [147]. Based on the
differences in the molecular mechanisms of association, oligomers were divided into two-state and
three-state oligomers [148-150]. In two-state complex formation, the unbound monomeric chains
do not populate the folded state. In the three-state model, the monomeric chains are independently
folded prior the complex formation. Therefore, monomers of oligomers that are formed via a two-
state mechanism are intrinsically disordered in their unbound form [150]. In other words, two-state
oligomers represent an extreme case of the induced folding mechanism where mutual folding and
binding induce and stabilize the final structure of the complex.

However, complex formation is not necessary accompanied by complete folding and rigidifying
of binding partners. In fact, some IDPs preserve significant disorder even in the bound state,
forming so-called fuzzy complexes [151]. Other IDPs remain almost completely disordered in the
bound state, and such disordered or fuzzy complex can be envisioned as a highly dynamic
ensemble in which a disordered protein does not present a single binding site to its partner but
resemble a “binding cloud”, in which multiple identical binding sites are dynamically distributed
in a diffuse manner [20].

Coiled-coils are common structural motif in proteins and protein complexes, were up to 7 long a-
helices intertwined together similar to strings of a rope [152-154]. Approximately 3-5 % of all
amino acids in proteins are involved in coiled-coil formation [155], and intermolecular coiled coils
are a frequently used to form and support protein complexes. Regions corresponding to these
intermolecular coiled-coils are typically highly disordered in their monomeric states but gain
helical structure upon coiled-coil formation. Therefore, despite the fact that these intermolecular
coiled-coils are ordered under physiological conditions, they are typical IDRs representing an
abundant illustration of the folding upon binding concept [20].

2.16. P: Posttranslational modifications

Several signaling IDRs and IDPs were found to contain sites of various posttranslational
modifications (PTMs), such as phosphorylation, acetylation, fatty acylation, methylation,
glycosylation, ubiquitination, and ADP-ribosylation, suggesting that PTMs commonly occur in
IDRs [89, 156]. This high prevalence of PTM sites in disordered regions is likely due to the fact



that PTMs can induce significant structural reorganization of an IDP/IDR, dramatically exciding
structural consequences of “the decoration” of an ordered protein structure. Computational studies
revealed that there is a strong correlation between the prediction of disorder and the occurrence of
phosphorylation [157] and ubiquitination [158], and several other types of PTMs, such as digestion
sites, acetylation, fatty acid acylation, and methylation, were shown to occur in regions of intrinsic
disorder [77, 89, 156]. Therefore, it is tempting to hypothesize that sites of enzymatically catalyzed
posttranslational modifications in eukaryotic proteins universally (or at least very commonly)
exhibit a preference for intrinsically disordered regions. For all the enzymatically catalyzed PTMs,
a modifying enzyme has to bind to and modify sites in a wide variety of proteins. If all the regions
flanking these sites are disordered before binding to the modifying enzyme, it is easy to understand
how a single enzyme could bind to and modify a wide variety of protein targets.

2.17. Q: Quartet/trinity model

From everything discussed in this brief review and elsewhere in literature, it is very clear that IDPs
are very different from “normal”, ordered proteins. These differences are seeing at different levels,
starting from protein structures and ending with their functions. Obviously, a 117 years-old lock-
and-key model of protein action, where enzyme and substrate have to fit to each other like a lock
and key in order to exert a chemical effect on each other [159], and even much younger “induced
fit” theory, where the enzyme is partially flexible and the substrate does not simply bind to the
active site but it has to bring about changes to the shape of the active site to activate the enzyme
and make the reaction possible [160] do not explain the functional peculiarities of IDPs and IDRs,
such as binding promiscuity and the bound state polymorphism. In fact, it was recognized that the
existence of IDPs calls for a reassessment of the existing protein—structure—function paradigm [11,
23, 87]. To express a new view on the protein functionality and on the native, biologically active
state of a protein molecule, “The Protein Trinity” model was proposed which suggested that native
proteins can be in one of three states, the solid-like ordered state, the liquid-like collapsed-
disordered state, or the gas-like extended-disordered state, and that protein function can arise from
any one of the three states or from transitions between them [87]. Since extended IDPs, also known
as natively unfolded proteins, were later split into two structurally different subclasses, native coils
and native pre-molten globules [24], this “Protein Trinity” model was subsequently expanded to
“The Protein Quartet” model to include a fourth state (pre-molten globule), with function arising
from four specific conformations (ordered forms, molten globules, pre-molten globules, and coils)
and transitions between any two of the states [23].

2.18. R: Regulation in cell (controlled chaos)

The highly dynamic nature of IDPs is an obvious illustration of the chaos [161]. However, the
evolutionary persistence of these highly dynamic proteins, their unique functionality and
involvement in all the major cellular processes evidence that this chaos is tightly controlled [161].



This conclusion is supported by the results of a comprehensive analysis of the intricate
mechanisms of the intrinsically disordered protein regulation inside the cell [162]. This analysis
revealed that the transcriptional rates of mMRNAs encoding intrinsically disordered proteins and
ordered proteins were comparable. However the intrinsically disordered protein-encoding
transcripts were generally less abundant than transcripts encoding ordered proteins due to the
increased decay rates of the formers [162]. The existence of tight regulation of the IDP abundance
was also established at the protein level. In fact, IDPs were shown to be less abundant than ordered
proteins due to the lower rate of protein synthesis and shorter protein half-lives [162]. The
abundance and half-life in a cell of IDPs was shown to be further modulated via their PTMs [162,
163]. Therefore, PTMs may not only serve as important mechanism for the fine-tuning of the IDP
functions but possibly they are necessary to tune the IDP availability under the different cellular
conditions [162]. Thus, there is an evolutionarily conserved tight control of synthesis and clearance
of most IDPs inside the cell. This tight control is directly related to the major roles of IDPs in
signaling, where it is crucial to be available in appropriate amounts and not to be present longer
than needed [162].

In agreement with these conclusions, independent studies revealed that there is a global-scale
correlation between the predicted fraction of protein disorder and RNA and protein expression in
E. coli [164], and that the lifetimes and conformations of IDPs and their mMRNAs are orchestrated
to ensure precision, speed and flexibility in biological control [165].

2.19. S: Scaffold proteins

Scaffold proteins selectively bring together specific proteins within a signaling pathway and
provide selective spatial orientation and temporal coordination to facilitate and promote
interactions among interacting proteins [153]. Scaffold proteins contain several domains for
protein-protein interaction, and their typical design includes a set of short globular domains (~80
amino acids on average) connected by longer linker regions (~150 residues on average) with
crucial binding functions [166]. Often, scaffold proteins interact with most of their partners at the
same time, being located at the centers of functional complexes and therefore acting as “party
hubs” [34]. Scaffolds can potentially act as modulators of alternative pathways by promoting
interactions between their signaling proteins [124]. Many signaling scaffold proteins are highly
disordered and utilize the various features of highly flexible IDRs to obtain more functionality
from less structure [124].

2.20. T: Targets for drugs

It is clear that IDPs and IDRs should be considered now as very promising targets for therapeutic
drugs since targeting small molecules to the IDRs of proteins should enable the development of
more effective drug discovery techniques. The attractiveness of IDPs as novel drug targets is based



on their high natural prevalence, enormous biological importance and frequent involvement into
pathogenesis of various diseases. The difficulties come from several directions including the
inability to use traditional “rational drug design” approaches, which are based on an overly rigid
view of protein function and therefore utilize either known or modeled 3D structure of a target
protein. The binding promiscuity of IDPs and the intrinsically disordered nature of their binding
sites, which often resemble “protein clouds”, make the traditional structure-based approaches for
funding potential drugs highly ineffective or even completely infeasible. Therefore, new strategies
are needed for using IDRs as novel drug targets [167]. Currently, there are at least two disorder-
based approaches for drug discovery. One of these approaches, blocking of the IDR binding to
ordered partners, represents a disorder-based rational drug design, which although benefits from
information on the 3D structure of the ordered partner, but utilizes knowledge of intrinsic disorder
with respect to the specific IDP-partner interaction that is being targeted. In this approach, the drug
molecules mimic a critical region of the disordered partner (which folds upon binding) and
compete with this region for its binding site on the structured partner [167]. The second approach
is a direct targeting of IDRs by small molecules, where small molecules act through forcing the
IDR to form an ordered structure dissimilar to its structure in complex with binding partner,
thereby preventing binding [168, 169].

2.21. U: Unfoldome and unfoldomics

Since IDPs constitute a significant portion of any given proteome, and because IDPs and IDRs
have amazing structural variability and possess a very wide variety of functions the concepts of
the unfoldome and unfoldomics were recently introduced [64, 170-174]. The unfoldome and
unfoldomics concepts are built on the ideas that the suffixes —ome and —omics imply a new layer
of knowledge, especially when one is dealing with the large masses of data, including results of
the high throughput experiments and the computational/bioinformatics analyses of the large
datasets [174]. Unfoldome is attributed to a portion of proteome which includes a set of IDPs (also
known as natively unfolded proteins, therefore unfoldome) and proteins with IDRs. Unfoldomics
focuses on the unfoldome and considers not only the identities of the set of proteins and protein
regions in the unfoldome of a given organism, but also their functions, structures, interactions,
evolution, etc. [174].

2.22. V: Vulnerable proteins

The integrity of the soluble protein functional structures is maintained in part by a precise network
of hydrogen bonds linking the backbone amide and carbonyl groups. In a well-ordered protein,
hydrogen bonds are shielded from water attack, preventing backbone hydration and the total or
partial denaturation of the soluble structure under physiological conditions [175, 176]. Since
soluble protein structures may be more or less vulnerable to water attack depending on their
packing quality, a structural attribute, protein vulnerability, was introduced as the ratio of solvent-



exposed backbone hydrogen bonds (which represent local weaknesses of the structure) to the
overall number of hydrogen bonds [14]. It has been also pointed out that structural vulnerability
can be related to protein intrinsic disorder as the inability of a particular protein fold to protect
intramolecular hydrogen bonds from water attack may result in backbone hydration leading to
local or global unfolding. Since binding of a partner can help to exclude water molecules from the
microenvironment of the preformed bonds, a vulnerable soluble structure gains extra protection of
its backbone hydrogen bonds through the complex formation [175]. To understand the role of
structure vulnerability in transcriptome organization, the relationship between the structural
vulnerability of a protein and the extent of co-expression of genes encoding its binding partners
was analyzed. This study revealed that structural vulnerability can be considered as a determinant
of transcriptome organization across tissues and temporal phases [14]. Finally, by interrelating
vulnerability, disorder propensity and co-expression patterns, the role of protein intrinsic disorder
in transcriptome organization was confirmed, since the correlation between the extent of intrinsic
disorder of the most disordered domain in an interacting pair and the expression correlation of the
two genes encoding the respective interacting domains was evident [14].

2.23. W: Where you almost never see disorder

Although intrinsic disorder is an abundant phenomenon and IDRs were found in many proteins,
there are some functional categories which almost completely devoid disorder. Recently, a
comprehensive bioinformatics study on a correlation between the functional annotations in the
Swiss-Prot database and the predicted intrinsic disorder revealed that 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 remainder 162 keywords yield ambiguity
in the likely function-structure associations [75-77]. An examination of order-correlated keywords
suggested the presence of 5 major functional categories containing mostly ordered proteins [75]:
catalysis (oxidoreductase, transferase, hydrolase, lyase, glycosidase, kinase, isomerase, ligase,
decarboxylase, glycosyltransferase, protease, acyltransferase, monooxygenase, aminotransferase,
metalloprotease, methyltransferase, aminoacyl-tRNA synthetase, aminopeptidase, and
dioxygenase); transport (electron transport, sugar transport, etc.), biosynthesis (amino-acid
biosynthesis, GMP biosynthesis, gluconeogenesis, amino-acid biosynthesis, pyrimidine
biosynthesis, peptidoglycan synthesis, lipopolysaccharide biosynthesis, aromatic amino acid
biosynthesis, branched-chain amino acid biosynthesis, purine biosynthesis, lipid a biosynthesis,
and lipid synthesis); metabolism (carbohydrate metabolism, tricarboxylic acid cycle, aromatic
hydrocarbons catabolism, and one-carbon metabolism); and trans-membrane proteins (porins).
Note that proteins with catalytic, biosynthetic and metabolic functions are mostly enzymes, and
therefore they are “normal” ordered proteins which are structured for catalysis. The proteins
associated with transport are almost all membrane proteins and are necessarily structured so that
their backbone hydrogen bonds are formed in the low dielectric environment of the membrane.
Proteins from the fifth category, porins, represent transmembrane proteins that are large enough to
facilitate passive diffusion [75]. The smaller disorder content and the greater amount of structural



information (e.g. a greater PDB coverage) have previously been reported for proteins from the first
four functional categories as compared to highly disordered signaling and cancer-associated
proteins [65].

2.24. X: X-ray crystallography and intrinsic disorder: When something is missing

In Protein Data Bank, IDRs are often seeing as regions with missing electron densities, since they
fail to scatter X-rays coherently due to variation in position from one protein to the next. As a
result, they are missing in electron density maps of X-ray crystallography experiments and are not
present in the 3-D structures based on those electron density maps [177]. Although some missing
density correspond to wobbly, structured domains rather than to intrinsically disordered ensembles,
such wobbly domains are evidently not very common among the long regions of missing electron
density [177]. Intriguingly, only ~7% of proteins in PDB completely devoid disorder and only
~25% of PDB entries have >95% of their lengths observed in the corresponding PDB structures
[178].

Besides the regions of missing electron density, crystallized proteins often contain regions with
high B-factor, which reflects the uncertainty in atom positions in the model and often represents
the combined effects of thermal vibrations and static disorder [179]. In order to differentiate
between flexible but ordered regions and IDRs, comparisons were made among four categories of
protein flexibility: low-B-factor ordered regions, high-B-factor ordered regions, short disordered
regions, and long disordered regions (with two last categories being selected as the short and long
regions of missing electron density, respectively) [177]. The high-B-factor regions are more similar
to IDRs than to ordered regions with low-B-factor. Furthermore, the observed distinctive amino
acid biases of high-B-factor ordered regions, short disordered regions, and long disordered regions
clearly indicated that the sequence determinants for these flexibility categories differ from one
another, suggesting that the amino acid attributes that specify flexibility and intrinsic disorder are
distinct and not merely quantitative differences on a continuum [177].

2.25.Y: Y-W-F conundrum

One of the most characteristic features of IDP and IDR sequences is their low content of aromatic
and aliphatic residues. On the other hand, functional sites located within long IDRs do not obey
this rule. For example, although amino acid compositions of linear motifs were reported to
resemble the characteristic composition of IDPs, they were enriched in certain hydrophobic
residues (Trp, Phe, Tyr, and Leu) [131]. Similarly, a systematic analysis of MoRFs revealed that
these recognition motifs are typically enriched in Phe and Tyr [180]. Furthermore, aromatic
residues are typically located at the MoRF interfaces, suggesting that they are directly involved in
MOoRF interaction with its binding partners [181]. It has been also pointed out that the variation of
NMR dipolar couplings and heteronuclear relaxation rates in IDPs (a-synuclein and tau protein)



closely followed the variations of the bulkiness of amino acids along the polypeptide chain.
Therefore, the bulkiness of amino acids was proposed to define the local deviations from the
random coil behavior, determining local conformations and dynamics of IDPs providing insight
into residual secondary structure and long-range transient interactions in IDPs [182]. Thus, the Y-
W-F conundrum can be solved by taking into account the mentioned above obervations: in IDPs
and IDRs, aromatic residues are sparse, but they are strategically positioned within the sequence
to ensure proper functionality and local structure.

2.26. Z: Zinc and other metal ions as IDP structure modulators

Metal ions are among most common modifiers of IDP structure. For example, a small set of metal
binding proteins, including ostecalcin, osteonectin, a-casein, HPVV16 E7 protein, calsequestrin,
manganese stabilizing protein, and HIV-1 integrase, was used to calculate the effect of ion binding
on the mean net charge of proteins in order to evaluate the hypothesis that interaction of a natively
unfolded protein with natural ligand that affects protein’s mean net charge, mean hydrophobicity,
or both, may change these parameters in such a way that they will approach those typical of ordered
proteins [9]. This analysis revealed that, as expected, the interaction of at least these seven proteins
with their natural ligands resulted in a shift in their parameters to those characteristics of ordered
proteins [9]. These observations were not too surprising, as literature contains numerous facts
clearly showing that binding of various metal ions can induce dramatic structural changes in IDPs.

3. Concluding remarks: Bright future of fuzzy protein clouds

Last 10-15 years witnessed a real revolution in our understanding of the protein structure-function
relationships. The fact that there is an entire class of polypeptides which do not have rigid
structures but possess crucial biological function was heavily underappreciated and ignored for a
very long time despite numerous examples scattered in literature. The work which started as an
attempt to understand what is so special about several natively unfolded proteins produced a real
explosion of interest in non-folded proteins with biological functions. A new field was created and
a lot of intriguing information was produced related to the IDPs in general. IDPs are characterized
by several unique amino acid features, such as low overall hydrophobicity and high net charge.
They do not have rigid structure, being very flexible. An intriguing property of IDPs is their ability
to undergo disorder-to-order transition upon function. The degree of these structural
rearrangements varies over a very wide range. Multiple roles of IDPs in pathogenesis of human
diseases should not be ignored too, as well as their intriguing and very promising roles as new and
almost completely unexploited drug targets. Although more than a decade of intensive studies on
IDPs revealed a number of unique features related to their structural properties, abundance,
distribution, functional repertoire, regulation, involvement into the disease pathogenesis, etc., the
mass of data produced so far is just a small tip of a humongous iceberg. Intrinsically disordered
proteins continue to bring discoveries on a regular basis. More discoveries and breakthroughs are



expected in future due to the elaboration of novel experimental and computational tools for focused
studies on the intrinsically disordered proteins. Modern protein science is at the turning point.
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Figure legends

Figure 1. Peculiarities of amino acid composition of IDPs. Comparison of the mean net charge
and the mean hydrophobicity for a set of 275 folded (open circles) and 91 natively unfolded
proteins (black diamonds). The solid line represents the border between extended IDPs and
compact globular proteins. Illustrative examples of extended IDPs (native coils and native pre-
molten globules) and some ordered globular proteins are shown.

Figure 2. Role of charges in IDP structure and function.

A. Distinct categories of disordered structures adopted by FG nups. Stokes radii values
experimentally measured for the purified FG domains were divided by the values predicted for
each nup based on its mass assuming a relaxed-coil configuration (y-axis). The amino acid (AA)
composition of each domain was expressed as the % content of charged AAs (i.e. DEKR) divided
by the % content of hydrophobic AAs (i.e. AILFWV) (x-axis). Gray boxes highlight the two main
categories of intrinsically-disordered structures. Nup domains with a low or high charge-content
are highlighted in blue or red boxes, respectively. The green line highlights the correlation between
category of intrinsically-disordered structure and charged-to-hydrophobic AAs ratio. Reproduced
from ref. [60].

B. lllustrative example of the polyelectrostatic model describing the dynamic complex between an
extended IDP (Sicl, shown by a ribbon) and its ordered partner (Cdc4, shown as a gray shape).
Here, interaction involves distinct binding motifs and an ensemble of conformations (indicated by
four representations of the interaction). The intrinsically disordered protein possesses positive and
negative charges (depicted as blue and red circles, respectively) giving rise to a net charge qi, while
the binding site in the receptor (light blue) has a charge qgr. The effective distance <r> is between
the binding site and the centre of mass of the intrinsically disordered protein. Reproduced from
ref. [48].

Figure 3. Involvement of intrinsic disorder in protein function. Note that the classical structure-
function paradigm cannot describe many of the function proteins perform. Reproduced from ref.
[22].

Figure 4. A portrait gallery of disorder-based complexes. Illustrative examples of various
interaction modes of intrinsically disordered proteins are shown. A. MoRFs. a, a-MoRF, a
complex between the botulinum neurotoxin (red helix) and its receptor (a blue cloud) (PDB ID:
2NM1); b, i-MoRF, a complex between an 18-mer cognate peptide derived from the ol subunit
of the nicotinic acetylcholine receptor from Torpedo californica (red helix) and a-cobratoxin (a
blue cloud) (PDB ID: 1LXH). B. Wrappers. a, rat PP1 (blue cloud) complexed with mouse



inhibitor-2 (red helices) (PDB ID: 208A); b, a complex between the paired domain from the
Drosophila paired (prd) protein and DNA (PDB ID: 1PDN). C. Penetrator. Ribosomal protein
s12 embedded into the rRNA (PDB ID: 1N34). D. Huggers. a, E. coli trp repressor dimer (PDB
ID: 1ZT9); b, tetramerization domain of p53 (PDB ID: 1PES); c, tetramerization domain of p73
(PDB ID: 2WQI). E. Intertwined strings. a, dimeric coiled-coil, a basic coiled-coil protein from
Eubacterium eligens ATCC 27750 (PDB ID: 3HNW); b, trimeric coiled-coil, salmonella trimeric
autotransporter adhesin, SadA (PDB ID: 2WPQ); c, tetrameric coiled-coil, the virion-associated
protein P3 from Caulimovirus (PDB ID: 201J). F. Long cylindrical containers. a, pentameric
coiled coil, side and top views of the assembly domain of cartilage oligomeric matrix protein (PDB
ID: 1FBM); b, side and top views of the seven-helix coiled-coil, engineered version of the GCN4
leucine zipper (PDB ID: 2HY®6). G. Connectors. a, human heat shock factor binding protein 1
(PDB ID: 3CI9); b, the bacterial cell division protein ZapA from Pseudomonas aeruginosa (PDB
ID: IW2E). H. Armature. a, side and top views of the envelope glycoprotein GP2 from Ebola
virus (PDB ID: 2EBO); b, side and top views of a complex between the N- and C-terminal peptides
derived from the membrane fusion protein of the Visna (PDB ID: 1JEK). I. Tweezers or forceps.
A complex between c-Jun, c-Fos and DNA. Proteins are shown as red helices, whereas DNA is
shown as a blue cloud (PDB ID: 1FOS). J. Grabbers. Structure of the complex between BPIX
coiled coil (red helices) and Shank PDZ (blue cloud) (PDB ID: 3L4F). K. Tentacles. Structure of
the hexameric molecular chaperone prefoldin from the archaeum Methanobacterium
thermoautotrophicum (PDB ID: 1FXK). L. Pullers. Structure of the ClpB chaperone from
Thermus thermophilus (PDB ID: 1QVR). M. Chameleons. The C-terminal fragment of p53 gains
different types of secondary structure in complexes with four different binding partners, cyclinA
(PDB ID: 1H26), sirtuin (PDB ID: 1MA3), CBP bromo domain (PDB ID: 1JSP), and s100B3f
(PDB ID: 1DT7). N. Stackers or B-arcs. a, stack of pB-arches, B-amyloid; b, superpleated [3-
structure (Sup35p, Ure2P, a-synuclein); c, stack of B-solenoids (prion); d, stack of B-arch dimers
(insulin); e, B-solenoids. Modified from ref. [183] O. Dynamic complexes. Schematic
representation of the polyelectrostatic model of Sic1-Cdc4 interaction [45]. Schematic of an IDP
(ribbon) interacting with a folded receptor (gray shape) through several distinct binding motifs and
an ensemble of conformations (indicated by four representations of the interaction). The
intrinsically disordered protein possesses positive and negative charges (depicted as blue and red
circles, respectively) giving rise to a net charge g, while the binding site in the receptor (light blue)
has a charge qgr. The effective distance <r> is between the binding site and the centre of mass of
the intrinsically disordered protein. Reproduced from ref. [48].

This figure is based on the data represented in ref. [20].

Figure 5. p53 interaction with different binding partners illustrate peculiarities of one-to-
many signaling. A structure versus disorder prediction on the p53 amino acid sequence is shown
in the center of the figure (up = disorder, down = order) along with the structures of various regions
of p53 bound to fourteen different partners. The predicted central region of structure with the
predicted amino and carbonyl termini as being 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 fourteen complexes: (1tsr — DNA), (1gzh — 53BP1),
(192d — gcnb), (3sak — p53 (tetrametization domain)), (1xgh — set9), (1h26 — cyclinA), (1ma3 —
sirtuin), (1jsp — CBP bromo domain), (1dt7 — s100Bp), (2h1l — sv40 Large T antigen), (1ycs —
53BP2), (2gs0 — PH), (1ycr — MDM2), and (2b3g — rpa70). Reproduced from ref. [22].



*

-
..

Moo,
0.4

<
®
~ -

0.5

0.3
Mean Normalized Hydrophobicity

_
<
o

< - i
o o o

ab.ieys 19N anjosqy

TTT1
gl
o

~—

o

=
o

Figure 1



Stokes radius measured /
Stokes radius predicted for a relaxed-coil

Figure 2

1.4

1.2 1

low content of
charged AAs

(

-

® Nup159

®
Nupz ® Nspim
Nup1m

@® Nup100s
® Nup60

® Nup145Ns

high content of
charged AAs

0.4 ' T
0.2 0.4

0.6

0.8

1.0 1.2 1.4

% charged AA | % hydrophobic AA

Extended
coils

Relaxed
coils

Collapsed
coils




3-D Structure

/N

_’ H
“Folding problem” Order DISOI‘di*
AA Sequence

\

“Non-folding problem”

Flexible Ensemble

N

Disorder —Order

Figure 3

Function:
Lock & key
Induced Fit

(o< » B) — Function:

Conformation Switch

Function:
Virus/Pathogen
Membrane
Nucleosome Activation

Function:
Flexible Linker
Display of Site
Entropic Bristles, Springs
and Clocks

Function:

Molecular Recognition
Virus/Phage Assembly
Stepping Motor



N«“ - AT
i Sgefes

R0
m; :-.-u-wwwwmmw“
ol !

:-::-”Mmmwww.m

[1240 \
—=- [y

Nc

Nb

Na

Figure 4



T T

150 200 250 300 350 400
Sequence index

Figure 5



