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WHY ARE WE INTERESTED
IN THE UNFOLDED PEPTIDES
AND PROTEINS?

Vladimir N. Uversky and A. Keith Dunker

1.1. INTRODUCTION

In addition to transmembrane, globular, and fibrous proteins, it is becoming increas-
ingly recognized that the protein universe includes intrinsically disordered proteins
(IDPs) and proteins with intrinsically disordered regions (IDRs). These IDPs and
IDRs are biologically active and yet fail to form specific three-dimensional (3-D)
structures, existing instead as collapsed or extended dynamically mobile conforma-
tional ensembles [1-7]. These floppy proteins and regions are known as pliable,
rheomorphic [8], flexible [9], mobile [10], partially folded [11], natively denatured
[12], natively unfolded [3, 13], natively disordered [6], intrinsically unstructured [2,
5], intrinsically denatured [12], intrinsically unfolded [13], intrinsically disordered
[4], vulnerable [14], chameleon [15], malleable [16], four-dimensional (4D) [17],
protein-clouds [18], and dancing proteins [19], among several other terms. The vari-
ability of terms used to describe such proteins and regions is a simple reflection of
their highly dynamic nature and the lack of the unique 3-D structure. None of these
terms or their combinations is completely appropriate, as the majority of them
have been borrowed from the fields such as protein folding or crystallography, which
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are not directly related to the biologically active proteins that normally exist as
structural ensembles.

Since these proteins are highly abundant in any given proteome [20], the role of
disorder in determining protein functionality in organisms can no longer be ignored.
Native biologically active proteins were conceptualized as parts of the “protein
trinity” [21] or the “protein quartet” [22], models where functional protein might
exist in one of the several conformations—ordered, collapsed—disordered (molten
globule-like), partially collapsed—disordered (pre-molten globule-like), or extended—
disordered (coil-like)—and protein function might be derived from any one of these
states and/or from the transitions between them. Disordered proteins are typically
involved in regulation, signaling, and control pathways [23-25], which complement
the functional repertoire of ordered proteins, which have evolved mainly to carry
out efficient catalysis [26].

1.2. WHY STUDY IDPS?

Ordered globular proteins are characterized by rigid 3-D structures. The presence of
such rigid structures implies that the Ramachandran angles and backbone atoms
of each residue undergo non-isotropic small-amplitude motions relative to their
local neighborhood and are characterized by the equilibrium positions defined
by their time-averaged values. The atom fluctuations are caused by two factors,
random thermal motion and small cooperative conformational changes of the
local sequence neighborhood, and are known to be correlated with local residue
packing [27]. Contrarily to this very static behavior, intrinsically disordered or
natively unfolded proteins exist as dynamic ensembles in which atom positions
and backbone Ramachandran angles vary significantly over time with no specific
equilibrium values and typically involve non-cooperative conformational changes
[6].

The kindred of proteins and protein domains, which have been shown in vitro to
have little or no ordered structure under physiological conditions, is rapidly amplify-
ing. In fact, over the past decade there has been an exponential increase in the
amount of studies dedicated to intrinsically disordered or natively unfolded proteins,
starting from a few papers in the early 1990s, and ending with about 300 papers in
2011. A special database, DisProt, was created to keep information about these
proteins [28]. There are currently more than 620 proteins in this database.

The growing interest in this class of proteins is determined by several factors.
The first issue is the structure—function relationship. Although the importance of
protein dynamics for protein functions was recognized long ago, the existence of
biologically active but extremely flexible proteins questioned the cornerstone para-
digm of a protein science according to which a rigid well-folded 3-D structure is
required for protein function. In a recent review, Professor Livesay emphasized, “In
the same way that static photos of a dance recital certainly fail to reflect the com-
pleteness and grandeur of the performance, discrete structural snapshots lack suffi-
cient information to completely describe protein dynamics” [19]. Since the structure
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and function of IDPs represent a ‘““shape-shifting dance,” new ways of analyzing
protein structure analysis and investigating protein functionality are necessary.

The lack of rigid globular structure under physiological conditions was proposed
to provide IDPs with a considerable functional advantage, as their large plasticity
allows them to interact efficiently with several different targets [2—4, 7]. Furthermore,
a disorder/order transition induced in disordered proteins during the binding to
specific targets in vivo provides a unique mechanism for the decoupling of binding
specificity and affinity and might represent a simple tool for the regulation of numer-
ous cellular processes, including transcription, translation, and cell cycle control
[2—4, 7, 29]. Evolutionary persistence of the IDPs represents additional confirmation
of their importance and raises intriguing questions on the role of protein disorder in
biological processes.

Second, biomedical aspects are also of great importance. It has been established
that deposition of some natively unfolded proteins is related to the development of
several neurodegenerative disorders [30, 31]. Examples include Alzheimer’s disease
(deposition of amyloid-f, tau-protein, o~synuclein fragment NAC); Niemann—Pick
disease type C, sub-acute sclerosing panencephalitis, argyrophilic grain disease,
myotonic dystrophy, and motor neuron disease with neurofibrillary tangles (accu-
mulation of tau-protein in the form of neurofibrillary tangles); Down’s syndrome
(nonfilamentous amyloid-f deposits); Parkinson’s disease, dementia with Lewy
bodies (LBs), LB variant of Alzheimer’s disease, multiple system atrophy, and
Hallervorden—Spatz disease (deposition of o-synuclein in the form of LBs and Lewy
neurites [LNs]).

Finally, IDPs represent an attractive subject for the biophysical characterization of
unfolded polypeptide chain under physiological conditions. A large variety of bio-
physical and biochemical methods have been applied to the structural description of
these proteins. This includes proton nuclear magnetic resonance (‘H-NMR), hetero-
nuclear NMR, circular dichroism (CD), optical rotatory dispersion (ORD), Fourier
transform infrared spectroscopy (FTIR), intrinsic and extrinsic fluorescence, small
angle X-ray scattering (SAXS), small angle neutron scattering (SANS), dynamic and
static light scattering, gel electrophoresis, gel filtration, sedimentation, viscometry,
scanning calorimetry, proteolytic mapping, epitope mapping, and electron micros-
copy (summarized in Ref. [32]). The special term “natively unfolded” has been used
since it was introduced in 1994 to describe the behavior of tau-protein [12]. Although
large amounts of experimental data have been accumulated and several disordered
proteins have been rather well characterized, no systematic analysis of structural data
for the kindred of IDPs has yet been carried out. This lack of methodical inspection
of the conformational behavior of IDPs led frequently to confusion.

1.3. LESSON 1: DISORDEREDNESS IS ENCODED IN THE AMINO
ACID SEQUENCE AND CAN BE PREDICTED

Similar to ordered proteins, the correct folding of which into relatively rigid biologi-
cally active conformations is determined by their amino acid sequences, the lack of
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rigid structure in IDPs is also encoded in the specific features of their amino
acid sequences. Some of these proteins have been discovered due to their unusual
amino acid sequence compositions. The absence of regular structure in these
proteins has been explained by the specific features of their amino acid sequences
including the presence of numerous uncompensated charged groups (often
negative), that is, a high net charge at neutral pH, arising from the extreme pl
values in such proteins [13, 33, 34], and a low hydrophobic amino acid residue
content [33, 34].

The analysis of charge and hydropathy has been shown to be sufficient to distin-
guish structured and some disordered proteins [3]. In fact, by comparing 275 natively
folded and 91 natively unfolded proteins (i.e., proteins that at physiological condi-
tions have been reported to have the NMR chemical shifts of a random coil, and/or
lack significant ordered secondary structure, as determined by CD or FTIR, and/or
show hydrodynamic dimensions close to those typical of an unfolded polypeptide
chain), it has been shown that the combination of low mean hydrophobicity and
relatively high net charge represents an important prerequisite for the absence of a
compact structure in proteins under physiological conditions [3]. This observation
was used to develop a charge—hydropathy (CH) plot method for distinguishing
ordered and extended disordered proteins based only on their net charges and
hydropathies [3]. According to this approach, natively unfolded proteins are specifi-
cally localized within a specific region of CH phase space and are separated from
compact ordered proteins by a linear boundary [3]. From the physical viewpoint,
such a combination of low hydrophobicity and high net charge as a prerequisite for
intrinsic unfoldedness makes perfect sense: a high net charge leads to charge—charge
repulsion, and low hydrophobicity means less driving force for protein compaction.
In other words, these features are characteristic of IDPs with coil-like (or close to
coil-like) structures.

A more detailed analysis was carried out to gain additional information on the
compositional difference between ordered and disordered proteins. Comparison of
a non-redundant set of ordered proteins with several data sets of disorder (where
proteins were grouped based on different techniques, such as X-ray crystallography,
NMR, and CD, used to identify disorder) revealed that disordered regions share at
least some common sequence features over many proteins [1, 35]. In fact, the dis-
ordered proteins/regions were shown to be significantly depleted in bulky hydropho-
bic (Ile, Leu, and Val) and aromatic amino acid residues (Trp, Tyr, and Phe), which
would normally form the hydrophobic core of a folded globular protein, and also
possess low content of Cys and Asn residues. The depletion of disordered protein
in Cys is also crucial as this amino acid residue is known to have a significant con-
tribution to the protein conformation stability via the disulfide bond formation or
being involved in coordination of different prosthetic groups. These depleted resi-
dues, Trp, Tyr, Phe, Ile, Leu, Val, Cys, and Asn, were proposed to be called order-
promoting amino acids. On the other hand, IDPs were shown to be substantially
enriched in Ala, polar, disorder-promoting, amino acids, namely Arg, Gly, Gln, Ser,
Glu, and Lys, and also in the hydrophobic but structure-braking Pro [4, 26, 36-38].
Note that these biases in the amino acid compositions of disordered proteins are also
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consistent with the low overall hydrophobicity and high net charge characteristic of
the natively unfolded proteins.

In addition to amino acid composition, the disordered segments have also
been compared with the ordered ones by various attributes such as hydropathy, net
charge, flexibility index, helix propensities, strand propensities, and compositions
for groups of amino acids such as Trp + Tyr + Phe (aromaticity). As a result, 265
property-based attribute scales [36] and more than 6000 composition-based attri-
butes (e.g., all possible combinations having one to four amino acids in the group)
have been compared [39]. It has been established that 10 of these attributes, includ-
ing 14 A contact number, hydropathy, flexibility, B-sheet propensity, coordination
number, content of major disorder-promoting residues (Arg + Ser + Pro + Glu),
bulkiness, content of major order-promoting residues (Cys + Trp + Tyr + Phe),
volume, and net charge, provide fairly good discrimination between order and dis-
order [4]. Later, 517 amino acid scales (including a variety of hydrophobicity scales,
different measures of side chain bulkiness, polarity, volume, compositional attri-
butes, the frequency of each single amino acid, and so on) were analyzed to construct
a new amino acid attribute, for example, a novel amino acid scale that discriminates
between order and disorder [40]. This scale outperformed the other 517 amino acid
scales for the discrimination of order and disorder and provided a new ranking for
the tendencies of the amino acid residue to promote order or disorder (from order-
promoting to disorder-promoting): Trp, Phe, Tyr, Ile Met, Leu, Val, Asn, Cys, Thr,
Ala, Gly, Arg, Asp, His, Gln, Lys, Ser, Glu, and Pro [40].

The fact that the sequences of ordered and disordered proteins are noticeably
different raised three important conclusions: (1) IDPs clearly constitute a separate
entity inside the protein kingdom; (2) these proteins can be reliably predicted using
various computational tools [41]; (3) since peculiarities of amino acid sequence
determine protein structure, structurally, these proteins should be very different from
ordered globular proteins.

1.4. LESSON 2: DISORDERED PROTEINS ARE HIGHLY
ABUNDANT IN NATURE

Intrinsic disorder in proteins is a common phenomenon. Based on the assumption
that the absence of rigid structure is encoded in the specific features of the amino
acid sequence, several predictors of naturally disordered regions (PONDRs) have
been developed [1, 4, 42, 43]. Using these predictors, IDPs were indicated to be
widespread. In one experiment, more than 15,000 out of 91,000 proteins in the then-
current Swiss Protein database were identified as having long regions of sequence
that shared the distinguishing sequence attributes of known IDRs [42]. In a second
experiment, the commonness of intrinsic disorder was estimated by predicting dis-
order for whole genomes, including both known and putative protein sequences.
Such predictions have been published for 31 genomes that span the three kingdoms.
The percentage of sequences in each genome with segments predicted to have 240
consecutive disordered residues was used to gain an overview of proteomic disorder.
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For so many consecutive predictions of disorder, the false-positive error rate
was estimated from ordered proteins to be less than 0.5% of the segments of 40 and
less than 6% of the fully ordered proteins [4, 43]. The eukaryotes exhibited more
disorder by these measures than either the prokaryotes or the archaea, with
Caenorhabditis elegans; Arabidopsis thaliana; Saccharomyces cerevisiae; and
Drosophila melanogaster predicted to have 52—-67% of their proteins with such long
predicted regions of disorder, and bacteria and archaea predicted to have 16-45%
and 26-51% of their proteins with such long disorder regions, respectively [43]. The
increased prediction of disorder in eukaryotes compared with the other kingdoms
has been suggested to be a consequence of the increased need for cell signaling and
regulation [4, 43].

To understand the level of abundance of intrinsic disorder in the preeminent
source of protein structural information, the Protein Data Bank (PDB), the amino
acid sequences of proteins whose structures are determined by X-ray crystallography
were compared with the corresponding sequences from the Swiss-Prot database [44].
The analyzed data set included 16,370 structures, which represent 18,101 PDB
chains and 5434 different proteins from 910 different organisms (2793 eukaryotic,
2109 bacterial, 288 viral, and 244 archaeal). The analysis revealed that the complete
sequences of only approximately 7% of proteins were observed in the corresponding
PDB structures, and only approximately 25% of the total data set had >95% of their
lengths observed in the corresponding PDB structures [44]. This clearly showed that
the vast majority of PDB proteins were shorter than their corresponding Swiss-Prot
sequences and/or contained numerous residues, which were not observed in maps
of electron density.

According to their appearance in corresponding PDB entries, the residues in the
Swiss-Prot sequences were grouped into four general categories: “Observed” (resi-
dues in structured regions); “Not observed” (residues regions with missing electron
density, potentially disordered); “Uncharacterized” (residues that were not in the
PDB sequence but were present in the Swiss-Prot sequence); and “Ambiguous”
(residues of a single PDB chain associated with multiple PDB structures, which are
observed in some 3-D structures but not in others; these residues occur due to the
high redundancy of PDB) [44]. Next, the amino acid compositions and disorder
propensities of residues in these four categories were analyzed by four different
disorder predictors (PONDR® VL-XT, VL3-BA, VSLIP, and IUPred). “Not
observed,” “Ambiguous,” and “Uncharacterized” regions were shown to possess the
amino acid compositions typical for IDPs. The vast majority of residues in the
“Observed” data set were predicted to be ordered, whereas the “Not observed”
regions were mostly disordered. The “Uncharacterized” regions possessed some
tendency toward order. Disorder predictions for the short “Ambiguous” regions were
ambiguous, whereas long “Ambiguous” regions (>70 amino acid residues) were
mostly predicted to be ordered, suggesting that they are likely to be wobbly domains
[44]. The major conclusion of this study was really surprising since completely
ordered proteins were not highly abundant in PDB and many PDB sequences had
disordered regions. In fact, ~10% of the PDB proteins contained long disordered or
ambiguous regions (with length L > 30 amino acids), and ~40% of the PDB proteins
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possessed short disordered or ambiguous regions (with 10 < L < 30 amino acids
long) [44].

1.5. LESSON 3: DISORDERED PROTEINS ARE GLOBALLY
HETEROGENEOUS

Typically, structural classification of IDPs is based on the definitions and terms
elaborated for conformations observed in the unfolding/refolding pathways of typical
globular proteins, which are known to exist in at least four different conformations,
ordered, molten globule, pre-molten globule, and unfolded states [45-50]. The
structural properties of the molten globule are well known and have been system-
atized in a number of reviews [e.g., Ref. [47]]. The protein molecule in this inter-
mediate state has a globular structure typical of ordered globular proteins, preserves
high secondary-structure content, and possesses the native-like folding pattern, but
has no (or has only a trace of) rigid cooperatively melted tertiary structure. Molten
globules are more accessible to proteolysis and are characterized by high affinity to
the hydrophobic fluorescence probes (such as 8-anilinonaphthalene-1-sulfonate
[ANS]). The averaged value for the increase in the hydrodynamic radius of a protein
molecule in the molten globule state compared with that of ordered state is 15-20%),
which corresponds to a volume increase of ~50%. The protein molecule in the pre-
molten globule has no rigid tertiary structure and does not possess globular structure
but is characterized by a considerable secondary structure. The protein molecule in
the pre-molten globule state is considerably less compact than in the molten globule
or folded states, but it is still more compact than the random coil. It can effectively
interact with the hydrophobic fluorescent probe ANS, although weaker than the
molten globule does.

Based on their structural properties, IDPs are separated in two different groups.
Members of the first group, despite their flexibility, are rather compact and possess
a well-developed secondary structure; that is, they show properties typical of the
molten globule [47]. Proteins from the other group behave almost as a random coil
[51] or as pre-molten globules [48]. The proteins from this second group constitute
a class of natively unfolded (or extended intrinsically disordered) proteins, which
are extremely flexible, essentially non-compact (extended), and have little or no
ordered secondary structure under physiological conditions. The general conforma-
tional properties of intrinsically unfolded proteins are summarized below. Here we
will mostly focus on the structural characteristics, which make natively unfolded
proteins exceptional among others. These are low compactness, absence of globular-
ity, low secondary-structure content, and high flexibility.

1.5.1. Compactness

The most unambiguous characteristic of the conformational state of a globular
protein remains the hydrodynamic dimensions of the macromolecule. It was noted
long ago that hydrodynamic techniques may help to recognize when a globular
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Figure 1.1. Illustration of the hydrodynamic volume variation for a polypeptide chain of 100
amino acids in different intrinsically disordered configurations: (A) collapsed (molten globule-
like) disorder; (B) extended (pre-molten globule-like) disorder; (C) extended (coil-like)
disorder.

protein has lost all of its non-covalent structure, that is, when it became unfolded
[51]. This is because an essential increase in the hydrodynamic volume is associated
with the unfolding of a protein molecule. Therefore, conformational states of a
globular protein, ordered, molten globule, pre-molten globule, and unfolded, may
be easily discriminated by the degree of compactness of the polypeptide chain.
Similarly, different types of IDPs (molten globule-like, pre-molten globule-like,
and coil-like) may be distinguished by their degree of compactness (Fig. 1.1).
Furthermore, ordered and unfolded conformations of globular proteins possess very
different molecular mass dependencies of their hydrodynamic radii, Ry [22, 51, 52].
Comparison of the log(Ry) versus log(M) curves for natively unfolded proteins with
the same dependencies for the ordered, molten globular, pre-molten globular, and
urea- or GdmCl-unfolded globular proteins revealed that these log(R) versus log(M)
dependencies for different conformations of globular proteins are described by
straight lines [22, 53]. This analysis revealed that according to their log(Rg) versus
log(M) dependencies, natively unfolded proteins may be divided in two groups, with
one of these groups behaving as random coils in poor solvent, and with protein in
the second group being close, with respect to their hydrodynamic characteristics, to
pre-molten globules (see Fig. 1.2).

This is a very important observation, which may definitely help in understanding
the physical nature of the natively unfolded proteins. In fact, it is well established
that the behavior of unfolded proteins obeys the theoretical and empirical rules that
apply to linear random coils [51]. Particularly, it is known that the hydrodynamic
dimensions of random coils depend essentially on the quality of solvent. A poor
solvent encourages the attraction of macromolecular segments and hence a chain
has to squeeze. On the other hand, in a good solvent, repulsive forces act primarily
between the segments and the macromolecule conforms to a loose fluctuating coil
[49, 51]. Water is a poor solvent, whereas solutions of urea and GdmCl are rather
good solvents, with GdmCI being closer to the ideal one. This difference in solvent
quality may account for the observed divergence in log(Rs) versus log(M) dependen-
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Figure 1.2. Variation of the density of protein molecules, p, with protein molecular weight,
M, for ordered (red circles), molten globule (green circles), pre-molten globules (dark yellow
symbols, where intermediates accumulated during the unfolding by urea or GdmCl are shown
by circles); proteins with intact disulate bridges in 8 M urea or 6 M GdmCl are shown as
squares; native pre-molten globules are shown as reversed triangles); native coils (blue
circles); proteins without cross-links or with reduced cross-links unfolded in 8 M urea (pink
circles); proteins without cross-links or with reduced cross-links unfolded in 6 M GdmCl
(turquoise circles). The solid lines represent the best fit of the data. See color insert.

cies for the coil-like part of IDPs. The existence of a well-defined difference between
the log(Rs) versus log(M) dependencies for globular proteins unfolded by urea and
GdmCl should also be noted in this respect (see Fig. 1.2).

1.5.2. Globularity

Another very important structural parameter is the degree of globularization, which
reflects the presence or absence of a tightly packed core in the protein molecule. In
fact, it has been shown that the globular proteins in pre-molten globule-like confor-
mations are characterized by low (coil-like) intramolecular packing density [46, 49].
This information could be extracted from the analysis of SAXS data (Kratky plot),
whose shape is sensitive to the conformational state of the scattering protein mol-
ecules [54, 55]. It has been shown that a scattering curve in the Kratky coordinates
has a characteristic maximum when the globular protein is in the native state or in
the molten globule state (i.e., has a globular structure): if a protein is completely
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Figure 1.3. Kratky plots of SAXS data for natively unfolded o-synuclein [1], prothymosin
a [2], and caldesmon 636771 fragment [3]. The Kratky plot of a typical ordered protein
SNase is shown for comparison [4].

unfolded or a pre-molten globule conformation (has no globular structure), such a
maximum will be absent on the respective scattering curve. Analysis of several
natively unfolded proteins by this technique revealed that representatives of both
classes of natively unfolded proteins (coil-like and pre-molten globule-like) are
characterized by the absence of a rigid globular core (see Fig. 1.3).

1.5.3. Secondary Structure

Far-ultraviolet CD spectra of a number of natively unfolded proteins (such as o-
synuclein, prothymosin ¢, phosphodiesterase )~subunit, caldesmon 636771 frag-
ment, and many others) possess distinctive spectral features with characteristic
deep minima in the vicinity of 200 nm, and relatively low ellipticity at 220 nm
(Fig. 1.4). This characteristic shape of far-UV CD spectra is a useful criterion for
the selection of natively unfolded proteins. Figure 1.5 represents a “double wave-
length” plot, [6],,, versus [0],, dependence, which may be used to assort natively
unfolded proteins into two non-overlapping groups. Approximately half of the
studied proteins was characterized by far-UV CD spectra characteristic of almost
completely unfolded polypeptide chains, with [6],4 = —(18,900 % 2800) degree-cm?*/dmol
and [0, = —(1700 + 700) degree-cm’dmol, whereas the other half possessed
spectra typical of the pre-molten globule state of globular proteins, being consistent
with the existence of some residual secondary structure (with [ 8],y = —(10,700 = 1300)
degree-cm?/dmol and [6],,, = —(3900 * 1100) degree-cm*dmol) [22, 53]. Some of
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Figure 1.4. Far-UV CD spectra of nine ordered proteins: o-lactalbumin (bovine), o-
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the natively unfolded proteins were simultaneously characterized by CD and hydro-
dynamic methods. Intrinsic pre-molten globules and intrinsic coils studied by both
techniques are indicated in Figure 1.5 as white-dotted and black-dotted symbols,
respectively. These data are consistent with the important conclusion that more
compact polypeptides (with pre-molten globule-like hydrodynamic characteristics)
possess larger amounts of ordered secondary structure than less compact coil-like
natively unfolded proteins. Thus, the simultaneous application of CD and hydrody-
namic techniques leaves no doubt that natively unfolded proteins should be subdi-
vided into two structurally distinct groups: intrinsic coils and intrinsic pre-molten
globules [22, 53].

The analysis of these spectra yielded a low content of ordered secondary structure
(o-helices and [-sheets).

This lack of ordered secondary structure is also confirmed by the FTIR spectros-
copy of secondary-structure composition of natively unfolded proteins, such as
tau-protein [12], o-synuclein [13, 56], B- and y-synucleins [57], c,-casein [58],
cAMP-dependent protein kinase inhibitor [59], nucleoporins (Nups) [60, 61], and
many others. Importantly, even the caldesmon 636771 fragment, which was shown
to have hydrodynamic properties typical of the pre-molten globule, possesses far-UV
CD characteristic of essentially distorted polypeptide chains. Thus, the low overall
content of ordered secondary structure could be considered a general property of
extended IDPs.

1.5.4. High Flexibility

The fact that IDPs are characterized by an increased intramolecular flexibility may
be easily derived from a large amount of NMR studies (summarized in Refs. [2—4, 6,
32, 62-66]). Furthermore, recent advances in NMR technology (especially the use
of heteronuclear multidimensional approach) have even opened the way to detailed
structural and dynamic description of these proteins [62—-66]. Increased flexibility
of natively unfolded proteins is indirectly confirmed by their extremely high sensitiv-
ity to protease degradation in vitro [4, 6, 32]. The functional implication of large
intramolecular flexibility has also been recognized. Particularly, it has been noted
that the intrinsic lack of structure and high flexibility may be considered a major
functional advantage of a protein, which in this way attains the ability to bind several
different targets. Precise control over the thermodynamics of the binding process
may also be achieved in this way.

1.6. LESSON 4: HYDRODYNAMIC DIMENSIONS OF NATIVELY
UNFOLDED PROTEINS ARE CHARGE DEPENDENT

Since extended intrinsically disordered (or natively unfolded) proteins are character-
ized by the low proportion of hydrophobic residues combined with the high content
of charged amino acids, they represent an ideal system for the analysis of the role
of charge interactions for the conformational properties of unfolded proteins, and
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for testing the quantitative descriptions and predictions of polymer theory for the
influence of charged amino acids on chain dimensions [67]. Recently, using single-
molecule Forster resonance energy transfer (FRET), long-range distance distribu-
tions and dynamics of several natively unfolded proteins were analyzed. These
proteins with very different properties were chosen to sample the range of sequence
compositions found in natural proteins [67], as represented by the CH-plot discussed
above [3]: the globular cold shock protein Csp7m, which is stably folded even in
the absence of ligands; the N-terminal domain of HIV-1 integrase, which folds only
upon binding of Zn** ions and is otherwise denatured; and human prothymosin ¢,
one of the natively unfolded proteins with the largest fraction of charged amino acids
identified so far, which does not assume a well-defined folded structure under any
known conditions and does not contain regular secondary structure, but plays crucial
roles in different biological processes including cell proliferation, transcriptional
regulation, and apoptosis. These three proteins were specifically labeled with a donor
(Alexa Fluor 488, Molecular Probes, Eugene, OR) and an acceptor (Alexa Fluor
594, Molecular Probes) fluorophore, and investigated with confocal single-molecule
fluorescence spectroscopy under a variety of conditions to evaluate the efficiency of
energy transfer for individual molecules freely diffusing through the focal spot of
the laser beam [67]. This analysis allows finding subpopulations of proteins charac-
terized by different energy transfer efficiencies and distinguishing changes in the
conformational properties within one of these subpopulations from a change in their
relative abundances. The analysis revealed very peculiar and characteristic responses
of the unfolded states of these three proteins to the increasing GdmCl concentration.
The unfolded state of the heat shock protein Csp7m, which was detectable by FRET
even in the absence of GdmCI, continuously expanded with the increase in the
denaturant concentration, whereas the GdmC] dependence on the energy transfer
efficiency for the intrinsically disordered HIV-1 integrase and human prothymosin
o possessed a more complex behavior, indicating the presence of partial collapse of
the unfolded polypeptide chain at low denaturant concentrations followed by the
denaturant-induced expansion similar to Csp7m at higher GdmCI concentrations
[67]. This conclusion was based on the presence of the remarkable “rollover” of the
efficiency of the energy transfer below approximately 0.5 M GdmCI, which was
absent when the uncharged denaturant urea was used for the analogous experiments.
Importantly, the amplitude of the mentioned rollover of the efficiency of the energy
transfer was proportional to the protein charge density. Based on these observations,
it has been concluded that natively unfolded proteins can exhibit a prominent expan-
sion at low ionic strengths, which correlate with their net charge and that these
pronounced effects of charges on the dimensions of unfolded proteins might have
important implications for their cellular functions [67].

This conclusion was further supported by a comprehensive analysis of phenylalanine-
glycine (FG) repeat-containing Nups [68], which contain large intrinsically disor-
dered domains with multiple phenylalanine—glycine repeats (FG domains) and form
the nuclear pore complex gating the nucleocytoplasmic transport in eukaryotes. A
systematic analysis of the hydrodynamic dimensions revealed that under the physi-
ological conditions in vitro the FG domains of nucleporins adopt distinct categories
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of intrinsically disordered structures, such as molten globule, pre-molten globule,
relaxed coil, extended coil (as in urea), or very extended coil (as in GdmCI) [68].
Furthermore, the category of intrinsically disordered structure in a given FG domain
was related to its amino acid composition, namely to the content of charged residues,
where more charged FG domains possessed larger hydrodynamic dimensions. FG
nucleporins with higher charge densities were shown to be more dynamic than the
collapsed-coil FG domains. Furthermore, these relaxed- or extended-coil FG domains
were shown to repel other FG domains, whereas the collapsed-coil FG domains were
able to bind each other to form oligomers, clearly suggesting that there is a functional
need in cells to have some FG domains aggregate and other FG domains repel,
therefore providing a molecular basis for two different gating mechanisms operating
at the nuclear pore complex at distinct locations, one acting as a hydrogel and
the other as an entropic brush [68]. Therefore, the abundance and peculiarities
of the charged residues distribution within the protein sequences might determine
the physical and biological properties of natively unfolded proteins.

1.7. LESSON 5: POLYMER PHYSICS EXPLAINS HYDRODYNAMIC
BEHAVIOR OF DISORDERED PROTEINS

Each protein is believed to be a unique entity that has a quite unmatched primary
sequence, which governs its 3-D structure (or luck thereof) and ensures specific
biological functions. Therefore, understanding the effect of sequence variance on
the biological performance presents a difficult challenge. However, natural polypep-
tides have originated as random copolymers of amino acids, which were adjusted
or “selected” over evolution based on their functional capacity [69, 70]. Despite their
differences in primary amino acid sequences, protein molecules in a number of
conformational states behave as polymer homologues, suggesting that the volume
interactions can be considered a major driving force responsible for the formation
of equilibrium structures or structural ensembles [71]. For example, ordered globular
proteins and molten globules (both as folding intermediates of globular proteins and
as examples of collapsed IDPs) exhibit key properties of polymer globules, where
the fluctuations of the molecular density are expected to be much less than the
molecular density itself. Extended IDPs (both intrinsic coils and intrinsic pre-molten
globules) and ordered proteins in the pre-molten globule intermediate state possess
properties of squeezed coils since water is a poor solvent for a polypeptide. In fact,
even high concentrations of strong denaturants (e.g., urea and GdmCl) are very likely
to be poor solvents for protein chains, resulting in the preservation of an extensive
residual structure even under these harsh denaturing conditions [71].

Based on these and related observations, and given the fact that IDPs (especially
their extended forms) are characterized by significant amino acid composition biases,
the behavior of low-complexity polypeptides (e.g., homopolypeptide and block
copolypeptides) can mimic reasonably well the overall polymeric behavior of
more complex systems (e.g., IDPs and IDRs). Intriguingly, recent studies revealed
that polar homopolypeptides without hydrophobic groups (e.g., polyglutamine or
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glycine—serine block copolypeptides), used to model IDPs, prefer collapsed ensem-
bles in aqueous media [72—77]. Furthermore, even polyglycine tends to form het-
erogeneous ensembles of collapsed structures in water [77]. These results clearly
suggest that water is a poor solvent for polypeptide backbone alone and for the IDPs
containing long tracts of polar amino acid residues.

A systematic analysis of conformational behavior of protamines, arginine-rich
IDPs involved in the condensation of chromatin during spermatogenesis, and
protamine-like peptides by a combination of molecular simulations and fluorescence
experiments revealed that there is a charge-driven coil-to-globule transition in these
highly charged polypeptides, where the net charge per residue serves as the discrimi-
nating order parameter (Rohit Pappu, personal communication). Overall, the increase
in the size of a polypeptide chain with increasing net charge per residue can be
attributed to the increase in the intramolecular electrostatic repulsions between
similarly charged side chains and the favorable solvation of these moieties. Pappu
also pointed out that there are at least three different classes of globule-forming
polar/charged IDPs. The first class is composed of polar tracts, which collapse due
to the water being a poor solvent for a backbone and non-charged side chains. The
second class is represented by weak polyelectrolites and weak polyampholytes,
which have low per residue net charge and low fractions of positively and/or nega-
tively charged residues. These IDPs form collapsed structures since the driving force
responsible for the collapse is not overcome by the intramolecular electrostatic
repulsion between the charged side chains and by their favorable free energies of
solvation. Furthermore, if such IDPs possess a polyampholytic nature, their globular
state is additionally stabilized by electrostatic interactions between the oppositely
charged side chains. Finally, IDPs from the third class are strong polyampholytes
characterized by high fractions of positively and/or negatively charged residues but
low per residue net charges. Such IDPs can form collapsed structures stabilized
mostly by multiple electrostatic interactions between solvated side chains of oppo-
site sign (Rohit Pappu, personal communication).

Clearly, IDPs with very high net charges are expected to be more extended and
behave more similar to random coils (i.e., similar to conformations adopted by
proteins in the denaturant GdmCl). The validity of this hypothesis was recently
illustrated via the analysis of the set of Nups containing long natively unfolded
domains with phenylalanine—glycine repeats (FG domains). These Nups constitute
a gate of the nuclear pore complex (NPC), where the FG domains form a malleable
network of disordered polypeptides, which selects and size-discriminates against
diffusing macromolecules [68]. In this study, most Nup FG domains were shown to
adopt collapsed molten-globular configurations and were characterized by a low
content of charged amino acids. Others adopted more extended, coil-like conforma-
tions, were structurally more dynamic, and were characterized by a high content of
charged amino acids. Many Nups contained both types of structures in a biphasic
distribution along their polypeptide chain. For example, the N-terminus of Nspl (AA
1-172; Nspln) had a low charged-AA content of 2% and adopted molten globular
configurations, whereas the remainder of the Nsp1 FG domain (AA 173-603; Nsplm)
had a charged AA content of 36% and adopted extended-coil configurations [68].
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1.8. LESSON 6: NATIVELY UNFOLDED PROTEINS ARE PLIABLE AND
VERY SENSITIVE TO THEIR ENVIRONMENT

Although the mechanisms of function of any biological subject (including proteins)
cannot be understood without appropriate consideration of this subject’s environ-
ment, [IDPs represent an extreme case of environmental pliability. Amino acid biases
characteristic of IDPs determine their structural variability and lack of a rigid well-
folded structure. This structural plasticity is necessary for the unique functional
repertoire of IDPs, which is complementary to the catalytic activities of ordered
proteins. Amino acid biases also drive atypical responses of IDPs to changes in their
environment. In general, the conformational behavior of IDPs is characterized by
the low cooperativity (or the complete lack thereof) of the denaturant-induced
unfolding, lack of the measurable excess heat absorption peak(s) characteristic of
the melting of ordered proteins, “turned out” response to heat and changes in pH,
and the ability to gain structure in the presence of various binding partners [78].

1.8.1. Effects of Strong Denaturants

IDPs, being highly dynamic, are characterized by low conformational stability,
which is reflected in low steepness of the transition curves describing their unfolding
induced by strong denaturants or even in the complete lack of the sigmodal shape
of the unfolding curves. This is in strict contrast to the solvent-induced unfolding
of ordered globular proteins, which is known to be a highly cooperative process. In
fact, we can find here an extreme case of the cooperative transition, which is an
all-or-none transition where a cooperative unit includes the whole molecule; that is,
no intermediate states can be observed in the transition region. Based on the analysis
of the unfolding transitions in ordered globular proteins, it has been concluded that
the steepness of urea- or GdmCl-induced unfolding curves depends strongly on
whether a given protein has a rigid tertiary structure (i.e., it is ordered) or is already
denatured and exists as a molten globule [79, 80]. Although the denaturant-induced
unfolding of a native molten globule can be described by a shallow sigmoidal curve
(e.g., see Ref. [81]), urea- or GdAmCl-induced structural changes in native pre-molten
globules or native coils are non-cooperative and typically seen as monotonous fea-
tureless changes in the studied parameters. This is due to the low content of the
residual structure in these species.

1.8.2. Temperature Effects

The analysis of the temperature effects on structural properties of several extended
IDPs revealed that native coils and native pre-molten globules possess so-called
“turned out” response to heat [78]. Figure 1.6A depicts the temperature-dependence
of [0l for a-synuclein, caldesmon 636771 fragment, and phosphodiesterase ¥
subunit and clearly shows that these three proteins partially fold as the temperature
is increased. Therefore, temperature-induced changes in the far-UV CD spectrum of
several extended IDPs were interpreted in terms of the temperature-induced forma-
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Figure 1.6. Effect of environmental factors on conformational properties of natively unfolded
proteins. (a) Temperature-induced changes in far-UV CD spectrum ([6],,, versus temperature
dependence) measured for o~synuclein (triangles), phosphodiesterase y-subunit (squares), and
caldesmon 636-771 fragment (circles). (b) pH-induced structure formation ([6],,, versus pH
dependence) in the natively unfolded a-synuclein (circles) and prothymosin ¢ (triangles).

tion of secondary structure [56, 82, 83]. These heating-induced structural changes
in extended IDPs were completely reversible and consistent with the partial. The
effects of elevated temperatures may be attributed to the increased strength of the
hydrophobic interaction at higher temperatures, leading to a stronger hydrophobic
attraction, which is the major driving force for folding.

1.8.3. Structure-Promoting Effects of Extreme pH

Extended IDPs are also characterized by the “turned out” response to changes in pH
[56, 84-87], where a decrease (or increase) in pH induced partial folding of extended
IDPs due to a decrease in their high net charge present at neutral pH, thereby decreas-
ing charge—charge intramolecular repulsion and permitting hydrophobicity-driven
collapse to the partially folded conformation [78]. Figure 1.6B illustrates this unusual
conformational behavior of extended IDPs representing the pH dependence of [0]»,
for o-synuclein and prothymosin o. These data are consistent with the conclusion
that changes in pH can induce partial folding of natively unfolded proteins.

1.8.4. Protein Chameleons

In general, the pliable nature of the IDPs allows them to be highly adjustable and
to morph their structure. For example, o~synuclein was shown to adopt a series of
different conformations depending on its environment, being able to stay substan-
tially unfolded, or fold into an amyloidogenic partially folded conformation, or into
o-helical or S-structured species, both monomeric and oligomeric. Furthermore, it
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was shown to form several morphologically different types of aggregates, including
oligomers (spheres, doughnuts, and worms), amorphous aggregates, and amyloid-
like fibrils. Based on this astonishing conformational behavior and structural plastic-
ity, the concept of a protein chameleon was introduced [15].

1.9. LESSON 7: WHEN BOUND, NATIVELY UNFOLDED PROTEINS
CAN GAIN UNUSUAL STRUCTURES

Due to their lack of rigid structure, combined with the high level of intrinsic dynam-
ics and almost unrestricted flexibility at various structure levels in the non-bound
state, and due to their unique capability to adjust to the structure of the binding
partner, IDPs are characterized by a diverse range of binding modes, creating a
multitude of unusual complexes, many of which are not attainable by ordered pro-
teins [88]. Some of these complexes are relatively static, resemble complexes of
ordered proteins, and therefore are suitable for 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, tenta-
cles, pullers, and stackers or B-arcs [88]. These binding modes are shown in Figure
1.7 and briefly described below.

1.9.1. MoRFs

MoRFs are short, interaction-prone IDP segments that undergo disorder-to-order
transitions upon binding and are abundantly involved in molecular recognition
[89-91]. MoRFs, being identified as short structured fragments of disordered pro-
teins involved in interaction with globular partners, were structurally classified
according to their structures in the bound state: -MoRFs form o-helices, 3-MoRFs
form S-strands, and -MoRFs form structures without a regular pattern of backbone
hydrogen bonds [89, 91]. MoRF typically constitutes one contiguous segment fitted
into a grove at the surface of the ordered partner.

1.9.2. Flexible Wrappers

Some IDPs wrap around their ordered binding partners. Complexes of this type are
polyvalent ordered complexes where several ordered segments of a disordered
protein bind to disjoint and spatially distant binding sites on the surface of the
globular protein. Typically, the ordered segments of such wrapping IDPs are con-
nected by the disordered regions. Secondary-structure elements of wrappers almost
do not possess intramolecular interactions, forming very intensive intermolecular
contacts with the binding partner [92-94]. Many proteins interacting with DNA or
RNA are flexible wrappers. For example, numerous transcription factors, regulatory
proteins, and other proteins that interact with DNA contain multiple zinc finger
motifs. The zinc finger motifs act as independently folded globular domains that are
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separated by flexible linker regions. Zinc finger domains are disordered in the
absence of zinc. Proteins often contain multiple zinc fingers connected by flexible
linkers and wrap around the DNA in a spiral manner. The zinc finger-containing
proteins typically interact with the major groove along the double helix of DNA. In
the bound state, the zinc fingers are arranged around the DNA strand in such a way
that the o-helix of each finger contacts the DNA, forming an almost continuous
stretch of o~-helices around the DNA molecule [95].

1.9.3. Penetrators

In complexes of some IDPs with other proteins or RNA, significant parts of IDPs
penetrate deep inside the structure of their binding partners. For example, in the
crystal structure of the 30S ribosome, many ribosomal proteins, in addition to globu-
lar domains, contained extended internal loops or long N- or C-terminal extensions
that were not seen in structures of the isolated proteins but which were associated
intimately with the RNA inside the ribosome [96]. The most illustrative example of
this penetrating mode is S12, which had a globular domain at the interface side and
a long N-terminal extension that threaded its way through the 30S subunit to emerge
on the back side to interact with proteins S8 and S17 [96].

1.9.4. Huggers

Typically, monomers constituting the oligomers formed as a result of folding coupled
to binding are highly intertwined [97-99], kind of hugging each other. Typically,
complexes of this kind are binary. However, there are several examples of group
huggers, where monomers clasp more than one partner.

1.9.5. Intertwined Strings

Coiled coils represent a common structural motif in proteins, where up to seven long
o-helices intertwined together similar to strings of a rope [100, 101]. This motif is
formed by approximately 3—-5% of all amino acids in proteins [102], with the most
common members of this family being dimers and trimers. Individual o-helices in
coiled coil are wrapped around each other into a left-handed helix to form a super-
coil. In addition to the left-handed coiled coils, there are right-handed coiled coils
[103, 104]. Coiled coils represent a relatively simple but tightly packed structure.
Importantly, partners involved in the coiled-coil formation are typically disordered
in the non-bound form.

1.9.6. Long Cylindrical Containers

Multichain coiled coils can assemble into long hollow cylinders containing a
continuous axial pore with binding capacities for several hydrophobic compounds
[105].
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1.9.7. Connectors and Armature

Being formed, coiled coils can be used in the subsequent formation of higher order
oligomers, where segments of coiled coils are used to bring oligomeric partners
together [106-108]. Coiled coil can serve as an armature, around which a more
complex structure is built [109, 110].

1.9.8. Tweezers and Forceps

Many transcription factors form coiled-coil dimers that interact with DNA. Here,
the coiled-coil dimer grips the major grove of DNA in a forceps-like manner [111].

1.9.9. Grabbers

In several instances, the ends of the coiled coil form an extensive -sheet interaction
with binding partners [112].

1.9.10. Tentacles

In its crystal structure, the hexameric molecular chaperone prefoldin resembles a
jellyfish with a body consisting of a double f-barrel assembly, from which six long
tentacle-like coiled coils are protruding. The distal regions of the coiled coils contain
hydrophobic patches, which are utilized in the multivalent binding of non-native
proteins [113].

1.9.11. Pullers

The Thermus thermophilus chaperone ClpB is a two-tiered hexameric ring with a
set of 85-A-long and mobile coiled coils that are located on the outside of the
hexamer and act as mechanical pullers [114]. Here, the concerted motions of these
coiled coils cause adjacent subunits to move in opposite directions, generating the
mechanical force required to pull aggregates apart [114].

1.9.12. Chameleons

One of the most unique features of IDPs is their ability to gain, in a template-
dependent manner, very different structures in the bond form. This capability is illus-
trated by the C-terminal binding region of p53, the same short segment of which binds
to four unrelated partners adopting different conformations (an o~helix, a B-sheet, and
two differently laid irregular structures) when bound to the different partners [7, 115].

1.9.13. Stackers or S-arcs

The unifying model of the amyloid fibrils is “B-arcades,” which are the columnar
structures produced by in-register stacking of “f-arcs,” strand-turn-strand motifs in
which the two [-strands interact via their side chains, not via the polypeptide back-
bone as in a conventional B-hairpin [116].
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1.10. LESSON §8: IDPS CAN FORM DISORDERED
OR FUZZY COMPLEXES

In addition to the static complexes considered above, where bound partners have fixed
structures, some IDPs do not fold even in their bound state, forming so-called disor-
dered, dynamic, or fuzzy complexes with ordered proteins [82, 117—121], other disor-
dered proteins [122—-124], or biological membranes [125, 126]. In complexes of some
of these IDPs with their binding partners, the disordered regions flanking the interac-
tion interface but not the interface itself remain disordered. Such mode of interaction
was recently described as “the flanking fuzziness” in contrast to “the random fuzzi-
ness” when the disordered protein remains entirely disordered in the bound state [127,
128]. Itis also expected that a similar binding mode can be utilized by disordered pro-
teins while interacting with nucleic acids and other biological macromolecules [88].
Physically, binding is considered as joining objects together, and suggests spatial
and temporal fixation of bound partners. The formation of protein complexes with
specific binding partners is expected to bring some fixation (at least at the binding
site). Therefore, the mentioned disordered complexes, where interaction of a disor-
dered protein with the binding partners is not accompanied by a disorder-to-order
transition within the interaction interface clearly, cannot be described by the classical
binding paradigm. The contradiction can be resolved assuming that the ordered
binding partner or disordered protein contains 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. Therefore, 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
resembles a “binding cloud,” in which multiple identical binding sites are dynami-
cally distributed in a diffuse manner (see Fig. 1.70). In other words, in this staccato-
type interaction mode, a disordered protein rapidly changes multiple binding sites
while probing the binding site(s) of its partner [88]. An additional factor that can
help holding dynamic complex together could be a weak long-range attraction
between protein molecules [129]. This long-range attraction is universal for all
protein solutions and has a range several times that of the diameter of the protein
molecule, much greater than the range of the screened electrostatic repulsion [129].

1.11. LESSON 9: INTRINSIC DISORDER IS CRUCIAL FOR
RECOGNITION, REGULATION, AND SIGNALING

The functional importance of being disordered has been intensively analyzed [2, 4,
6, 21, 23-25, 130-136]. The majority of IDPs undergo a disorder-to-order transition
upon functioning [2, 4, 6, 21, 23-25, 130-137]. When disordered regions bind to
signaling partners, the free energy required to bring about the disorder-to-order
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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 [4, 130]. High specificity coupled with low affinity seems to be a useful
pair of properties for a signaling interaction so that the signaling interaction is revers-
ible. In addition, a disordered protein can readily bind to multiple partners by chang-
ing shape to associate with different targets [4, 138, 139]. In addition to decoupled
specificity and strength of binding, disorder has several clear advantages for func-
tions in signaling, regulation, and control [1, 2, 4, 140-143]:
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11.

12.

13.

14.

. Increased speed of interaction due to greater capture radius and the ability

to spatially search through interaction space.

Strengthened encounter complex allows for less stringent spatial orientation
requirements.

Efficient regulation via rapid degradation.

Increased interaction (surface) area per residue.

A single disordered region may bind to several structurally diverse partners.
Many distinct (structured) proteins may bind to a single disordered region.
Intrinsic disorder provides the ability to overcome steric restrictions, enabling

larger interaction surfaces in protein—protein and protein—ligand complexes
than those obtained with rigid partners.

Unstructured regions fold to specific bound conformations, which can be
very different, according to the template provided by structured partners.

Efficient regulation via posttranslational modification (PTM); that is, phos-
phorylation, methylation, ubiquitination, sumoylation, and so on.

Ease of regulation/redirection and production of otherwise diverse forms by
alternative splicing (AS).

The possibility of overlapping binding sites due to extended linear
conformations.

Diverse evolutionary rates with some IDPs being highly conserved and other
IDPs possessing high evolutionary rates. The latter can evolve into sophisti-
cated and complex interaction centers (scaffolds) that can be easily tailored
to the needs of divergent organisms,

Flexibility that allows masking (or not) of interaction sites or that allows
interaction between bound partners.

Binding fuzziness where different binding mechanisms (e.g., via stabilizing
the binding-competent secondary-structure elements within the contacting
region, or by establishing the long-range electrostatic interactions, or being
involved in transient physical contacts with the partner, or even without any
apparent ordering) can be employed to accommodate peculiarities of interac-
tion with various partners.

This clearly suggests that there is a new two-pathway protein structure—function
paradigm, with sequence-to-structure-to-function for enzymes and membrane trans-
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port proteins, and sequence-to-disordered ensemble-to-function for proteins and
protein regions involved in signaling, regulation, and control [4, 21, 22, 53, 132,
133].

Among the various functions found for disordered regions, even superficial analy-
sis of natively unfolded proteins revealed that many of them undergo disorder-to-
order transitions when stabilized by binding with specific targets [3]. In fact, for the
majority of proteins described in a previous study, the existence of ligand-induced
folding was established. Examples include induced structure formation upon binding
with DNA (or RNA) for protamines, Max protein, high-mobility group proteins
HMG-14 and HMG-17, osteonectine, Ser-Asp (SD) repeat protein D (SdrD protein),
chromatogranins A and B, A131A fragment of SNase, and histone H1. Other exam-
ples include the folding of cytochrome c in the presence of heme, the folding of
osteocalcine induced by cations, secondary-structure formation in parathyroid
hormone-related protein induced by membrane association, structure formation in
glucocorticoid receptor brought about by association with trimethylamine N-oxide,
folding of histidine-rich protein II induced by heme; and structure formation and
compaction of prothymosin o mediated by zinc [3]. Therefore, among the major
functions of these unstructured, IDPs are nucleic acid binding, metal ion binding,
heme binding, and interaction with membrane bilayers [3].

More than 150 proteins have been identified in early studies as containing func-
tional disordered regions, or being completely disordered, yet performing vital cel-
lular roles [4, 132]. Twenty-eight separate functions were assigned for these
disordered regions, including molecular recognition via binding to other proteins, or
to nucleic acids [132, 133]. An alternative view is that functional disorder fits into
at least six broad classes based on their mode of action [5, 144].

A computational study was carried out for the evaluation of a correlation between
the functional annotations in the Swiss-Prot database and the predicted intrinsic
disorder [145-147]. The approach is based on the hypothesis that if a function
described by a given keyword relies on intrinsic disorder, then the keyword-associated
protein would be expected to have a greater level of predicted disorder than
the protein randomly chosen from the Swiss-Prot. To test this hypothesis, functional
keywords associated with 20 or more proteins in Swiss-Prot were found and cor-
responding keyword-associated data sets of proteins were assembled. For each
keyword-associated set, 1000 length-matching and number-matching sets of random
proteins were drawn from Swiss-Prot. Order—disorder predictions were carried out
for the keyword-associated sets and for the matching random sets. If a function
described by a given keyword were carried out by a long region of disordered
protein, one would expect the keyword-associated set to have a greater amount
of predicted disorder compared with the matching random sets. The keyword-
associated set would be expected to have a lower amount of predicted disorder
compared with the random sets if the keyword-associated function were carried out
by a structured protein. Given the predictions for the function-associated and match-
ing random sets, it is possible to calculate the P-values, where a P-value > 0.95 was
used to define a disorder-associated function and a P-value < 0.05 was used to define
an order-associated function. Intermediate P-values are ambiguous [145—-147]. The
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application of this approach revealed that out of 710 Swiss-Prot keywords, 310
functional keywords were associated with ordered proteins, 238 functional keywords
were attributed to disordered proteins, and the remaining 162 keywords yield ambi-
guity in the likely function—structure associations [145-147].

Interestingly, most of the structured protein-associated keywords were related to
enzyme activities, which is a result in accordance with the previous discussion
indicating that structure formation is for enzyme catalysis rather than just for molec-
ular recognition. As for the disordered protein-associated keywords, most were
related to signaling and regulation, again in accordance with the arguments given
above that the thermodynamics of disorder-to-order upon binding are favorable to
binding reversibility and thus to signaling.

Based on the analysis of then-known data the Protein Trinity paradigm was for-
mulated [4, 21]. According to this model, functional intracellular proteins (or their
functional regions) can exist in any of the three thermodynamic states: ordered,
molten globule, and random coil. Function can arise from any of the three conforma-
tions and transitions between them. “In this view, not just the ordered state, but any
of the three states can be the native state of a protein” [4]. Data presented in this
review show that natively unfolded proteins, which were originally considered as
random coils, are not uniform and can be grouped into two structurally different
subclasses, which were designated as intrinsic coils and intrinsic pre-molten glob-
ules. These observations bring a new player, the native pre-molten globule, to the
protein function field [22]. Therefore, it has been suggested that the Protein Trinity
should be extended to the Protein Quartet model, with function arising from four
specific conformations (ordered forms, molten globules, pre-molten globules, and
random coils) and transitions between any two of the states [22].

1.12. LESSON 10: PROTEIN POSTTRANSLATIONAL MODIFICATIONS
OCCUR AT DISORDERED REGIONS

In a study of the functions associated with more than 100 long disordered regions,
many were found to contain sites of protein PTM [132, 133]. These PTMs included
phosphorylation, acetylation, fatty acylation, methylation, glycosylation, ubiquitina-
tion, and ADP-ribosylation, suggesting the possibility that protein modifications
commonly occur in regions of disorder. A particular advantage of disorder for regula-
tory and signaling regions is that changes, such as protein modification, lead
to large-scale disorder-to-order structural transitions: such large-scale structural
changes are not subtle and therefore could be an advantage for signaling and regula-
tion as compared with the much smaller changes that would be expected from the
decoration of an ordered protein structure.

Protein phosphorylation and dephosphorylation are crucial for signaling. Indeed,
about one-third of eukaryotic proteins are phosphorylated [148]. Many sites of
protein phosphorylation were found to be in regions structurally characterized as
intrinsically disordered [132, 133]. This conclusion was based on several lines of
evidence, such as a very small number of PDB structures for both the unphosphory-
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lated and phosphorylated forms of the same protein [149, 150]; the fact that the
residues of the phosphorylation site often have extended, irregular conformation
consistent with disordered structure [150]; the fact that the segments containing
phosphorylation sites not only lack secondary structure but are held in place by side
chain burial and also by backbone hydrogen bonds to the surrounding kinase side
chains [151-156]; the fact that regions flanking the sites of phosphorylation are
enriched in the disorder-promoting amino acids [150]; the fact that the sequence
complexity distribution of the residues flanking phosphorylation sites matches
almost exactly the complexity distribution obtained for IDPs [150]; and the fact there
is a high correspondence between the prediction of disorder and the occurrence of
phosphorylation [150].

Ubiquitination, the reversible modification of proteins by the covalent attachment
of ubiquitin, is implicated in the regulation of a variety of cellular processes and is
involved in many diseases. Recently, 141 new ubiquitination sites were identified
using a combination of liquid chromatography, mass spectrometry, and mutant yeast
strains [157]. The detailed analysis of the sequence biases and structural preferences
around known ubiquitination sites indicated that the properties of these sites were
similar to those of IDRs. In agreement with this computational study, structural
information about the ubiquitination sites is sparse. In fact, despite the large size of
PDB, only 7% of currently known ubiquitination sites in yeast could be confidently
mapped to protein structures. The analysis of 3-D structures of 32 homologous
protein chains (with 15 of them being 100% identical with query proteins) containing
28 ubiquitination sites revealed that 10 ubiquitination sites were in crystal or
interchain/intrachain contacts, and therefore the assignment of these sites to a spe-
cific structural element should be made with caution. Of the 18 sites that could be
confidently assigned to ordered regions, 11 were located within coils (two of which
were close to the observed disordered regions), four within helices, and three within
strands. The majority of the sites within coils and helices were surface exposed and
had high B-factor values indicating high flexibility [157]. It has also been pointed
out that along with the lack of structural information for the majority of experimen-
tally detected ubiquitination sites, there were several examples of ubiquitination sites
located in the experimentally confirmed disordered regions [157]. Based on these
observations it has been concluded that the involvement of flexible and disordered
protein regions into various aspects of ubiquitination process provides a strong
support for the functional importance of such regions.

In addition to protease digestion, ubiquitination, and phosphorylation, several
other types of PTMs, such as acetylation, fatty acid acylation, and methylation,
have also been observed to occur in regions of intrinsic disorder [132, 133, 147].
From these findings, it is tempting to suggest that sites of protein modification
in eukaryotic cells universally or at least very commonly exhibit a preference for
IDRs. For all of the examples discussed earlier, the modifying enzyme has to bind
to and modify similar 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.
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1.13. LESSON 11: DISORDERED REGIONS ARE PRIMARY
TARGETS FOR AS

Alternative splicing is a process by which two or more mature mRNAs are produced
from a single precursor pre-mRNA by the inclusion and omission of different seg-
ments [158, 159]. The “exons” are joined to form the mRNA and the “introns” are
left out [160]. So far AS has been commonly observed only in multicellular eukary-
otes [161]. For humans and other mammals, multiple proteins are often produced
from a single gene since 40-60% the genes yield proteins via the AS mechanism
[162—164]. It was hypothesized that AS very likely provides an important mecha-
nism for enhancing protein diversity in multicellular eukaryotes [165]. AS has affects
on a diversity of protein functions such as protein—protein interactions, ligand
binding, and enzymatic activity [166—168]. Therefore, it comes as no surprise that
abnormal AS has been associated with numerous human diseases, including myo-
tonic dystrophy [169], Axoospermia [170], Alzheimer’s disease [171], Parkinson’s
disease [172, 173], and cancer [174].

Removal of a piece of sequence from a structured protein would often lead to
dysfunctional protein folding, most often causing loss of function (sometimes,
however, the AS isoform of structured proteins can maintain function, albeit typi-
cally with a reduction in activity). Why, then, is the AS phenomenon so common in
nature? The analysis of the effect of AS on structured proteins revealed that AS-
induced alterations are generally small in size, are usually located on the protein
surface, and are most often located in coil regions [175]. Given the small sizes and
locations of the changes resulting from AS, the different splice variants were pre-
dicted to fold into the same overall structures, with only slight structural perturba-
tions that could be functionally important [175, 176].

The structural implications given above are interesting, but only a small fraction
of AS events have been mapped to structured proteins. Since 40—60% of mammalian
(human) genes are estimated to undergo AS, and since there are several thousand
mammalian proteins in PDB [44], we would expect to find several thousand exam-
ples to study. So far, however, despite exhaustive searches of PDB, only 20 examples
have been reported [175]. Based on the failure to find a significant number of
examples of AS that map to regions of structure, it was hypothesized that the protein
folding problems discussed earlier would be solved for different isoforms if the
alternatively spliced regions of mRNA were to code for regions of IDP. If AS were
to map to ID regions, both multiple and long splice variants would be allowed
because structural perturbation would not be a problem.

To test this hypothesis, a collection of human proteins with structurally character-
ized regions of order and disorder was built and an exhaustive search on AS for all
of these proteins was performed. This generated a set of 46 human proteins with 75
alternatively spliced segments, all of which were located in structurally characterized
regions [177]. Importantly, of these 75 alternatively spliced regions of RNA, 43
(57%) coded for entirely disordered protein regions, 18 (24%) coded for both
ordered and disordered protein regions (with the splice boundaries very often in, or
very near to, the disordered regions), and just 14 (19%) coded for fully structured
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regions [177]. Next, to increase the number of examples, all the Swiss-Prot proteins
labeled as having AS isoforms were identified. This approach generated a set of 558
proteins with 1266 regions that are absent from one isoform due to AS. Disorder/
order propensities of these AS proteins and regions were predicted together with the
disorder/order propensities of the 46 structurally characterized proteins and for their
75 regions that were affected by AS. This analysis revealed a perfect correlation
between predictions and observations of disorder in the 46 structurally characterized
proteins. For the 1266 regions from Swiss-Prot, the predicted abundance of disorder
closely matched the corresponding predictions for the 75 with known structure.
These data strongly suggest that AS occurs mostly in regions of RNA that code for
disordered protein [177].

These findings have crucial functional implications. Since disorder plays various
roles in protein functions and in protein—protein interaction networks, modification
of such functions could be readily accomplished by AS within disordered regions.
Thus, a linkage between AS and signaling by disordered regions provides a novel
and plausible mechanism for understanding the origins of cell differentiation, which
ultimately gives rise to multicellular organisms in nature [177].

1.14. LESSON 12: DISORDERED PROTEINS ARE TIGHTLY
REGULATED IN THE LIVING CELLS

It is clear now that the IDPs are real, abundant, diversified, and vital. Functions of
IDPs are complementary to the catalytic activities of ordered proteins [2—4, 21-26, 29,
53,132,133, 135, 145-147, 178, 179]. Many disorder-related functions (e.g., signal-
ing, control, regulation, and recognition) are incompatible with well-defined, stable
3-D structures [2-5, 21, 22, 24-26, 29, 53, 135, 145-147, 179, 180]. Intrinsic dis-
order is assumed to provide several functional advantages for its carriers, including
increased interaction surface area, structural plasticity to interact with several targets,
high specificity for given partners combined with high k,, and k&, rates that enable
rapid association with the partner without an excessive binding strength, and the
ability to fold upon binding and accessible PTM sites.

The highly dynamic nature of IDPs is a visual illustration of the chaos. However,
the evolutionary persistence of these highly dynamic proteins, their unique func-
tionality, and involvement in all the major cellular processes evidence that this
chaos is tightly controlled [181]. To answer the question of how these proteins are
governed and regulated inside the cell, Gsponer et al. conducted a detailed study
focused on the intricate mechanisms of the IDP regulation [182]. To this end, all the
S. cerevisiae proteins were grouped into three classes using one of the available
disorder predictors, DisoPred2 [183]: (1) 1971 highly ordered proteins containing
0-10% of the predicted disorder; (2) 2711 moderately disordered proteins with
10-30% predicted disordered residues; and (3) 2020 highly disordered proteins
containing 30-100% of the predicted disorder. Then, the correlations between
intrinsic disorder and the various regulation steps of protein synthesis and degrada-
tion were evaluated.
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To examine the transcription of genes encoding IDPs and ordered proteins, the
transcriptional rates and the degradation rates of the corresponding transcripts were
compared [182]. This analysis revealed that the transcriptional rates of mRNAs
encoding IDPs and ordered proteins were comparable. However, the IDP-encoding
transcripts were generally less abundant than transcripts encoding ordered proteins
due to the increased decay rates of the former.

Tight regulation of IDP abundance was also observed at the protein level. IDPs
were shown to be less abundant than ordered proteins due to the lower rate of protein
synthesis and shorter protein half-lives. As the abundance and half-life in a cell of
certain proteins can be further modulated via their PTMs such as phosphorylation
[184], the experimentally determined yeast kinase—substrate network was analyzed
next. IDPs were shown to be substrates of twice as many kinases as were ordered
proteins. Furthermore, the vast majority of kinases whose substrates were IDPs were
either regulated in a cell-cycle dependent manner, or activated upon exposure to
particular stimuli or stress [182]. Therefore, PTMs may not only serve as an impor-
tant mechanism for the fine-tuning of the IDP functions, but possibly they are neces-
sary to tune the IDP availability under different cellular conditions.

In addition to S. cerevisiae, similar regulation trends were also found in
Schizosaccharomyces pombe and Homo sapiens [182]. Based on these observations
it has been concluded that both unicellular and multicellular organisms appear to
use similar mechanisms to regulate the availability of IDPs. Overall, the study by
Gsponer et al. clearly demonstrated that there is an evolutionarily conserved tight
control of synthesis and clearance of most IDPs. This tight control is directly related
to the major roles of IDPs in signaling, where it is crucial to be available in appro-
priate amounts and not to be present longer than needed [182]. It has been also
pointed out that although the abundance of many IDPs is under strict control, some
IDPs could be present in cells in large amounts and/or for long periods either due
to specific PTMs or via interaction with other factors, which could promote changes
in cellular localization of IDPs or protect them from the degradation machinery [4,
147, 150, 184, 185]. Overall, it has been concluded that the chaos seemingly intro-
duced into the protein world by the discovery of IDPs is under tight control [181].

In an independent study, a global-scale relationship between the predicted fraction
of protein disorder and RNA and protein expression in E. coli was analyzed [186].
It has been shown that the fraction of protein disorder were positively correlated
with both measured RNA expression levels of Escherichia coli genes in three dif-
ferent growth media (lysogeny broth (LB) rich medium and nitrogen- and carbon-
free (N-C-) minimal media supplemented with glycerol as a carbon source and either
ammonium chloride or arginine as a nitrogen source) and predicted abundance levels
of E. coli proteins. When a subset of 216 E. coli proteins that are known to be
essential for the survival and growth of this bacterium was analyzed, the correlation
between protein disorder and expression level became even more evident. In fact,
essential proteins had on average a much higher fraction of disorder (0.36), had a
higher number of proteins classified as completely disordered (19% vs. 2% for E.
coli proteome), and were expressed at a higher level in all three media than an
average E. coli gene [186]. To better understand the function—disorder relationship
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for highly expressed E. coli proteins, a literature search was carried out for a group
of proteins that had high levels of predicted intrinsic disorder. This study revealed
that the disorder predictions matched well with the experimentally elucidated regions
of protein flexibility and disorder [186]. A direct link between protein disorder and
protein level in E. coli cells could be because disordered proteins may carry out
essential control and regulation functions that are needed to respond to various
environmental conditions. Another possibility is that IDPs might undergo more rapid
degradation compared with structured proteins, which cells can counter by increas-
ing the mRNA levels of the corresponding genes. In this case, higher synthesis and
degradation rates could make the levels of these proteins very sensitive to the envi-
ronment, with slight changes in either production or degradation leading to signifi-
cant shifts in protein levels [186].

More evidence for the tight control of IDPs inside the cell came from the analysis
of cellular regulation of so-called vulnerable proteins [14]. The integrity of 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 condi-
tions [187, 188]. Since soluble protein structures may be more or less vulnerable to
water attack depending on their packing quality, a structural attribute, protein vulner-
ability, 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 also been 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 [187]. To understand the role of structure vulnerability in tran-
scriptome organization, the relationship between the structural vulnerability of a
protein and the extent of co-expression of genes encoding its binding partners was
analyzed [14]. This study revealed that structural vulnerability can be considered a
determinant of transcriptome organization across tissues and temporal phases [14].
Finally, by interrelating vulnerability, disorder propensity, and co-expression pat-
terns, the role of protein intrinsic disorder in transcriptome organization was con-
firmed 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].

1.15. LESSON 13: NATIVELY UNFOLDED PROTEINS ARE
FREQUENTLY ASSOCIATED WITH HUMAN DISEASES

Because IDPs play crucial roles in numerous biological processes, it was not
too surprising to find that some of them are involved in human diseases. For example,
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a number of human diseases originate from the deposition of stable, ordered, fila-
mentous protein aggregates, commonly referred to as amyloid fibrils. In each of
these abnormal protein deposition-mediated pathological states, a specific protein or
protein fragment changes from its natural soluble form into insoluble fibrils, which
accumulate in a variety of organs and tissues [189—195]. Approximately 20 different
proteins are known so far to be involved in protein deposition diseases. These pro-
teins are unrelated in terms of sequence or starting structure. Several IDPs are found
in this list of 20 proteins, and they are associated with the development of several
neurodegenerative diseases [195, 196]. An incomplete list of disorders associated
with IDPs includes Alzheimer’s disease (deposition of amyloid-f, tau-protein, o~
synuclein fragment NAC [197-200]), Niemann—Pick disease type C, subacute scle-
rosing panencephalitis, argyrophilic grain disease, myotonic dystrophy, and motor
neuron disease with neurofibrillary tangles (accumulation of tau-protein in the form
of neurofibrillary tangles [199]); Down’s syndrome (nonfilamentous amyloid-f3
deposits [201]); Parkinson’s disease, dementia with LB, diffuse LB disease, LB
variant of Alzheimer’s disease, multiple system atrophy, and Hallervorden—Spatz
disease (deposition of o-synuclein in the form of LB, or Lewy neuritis [202]); prion
diseases (deposition of PrP5¢ [203]); and a family of polyQ diseases, a group of
neurodegenerative disorders caused by expansion of GAC trinucleotide repeats
coding for polyQ in the gene products [204]. Furthermore, most mutations in rigid
globular proteins associated with accelerated fibrillation and protein deposition
diseases have been shown to destabilize the native structure, increasing the steady-
state concentration of partially folded (disordered) conformers [189—195].

The disorders just mentioned are called conformational diseases, as they are
characterized by conformational changes, misfolding, and aggregation of an under-
lying protein. However, there is another side to this coin: protein functionality. In
fact, many of the proteins associated with the conformational disorders are also
involved in recognition, regulation, and cell signaling. For example, functions
ascribed to a-synuclein, a protein involved in several neurodegenerative disorders,
include binding fatty acids and metal ions; regulation of certain enzymes, transport-
ers, and neurotransmitter vesicles; and regulation of neuronal survival (reviewed in
[202]). Overall, about 50 proteins and ligands interact and/or co-localize with this
protein. Furthermore, a-synuclein has remarkable structural plasticity and adopts a
series of different monomeric, oligomeric, and insoluble conformations (reviewed
in Ref. [15]). The choice between these conformations is determined by the pecu-
liarities of the protein environment, assuming that ¢o-synuclein has an exceptional
ability to fold in a template-dependent manner. Based on these observations, we
hypothesize that the development of the conformational diseases may originate from
the misidentification, misregulation, and mis-signaling, accompanied by misfolding.
In other words, mutations and/or changes in the environment may result in protein
confusion, for which the identity of the protein becomes lost, thus reducing its
capability to recognize proper binding partners and leading to the formation of
nonfunctional and deadly aggregates.

Recent analysis of so-called polyglytamine diseases gives support to this hypoth-
esis [205]. Polyglytamine diseases are a specific group of hereditary neurodegenera-
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tion caused by expansion of CAG triplet repeats in an exon of disease genes that
leads to the production of a disease protein containing an expanded polyglutamine,
polyQ, stretch. Nine neurodegenerative disorders, including Kennedy’s disease,
Huntington’s diseases, spinocerebellar atrophy -1, -2, -3, -6, -7, and -17, and
dentatorubral pallidoluysian atrophy belong to this class of diseases [206-209]. In
most polyQ diseases, expansion to over 40 repeats leads to their onset [209]. It has
been emphasized that molecular processes such as unfolded protein response, protein
transport, synaptic transmission, and transcription are implicated in the pathology
of polyQ diseases [205]. Importantly, more than 20 transcription-related factors have
been reported to interact with pathological polyQ proteins. Furthermore, these inter-
actions were shown to repress the transcription, leading eventually to neuronal
dysfunction and death (reviewed in [205]). These results suggest that polyQ diseases
represent kind of transcriptional disorder [205], supporting our misidentification
hypothesis for at least some of the conformational disorders.

Disorder is also very common in cancer-associated proteins. In 2002, a study found
that 79% of cancer-associated proteins and 66% of cell-signaling proteins contain
predicted regions of disorder of 30 residues or longer [23]. In contrast, only 13% of
a set of proteins with well-defined ordered structures contained such long regions of
predicted disorder. Here, cancer-associated proteins were defined as those human
proteins in Swiss-Prot containing the keyword “oncogene” (this included anti- and
proto-oncogenes) or containing the word “tumor” in the description field. In experi-
mental studies, the presence of disorder has been directly observed in several cancer-
associated proteins, including p53 [210], p57*? [211], Bcl-X, and Bcl-2 [212], c-Fos
[213], and most recently, a thyroid cancer-associated protein, TC-1 [214].

1.16. LESSON 14: NATIVELY UNFOLDED PROTEINS ARE
ATTRACTIVE DRUG TARGETS

Since many proteins associated with various human diseases are either completely
disordered or contain long disordered regions [215, 216], and since some of this
disease-related IDPs/regions are involved in recognition, regulation, and signaling,
these proteins/regions clearly represent novel potential drug targets. It is recognized
now that the possibility of interrupting the action of disease-associated proteins
(including through modulation of protein—protein interactions) presents an extremely
attractive objective for the development of new drugs. The rational design of enzyme
inhibitors depends on the classical view of protein function, which states that 3-D
structure is an obligatory prerequisite for function. While generally applicable to
many enzymatic domains, this view has persisted to influence views concerning all
protein functions despite numerous examples to the contrary. Due to failure to rec-
ognize the important role of disorder in protein function, current and evolving
methods of drug discovery suffer from an overly rigid view of protein function. This
is most apparent in the observation that the vast majority of currently available drugs
target the active site of enzymes, presumably since these are the only proteins for
which the order-function paradigm is generally applicable.
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Disordered proteins often bind their partners with contiguous residues of rela-
tively short length, which become ordered upon binding [90, 217, 218]. Targeting
small molecules to the disordered regions of proteins should enable the development
of more effective drug discovery techniques. Drugs targeting these regions will
likely function through inducing the disordered region to form an ordered structure
dissimilar to its structure in complex with its binding partner, thereby preventing
binding. The principles of small molecule binding to disordered regions have not
been well studied, but sequence-specific, small-molecule binding to short peptides
has been observed [219]. An interesting twist of this disorder-based approach for
drug discovery is that using disordered regions as drug targets can be described as
inducing order to prevent function.

In agreement with above-mentioned concepts, small molecules, “Nutlins,” have
been recently discovered that inhibit the p53—-Mdm?2 interaction by mimicking the
helix in p53 that binds to Mdm?2 [220, 221]. The tumor suppressor protein p53 is at
the center of a large signaling network. It regulates expression of genes involved in
numerous cellular processes, including cell cycle progression, apoptosis induction,
DNA repair, as well as others involved in responding to cellular stress [222]. When
pS3 function is lost, either directly through mutation or indirectly through several
other mechanisms, the cell often undergoes cancerous transformation [223, 224].
Cancers showing mutations in p53 are found in the colon, lung, esophagus, breast,
liver, brain, reticuloendothelial tissues, and hemopoietic tissues [223].

pS3 is regulated by several different mechanisms including inhibition of its activ-
ity by binding to E3 ubiquitin ligase Mdm2, which binds to a short stretch of p53,
residues 13-29. This region of p53 is within the transactivation domain; thus p53
cannot activate or inhibit other genes when Mdm?2 is bound. Mdm?2 ubiquitinates p53
and thus targets it for destruction. Mdm?2 also contains a nuclear export signal that
causes p53 to be transported out of the nucleus. Although X-ray crystallographic
studies of the p53—Mdm2 complex reveal that the Mdm?2 binding region of p53 forms
a helical structure that binds into a deep groove on the surface of Mdm?2 [225], NMR
studies show that the unbound N-terminal region of p53 lacks a fixed structure,
although it does possess an amphipathic helix that forms a secondary structure part
of the time [210] and therefore represents an illustrative example of the o-MoRF
concept. This amphipathic helix seen in the unbound state is the same helix that binds
to Mdm?2. A close examination of the interface between the proteins reveals that Phe'?,
Trp*, and Leu® of p53 are the major contributors to the interaction, with the side
chains of these three amino acids pointing down into a crevice on the Mdm?2 surface.

Because of the apparent simplicity of the interface, as well as the importance of
the p53-Mdm?2 interaction, this protein—protein interaction has been investigated as
a possible drug target by many researchers. Several successful peptide inhibitors of
the interaction have been created [226-229]. These peptides were all derived from
the region of p53 that binds to Mdm?2. Additionally all successful peptide inhibitors
contained the three crucial residues involved in the interaction, Phe', Trp*, and
Leu® [221].

Several small molecules were recently found to block the p53—-Mdm?2 interaction
[221, 230-232]. While some of these were natural products, others were from a class
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of cis-imidazolines called “Nutlins.” These latter molecules increased the level of
pS53 in cancer cell lines. This drastically decreased the viability of these cells, causing
most of them to undergo apoptosis. When one of the Nutlin compounds was given
orally to mice, researchers saw a 90% inhibition of tumor growth compared with
the control. The structure of Nutlin-2 was shown to mimic the crucial residues of
p53, with two bromophenyl groups fitting into Mdm?2 in the same pockets as Trp*
and Leu®, and an ethyl-ether side chain filling the spot normally taken by Phe'
[230-232].

This research demonstrates that finding small molecules to target regions of
proteins normally bound by disordered proteins is a feasible approach. It is antici-
pated that by studying this drug interaction, it will be possible to identify regions of
other proteins that can be mimicked by small molecules. Remarkably, the disorder
prediction for p53 using PONDR VL-XT software showed a sharp downward spike
indicating predicted ordered region near the N-terminus of the protein. Furthermore,
the o-MoRF identifier was able to recognize the region of p53 that binds to Mdm2
as a region of molecular recognition [115].

This successful Nutlin story marks the potential beginning of a new era, the
signaling-modulation era, in targeting drugs to protein—protein interactions.
Importantly, this druggable p5S3—Mdm?2 interaction involves a disorder-to-order tran-
sition. Principles of such a transition are generally understood and therefore can use
to find similar drug targets [233]. In addition to Nutlins, seven types of promising
drug molecules that act by blocking protein—protein interactions have been described
[234, 235]. While protein disorder is not mentioned in any of the papers describing
how a small molecule can block protein—protein interactions, the disorder-based
analysis revealed that four of these interactions involve one structured partner and
one disordered partner, with 3 of the 4 disordered segments becoming helix upon
binding. Therefore, the p53—Mdm2 complex is not the only member of this class
currently known to be blocked by a small drug-like molecule. We fully expect many
more examples to appear shortly, and for some of these examples to lead to useful
drug molecules. Since p53—-Mdm?2-like interactions are likely to be very common,
they clearly define a cornucopia of new drug targets that would operate by blocking
disorder-based protein—protein interactions.

For these examples, 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. We argue that these druggable sites are likely to operate
by the coupled binding and folding mechanism and utilize interaction sites that are
small and compact enough to be easily mimicked by small molecules. We have
developed methods for predicting such binding sites in disordered regions [236] and
have elaborated the bioinformatics tools to identify which disordered binding regions
can be easily mimicked by small molecules [233].

A complementary approach to finding small molecules inhibiting disorder-based
protein—protein interactions has been developed in the laboratory of Prof. Steven
Metallo (see, e.g., [237]). Deregulation of the c-Myc transcription factor is involved
in many types of cancer, making this oncoprotein an attractive target for drug dis-
covery. In order to bind DNA, regulated target gene expression, and function in most
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biological contexts, c-Myc must dimerize with its obligate heterodimerization
partner, Max, which lacks a transactivation segment. c-Myc, which is intrinsically
disordered as a monomer, undergoes coupled binding and folding of its basic-helix-
loop-helix-leucine zipper domain (bHLHZip) upon heterodimerization with its
partner protein Max. One approach to c-Myc inhibition has been to disrupt this
dimeric complex. In a search for effective inhibitors of the c-Myc—Max interactions,
a series of small molecules was analyzed to find seven Myc inhibitors, which were
shown to bind to one of three discrete sites within the 85-residue bHLHZip domain
of c-Myc. These binding sites are composed of short contiguous stretches of amino
acids that can selectively and independently bind small molecules. Inhibitor binding
induces only local conformational changes, preserves the overall disorder of c-Myc,
and inhibits dimerization with Max. Furthermore, binding of inhibitors to c-Myc
was shown to occur simultaneously and independently on the three independent
sites. Based on these observations it has been concluded that a rational and generic
approach to the inhibition of protein—protein interactions involving IDPs may there-
fore be possible through the targeting of intrinsically disordered sequence [237].

Ideally, a drug that targets a given protein—protein interaction should be tissue
specific. Although some proteins are unique for a given tissue, many more proteins
have very wide distribution, being present in several tissues and organs. How can
one develop tissue-specific drugs targeting such abundant proteins? Often, tissue
specificity for many of the abundant proteins is achieved via the AS of the corre-
sponding pre-mRNAs, which generates two or more protein isoforms from a single
gene. Estimates indicate that between 35% and 60% of human genes yield protein
isoforms by means of alternatively spliced mRNA [162]. The added protein diversity
from AS is thought to be important for tissue-specific signaling and regulatory net-
works in multicellular organisms. Recently, it has been established that the regions
of AS in proteins are enriched in intrinsic disorder [177]. Since disorder is frequently
utilized in protein binding regions, having AS of pre-mRNA coupled to regions of
protein disorder was proposed to lead to tissue-specific signaling and regulatory
diversity [177]. Therefore, associating AS with protein disorder enables the time-
and tissue-specific modulation of protein function. These findings open up a unique
opportunity to develop tissue-specific drugs modulating the function of a given IDP/
IDR (with a unique profile of disorder distribution) in a target tissue and not affect-
ing the functionality of this same protein (with different disorder distribution profile)
in other tissues.

1.17. LESSON 15: BRIGHT FUTURE OF FUZZY PROTEINS

The 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
that do not have rigid structures but possess crucial biological function was underap-
preciated and ignored for a long time despite numerous examples scattered in the
literature. The work that started as an attempt to understand what is special about
several natively unfolded proteins characterized in our group produced a real explo-
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sion 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 and to the natively unfolded proteins in particular. This chapter discussed
some general concepts related to the natively unfolded proteins and represents some
of our data to support these concepts.

Based on the data summarized in this chapter, natively unfolded proteins are
characterized by low overall hydrophobicity and high net charge. They possess large
hydrodynamic volumes and low contents of ordered secondary structure. They are
characterized by the absence of a tightly packed core. They are very flexible but
may adopt relatively rigid conformations in the presence of natural ligands. In com-
parison with ordered globular proteins, natively unfolded polypeptides possess “turn
out” responses to changes in the environment, as their structural complexities
increase at high temperatures or at extreme pHs.

An intriguing property of natively unfolded proteins is their ability to undergo
disorder-to-order transition upon function. The degree of these structural rearrange-
ments varies over a very wide range, from coil to pre-molten globule transitions to
formation of rigid ordered structures.

Multiple roles of natively unfolded proteins in pathogenesis of human diseases
should not be ignored. Because of the numerous structural adjustments, perturba-
tions, interactions, and functions ascribed to natively unfolded proteins, it is reason-
able to suggest that they are potentially prone to misfold. In such cases, the
development of different diseases associated with natively unfolded proteins (e.g.,
various synucleinopathies) may originate from the misregulation, missignaling, and
misidentification of a corresponding protein, accompanied by or resulting from its
misfolding. In fact, mutations and/or changes in the environment may reduce the
capability of a natively unfolded protein to recognize proper binding partners, thus
leading to the formation of nonfunctional and deadly aggregates.

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 in disease pathogenesis, and so on. However, the
amount of data produced so far is just a small tip of a humongous iceberg. IDPs
continue to bring discoveries on a regular basis. More discoveries and breakthroughs
are expected in future due to advances in novel experimental and computational
tools for studies focused on IDPs. Modern protein science is at a turning point.
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