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Intrinsically Disordered Proteins: Structure, Function
and Therapeutics
Over the past two decades, the prevalence of
intrinsically disordered proteins (IDPs) in biology has
become broadly appreciated, which has been paral-
leled with understanding of the mechanisms that
mediate their diverse functions. IDPs often exist as
heterogeneous ensembles of fluctuating structures
under physiological conditions, which offer advantages
for many cellular functions. In particular, the inherent
thermodynamic instability of IDPs could allow for
their conformational properties to respond to numerous
stimuli including binding to ligands or membrane
surfaces, changes in the cellular environment, and
post-translational modifications (PTMs). Multiple stim-
uli can readily be integrated throughcooperativeeffects
on their dynamic structural ensembles. These proper-
ties enable IDPs to fulfill the complex signaling and
regulatory needs of higher organisms. As a conse-
quenceof their vital biological roles, IDPsare frequently
associated with human diseases, including neurode-
generative diseases, numerous cancer types, and
diabetes. This Special Issue contains five review
articles [1–5] and 14 original research articles [6–19]
that address some of the latest advances, central
mechanistic questions, and emerging frontiers related
to IDPs in biology and disease. In particular, the Issue
provides physical insight into how intrinsic conforma-
tional disorder mediates diverse biological functions,
so-called disorder–function relationships, and how this
knowledge can be leveraged to therapeutically target
IDPs in human disease.
A major challenge in establishing disorder–function

relationships for IDPs is that their heterogeneous
conformations are often incompletely characterized
due to use of experimental methods that provide only
ensemble-averaged structural parameters. This limita-
tion can be addressed using computational methods,
but further improvement of energy force fields as
well sampling methodologies is required to generate
accurate andwell-converged structural ensembles that
reflect experimental data. Furthermore, experimental
approaches such as single-molecule methods and
scattering techniques,whichprovide information on the
distributions of conformers within ensembles rather
than just average properties, are increasingly being
used in studies of IDPs both in vitro and, in the case of
single-molecule fluorescence methods, in living cells.
In three original articles, Henriques et al. [6], Cragnell
et al. [7], and Zheng and Best [8] describe new
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theoretical and computational approaches that utilize
data from small-angle X-ray (or neutron) scattering
experiments, which define themaximumdimensions of
disorderedprotein conformations, to generate accurate
IDP ensembles. Holmstrom et al. [9] report an
application of state-of-the-art single-molecule Förster
resonance energy transfer techniques to elucidate how
structural plasticity of the hepatitis C virus core protein
facilitates the formation of nucleocapsid-like particles at
various viral life cycle stages. Many proteins contain
both folded domains and disordered regions, and a
continuing challenge is to understand how synergy
between these fundamental elementsmediates protein
function. Combining an atomistic implicit solvent force
field and an enhanced sampling method, Mittal et al.
[10] map the sequence–conformation relationships of
intrinsically disordered regions (IDRs) when tethered to
folded domains and reveal how the presence of folded
domains may modulate the conformational prefer-
ences of IDRs. An additional original research article,
by Lin et al. [11], further illustrates how multi-scale
modeling and simulation can be integrated with data
from small-angle X-ray (or neutron) scattering and
single-molecule Förster resonance energy transfer to
provide insights into how disordered conformational
ensembles are modulated by PTMs such as multi-site
phosphorylation.
An important goal of structural studies of IDPs is to

elucidate the physical mechanisms that underlie the
interactions that mediate their functions in cells and
how these are regulated. For example, the extent of
disorder within certain IDRs is finely tuned to modulate
affinity for functional partners [20]. In new studies,
Poosapatiet al. [12] examinehow the residual structure
of an IDP affects its interaction using the c-Myb
transactivation domain as a model system. The review
article by Berlow et al. [1] illustrates mechanisms
through which intrinsic disorder enables allosteric
regulation. The original research article by Beier et al.
[13] further suggests that allosteric regulation may be
achieved through modulation of correlated protein
dynamics without formation of stable complexes
between α-Synuclein and Calmodulin, and Osteopon-
tin, and Heparin. These are just two of many examples
wherein IDPs bind specifically to partners without
folding into stable structures. A review article by
Fuxreiter [2] provides a historical perspective on how
“fuzziness” underlies the formation and regulation of
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dynamic and heterogenous protein assemblies in cells.
Entending this concept, the complexity and diversity
of IDP functions and regulatory mechanisms is
further showcased in the review article by Snead and
Stochowiak [3], which discusses a new structure-
independent mechanism of membrane fission that is
driven by steric pressure generated by stochastic
collisions among crowded, membrane-bound proteins,
especially IDPs.
Bioinformatics analyses, starting in the late 1990s,

established the prevalence of IDPs and IDRs in biology
and annotated their diverse cellular functions, and
continue to be powerful tools for large-scale analysis of
proteomes to uncover novel signaling and regulatory
mechanisms involving IDPs. These capabilities are
exemplified by two original research articles in this
Special Issue. First, Zhou et al. [14] examine functional
relationships between sites of alternative splicing (AS)
and PTMs, which are frequently co-located in IDRs.
The results suggest that widespread synergy between
protein disorder, AS, and/or PTMs contributes to
complex cellular signaling in eukaryotic organisms. In
addition,Mishraet al. [15] deploy a set of computational
tools to analyze molecular recognition features in
both structural and non-structural proteins of Zika
virus, providing a basis for investigating the virus
protein–host protein interaction network.
As participants in major disease pathways, many

IDPs are potential drug targets. The ability to modulate
the interactions of IDPs offers tremendous opportuni-
ties in chemical biology and molecular therapeutics.
Targeting these proteins, which lack defined struc-
tures, requires detailed understanding of how intrinsic
disorder contributes to disease pathogenesis and
development of new small molecule screening and
lead optimization strategies. This Special Issue
contains two original research articles that address
the oligomerization and aggregation of IDPs involved
in neurodegenerative diseases. Williams et al. [16]
present evidence for a novel mechanism wherein
β-Synuclein engages in transient, multi-valent interac-
tions with α-Synuclein to inhibit its aggregation. Also,
Bhasne et al. [17] studied the molecular mechanism of
α-Synuclein-tau heterotypic assembly and demon-
strate that electrostatic interactions between these
two proteins promote misfolding and accelerate
aggregate formation. These mechanistic insights
provide new directions for strategies to inhibit the
aggregation of these neurodegeneration associated
proteins. The formidable challenge of targeting IDPs
is summarized in a review article by Tsafou et al. [4],
which provides a synopsis of recent progress in
targeting intrinsically disordered transcription factors.
These advances, albeit limited, suggest that IDPs such
as transcription factors are not undruggable as
commonly thought [21]. Continual development of
experimental and computational techniques for struc-
tural and functional interrogation of IDPs, as well
as deeper understanding of their roles in biology and
diseases, will provide the necessary foundation for
overcoming the challenges associated with targeting
IDPs. In addition, new conceptual frameworks are
needed to develop small molecules or bio-therapeutics
that modulate IDP structure and function in disease.
Some of these questions are posed in the perspective
article by Heller et al. [5], which presents a “structural
ensemble modulation” framework for understanding
IDP–small molecule interactions.
While some skeptics remain, the concept that protein

disorder mediates diverse biological functions is firmly
established. However, we often lack detailed mecha-
nistic knowledge regarding how disorder confers
function and, importantly, how the normal functions of
IDPsand IDRsarealtered inhumandisease. Together,
the articles in this Special Issue represent the state-of-
the-art regarding the biological roles of IDPs and IDRs,
the mechanisms that mediate their diverse functions,
and the potential for therapeutically targeting them in
the future.Wehope that this collectionwill inspire future
studies of IDPs and IDRs by scientists of all ages from
around the world, to enhance our knowledge of living
systems and to improve the human condition.
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