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Intrinsically disordered proteins (IDPs) are highly ﬂexible and undergo disorder to order transition upon
binding. They are highly abundant in human proteomes and play critical roles in cell signaling and regulatory
processes. This review mainly focuses on the dynamics of disordered proteins including their conformational
heterogeneity, protein–protein interactions, and the phase transition of biomolecular condensates that are
central to various biological functions. Besides, the role of RNA-mediated chaperones in protein folding and
stability of IDPs were also discussed. Finally, we explored the dynamic binding interface of IDPs as novel
therapeutic targets and the effect of small molecules on their interactions.
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1. Introduction
Proteins are dynamic entities that fold into their native
conformations to function. Some proteins are biologically active even in an unfolded state, and these are
intrinsically disordered proteins (IDPs) (Berlow et al.
2015). IDPs are proteins that lack secondary and or
tertiary structures under native physiological conditions
in vitro, but they are biologically active. These proteins
are found as dynamic ensembles of high conformational heterogeneity (Kikhney and Svergun 2015).
IDPs have different frequencies of amino acids that
determine their structure-function relationship. They
are depleted in order-promoting residues (low
hydrophobicity and hold a high proportion of disorderpromoting residues (high net charges) (Wright and
Dyson 2015). High net charges in IDPs can change
protein conformations by electrostatic repulsion (Liu
et al. 2014; Marsh and Forman-Kay 2010). A few
hydrophobic residues in IDPs mediate protein–protein
interactions with high speciﬁcity and low-afﬁnity
(Dunker et al. 2001). IDPs form complexes with other
proteins and they transit from disorder to order through
http://www.ias.ac.in/jbiosci

the coupled folding and binding. The coupled folding
and binding of IDPs depends on thermodynamic
properties such as a change in Gibbs free energy
(Schreiber and Fersht 1996) as well as physiological
factors of the system (Dogan et al. 2014). Some IDPs
retain their conformational heterogeneity and form
dynamic complexes (Tompa and Fuxreiter 2008).
Despite the lack of ﬁxed and ordered structures, IDPs
are highly abundant and exhibit different biological
functions. The different frequency of amino acid
composition and unique pattern of point mutations
(including higher insertion and deletion rates) usually
help IDPs in their rapid evolutionary processes (Brown
et al. 2002) (e.g. evolution of intrinsically disordered
CIP/KIP protein domains) (Fahmi and Ito 2019).
Genome-wide analysis reveals that eukaryotes have a
much higher intrinsic disorder (comprising 18% of the
sequences encoding long disorder segments of about
100 residues per length) than prokaryotes, ﬁgure 1
(Peng et al. 2014). IDPs play critical roles in several
biological processes such as biomolecular recognition,
post-translational modiﬁcations (protein phosphorylation), protein–protein interactions, and cell regulations
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Figure 1. Percent distribution of IDPs in different species
based on sequence length of about 100 amino acid residues
(Peng et al. 2014).

(Wright and Dyson 2015). Some IDPs drive phase
transition of biomolecular condensates and modulate
different cellular processes (Nott et al. 2015) while few
of them are involved in synaptic vesicle trafﬁcking and
release (Snead and Eliezer 2019). However, the
mechanism by which IDPs bind to their molecular
partners and perform diverse functions is still a ﬁeld of
investigation.
In this review, we have addressed an overview of the
current status of experimental and computational
approaches for understanding the structure and
dynamics of IDPs that are central to various biological
functions. We discussed how the dynamic ensembles of
IDPs mediate protein–protein interactions and regulate
cellular functions. This review also emphasizes the
signiﬁcance of IDPs in the liquid-liquid phase separation of biomolecular condensates, and their effects on
various biological functions. Besides, the review also
highlights the role of RNA as molecular chaperones in
assisting protein folding and stability of IDPs. Finally,
we explored the dynamic binding interface of IDPs as
novel therapeutic targets and the impact of computational approaches in ﬁnding drug-like molecules for
targeting their functions.
2. Structural ensembles of IDPs
IDPs lack ﬁxed and ordered structures, and they exist
as dynamic ensembles whose polypeptide backbone
atoms and torsional angles ﬂuctuate signiﬁcantly over
time (Uversky and Dunker 2012). IDPs sample various
conformations by having large free-energy landscapes
(Rauscher et al. 2015). The correlation between the

frequency of amino acid composition and the conformational landscapes determine the structural variability
of IDPs (Das and Pappu 2013). Due to their inherent
ﬂexibility and structural variability, IDPs are hard to
determine experimentally by utilizing the traditional
method like X-ray crystallography (Radivojac 2004).
These proteins are well-characterized using a variety of
new experimental and computational techniques such
as NMR (nuclear magnetic resonance) spectroscopy
(Jensen et al. 2014), SAXS (small-angle X-ray scattering method) (Graewert and Svergun 2013), smFRET
(single-molecule ﬂuorescence resonance energy transfer) (Schuler and Hofmann 2013) and molecular
dynamics simulations (Stanley et al. 2015).
NMR provides local and long-range structural
information of IDPs at the residue level. This technique
has been useful in determining the conformational
disorder, coupled folding and binding of IDPs, and the
formation of active complexes (Jensen et al. 2014).
NMR techniques are also associated with other features
such as signaling overlap, lack of dispersion of proton
resonance, and are more signiﬁcant in studying large
IDPs. Different NMR techniques such as 1H-exchange
rates, chemical shifts, and residual dipolar couplings
(RDC) are employed to access nearby temporary secondary structural elements of IDPs. The paramagnetic
relaxation enhancement (PRE), and pulsed-ﬁeld gradient (PFG) have been useful in investigating
momentary long-range contacts (Kosol et al. 2013) in
IDPs like p53 N-terminal transactivation domain
(Wells et al. 2008), a-synuclein (Allison et al. 2009),
and tau (Mukrasch et al. 2009).
SAXS is used to probe the radius of gyration (Nygaard et al. 2017). It measures protein compaction by
optimizing the conformational ensembles of IDPs
known as the ensemble optimization method (EOM)
(Bernado et al. 2007). smFRET is a single-molecule
method that characterizes the structural heterogeneity
and provides information on intermediate (partially
folded) structures and folding pathways of IDPs
(Schuler and Hofmann 2013). A well-characterized
example of smFRET is the determination of the coupled folding and ligand binding of a-synuclein. At low
SDS concentrations, a-synuclein binds to one SDS
molecule and undergoes disorder to order transition.
Increasing the concentration of SDS molecule results in
more extended conformations of the protein (Ferreon
et al. 2009). smFRET has also been effective in
understanding the coupled folding and binding mechanism of an intrinsically disordered transactivation
domain (TAD) of tumor suppressor p53 and the nuclear
coactivator binding domain (NCBD) of CREB-binding

Intrinsically disordered proteins

protein (Kim et al. 2018). Therefore, SAXS and
smFRET provide both intra and intermolecular information of IDPs.
Molecular dynamics simulations have been useful
for studying the conformational behavior of IDPs in a
heterogeneous system (Ithuralde et al. 2016; Stanley
et al. 2015). MDS provides information on the atomic
ﬂuctuations or motion of a molecule as a function of
time by integrating Newton’s second law of motion (F
= ma). Unlike folded proteins, IDPs are more exposed
to solvent (Chong et al. 2017) and they occupy large
water space for sampling different conformations
(Chowdhury et al. 2019; Weber and Uversky 2017).
MDS ﬁnds the potential energy differences between
different conformations of IDPs. For this reason, most
studies utilize various force ﬁelds combined with water
models for probing IDPs in a dynamic environment
(Chong et al. 2017; Rauscher et al. 2015). This
includes force ﬁelds such as AMBERff03, ff99sb, ff14,
and CHARMM36 that are widely used for the optimization of IDPs along with several water models (e.g.
TIP3P, TIP4P, and implicit solvent (Rauscher et al.
2015). IDPs are highly ﬂexible and they possess various transient conformations where simulation fails to
sample all the possible conformations in a reasonable
time. Several new simulation methods including multicanonical molecular dynamics (McMD) (Nakajima
et al. 1997), temperature-dependent replica exchange
molecular dynamics (tREMD), and metadynamics
methods (Abrams and Bussi 2014) have been instrumental for long-timescale simulations of IDPs.
One of the most inﬂuential methods for long-timescale simulations of IDPs is generalized Newton–Euler
inverse mass operator (GNEIMO (Vaidehi and Jain
2015; Vaidehi et al. 1996). In this method, proteins are
simulated in the low-frequency torsional degrees of
freedom by freezing the high-frequency bond and angle
vibrations through constraints. These methods are also
combined with tREMD to probe the conformational
transition of intrinsically disordered fasciculin and
calmodulin (Gangupomu et al. 2013). Simulations play
a signiﬁcant role in studying post-translational modiﬁcations of IDPs (e.g., PTM-based regulation of EFGR
kinase causing cancer) (Shan et al. 2013), protein
aggregation (e.g., aggregation of Ab domain leading to
Alzheimer’s disease) (Lin et al. 2012), and rational
drug design (Chen and Tou 2013). These studies reveal
that IDPs are highly dynamic and ﬂexible molecules
that are difﬁcult to characterize experimentally by
employing conventional methods. NMR, SAXS, and
smFRET are more convenient and useful methods for
obtaining the structural information of IDPs. However,
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computer simulation remains a powerful approach for
understanding both dynamic and mechanistic properties of IDPs which becomes impossible with other
methods.
3. Network properties of IDPs
In contrast to well-folded proteins, IDPs have large
sequence variability due to their different frequencies
of amino acid distributions (high net charges, low
hydrophobicity, and enriched PTM sites) that often
make them more predictable. List of databases for
protein disorder is depicted in table 1. High net charges
in IDPs maintain the ﬂexibility of the molecule. The
low hydrophobicity of IDPs facilitates protein–protein
interactions. IDPs utilize different residues, and these
residues undergo conformational rearrangements by
having a different frequency and in doing so; they
create, stabilize or break several non-covalent interactions. These residues are signiﬁcant in mediating protein–protein interactions and regulation of protein
complexes (Das and Pappu 2013). Thus, characterizing
the residue interaction network is a suitable approach
for understanding IDPs conformation and function.
Amino acid networks are constructed based on their
residue contact properties (e.g., non-covalent interactions) that form a structural ﬁngerprint of the molecule
(Emerson and Amala 2017). Several studies utilized
protein structures as a network, where amino acids are
denoted as nodes and interactions between them as
edges. However, only a few studies have been done in
the network analysis of IDPs. Unlike well-folded
globular proteins, IDPs exhibits more central residues
in the unbound state, and they are strongly connected
to the rest of the network through an intermediate
region (i.e. well-structured core domain) that critically
mediate inter-domain communications in the protein
network, as evidenced by high betweenness centrality
(BC) (Rangarajan et al. 2015). Findings suggest that
disordered proteins are biologically active even in the
unfolded state.
4. Protein–protein interaction dynamics of IDPs
Many unstructured proteins undergo transitions from
disordered to ordered states upon binding to their targets. The major functional areas of IDPs such as
recognition, signaling, phosphorylation, and regulation
depends on their ability to interact with multiple partners through coupled folding and binding mechanism
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Table 1. List of databases for disordered proteins
S.
no.
1

Name of
database

Function

7

DisProt7.0 Predicts intrinsically unstructured
regions of proteins
IDEAL
Predicts disordered regions,
interaction sites, posttranslational modiﬁcations
MobiDB
Protein disorder and mobility
annotations
PED
Conformational ensembles of
ﬂexible proteins
MFIB
Protein complexes formed by
intrinsically unstructured
proteins
DIBS
Disordered binding sites,
Protein–protein interactions
FuzDB
Fuzzy protein complexes

8

ELM

2
3
4
5
6

Short-linear motifs in eukaryotic
proteins

Method
Experimental

Web-link
www.disprot.org/

Extensive annotations and idp1.force.cs.is.nagoyaliterature
u.ac.jp/IDEAL/
Consensus annotation
Experimental and
computational methods
Structural and functional
annotations
Structural and functional
annotations
Experimental
Structural and functional
annotations,
experimental evidence

(Dunker et al. 2005). The coupled folding and binding
may be local, which involves a few interacting residues, or it involves an entire protein domain. The
protein–protein interaction dynamics of IDPs are
monitored by the change in Gibbs free energy (enthalpy-entropy) of the system. In the unbound state,
IDPs encounter a large degree of conformational freedom by having high entropy (with an average value of
*1.0) (Baruah et al. 2015). Whereas during coupled
folding and binding, the conformational entropy of the
protein decreases (Chong et al. 2017). The binding
afﬁnities of IDPs are determined by the change in
enthalpy (DH0), and the change in entropy (DS) that
limits the ﬂexibility of the molecule. Therefore, the
equilibrium states of IDPs are controlled by the total
change in Gibbs free energy between the initial and
ﬁnal states of the system. Besides, several electrostatic
interactions including hydrogen bond, Van der Waals
force, and ionic attractions are also involved in IDPs
coupled folding and binding. These interactions are
governed by physiological factors such as charge, pH,
and ionic strength of the system (Dogan et al. 2014;
Ganguly et al. 2013). The dipole-dipole interactions
between the surface charged residues recognize the
target binding site and initiate the binding process
(Schreiber and Fersht 1996). IDPs upon binding to
their partners increase the attractive force and decrease
the repulsive force to change from disorder to order. In
the unbound state, the free energy of the system
increases due to more ﬂuctuation in dipoles (Csermely
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et al. 2010). pH and ionic strength regulate the charged
residues for the rate constant association (kon) or dissociation (koff) of IDPs (Chu and Wang 2019; Dogan
et al. 2014; Kim et al. 2018). IDPs can exhibit a
prominent expansion at low ionic strength. For example, the ﬂexibility of an intrinsically disordered HIV
integrase and prothymosin alpha (ProTa) increases at
low ionic condition (Muller-Spath et al. 2010), while
some IDPs (e.g. tau) maintains the normal ion diffusion
for their cellular conductivity and signaling in the
intracellular ﬂuid environment (Castro et al. 2019).
Thus, the study suggests that the sensitivity of IDPs
coupled folding and binding (protein–protein interactions) to environmental factors might be a regulatory
mechanism of biological signiﬁcance.
IDPs contain a high percentage of charged and polar
residues; they are often less stable and more reactive.
These proteins utilize short and conserved peptide
sequences called SLiMs (Short Linear Motifs) for
recognizing and binding to their molecular partners.
Each segment of IDPs can attach to multiple partners
with high speciﬁcity and low afﬁnity, i.e., one-to-many
binding pattern. A typical example is the binding of an
intrinsically disordered CD28 to four different partners
such as i) PI3K p85 N-terminal domain, ii) Gads SH2
domain, iii) PI3K p85 C-terminal SH2 domain, and iv)
Grb2 SH2 domain as shown in ﬁgure 2A-D. IDPs
adopt various conformations upon binding to their
partners and modulate protein–protein interactions
through PTMs (Dyson and Wright 2016). Similar
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studies have shown that one-to-many bindings are also
prevalent in bacterial proteins. For example, the two
domain composition of TapA (a partially disordered
bacterial extracellular matrix protein) is signiﬁcant in
its interaction with multiple protein partners in the
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extracellular matrix of bioﬁlms (Abbasi et al. 2019).
However, some IDPs upon binding to their partners,
form ensembles of dynamic complexes known as
‘fuzzy complexes’ and regulate various cellular processes (Fuxreiter and Tompa 2012). This binding is

Figure 2. Binding of an intrinsically disordered protein CD28 (purple) to four different molecules. (a) IDP binding to PI3K
p85 N-terminal SH2 domain shown in cyan (pdb_id:5GJI), (b) IDP interact with Gads SH2 domain represent in green
(pdb_id:5GJH), (c) IDP in complexed with PI3K p85 C-terminal SH2 domain depicted in yellow (pdb_id:5AUL), and
(d) IDP associated with Grb2 SH2 domain shown in red (pdb_id:3WA4).
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driven by an increase or no loss in entropy and lowering of enthalpy through different protein–protein
interactions. A well-characterized example is the fuzzy
interactions between the disordered N-terminal peptide
of c-Src and the folded SH3 domain) (Arbesu et al.
2018). Troilo and co-workers demonstrated the
dynamic interactions between NTAIL and XD from the
measles virus and found that the small portion of NTAIL
(a-MoRF) undergoes conformational transition
whereas the remaining regions were still disordered.
They further reported that the ﬂexible region of NTAIL
was capable of regulating coupled folding and binding
of a-MoRF in the complexes (Troilo et al. 2019).
However, in some IDPs, both the binding partners
retain their disordered conformations in the bound
state. For example, in the case of histone H1 and
prothymosin–a, the binding is mediated by long-range
electrostatic attractions (non-covalent interactions)
rather than speciﬁc inter-residue interactions (Borgia
et al. 2018), signifying that ﬂexibility is a crucial factor
that enables IDPs to recognize and bind multiple protein partners and facilitate protein–protein interaction
networks.
However, the mechanism behind IDPs coupled
folding and binding is still poorly understood. Conformational selection and induced ﬁt are the two
hypotheses that have been proposed for understanding
this mechanism. According to the conformational
selection, the bound conformation of IDPs pre-exists in
its free state, and thus it is sufﬁcient to form a competent binding (e.g., PP1-bound spinophilin) (Uversky
and Dunker 2010). Whereas in the case of induced ﬁt,
binding occurs in an unfolded state and thus conformational rearrangements take place within the complexes (e.g. NTAIL-XD interactions) (Dosnon et al.
2015). However, both these mechanisms work together
depending on the physiological conditions (a charge,
pH, salt concentration) as well as the ﬂexibility of the
complex molecular system (Espinoza-Fonseca 2009).
To date, several studies have revealed about the coupled folding and binding dynamics of IDPs. A new
study by Kim and co-workers have investigated the
coupled folding and binding mechanism of IDPs by
employing a single-molecule ﬂuorescence spectroscopy technique. They revealed that the coupled
folding and binding of IDPs involve the formation of
transient complexes (TC) which are essential for the
long-timescale folding of IDPs during the binding
process (e.g., binding of an intrinsically disordered
TAD and NCBD) (Kim et al. 2018). This infers that the
conformational transition of IDPs depends on several
reasons including physiological factors, pre-existing

conformations, conformational rearrangements, and the
formation of transient complexes. Further, more
experimental researches and computational efforts are
required for a deeper understanding of IDPs protein–
protein interaction dynamics.
5. IDPs in phase separation and aggregation
of biomolecular condensates
The intracellular space of many eukaryotic cells contains several organelles including Cajal bodies, nucleoli, P-bodies that are encapsulated without a membrane
(Anderson and Kedersha 2006). Membraneless organelles (MLOs) are involved in numerous biological
processes that comprise mRNA processing, protein
synthesis, cell signaling, and gene silencing events
(Mitrea and Kriwacki 2016). These organelles are
supramolecular assemblies of proteins and RNA
molecules where the phase transition is carried out with
the help of RNA-binding disordered proteins (Brangwynne et al. 2015; Lin et al. 2015; Nott et al. 2015).
IDP directs multiple folded domains for interacting
with target RNA molecules that possess multiple
binding sites for protein–protein interactions. These
multivalent interactions mediated through short linear
motifs (Wang et al. 2018) of IDPs triggers the ability of
proteins and nucleic acids to undergo liquid-liquid
phase separation (LLPS) of biomolecular condensates.
The formation of biomolecular condensates via LLPS
is dictated by the protein’s primary amino acid
sequence as well as the physiological conditions (a
charge, pH, and ionic strength) of the system (Martin
and Mittag 2018; McCarty et al. 2019). These condensates are enriched with intrinsically disordered lowcomplexity regions (LCRs), that contain a higher proportion of polar charged residues (such as serine,
threonine, glutamine, glycine, and asparagine) and
interspersed with aromatic residues (phenylalanine and
tyrosine) that phase separate in response to stress
conditions (Martin and Mittag 2018). A well-illustrative example is the phase transition of FUS (RNAbinding IDP) mediated by aromatic (cation-pi) interactions between the FUS N-terminal low complexity
domain and the C-terminal arginine-rich RNA binding
domain as depicted in ﬁgure 3 (Wang et al. 2018). A
similar study has revealed that hypomethylation of
arginine residues promote phase separation and gelation of FUS causing FUS-associated frontotemporal
lobar degeneration/dementia (FUS-FTLD) (Qamar
et al. 2018). A few hydrophobic residues also assist in
the phase transition of biomolecular condensates, for
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Figure 3. Domain structures of intrinsically disordered protein FUS. N-terminal region is characterized by the lowcomplexity prion-like domain (sequence position 1–214) and the C-region is characterized by R/G (arginine/glycine) rich
RNA-binding domain (sequence position 215–526). Two folded domains, RNA recognition motif (285–371) and zinc ﬁnger
motif (422–453) are located within the C-terminus region of the protein. The ﬁgure cited from Holehouse (2019).

e.g in the low-complexity proline-rich domain (P
domain) of Saccharomyces cerevisiae polyA binding
protein (PAB1) (Riback et al. 2017). Thus, several noncovalent intermolecular interactions contribute to the
phase transition of biomolecular condensates under a
stress environment.
Besides, the electrostatic attractions (charge-charge
interactions) and steric repulsions modulate LLPS of
condensates by altering charge state in amino acid
residues and thus change their electrostatic properties
by increasing the tendency to undergo PTMs (Zhou
et al. 2018). This modiﬁcation regulates the formation
or disassembly of phase-separated biomolecular condensates. Few modiﬁcations are methylation of arginine residues in the LC region of DDX4 (Dead-box
helicase 4, a disordered nuage protein) (Nott et al.
2015) and phosphorylation of serine/threonine residues
in FUS (RNA-binding disordered protein linked to
ALS) (Monahan et al. 2017). Several other factors such
as a change in pH, ionic strength, and temperature also
enable IDPs to diffuse in the cell’s aquatic environment
for maintaining cellular mobility and stability. For
example, RNA helicase DDX4 has been found disordered in the phase-separated state at high ionic
strength, but it slowly diffuses or co-assemble into
liquid droplets at low ionic strength. Similarly, PB1-F2
is an intrinsically disordered protein (inﬂuenza virus
protein) that polymerizes into amyloid-like structures.
It also increases the cytotoxicity at low ionic strength
and minimum pH (Vidic et al. 2016). PB1-F2 exerts its
cytotoxic effect by binding to the hub protein DDX3
(an IDP involved in interferon signaling) and dysregulate DDX3 by inhibiting the host interferon responses,
thereby enhancing the virulence of inﬂuenza pandemic
(Park et al. 2019). Thus the phase transition of

biomolecular condensates regulates the complex cellular processes through different physiological factors
and chemical modiﬁcations in the liquid environment.
IDPs aggregation is one of the major factors affecting protein folding and its function. The aggregation
process is highly speciﬁc to in-vitro as well as in-vivo
(Speed et al. 1996). Besides, the macromolecular
crowding effect in the cellular environment also
enhances the IDPs aggregation tendency (Ellis 2001).
The aggregation of IDPs via phase transition is linked
to several neurodegenerative diseases such as tauopathies (Zhang et al. 2017), Alzheimer’s, and Huntington’s (Balch et al. 2008; Hartl et al. 2011). To
overcome the aggregation problem, cells utilize RNAmediated molecular chaperones that bind to RNAbinding disordered proteins and prevent their aggregations by modulating the phase separation behavior
(Docter et al. 2016; Horowitz and Bardwell 2016;
Seong et al. 2009). RNA molecules exert a chaperonin
effect on unfolded proteins and enhance protein folding
and solubility in a proteostatic manner (Docter et al.
2016; Seong et al. 2009). For example, the mRNAmediated HSP70 disrupts the accumulation of misfolded protein (ALS-associated SOD1 aggregates) and
enables disassembly of stress granules (SGs) in the
recovery phase (Mateju et al. 2017). Furthermore, the
chaperone HSP70 enhances the protein refolding to
keep proteins relatively soluble until stress is recovered
(Docter et al. 2016). Similarly, the V-domain of 23S
rRNA (ribosome-associated chaperone) interferes with
the increased aggregation tendency of ribosome-linked
nascent polypeptide chains thereby assisting protein
folding and stability in a cis-acting manner (Seong
et al. 2009). Thus, various studies bring to our understanding of RNA as a molecular chaperone in assisting
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protein folding and stability of IDPs by enhancing
protein solubility and folding competence. Furthermore, these RNA molecules act as a ligand and stabilize IDP aggregations by modulating the phase
separation behavior in physiological conditions. Hence,
this could be further evaluated as novel therapeutic
strategies for controlling several neurodegenerative
diseases triggered by phase-separated aggregates.
However, the principal mechanisms associated with
IDPs phase transition including the role of amino acid
composition, folded domains, temperature, pH, and
concentration of RNA precursors remain unclear. To
date, coarse-grained simulations serve as powerful
approaches to probe the phase behavior of IDPs in a
dynamic environment (Boeynaems et al. 2018). This
method utilizes a lattice model in which the simulation box is separated into a grid and the protein and
RNA molecules are modeled as a chain of beads
inhabiting adjacent lattice sites through which the
strength of the interaction is determined by the
knowledge of the individual components (Kremer and
Binder 1988). A study by Boeynaems et al. have
revealed the formation of multi-layered proteinaceous
MLOs (MembraneLess Organelles) by IDPs in the
presence of nucleoproteins (RNA and polyanionic
proteins). Further, they reported that RNA molecules
lacking secondary conformations were involved in the
formation of liquid droplets while their base pairing
formed solid-like gels (Boeynaems et al. 2018). To
determine the thermodynamics and coexistence densities of proteins in two phases, Dignon and coworkers simulated the phase behavior of two different
IDPs (the low complexity domain of the RNA binding protein FUS and the DEAD-box helicase protein
LAF-1) at different temperatures by constructing the
thermodynamic phase diagrams. Their ﬁndings
revealed short-range interactions (van der Waals and
electrostatic attractions) for every residue whose
parameters were optimized when compared with the
experimental radius of gyration for other disordered
proteins. Further, they also reported the effect of
mutations on the presence or absence of large folded
domains of phase-separated structures. Interestingly,
Majumdar and his coworkers investigated the
dynamic effect of LLPs including chain expansions,
hydration, and ﬂuctuations in human Tau protein,
which is an IDP protein involved in Alzheimer’s
disease (Majumdar et al. 2019). The human Tau
protein phase-separate into liquid-like droplets and
promote local nucleation of microtubule bundles in
neurons (Hernandez-Vega et al. 2017) which is central
for the progression of Alzheimer’s disease

(Ambadipudi et al. 2017). They revealed that the
conformational expansions linked with hydration and
ﬂuctuations mediate phase transition in Tau. By
employing a picosecond ﬂuorescence depolarization
technique, they determined large torsional ﬂuctuations
in the extended chains that control the breaking and
forming of intermolecular contacts, thereby maintaining the internal ﬂuidity of the condensate. This conformational expansion decreases the intramolecular
proximity during the phase transition process. Furthermore, they also suggested the importance of water
(hydration) for maintaining the conformational ﬂexibility and internal ﬂuidity in the dynamic assembly
(Majumdar et al. 2019). Thus, ﬁndings from several
experimental approaches suggest that conformational
expansion, solvation, and ﬂuctuations regulate the
LLPS of condensates in a dynamic environment,
maturation of these liquid-like droplets turns into
pathological aggregates.
Despite the progress made by Majumdar and his
team, several experimental approaches have been
instrumental in determining the biophysical properties
of biomolecular condensates formed by LLPS. Technique includes ﬂuorescence recovery after photobleaching (FRAP) (Alberti et al. 2019) ﬂuorescence
correlation spectroscopy (FCS) (Wei et al. 2017)
microrheology (Elbaum-Garﬁnkle et al. 2015), FRET
probes (Liu et al. 2017) refractive index chromatography (Schurmann et al. 2018) and Brillouin microscopy (Scarcelli et al. 2015). FRAP utilizes a
photoconversion method and provides information on
the internal mobility of molecules, transport, and their
rearrangements, it also determines the homogeneous
state of droplets based on their recovery rate (Alberti
et al. 2019). Since, many IDPs including DDX4,
FUS, and LAF-1 phase separate at high concentrations in a liquid environment (Elbaum-Garﬁnkle et al.
2015; Monahan et al. 2017; Nott et al. 2015), FCS
measures the diffusivity of individual protein molecules and estimate their concentrations within the
phase-separated state (e.g. DDX3 RNA helicase LAF1) (Wei et al. 2017). Microrheology provides information on the viscosity and surface tension of phaseseparated droplets (e.g. LAF-1) (Elbaum-Garﬁnkle
et al. 2015). FRET probes (Liu et al. 2017) and
refractive index chromatography (Schurmann et al.
2018) have been used to monitor the density of
condensates, and Brillouin microscopy for mapping
the material properties of condensates inside living
cells (Scarcelli et al. 2015). Further, these techniques
provide useful insights into the underlying biophysical
properties of LLPS and their role in complex cellular
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with

human

6. Dynamic binding interface of IDPs
and druggability
IDPs are highly prevalent in human genomes and they
play a vital role in several cell-regulatory processes
through protein–protein interactions. These proteins
need to be expressed in every cell to carry out different biological functions. However, their dysregulation and accumulation in cells are linked to various
human diseases including cancer, cardiovascular,
neurodegenerative disorders (Alzheimer’s and
Parkinson’s diseases) and diabetes (Uversky et al.
2008, 2009). Studies have found that the cancer-associated and signaling proteins are commonly found
IDPs in humans containing short disordered regions
of 30 residues or longer. Findings suggest that proteins with short disordered segments are more
prevalent in human diseases compared to large IDPs
(Uversky et al. 2008). One well-characterized example is the binding of intrinsically disordered inﬂuenza
virus protein (PB1-F2) to the mediator protein DDX3
(another IDP implicated in antiviral interferon signaling in enhancing the virulence of inﬂuenza pandemic). PB1-F2 utilizes a short motif or cytotoxic
sequence (I68 and L69) for binding to the host protein
DDX3. Binding of PB1-F2 to the host protein DDX3
dysregulate the host responses by hijacking DDX3
into proteasomal degradation. The depletion of DDX3
through proteasomal degradation inhibits antiviral IFN
responses from the host protein and ﬁnally leading to
the enhanced virulence of the inﬂuenza pandemic
(e.g.1918 Spanish inﬂuenza pandemic) (Park et al.
2019).
The role of IDPs as central hubs in PPI networks and
their implication in several human diseases enable
these molecules to serve as potent therapeutic targets.
Therefore, targeting PPI networks is one of the novel
strategies for developing drugs against IDPs. The
proposed strategies for targeting IDPs with small
molecules include (i) preventing interactions with their
speciﬁc binding partners (ii) stabilizing these proteins
in their native conformational state, and (iii) allosteric
regulation of protein conformations (Joshi and Vendruscolo 2015). However, designing drug-like molecules
against IDPs has become a challenging task due to their
lack of ﬁxed and stable structures, and high conformational ﬂexibility (Ruan et al. 2019). Unlike folded
proteins, IDPs are depleted in hydrophobic residues
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that would assist in the formation of stable binding
pockets (hydrophobic cores). Therefore, IDPs exhibit
large and highly conserved interface area per residue
than folded proteins (Chong et al. 2018; Zhang et al.
2015). Besides, some IDPs retain their ﬂexible conformations upon binding to the other proteins and form
dynamic (fuzzy) complexes (Arbesu et al. 2018;
Tompa and Fuxreiter 2008). In these complexes, several transient interactions occur at the protein interface
due to their low-afﬁnity binding with greater loss in
entropy (Drews and Ryser 1997). This signiﬁes that
structural stability is a crucial factor in enhancing IDPs
druggability. On the other hand, IDPs can be stabilized
by binding to RNA-binding proteins in RNA-interaction dependent manner. For example, Dickkopf2
(DKK2, an intrinsically disordered protein involved in
angiogenesis) remains in a soluble and biologically
active conformation upon binding to its molecular
partner LysRS (lysyl-tRNA synthetase, RNA-binding
protein). However, in the absence of RBP, DDK2
quickly co-assemble into insoluble aggregates with loss
of solubility and stability (Lee et al. 2019). Hence the
RNA-binding proteins can act as a ligand for promoting protein folding and stability of IDPs, thereby
enhancing their druggability. The dynamic binding
effect of RNA-mediated chaperone towards IDP has
also been examined in the viral protein associated with
HIV infection. For example, the folding of the HIV-1
Tat (an IDP involved in HIV transactivation) is regulated by its interacting partner TAR RNA (transactivator response RNA) which is essential for the efﬁcient
transcription elongation of the virus genome (Berkhout
et al. 1989). The HIV TAR RNA provides a chaperonin
activity towards the interacting Tat protein and prevents
misfolding by maintaining its folding competence for
interaction with multiple cellular factors (e.g., cyclins
and P-TEFb) toward its transactivation, as represented
in ﬁgure 4. The role of TAR RNA as a chaperone in
creating a proteome linkage at the viral-host interface is
pivotal to the understanding of viral replication in host
cells as well as pathogenesis associated with HIV
infection (Kim et al. 2017).
Due to the lack of stable structures and intrinsic
ﬂexibility, conventional drug design approaches are not
sufﬁcient for targeting IDPs. However, computational
drug discovery approaches have achieved notable success in ﬁnding small molecules against IDPs. A recent
study by Neira et al has revealed the dynamic binding
effect of several small molecules to NUPR1 (an
intrinsically disordered nuclear protein 1 involved in
pancreatic duct adenocarcinoma). By employing
experimental and dynamic simulation techniques, they
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Figure 4. TAR RNA as a chaperone for intrinsically disordered TAT folding. Binding of TAR RNA to Tat prevents its
aggregation (misfolding) and maintain folding competence for interaction with multiple cellular host factors (e.g. cyclin T1
(represented in red color) and P-TEFb (shown in blue color) for transactivation. The ﬁgure cited from Kim et al. (2017).

found that these compounds were capable of binding to
the hydrophobic core region of the protein whereas the
remaining regions were still disordered. They further
reported that drug binding to NUPR1 was mainly
favored by hydrophobic interactions, further concluding the signiﬁcance of hydrophobicity of large molecules in binding and inhibiting the NUPR1 function
(Neira et al. 2017). A similar case was reported in the
dynamic interactions between c-Myc and Max inhibitor. Binding of small molecules like 10058-F4/
10074-G5 (table 2) to the disordered c-Myc destabilize
its conformations by increasing the free energy of the
protein (Fletcher and Prochownik 2015; Jin et al. 2013;
Yu et al. 2016). Thus, the inhibitor does not allow the
protein to fold into its native conformation; only a
small portion (hydrophobic core) of c-Myc was affected upon ligand binding whereas the remaining portions were found to be ﬂexible even in the bound state.
This reveals that binding of certain compounds to IDPs
would not change the conformational ﬂexibility as well
as protein’s free energy loss; instead, prevent IDPs
from undergoing disorder to order transition. Apart
from targeting binding pockets, another convenient
way for designing disorder-based drugs is ﬁnding small
molecules that modulate IDP interactions by targeting
its allosteric active sites. The ALLOSTEER is a novel

method used to predict the allosteric active pockets that
are far away from the binding interfaces and the
binding site residues that are involved in allostery (e.g.
allostery in IDP and bacterial ﬂagellar switch) (Ferreon
et al. 2013; Motlagh et al. 2014). Drugs binding to
allosterically active pockets can modulate IDPs binding
to other proteins without interfering with the target
protein at the binding interface (Tautermann et al.
2019). Thus the study reveals that various conformational states of IDPs through computer simulations are
highly signiﬁcant in determining hotspots for IDP-drug
interactions while techniques like ALLOSTEER can
extremely beneﬁt IDPs-speciﬁc drug-like molecules by
targeting allosteric active sites.
The current drug design strategies for disordered
proteins facilitated the development of small molecules
and peptide inhibitors that can prevent its disorder to
order transition (Fonseca-Ornelas et al. 2014), target
regulatory elements (Babu et al. 2011) and regulate
PTM sites (Theillet et al. 2014). One typical example is
glycogen synthase 3b (GSK3b), a protein kinase that
regulates the hyperphosphorylated Tau protein in
causing Alzheimer’s disease. Several small drug-like
molecules have been developed to prevent the activity
of GSK3b by decreasing the level of phosphorylated
Tau in neuronal cells (Noble et al. 2005). In addition,
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Table 2. List of known drug-like compounds targeting intrinsically disordered proteins
Compound

Targets

Compound structure

Bioavailability
score

Nutlin-3 (Yu et al.
2014)

p53-MDM2
complex

0.17

10058-F4 (Fletcher
and Prochownik
2015; Yu et al.
2016)

c-Myc-Max
complex

0.55

10074-G5 (Fletcher
and Prochownik
2015; Yu et al.
2016)

c-Myc-Max
complex

0.55

YK-4-279 (Erkizan
et al. 2009; Yu et
al. 2016)

EWS-Fli1

0.55

ELN484228 (Liu
and Huang 2014)

-synuclein

0.55

SEN1576 (O’Hare
et al. 2014)

0.55

NQTrp (FrenkelPinter et al. 2016)

PHF6 (Tau
protein)

PcTs (FonsecaOrnelas et al. 2014)

Tau protein

0.56

0.17
4Na+

CLR01 (Molecular
tweezers) (Acharya
et al. 2014;
Prabhudesai et al.
2012)

Lysine and
arginine
residues in
amyloid
proteins

0.17

Trodusquemine
(Johnson et al.
2002)

PTP1B

0.17

MDM2: Oncoprotein (murine double minute 2); Myc: Myelocytomatosis-transcription factor homolog; EWS: Ewing Sarcoma;
PHF6: Tau-derived peptide (amino acid sequence VQIVYK); PTP1B: protein-tyrosine phosphatase 1B. Bioavailability score of
drug-like compounds were predicted using SwissADME tool (Daina et al. 2017). These values indicate overall potential of a
compound to be a drug candidate.
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some drugs have been designed to target the conformational ensembles of IDPs thereby disrupting protein
interactions. For example, small drug-like compounds
such as phenyl sulphonamides have been used to target
the disordered ensembles of a-synuclein (an IDP
involved in Parkinson’s disease). On the other hand,
ELN484228 (table 2) was found to be more effective in
restoring disrupted synaptic vesicle trafﬁcking (Toth
et al. 2014). Similar studies have revealed the effect of
PcTS (table 2) on the conformational stability of asynuclein. Binding of PcTS to residues like Y39 and
F94 stabilize its helical conformation and delays protein aggregation in order to control its neurotoxic
effects (Fonseca-Ornelas et al. 2014). Despite small
molecule inhibitors, molecular tweezers which are
supramolecular ligands are designed to target the
speciﬁc residues (e.g. lysine and arginine) through noncovalent interactions, disturbing IDPs aggregation. One
well-characterized example is the lysine-speciﬁc
molecular tweezers CLR01 (table 2) that disintegrate
the preformed ﬁbrils of a-synuclein and prevent its
ﬁbrillation (Acharya et al. 2014; Prabhudesai et al.
2012). In addition, binding of CLR01 was found to
inhibit 14-3-3/ Cdc25CpS216 complexes. In such a
case, the supramolecular ligand CLR01 binds simultaneously to a ﬂexible peptide recognition motif and to
a rigid adapter (partner) protein. This binding ﬁlls a gap
in the protein–protein interface and stabilizes the
binding of an intrinsically disordered recognition motif
to a rigid partner protein (Bier et al. 2017).
A few examples of known drug-like compounds
targeting IDPs have been listed in table 2. Several other
approaches including immunotherapy against a-synuclein have made some progress in developing disorderbased drugs in animal models. For example, PRX002, a
monoclonal antibody against the C-terminus region of
a-synuclein was found to be well-tolerated and
decreased 96% serum levels of the protein. The antibody was found to inhibit neuron to neuron transfer of
pathogenic a-synuclein thereby resulting in neuronal
protection and slowing disease progression (Jankovic
et al. 2018; Schenk et al. 2017). Similarly, immunization with Afﬁtope (AFF 1) effectively triggered an
immune response against a-synuclein (Mandler et al.
2014), suggests that antibodies developed against these
antigens were signiﬁcant in controlling protein aggregations as well as improving neuronal functions. From
these studies, we infer that several reasons such as large
binding interfaces, allosteric sites, transient interactions, and dynamic fuzzy interfaces may contribute to
IDPs drug design and development. However, the
development of drugs targeting IDPs is still in its

infancy, because of their inherent ﬂexibility. The current experimental and computational approaches have
been instrumental in ﬁnding IDPs-speciﬁc drug-like
molecules but with limited efﬁcacy. Still, more studies
and efforts are needed to enhance the IDPs drug discovery processes.
7. Conclusions and outlook
Intrinsically disordered proteins are highly ﬂexible
and undergo disorder to order transition upon binding
to their biological partners. Many IDPs retain their
disordered conformations even in the complexes
while some self-associate into biomolecular condensates and regulate various cellular functions. Besides,
these proteins are also implicated in several human
diseases which render them capable of serving as
novel therapeutic targets. Unlike well-folded proteins,
IDPs possess large sequence variability and exhibit
unique functions in different cellular compartments
through protein–protein interactions. Thus, ﬁnding
reveals that it is not feasible to design novel drugs
based on the current understanding of the features of
IDPs. Therefore, it is indispensable to further investigate unique features of IDPs including their
sequence variability, ﬂexibility, and multiple interactivities by employing new experimental and computational approaches for further understanding the
dynamic nature of IDPs.

Acknowledgments
The authors thank the VIT for providing a computational facility for this study and also for providing
E-books and papers which helped in completing this
review article.

References
Abbasi R, Mousa R, Dekel N, Amartely H, Danieli T,
Lebendiker M, Levi-Kalisman Y, Shalev DE, Metanis N
and Chai L 2019 The bacterial extracellular matrix protein
TapA is a two-domain partially disordered protein.
Chembiochem. 20 355–359
Abrams C and Bussi G 2014 Enhanced sampling in molecular
dynamics using metadynamics, replica-exchange and temperature-acceleration. Entropy 16 163–199
Acharya S, Safaie BM, Wongkongkathep P, Ivanova MI,
Attar A, Klarner FG, Schrader T, Loo JA, Bitan G and

Intrinsically disordered proteins

Lapidus LJ 2014 Molecular basis for preventing asynuclein aggregation by a molecular tweezer. J. Biol.
Chem. 289 10727–10737
Alberti S, Gladfelter A and Mittag T 2019 Considerations
and Challenges in studying liquid-liquid phase separation
and biomolecular condensates. Cell 176 419–434
Allison JR, Varnai P, Dobson CM and Vendruscolo M
2009 Determination of the free energy landscape of
alpha-synuclein using spin label nuclear magnetic
resonance measurements. J. Am. Chem. Soc. 131
18314–18326
Ambadipudi S, Biernat J, Riedel D, Mandelkow E and
Zweckstetter M 2017 Liquid-liquid phase separation of
the microtubule-binding repeats of the Alzheimer-related
protein Tau. Nat. Commun. 8 pp.275
Anderson P and Kedersha N 2006 RNA granules. J. Cell
Biol. 172 803–808
Arbesu M, Iruela G, Fuentes H, Teixeira JMC and Pons M
2018 Intramolecular fuzzy interactions involving intrinsically disordered domains. Front. Mol. Biosci. 5 39
Babu MM, van der Lee R, de Groot NS and Gsponer J 2011
Intrinsically disordered proteins: Regulation and disease.
Curr. Opin. Struct. Biol. 21 432–440
Balch WE, Morimoto RI, Dillin A and Kelly JW 2008
Adapting proteostasis for disease intervention. Science
319 916–919
Baruah A, Rani P and Biswas P 2015 Conformational
entropy of intrinsically disordered proteins from amino
acid triads. Sci. Rep. 5 11740
Berkhout B, Silverman RH and Jeang KT 1989 Tat transactivates the human immunodeﬁciency virus through a
nascent RNA target. Cell 59 273–282
Berlow RB, Dyson HJ and Wright PE 2015 Functional
advantages of dynamic protein disorder. FEBS Lett. 589
2433–2440
Bernado P, Mylonas E, Petoukhov M V, Blackledge M and
Svergun DI 2007 Structural characterization of ﬂexible
proteins using small-angle X-ray scattering. J. Am. Chem.
Soc. 129 5656–5664
Bier D, Mittal S, Bravo-Rodriguez K, Sowislok A, Guillory
X, Briels J, Heid C, Bartel M, Wettig B, Brunsveld L,
et al. 2017 The Molecular Tweezer CLR01 Stabilizes a
Disordered Protein–protein Interface. J. Am. Chem. Soc.
139 16256–16263
Boeynaems S, Holehouse AS, Weinhardt V, Kovacs D and
Van J 2018 Spontaneous driving forces give rise to
protein-RNA condensates with coexisting phases and
complex material properties. BioRxiv 1–24
Borgia A, Borgia MB, Bugge K, Kissling VM, Heidarsson
PO, Fernandes CB, Sottini A, Soranno A, Buholzer KJ
and Nettels D 2018 Extreme disorder in an ultrahighafﬁnity protein complex. Nature 555 61
Brangwynne CP, Tompa P and Pappu R V 2015 Polymer
physics of intracellular phase transitions. Nat. Phys. 11
899–904

Page 13 of 17

29

Brown CJ, Takayama S, Campen AM, Vise P, Marshall TW,
Oldﬁeld CJ, Williams CJ and Keith Dunker A 2002
Evolutionary rate heterogeneity in proteins with long
disordered regions. J. Mol. Evol. 55 104–110
Castro T, Munteanu F-D, Cavaco-Paulo A, Castro TG,
Munteanu F-D and Cavaco-Paulo A 2019 electrostatics of
tau protein by molecular dynamics. Biomolecules 9 116
Chen CY-C and Tou WI 2013 How to design a drug for the
disordered proteins? Drug Discov. Today 18 910–915
Chong B, Li M, Li T, Yu M, Zhang Y and Liu Z 2018
Conservation of potentially druggable cavities in intrinsically disordered proteins. ACS Omega 11 15643-15652
Chong S-H, Chatterjee P and Ham S 2017 Computer
simulations of intrinsically disordered proteins. Annu.
Rev. Phys. Chem. 68 117–134
Chowdhury A, Kovalenko SA, Aramburu IV, Tan PS,
Ernsting NP and Lemke EA 2019 Mechanism-dependent
modulation of ultrafast interfacial water dynamics in
intrinsically disordered protein complexes. Angew. Chemie Int. Ed. 58 4720–4724
Chu X and Wang J 2019 Position-, disorder- and saltdependent diffusion in binding-coupled-folding of intrinsically disordered proteins. Phys. Chem. Chem. Phys. 21
5634–5645
Csermely P, Palotai R and Nussinov R 2010 Induced ﬁt,
conformational selection and independent dynamic segments: an extended view of binding events. Trends
Biochem. Sci. 35 539–546
Das RK and Pappu RV 2013 Conformations of intrinsically
disordered proteins are inﬂuenced by linear sequence
distributions of oppositely charged residues. Proc. Natl.
Acad. Sci. 110 13392–13397
Dinkel H, Michael S, Weatheritt R J, Davey N E, Van
Roey K, Altenberg B, et al. 2012 ELM - The database
of eukaryotic linear motifs. Nucleic Acids Res. 40
242–251
Docter BE, Horowitz S, Gray MJ, Jakob U and Bardwell
JCA. 2016 Do nucleic acids moonlight as molecular
chaperones? Nucleic Acids Res. 44 4835–4845
Dogan J, Gianni S and Jemth P 2014 The binding
mechanisms of intrinsically disordered proteins. Phys.
Chem. Chem. Phys. 16 6323–6331
Dosnon M, Bonetti D, Morrone A, Erales J, di Silvio E,
Longhi S and Gianni S 2015 Demonstration of a folding
after binding mechanism in the recognition between the
measles virus NTAIL and X domains. ACS Chem. Biol.
10 795–802
Drews J and Ryser S 1997 The role of innovation in drug
development. Nat. Biotechnol. 15 1318–1319
Dunker AK, Lawson JD, Brown CJ, Williams RM, Romero
P, Oh JS, Oldﬁeld CJ, Campen AM, Ratliff CM and
Hipps KW 2001 Intrinsically disordered protein. J. Mol.
Graph. Model. 19 26–59
Dunker AK, Cortese MS, Romero P, Iakoucheva LM and
Uversky VN 2005 Flexible nets: The roles of intrinsic

29

Page 14 of 17

Anil Bhattarai and I Arnold Emerson

disorder in protein interaction networks. FEBS J. 272
5129–5148
Dyson HJ and Wright PE 2016 Role of intrinsic protein
disorder in the function and interactions of the transcriptional coactivators CREB-binding protein (CBP) and
p300. J. Biol. Chem. 291 6714–6722
Elbaum-Garﬁnkle S, Kim Y, Szczepaniak K, Chen CC-H.,
Eckmann CR, Myong S and Brangwynne CP 2015 The
disordered P granule protein LAF-1 drives phase separation into droplets with tunable viscosity and dynamics.
Proc. Natl. Acad. Sci. 112 7189–7194
Ellis RJ 2001 Macromolecular crowding: Obvious but
underappreciated. Trends Biochem. Sci. 26 597–604
Emerson IA and Amala A 2017 Protein contact maps: A
binary depiction of protein 3D structures. Phys. A Stat.
Mech. Appl. 465 782–791
Erkizan H V., Kong Y, Merchant M, Schlottmann S, BarberRotenberg JS, Yuan L, Abaan OD, Chou TH, Dakshanamurthy S, Brown ML, et al. 2009 A small molecule
blocking oncogenic protein EWS-FLI1 interaction with
RNA helicase A inhibits growth of Ewing’s sarcoma. Nat.
Med. 15 750
Espinoza-Fonseca LM 2009 Reconciling binding mechanisms of intrinsically disordered proteins. Biochem.
Biophys. Res. Commun. 382 479–482
Fahmi M and Ito M 2019 Evolutionary approach of intrinsically disordered CIP/KIP proteins. Sci. Rep. 9 1575
Ferreon ACM, Gambin Y, Lemke EA and Deniz AA 2009
Interplay of synuclein binding and conformational switching probed by single-molecule ﬂuorescence. Proc. Natl.
Acad. Sci. 106 5645–5650
Ferreon ACM., Ferreon JC, Wright PE and Deniz AA 2013
Modulation of allostery by protein intrinsic disorder.
Nature 498 390–394
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