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The finding that a large fraction of proteins (over 30%) in eukaryotic cells lack a unique three-dimensional
structure but are functional has forced the scientific community to review its understanding of the
structure–function paradigm. The involvement of many of these intrinsically unstructured proteins
(IUPs) in intracellular signalling and regulatory processes as well as their central positioning (as inter-
action hubs) in recently mapped protein interaction networks is particularly intriguing. Here, we review
the functional and structural properties of IUPs such as (i) their facilitated regulation via diverse post-
translational modifications of specific amino acids (ii) scaffolding and recruitment of different binding
partners in space and time via the ‘‘fly-casting’’ mechanism, through peptide motifs and by coupling
folding with binding and (iii) conformational variability and adaptability. All of these properties allow
these proteins to hold key positions in cellular organisation and regulation which in turn make them
tractable as drug targets. In addition, we discuss how such properties, individually and in combination,
facilitate combinatorial regulation and re-use of the same component in multiple biological processes.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

As protein–protein interactions are central to all biological
processes, a comprehensive determination of all interactions
between proteins that take place in an organism provides a funda-
mental framework for understanding biology as an integrated
system. In recent years it has become possible to discern the
topology of cellular protein–protein networks on a genomic-scale,
which are conventionally represented as ‘‘interactome’’ maps
(Barabasi and Oltvai, 2004; Breitkreutz et al., 2008; Li et al., 2004;
Oltvai and Barabasi, 2002; Orchard et al., 2007; Russell and Aloy,
2008; Schwikowski et al., 2000; Vidal, 2001; Yu et al., 2008).
However, in order to understand (a) cellular processes such as
signal transduction, (b) the emergence of phenotype from cellular
complexity, and (c) to decipher the complex molecular mecha-
nisms that underlie pathologies like cancer or neurodegeneration,
we have to not only map the interactome but also elucidate how
structure, dynamics, and the spatio-temporal distributions of the
constituent proteins affect protein interaction and the interaction
network (Blundell and Srinivasan, 1996; Chothia and Janin, 1975;
Jones and Thornton, 1996; Levy and Pereira-Leal, 2008; Levy et al.,
2006; Schmid and McMahon, 2007). Although nuclear magnetic
resonance (NMR) spectroscopy, X-ray crystallography, electron
microscopy and other methods (Cowieson et al., 2008; Laskowski
and Thornton, 2008) have proven very successful in the determi-
nation of protein structures, the exhaustive characterization of
binary and higher-order protein complexes present in a cell is an
extremely challenging task for several reasons (Laskowski and
Thornton, 2008; Robinson et al., 2007): (i) many protein interac-
tions in a cell are weak (Vaynberg and Qin, 2006), transient (Nooren
and Thornton, 2003; van der Merwe and Barclay, 1994) and may be
promiscuous (Kim et al., 2008; Nobeli et al., 2009); therefore, true
transient interactions may not be stable enough to withstand the
rigours of purification and hence may not be reliably identified (ii)
data from high-throughput proteomics approaches, including pull-
down and yeast-2-hybrid experiments, indicate that the total
number of protein interactions in a eukaryotic cell significantly
exceeds the total number of proteins (Gavin et al., 2006; Krogan
et al., 2006; Rual et al., 2005; Stelzl et al., 2005; Tyers and Mann,
2003), (iii) because the number of actual interaction is still much
lower than the number of possible interactions, even the most
reliable detection method will produce false positives (Levy et al.,
2009) and (iv) a large fraction of eukaryotic proteins may lack
a tertiary structure when alone in solution – so called intrinsically
unstructured proteins (IUPs) – and adopt different folds when
interacting with different partners (Dunker et al., 2005, 2001, 2008;
Dyson and Wright, 2005; Tompa, 2002; Wright and Dyson, 1999).

Tackling the last point is of growing importance as it has been
demonstrated that IUPs are at the heart of many signalling and
regulatory cascades in the interaction networks of eukaryotic cells
(Chen et al., 2006; Dunker et al., 2008; Iakoucheva et al., 2002; Liu
et al., 2006; Lobley et al., 2007; Uversky et al., 2005; Ward et al.,
2004; Xie et al., 2007a,b). Joint efforts by structural, molecular and
systems biologists have shed new lights on the special properties of
IUPs in the last few years. Here, we review these new insights and
describe why the unique properties of IUPs predestine them to play
a key role in signalling and recognition in cellular systems (Fig. 1).

2. Intrinsically unstructured proteins

2.1. Definition

Most generally, IUPs can be defined as proteins that lack a unique
fold, either entirely or in parts, when alone in solution (Dunker et al.,
2001; Wright and Dyson, 1999). Solution-state NMR, circular
Please cite this article in press as: Gsponer, J., Madan Babu, M., The rules o
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dichroism (CD), fluorescence spectroscopy and small-angle X-ray
scattering measurements have provided clear in vitro evidence for
the existence of IUPs (Daughdrill et al., 1997; Dyson and Wright,
2004; Hecht et al., 2008; Iakoucheva et al., 2002; Kriwacki et al.,
1996, 1997; Li and Song, 2007; Mittag and Forman-Kay, 2007; Wells
et al., 2008; Zeev-Ben-Mordehai et al., 2003). While some IUPs
exhibit partial secondary structure when alone in solution, many
lack any detectable secondary or tertiary structure. In vivo NMR
measurements further indicate that even in the crowded environ-
ment of the cell, certain IUPs remain partially or fully unstructured
(McNulty et al., 2006). The lack of structure is due to a strong amino
acid compositional bias in IUPs. They are rich in hydrophilic and
charged residues but often lack bulky hydrophobic residues (Dos-
ztanyi et al., 2005; Garner et al.,1998; Romero et al., 2001; Weathers
et al., 2004; Williams et al., 2001). The paucity of hydrophobic
residues prevents the formation of a hydrophobic core necessary for
a stable 3-dimensional fold. Moreover, the large number of side
chain charges present under physiological conditions contributes to
destabilize any compact state.

2.2. Function

It is important to note that although the biophysical properties
of the unstructured chain mediate the function of some IUPs (e.g.
titin) (Tompa, 2003), many IUPs adopt a defined 3-dimensional
structure upon binding to their cognate partners (Demarest et al.,
2002; Dyson and Wright, 2005; Wright and Dyson, 1999). The need
for interaction in order to fold was reported by Frankel and Kim
(1991) in the early nineties. They showed that certain transcription
factor domains are not highly ordered on their own and become
structured only upon interaction with other molecules. The process
of folding upon binding has since been characterised in great detail,
especially for the DNA-binding domains (DBDs) of many tran-
scription factors (Dunker et al., 2008; Dyson and Wright, 2002;
Fuxreiter et al., 2004; Levy et al., 2004; Mohan et al., 2006; Sugase
et al., 2007; Turjanski et al., 2008; Wright and Dyson, 2009). Well-
described examples in the literature include the basic DNA-binding
region of the leucine zipper protein GCN4 (Love et al., 1995, 2004;
Weiss et al., 1990), the DBD of the retinoid X receptor (Holmbeck
et al., 1998; van Tilborg et al., 1999) and the high mobility group
(HMG) domain of the lymphoid enhancer-binding factor LEF-1
(Love et al., 1995, 2004). While these DBDs exhibit more localized
folding transitions upon binding to DNA, many transcriptional
activation domains like the kinase-inducible activation domain of
the cAMP regulated transcription factor (CREB) and the acidic
activation domain of p53 are completely unstructured when free in
solution and fold upon binding to their targets (Kussie et al., 1996;
Radhakrishnan et al., 1997). IUPs that fold upon binding are also
known to be found among RNA binding proteins, where they play
a key role in RNA recognition (Battiste et al., 1996; Mogridge et al.,
1998), in vesicle trafficking and membrane fusion (Fiebig et al.,
1999; Olesen et al., 2008; Owen et al., 2004; Praefcke et al., 2004;
Schmid et al., 2006; Schmid and McMahon, 2007), cell cycle
regulation (Kriwacki et al., 1996), and as an integrative part of many
different signalling pathways (Bhattacharyya et al., 2006; Chu et al.,
2007; Iakoucheva et al., 2002; Mathes et al., 2008; Seldeen et al.,
2008). So far, experimental evidence for intrinsic lack of structure
could be gathered for more than 500 proteins that are involved in
very diverse cellular processes. The database DisProt (Sickmeier
et al., 2007) provides a repository for such proteins.

2.3. Prediction

The increased interest in IUPs by structural and molecular
biologists has triggered the development of a variety of computer
f disorder or why disorder rules, Progress in Biophysics and Molecular
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Fig. 1. Properties of IUPs that are pivotal to their central role in protein–protein interaction (PPI) networks (shown in the center with nodes representing proteins and links
representing physical interactions). Hub proteins in PPI networks are enriched in intrinsically unstructured segments. The specific properties of these unstructured segments
facilitate interactions with many diverse partners: (A) conformational flexibility facilitates access to enzymes and effectors that introduce or remove post-translational modifi-
cations and read the post-translational code, respectively. Specific post-translational modifications permit combinatorial regulation and the re-use of the same components in
multiple biological processes. (B) The availability of molecular recognition features and short linear peptide motifs within the unstructured segments enables the fishing for (‘‘fly-
casting’’) and gathering of different partners. The interaction specificity provided by these motifs is essential for the precise assembly of macromolecular machines in space and
time. (C) Conformational variability enables a nearly perfect moulding to fit the binding surfaces of very diverse partners. Context-dependent folding of an intrinsically unstructured
segment can be used to activate or inhibit signalling processes that can have completely orthogonal outcomes.
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programs that predict unstructured regions from amino acid
sequences. Over 15 different predictor programs have been devel-
oped in recent years (Bordoli et al., 2007; Ferron et al., 2006; Old-
field et al., 2005a; Sickmeier et al., 2007). For an overview of protein
disorder prediction methods and a list of IUP predictors, please
refer to Ferron et al. (2006) and to the table in the Wikipedia article
on unstructured proteins at http://en.wikipedia.org/wiki/
Intrinsically_unstructured_proteins. The available approaches to
predict unstructured segments can be classified into two cate-
gories: (a) methods that rely on sequence composition and their
variants and (b) methods that are based on machine learning
approaches (e.g., support vector machines or neural networks) that
are trained on available experimental data which indicates the
absence of structure in proteins (for instance, the lack of electron
density in crystallographic data, Ward et al., 2004). It has been
estimated that the per residue prediction accuracy of the most
elaborate programs reaches 85%, which is comparable to the
accuracy of the currently available sequence-based secondary
structure prediction methods (Bordoli et al., 2007; Ferron et al.,
2006; Oldfield et al., 2005a). The development of computational
approaches to predict unstructured segments from protein
sequence and the availability of genomic data for various
prokaryotic and eukaryotic species has led to an extensive use of
these programs in order to quantify the prevalence of IUPs in the
different kingdoms of life. One of the key findings that emerged
from the independent application of several of these programs to
the completely sequenced genomes is that eukaryotes have
Please cite this article in press as: Gsponer, J., Madan Babu, M., The rules of
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a significantly larger fraction (up to 30%) of their proteome that is
intrinsically unstructured than prokaryotes (Dunker et al., 2000,
2008; Ward et al., 2004).

3. IUPs and their pivotal role in cellular interaction networks

Considering the involvement of IUPs in key cellular processes
and that up to 30% of eukaryotic proteins are IUPs, it is not surprising
that these proteins were shown to hold key positions (i.e., as hub
proteins, which interact with an unusually large number of other
proteins; Fig. 1, central toy interaction network) in the recently
mapped protein–protein interaction networks of several different
eukaryotes (Barrios-Rodiles et al., 2005; Gavin et al., 2006; Giot et al.,
2003; Ito et al., 2001; Krogan et al., 2006; Li et al., 2004; Rual et al.,
2005; Stelzl et al., 2005; Uetz et al., 2000). It was shown that intrinsic
lack of structure is a common feature of hub proteins in interactome
networks (Dosztanyi et al., 2006; Dunker et al., 2005; Haynes et al.,
2006; Kim et al., 2008; Schlessinger et al., 2007; Singh et al., 2007).
Hubs are a characteristic of scale-free networks (Albert, 2005; Bar-
abasi and Oltvai, 2004). Such networks are generally resistant to
random removal of any part of the network but are extremely
sensitive to hub removal (Albert, 2005; Albert et al., 2000). Indeed,
altered expression or mutations of well-known IUP-hubs, such as
p53, Mdm2, p300, BRCA1 or XPA, have been associated with severe
pathological conditions such as cancer in humans (de Boer et al.,
2002; Levine et al., 1991; Mayo and Donner, 2002; Van Heyningen
and Yeyati, 2004; Venkitaraman, 2002; Yao et al., 1998).
disorder or why disorder rules, Progress in Biophysics and Molecular
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While generally enriched for unstructured regions, most hubs in
protein interaction networks contain a mixture of globular domains
and long unstructured segments and interact with their partners
with both the structured and unstructured parts (Dyson and
Wright, 2005; Kim et al., 2006, 2008; Schlessinger et al., 2007). For
instance, p300 is a typical case of an IUP-hub acting as a general
transcriptional regulator (Goodman and Smolik, 2000). It has been
estimated that p300, which is involved in chromatin remodelling
and transcription regulation, binds up to 400 different partners.
Experimental evidence and computational predictions suggest that
50% of the 2442 amino acids of this protein are intrinsically
unstructured (Dyson and Wright, 2005). The structured parts of
p300 such as the TAZ1, TAZ2 and KIX domains are the sites of
interaction with unstructured segments of other proteins such as
the hypoxia-inducible factor-1a (HIF1a) (Freedman et al., 2002),
the tumour suppressor p53 (Avantaggiati et al., 1997; Gu et al.,
1997) or the transcriptional activation domain of c-Myb (Zor et al.,
2002), respectively. It was shown that the initially unstructured
segments of the interaction partners of p300 fold into a well-
defined structure during most of these binding events (Dames et al.,
2002; Teufel et al., 2007; Zor et al., 2002). The intrinsically
unstructured segments in p300 were shown to contain conserved
interaction and regulatory motifs (i.e., short exposed peptide
sequences) such as the nuclear-receptor interaction domain (Heery
et al., 1997) or the transcriptional-repression domain (Snowden
et al., 2000) that mediate binding to different structured or
unstructured proteins. Besides p300, many other IUPs are highly
modular in their architecture and interact with multiple partners
via their structured and unstructured segments (Dunker et al.,
2008; Tompa and Fuxreiter, 2008).

Many of the IUP-hubs interact with each other and thus form
a highly interwoven sub-network bridging and regulating different
cellular pathways and processes. While IUP-hubs are known to
interact with multiple partners, many of the interactions formed
may be short-lived, mutually exclusive or only possible in certain
sub-cellular compartments and specific moments of the cell cycle
or during development. Nevertheless, the central position of IUPs in
the protein–protein interaction networks and their involvement in
key regulatory processes raises a fundamental question: which
properties of unstructured polypeptide segments are pivotal to
earn this status? (Fig. 1)

4. Special properties of intrinsically unstructured
polypeptides

4.1. Writing, reading and erasing of diverse post-translational
modifications (PTMs)

Post-translational modifications (PTMs) are essential for bio-
logical complexity and diversity. PTMs can affect protein stability,
turnover, sub-cellular localisation or interaction properties and
thereby have a significant impact on protein function. All these
aspects of PTMs become particularly relevant for proteins which
participate in regulatory and signalling functions (Pawson and Nash,
2003; Seet et al., 2006). In this regard, the conformational flexibility
of unstructured regions in IUPs provides two obvious advantages: (i)
it allows for the exposure of single or multiple short linear peptide
motifs, whose side chains can be accessed by the catalytic sites of
modifying enzymes to introduce or remove a modification and (ii)
the modified or unmodified peptide motif can be easily accessed by
effector proteins (that recognise a specific peptide motif or the
modified peptide motif) to mediate distinct outcomes (Davey et al.,
2006; Diella et al., 2008; Galea et al., 2008a,b; Hansen et al., 2006;
Honnappa et al., 2006; Khan and Lewis, 2005; Seet et al., 2006;
Taverna et al., 2007; Yang, 2005) (Fig. 1A).
Please cite this article in press as: Gsponer, J., Madan Babu, M., The rules o
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4.1.1. PTM sites are often found in unstructured regions
Phosphorylation is the most extensively studied PTM until now

and it is known to play an important role in most, if not all, cellular
processes (Cohen, 1982; Pawson and Scott, 1997; Pawson and Scott,
2005). Computational studies using phosphorylation site predic-
tion methods have suggested that unstructured regions are
enriched for sites that can be phosphorylated (Dunker et al., 2008;
Iakoucheva et al., 2004). In agreement with this, recent studies have
shown that (i) the majority of phosphorylation sites found in mouse
forebrain proteins is located in unstructured regions (Collins et al.,
2008) and (ii) unstructured proteins in yeast are likely substrates of
a large number of kinases (on average, IUPs are substrates of twice
as many kinases as structured proteins) (Gsponer et al., 2008). In
addition to phosphorylation, acetylation and methylation sites have
been found in the intrinsically unstructured parts of certain IUPs
(e.g. p53 and histone termini). Although no reliable large-scale
studies have been reported so far, it is likely that methylation,
acetylation, ADP-ribosylation, ubiquitination, sumoylation and
neddylation sites will be more often found in unstructured
segments of proteins.

4.1.2. Regulation of diverse processes is facilitated by combinatorial
PTMs

Histones, p53 and the cyclin-dependent kinase regulator p27
are likely to be the best characterised examples of IUPs where
PTMs are key to their function and regulation (Bode and Dong,
2004; Brooks and Gu, 2003; Galea et al., 2008b; Kouzarides,
2007). In the case of histones, the N-terminal tail domain (NTD) of
core histones and the C-terminal tail domain of linker histones are
intrinsically unstructured and are involved in the binding of many
different partners (Hansen et al., 2006, 1998). Specific patterns of
acetylation, ubiquitination, methylation and phosphorylation of
lysine, arginine and serine/threonine residues in the core histone
NTD influence the binding to diverse partners and are thereby
involved in the regulation of transcription, replication, repair and
other nuclear processes (Fischle et al., 2003; Kouzarides, 2007;
Kurdistani and Grunstein, 2003; Ruthenburg et al., 2007; Taverna
et al., 2007). It is believed that the combination of diverse PTMs
creates a pattern of ‘marks’ or a PTM ‘code’ that is recognised by
different binding effectors which then specifically mediate the
downstream outcome (Kouzarides, 2007; Ruthenburg et al., 2007;
Taverna et al., 2007; Turner, 2002, 2007). Moreover, it has been
noted that PTMs modify the local charge density and hydropho-
bicity, thereby affecting the structural and folding properties of
the polypeptide chain and its accessible surface (Wright and
Dyson, 2009).

p27 regulates (together with p21) the cell division cycle of
mammalian cells by inhibiting cyclin-dependent kinases (CdKs)
(Sherr and Roberts, 1999, 2004). Analysis using proteolysis, CD and
NMR spectroscopy has shown that large fragments of this protein
are intrinsically unstructured and that they fold upon binding to
partner proteins (Bienkiewicz et al., 2002; Kriwacki et al., 1996). It
was also shown that distinct PTMs regulate the localisation, turn-
over and activity of p27 (Galea et al., 2008b). Importantly, the
inherent flexibility of unstructured segments was shown to allow
for sequential phosphorylation events that ultimately led to ubiq-
uitination and proteolytic degradation of p27, which is necessary
for progression through the cell division cycle.

Overall, the inherent flexibility of unstructured segments in
proteins facilitates binding of different enzymes such as kinases,
phosphatases, acetyltransferases, deacetylases, methylases, ubiq-
uitin ligases and others to specific post-translational modification
sites that reside in these unstructured protein segments. As it is
highly likely that many of the PTMs are used in a combinatorial
manner, a plethora of effectors may be necessary to read, write or
f disorder or why disorder rules, Progress in Biophysics and Molecular
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erase this PTM ‘code’ and mediate the specific biological responses.
Thus writing, reading and erasing the PTM ‘code’ is achieved by the
binding of many different partners to IUPs (Fig. 1A).

4.2. Scaffolding and recruitment of different binding partners

Cells respond to intra- and extra-cellular stimuli with specific
responses that are mediated by complex signalling networks. These
signalling networks consist of a multitude of distinct as well as
overlapping signalling pathways (Pawson,1995). Despite the shared
use of signalling proteins, there is very little or no cross-talk between
different signalling pathways (Pawson, 2004; Schwartz and Mad-
hani, 2004). In recent years, it has become evident that besides the
precise spatio-temporal regulation of expression of signalling
molecules (Kholodenko, 2006; Schwartz and Madhani, 2004),
scaffold proteins provide an additional molecular mechanism for
context-specific signalling. They serve as a backbone for the regu-
lated assembly of different signalling partners and anchor the
assembly to specific sub-cellular localisations (Bhattacharyya et al.,
2006; Morrison and Davis, 2003; Schwartz and Madhani, 2004;
Shaw and Filbert, 2009; Vondriska et al., 2004). A variety of struc-
tural and biophysical properties such as (i) a high conformational
flexibility (ii) the presence of easily accessible molecular recognition
features (MoRFs) and short peptide motifs and (iii) a much larger
interaction surface, all make IUPs ideal candidates for performing
the scaffolding and complex assembly function. Indeed, a large
number of IUPs have been found to assist in the assembly, stabili-
sation and regulation of large multimeric complexes. For instance,
ALL-1 is an IUP that assembles a multimeric complex involved in
transcriptional regulation (Nakamura et al., 2002). Similarly, BRCA1
regulates the formation of a large complex involved in DNA repair
(Wang et al., 2000). An excellent review article in this journal
recently provided an exhaustive inventory of the IUP properties that
are important for the scaffolding function (Cortese et al., 2008). In
the following section, we focus on three specific aspects: (i) the
availability of molecular recognition features (MoRFs), (ii) interac-
tions mediated via the fly-casting mechanism and (iii) the presence
of a large interaction surface area in IUPs (Fig. 1B).

4.2.1. Molecular recognition features
Molecular recognition features (MoRFs) are short motifs (10–

70 amino acids) within large intrinsically unstructured segments
that promote specific protein–protein interactions (Mohan et al.,
2006; Oldfield et al., 2005b; Vacic et al., 2007). Importantly, upon
binding to their partner, MoRFs undergo disorder-to-order tran-
sitions, i.e., they fold upon binding (Dunker et al., 2008; Dyson
and Wright, 2002; Fuxreiter et al., 2004; Mohan et al., 2006;
Sugase et al., 2007; Wright and Dyson, 2009). Dunker et al.
analysed MoRFs occurring in the Protein Data Bank and classified
them into three subtypes according to their structures in the
bound state: alpha-MoRFs that form alpha-helices, beta-MoRFs
that form beta-strands and iota-MoRFs that form structures
without a regular pattern of backbone hydrogen bonds (Mohan
et al., 2006; Oldfield et al., 2005b; Vacic et al., 2007). A combi-
nation of MoRFs, separated by intrinsically unstructured
segments, enables the concomitant binding and assembly of
various partners with high specificity and is, therefore, highly
valuable to scaffold proteins. A classical example for a scaffold
protein that uses MoRFs in the assembly process is RNase E of the
RNA degradosome (Carpousis, 2007; Marcaida et al., 2006). This
endonuclease subunit assembles the RNA degradosome,
a machinery essential for RNA processing and degradation in
prokaryotes. The C-terminal part of RNase E is intrinsically
unstructured, as has been shown by far-UV CD and small-angle X-
ray scattering, while the N-terminal ribonucleolytic domain is
Please cite this article in press as: Gsponer, J., Madan Babu, M., The rules of
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structured and catalytically active (Callaghan et al., 2004, 2003).
Importantly, within the highly flexible C-terminal region lie four
MoRFs that are central to the scaffolding function of this protein
(Marcaida et al., 2006; Worrall et al., 2007). The MoRFs serve as
binding sites for other members of the degradosome, namely an
enolase, a polynucleotide phosphorylase and the helicase RhIB,
while the intervening unstructured residues provide the flexibility
to accommodate these large binding partners.

4.2.2. Fly-casting
The fly-casting model postulates that IUPs have a greater ‘‘capture

radius’’ and increased intermolecularassociation rates because theyare
less compact than structured proteins (Levy et al., 2004; Pontius,1993;
Shoemaker et al., 2000). The flexible nature of IUPs is supposed to
facilitate the binding of targets to peptide motifs located in the
unstructured segments. A binding site attached to a flexible chain could
be compared to a hook on a fishing rod, which allows for the sampling
of large solution volumes and the ‘‘fishing’’ of targets therein. A good
example of this involves the membrane-embedded, voltage-activated
potassium channel (Kv), which mediates the generation and shaping of
action potentials in neuronal cells. Kv is known to interact with PSD-95,
a scaffold protein localized in the post-synaptic density of excitatory
synapses, which organises the assembly and localisation of many sig-
nalling proteins, thereby shaping the synaptic architecture. As Kv

channels have to be precisely localized and clustered in order to ensure
an effective transmission of action potentials to post-synaptic cells
across the synaptic cleft, it has been suggested that Kv uses the ‘‘fly-
casting’’ mechanism to ensure interaction with the intracellular scaf-
folding protein, the post-synaptic density 95 (PSD-95) (Magidovich
et al., 2006, 2007). In particular, it was shown that the highly flexible,
unstructured C-terminal segment of certain Kv channels mediates the
clustering of the channel at the neuro–muscular junction. Specifically,
a PDZ-binding peptide motif at the end of this C-terminal segment
mediates the interaction of Kv with PSD-95 (Kim and Sheng, 2004;
Magidovich et al., 2006). Hence, in this example, the binding ‘‘hook’’
that is tethered to the rest of the protein by a flexible chain is found in
a binding partner (Kv) of a scaffold protein (PSD-95).

An important aspect implicit in the fly-casting mechanism is the
concept that flexibility of the intrinsically unstructured chain
enables an initially weak and non-specific binding, followed by the
folding and specific binding to the cognate target. Wright et al.
recently provided experimental proof for this mechanism by
studying the binding of the phosphorylated KID (pKID) domain of
the transcription factor CREB to the KIX domain of CREB binding
protein (CBP) (Sugase et al., 2007). Using NMR titrations and N15

relaxation dispersion, they showed that the intrinsically unstruc-
tured pKID domain initially forms transient encounter complexes
with KIX that are stabilized by non-specific hydrophobic interac-
tions. The subsequent search of the KIX surface for the specific
binding site is followed by folding and the formation of a high-
affinity complex. Although non-specific encounter complexes have
also been observed during the assembly process of complexes that
involve solely structured proteins (Iwahara and Clore, 2006; Tang
et al., 2006), they are likely to have a more important role for the
search of specific and high-affinity interactions when unstructured
protein segments are involved in the assembly process (see below).

4.2.3. Large interaction surfaces
It has also been proposed that IUPs provide larger surface areas

for intermolecular interactions than do globular proteins of similar
size (Gunasekaran et al., 2003). Such extensive surfaces are an
advantage for the simultaneous binding to several protein, DNA, or
RNA molecules into multimeric assemblies. Chothia et al. have
shown that large interaction interfaces in globular proteins require
large protein sizes, as measured by the amino acid sequence length
disorder or why disorder rules, Progress in Biophysics and Molecular
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(Janin et al., 1988; Miller et al., 1987). Hence, larger proteins will be
needed to enable extensive interaction surfaces to be created using
structured domains. Thus, large multi-domain complexes would
reach immense sizes if all the constitutive domains were stable,
globular proteins (Gunasekaran et al., 2003). IUPs, by contrast,
provide a larger available interaction surface area per amino acid
due to their unstructured character and they have a larger surface-
to-volume ratio than globular proteins (Gunasekaran et al., 2003,
2004). Such large and highly flexible interaction surfaces can be
a significant advantage and assist the assembly of intertwined
multimeric complexes (Meszaros et al., 2007). In agreement with
this, a significant correlation was found recently between the
average predicted disorder per complex and the number of
complex components (Hegyi et al., 2007). It was also suggested that
larger complexes are likely to be assembled from proteins that tend
to be more disordered (Hegyi et al., 2007). Flexibility also permits
intrinsically unstructured protein segments to wrap around their
binding partners, thereby creating an extensive interaction surface.
For instance, the C-terminal transactivation domain of HIF1a is
unstructured in solution and folds upon binding to the TAZ1
domain of p300. The structure of the complex reveals that HIF1a is
almost entirely wrapped around TAZ1 (Dames et al., 2002). As
a consequence, a high-affinity complex is formed (KD¼w7 nM)
that could never be formed by two stable, folded proteins of
a comparable size (Dames et al., 2002).

In summary, the assembly of large molecular machines is
essential to the functioning of eukaryotic cells. IUPs appear to play
an important role in this process by not only providing the
conformation flexibility required to find binding partners but also
by exposing specific molecular recognition elements that fold upon
binding and short peptide interaction motifs for partners to bind
within the unstructured segment (Fig. 1B).

4.3. Conformational variability and adaptability

The long-standing dogma of the structure–function paradigm
states that proteins need to adopt a well-defined 3D structure in
order to be functional. Structure determination methods such as X-
ray crystallography and NMR spectroscopy have proven to be very
successful in elucidating the atomic coordinates of the native state of
globular proteins and certain protein complexes (Cowieson et al.,
2008; Laskowski and Thornton, 2008). However, proteins are
dynamic, i.e., they sample ensembles of conformations that are in
dynamic equilibrium (Akasaka, 2006; Li and Akasaka, 2006), and
classical structure determination methods normally identify only
the dominant conformation under given environmental conditions.
For certain proteins, there is no single predominant conformation
under physiological conditions. For instance, it was recently shown
that the globular protein lymphotactin can adopt two distinct folds
at equilibrium and that shifting between the conformations involves
major structural changes (Murzin, 2008; Tuinstra et al., 2008).
Importantly, the two conformers have mutually exclusive activities
and are essential to the full functioning of the protein in vivo. In this
regard, IUPs can be seen as highly dynamic proteins that often lack
a dominant conformation – though they may have a conformational
preference – and exist as a dynamic ensemble of inter-converting
conformers. As with lymphotactin, it is likely that some of the
sampled conformers are of functional importance, i.e., the
conformers are involved in the binding of different targets that
exhibit diverse biological functions. A good example of such a case is
the N-terminus of p53, which consists of an intrinsically unstruc-
tured transactivation domain (TAD). This domain is a promiscuous
binding site for p300, components of the transcription machinery
and the negative regulators MDM2/MDM4 (Joerger and Fersht,
2008). In complex with MDM2, the promiscuous binding site adopts
Please cite this article in press as: Gsponer, J., Madan Babu, M., The rules o
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an a-helical conformation (Kussie et al., 1996). NMR studies showed
that, when free in solution, the TAD lacks a predominant conformer
but does transiently form a helix that is similar to the one found in
the p53–MDM2 complex (Lee et al., 2000) (Fig. 1C).

4.3.1. Conformational variability
Although a conformational selection mechanism may be rele-

vant for the binding of some IUPs (Fuxreiter et al., 2004; Tsai et al.,
2001), it has more often been observed that partners induce folding
in the unstructured segment upon binding (Wright and Dyson,
2009). Due to the intrinsic plasticity of the unstructured segments,
diverse conformations can be adopted and induced upon binding to
different partners. This mechanism is exemplified by the binding of
HIFa to the TAZ1 domain of p300 (Dames et al., 2002) and the
asparagine hydroxylase enzyme FIH (Lee et al., 2003). While HIFa
adopts a regular helical backbone conformation in the complex
with the former, it has an extended backbone conformation when
bound to the latter. The auto-inhibition and activation mechanism
of the Wiskott–Aldrich syndrome protein (WASP) illustrates how
such a context-dependent folding of an intrinsically unstructured
segment can affect a signalling process (Kim et al., 2000). The Rho-
family GTPase Cdc42 can regulate the actin cytoskeleton through
activation of WASP family members (Machesky and Insall, 1999).
This is achieved by the binding of Cdc42 to the GTPase-binding
domain (GBD) of WASP, which enables interaction of WASP with
the actin regulatory machinery. The intrinsically unstructured GDB
can also fold back on other parts of WASP and form intramolecular
contacts that inhibit actin regulation. Importantly, the structure
adopted by GDB in the auto-inhibitory state is different from (and
incompatible with) the activated conformation when in complex
with Cdc42 (Kim et al., 2000).

4.3.2. Conformational adapatability
The intrinsic conformational plasticity of unstructured segments

also enables a nearly perfect moulding to fit the binding surfaces of
partners (Tompa et al., 2005). An excellent example for this extraor-
dinary property of IUPs comes from the work of Kleanthous et al.
(Bonsor et al., 2007; Loftus et al., 2006). They determined and
compared the structures of the Escherichia coli protein TolB in
complex with Pal, its physiological partner, and with the bacterial
toxin colicin E9. Colicin competitively recruits TolB with its intrinsi-
cally unstructured N-terminal region with an affinity that can be
similar to that of Pal (KD¼w90 nM). When comparing the interaction
surfaces of the two complexes, they found that large parts of the
buried surface coincide but that the intrinsically unstructured
segment of colicin E9 makes additional contact by burying side chains
more efficiently, i.e., by increasing the complementarity to the TolB
interaction surface. Hence, the intrinsically unstructured region of
colicin E9 can mimic the surface properties of its binding partner TolB
much better than the globular, cognate partner Pal. Achieving such
a high degree of complementarity has major consequences for the
thermodynamics of binding. The binding of an unstructured segment
to its target is associated with a significant entropic cost, in particular
if this segment folds upon binding (Brady and Sharp,1997). Therefore,
the thermodynamic driving force for the binding reaction must be
a favourable enthalpic contribution (Brady and Sharp, 1997; Wright
and Dyson, 1999). If the complementarity is good and the intermo-
lecular interaction surface is big (as seen for the complexes TolB–
colicin 9 and TAZ1–HIFa), the entropic penalty is well compensated
and a nanomolar affinity can be achieved. This is, however, not always
the case. For many IUPs, coupled folding upon binding gives rise to
complexes with relatively low affinities, because the entropic penalty
is not fully compensated. Importantly though, these complexes are in
most cases highly specific, as their formation is mediated by specific
recognition motifs and modulated via characteristic PTMs. It has been
f disorder or why disorder rules, Progress in Biophysics and Molecular
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suggested that the phenomenon of specific but low-affinity
complexes could be advantageous for signalling proteins that should
not only be able to associate specifically to relay a signal but also
dissociate easily when conditions change (Dyson and Wright, 2005;
Wright and Dyson, 1999).

Thus, the thermodynamic properties of binding, conformational
flexibility and adaptability give IUPs a significant advantage over
structured proteins with respect to their potential to interact with
diverse partners (Fig. 1C). Due to the same reasons, interaction
interfaces and polypeptide segments involving intrinsically
unstructured regions might make certain IUPs suitable as drug
targets (Blundell et al., 2006; Fernandez et al., 2009; Gagna and
Lambert, 2006; Wells and McClendon, 2007); and as hubs they are
likely to be phenotypically relevant. For example, it was recently
shown that certain chemical compounds could specifically target
the monomeric unstructured state of the target protein c-Myc
rather than the fully folded heterodimeric unit involving the Max
protein (Wang et al., 2007). Recent studies that suggest targeting
intrinsically unstructured proteins as drug targets have put forward
two strategies. These are to develop small molecule drugs that may
(i) improve the packing quality of the target protein upon binding
thereby steering induced folding (Fernandez et al., 2009) and (ii)
enhance binding affinity by inducing conformational disorder in
the target protein (Crespo and Fernandez, 2008). Therefore, iden-
tification of small molecules or peptide aptamers (Baines and Colas,
2006) that specifically targets interaction interfaces and structural
transitions involving unstructured segments may represent a novel
drug discovery strategy that could be exploited in the coming years.

5. Conclusion

Complex biological processes, such as information processing
and decision making, require an elaborate interplay between
different layers of biomolecular organisation in a cell. In response to
external stimuli, these regulatory layers can change the transcrip-
tion of specific genes, modulate translation or activate post-trans-
lational modifications of particular proteins. In order to be able to
respond to different stimuli and external conditions, the cell needs
an arsenal of response states, which is defined not only by the
characteristic gene expression profiles but also by the regulatory and
signalling proteins present in specific functional states and loca-
tions. The spectrum of response states available to the cell will
depend on the combinatorial use of the functional states of different
regulatory proteins. We suggest that IUPs confer greater response
variability to the cell because IUPs can sample a broader repertoire of
structural and functional states than do structured proteins (Fig. 1).
Importantly, transitions between these functional states are fast due
to the unique properties of these proteins, which ultimately allow
a cell to react in an optimal way to intra- and extra-cellular
perturbations.
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