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Protein disorder remains an intrinsically fuzzy concept.
Its role in protein function is difficult to conceptualize
and its experimental study is challenging. Although a
wide variety of roles for protein disorder have been
proposed, establishing that disorder is functionally important, particularly in vivo, is not a trivial task. Several
molecular chaperones have now been identified as conditionally disordered proteins; fully folded and chaperone-inactive under non-stress conditions, they adopt a
partially disordered conformation upon exposure to distinct stress conditions. This disorder appears to be vital
for their ability to bind multiple aggregation-sensitive
client proteins and to protect cells against the stressors.
The study of these conditionally disordered chaperones
should prove useful in understanding the functional role
for protein disorder in molecular recognition.
Protein disorder: a fuzzy concept
Our view of proteins has been strongly shaped by the many
beautiful structures that have been solved by X-ray crystallography. Looking at these structures, it is easy to forget
that proteins often have very dynamic properties and
regions that show considerable flexibility. Indeed, only
25% of crystal structures represent >95% of the complete
molecule; all others have missing electron density for more
than 5% of their sequence, usually because these regions
take on multiple conformations [1]. Moreover, the crystallographic portion of the protein database is almost certainly
biased towards those proteins that fold readily into a single
or, at most, a few distinct conformations and are thus
crystallizable. However, proteins possess a wide range of
stabilities and degrees of (dis)order [2]. Globally ‘intrinsically disordered’ proteins lie at one extreme part of a continuous spectrum of structural states, which ranges from
very flexible to static, and can involve either part of a protein
or the complete polypeptide chain (Figure 1). Thus, it is
difficult to summarize the degree of protein flexibility with a
single term and, not surprisingly, several descriptors have
been proposed including intrinsically disordered, natively
unfolded, or partially folded [3]. For the purpose of this
review, we will define intrinsically disordered proteins as
those that show substantial disordered regions at least in
vitro. Furthermore, we would like to introduce the term
conditionally disordered (see Glossary) to describe those
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proteins that are intrinsically disordered under some
circumstances and gain order under others, such as in the
presence of their physiological binding partners. These
proteins make up a large percentage and perhaps even
the majority of intrinsically disordered proteins [4].
Glossary
BSA: bovine serum albumin, a commonly used negative control protein in
chaperone assays due to its very weak chaperone activity.
Chaperone: a protein that assists the non-covalent folding of proteins and the
assembly or disassembly of other macromolecular structures. Its most
common characteristic is its ability to dramatically reduce non-specific protein
aggregation, a side reaction of protein folding and unfolding processes.
Conditionally disordered proteins: proteins that can exist in at least two states,
one that shows a high degree of flexibility and a second state where the protein
is more ordered.
Conformational selection: molecular recognition mechanism based on the
assumption that a proportion of the population of a protein is in an appropriate
configuration to interact with its binding partner.
DnaK: the eubacterial heat shock protein chaperone homologous to eukaryotic
Hsp70, which uses ATP binding and hydrolysis to support the folding of newly
synthesized proteins.
Folding upon binding: molecular recognition mechanism that assumes an
initial interaction between a flexible protein and its binding partner, followed
by a folding reaction that increases the strength of the interaction.
FRET: Förster resonance energy transfer, a commonly used method to
measure molecular distances within and between proteins.
GroEL: a bacterial heat shock protein chaperone homologous to eukaryotic
Hsp60, one of the best-characterized ATP-dependent protein folding machines.
HdeA: a small bacterial acid-activated molecular chaperone, which protects
proteins against low pH-induced protein aggregation and bacteria against
acid stress.
Hsp26: a member of the small heat shock protein (sHsp) chaperone family,
which functions as ATP-independent chaperone holdase.
Hsp33: a 33-kDa redox regulated heat shock protein chaperone, which is
rapidly activated by oxidants such as hypochlorous acid (i.e., bleach) and
protects proteins against oxidative unfolding.
Hsp60: a mitochondrial chaperone homologous to bacterial GroEL.
Hsp70: ubiquitously found 70 kDa heat shock protein, homologous to DnaK.
Hsp90: a family of eukaryotic heat shock protein chaperones that have an average
molecular weight of 90 kDa. This class of chaperones interacts with a large
number of partially folded proteins, including kinases, steroid receptors, and p53.
HtpG: the bacterial heat shock protein chaperone homologous to eukaryotic
Hsp90.
IDR: intrinsically disordered region.
Intrinsically disordered proteins: proteins that lack a stable structure when
studied as an isolated polypeptide chain under reasonably physiological
conditions in vitro.
LEA: late embryogenesis abundant dehydration proteins in plants and animals,
which protect other proteins against desiccation or osmotic stresses.
p53: a tumor suppressor protein that is involved in cell cycle regulation.
SH3 domain: Src homology domain 3, a small 60 amino acid domain to
which proline-rich sequences bind.
sHsp: a family of small heat shock protein chaperones with molecular weights
ranging from 12 to 26 kDa.
SUPREX: stability of unpurified proteins from rates of H/D exchange; an H/D
exchange method that is typically combined with mass spectrometric analysis,
which is used to determine relative thermodynamic stabilities of proteins or
protein–ligand complexes.
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Figure 1. Proteins have wide ranges of flexibility that span a continuous spectrum including those that are globally intrinsically disordered (shown as an ensemble of
structures generated by the program flexible-meccano) [77] to proteins that show well-folded, stable structures (shown in orange). Many proteins are conditionally
disordered and can transition between order and disorder depending on the presence or absence of binding partners or other conditions (shown by the double-headed
arrow). Proteins can also show portions that are well folded and other portions that are disordered. This figure was generated by Loic Salmon.

Intrinsic disorder appears to be very common within
proteins. Between 30% and 50% of eukaryotic proteins
are estimated to contain regions of >30 amino acids that
do not adopt a defined secondary structure in vitro, and
many proteins have been predicted to be completely unstructured [5–7]. Computational methods to predict disorder are increasingly becoming more sophisticated [8–10].
However, verifying the (un)folding status of proteins, particularly within the context of the cell, remains challenging.
It is currently unclear how many of the proteins that have
been experimentally shown to be partially or fully unfolded
in vitro are indeed unstructured in the cell. Molecular
crowding and the presence of appropriate binding partners
are thought to shift the equilibrium of many disordered
proteins towards their folded state, suggesting that the
percentage of globally intrinsically disordered proteins estimated from in vitro and bioinformatics-based approaches
might actually be significantly lower in the cell [11]. This
conclusion is supported by the observation that although
intrinsically disordered proteins are inherently sensitive to
proteolytic degradation in vitro, they do not generally exhibit reduced half-lives in vivo, possibly because they are
involved in stabilizing interactions in the cell that might
decrease the extent of their disorder [12,13].
Thus, although tremendous progress has been made in
computationally distinguishing intrinsically disordered
regions (IDRs) from ordered regions [8–10] careful in vitro
and in vivo studies are still needed on an individual
protein basis to verify computational predictions of the
order/disorder status of proteins. Various approaches can
provide experimental information on protein disorder
[14], with NMR being arguably unrivaled in its ability
to provide detailed residue-by-residue information on the
extent of disorder through chemical shift, residual dipolar
coupling, and paramagnetic resonance enhancement measurements [15,16]. Significant progress has also been
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made in developing ‘in-cell’ NMR spectroscopy techniques,
culminating recently in the first de novo protein structure
determinations within living Escherichia coli cells [17].
These and other ‘in-cell’ techniques, such as SUPREX
(stability of unpurified proteins from rates of H/D exchange) [18] will very likely be instrumental in establishing the true in vivo extent of disorder within proteins.
Is protein disorder the default?
In viewing well-ordered crystal structures of proteins, it is
easy to forget that disorder is the mathematical default for
peptide sequences. Lau and Dill calculated that a maximum of only approximately 1 in 1010 random sequences are
expected to fold into a defined structure [19]. The observation that the majority of proteins show at least some
regions of ordered structure indicates that order is strongly
selected for in evolution. This finding has led to the ‘form
dictates function’ axiom, which has guided biological research for many decades. Based on the same rationale,
however, regions of proteins that are not functionally or
structurally important can be expected to rapidly devolve
into disorder. Most mutations are destabilizing, therefore
one possibility is that protein disorder is simply a negative
consequence of the random mutations that proteins are
subjected to during their evolution [20]. Thus, even the
frequent occurrence of disordered regions within proteins
does not necessarily establish their relevance for the function of proteins. However, it has long been recognized that
disorder might provide functional advantages by allowing
the atomic fluctuations that can enhance binding plasticity, enzymatic catalysis, and even allosteric coupling
[4,21,22]. As such, disorder might play a role in molecular
recognition and cellular signaling [21–23]. Moreover, disorder also decreases stability and increases conformational
entropy and flexibility [15]. Thus, protein disorder might
play a helpful role in in vivo regulation, for instance, by
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facilitating proteolysis. Finally, recent molecular dynamics
and simulation studies on aggregation-prone plant hydrophobins also suggested that the conformational entropy
conferred by disordered regions decreases the propensity of
proteins to self-aggregate [24]. It is hypothesized that IDRs
can prevent unwanted aggregation processes within the
crowded environment of the cell while fostering controlled
fibril formation in distinct environments, such as at air–
water interfaces [24]. These studies and many other examples discussed in recent reviews [2,25] argue that disorder
is not simply the result of the strong destabilizing tendency
of mutations. However, perhaps because of the difficulties
in studying disorder, direct demonstrations of functional
roles for disorder in proteins are less numerous than
inferred roles for disorder.
Conditionally disordered proteins
In our view, the concept of conditional disorder provides an
important way to reconcile the increasing evidence for the
various roles that disorder plays in biological systems with
the difficulty in understanding how a completely disordered protein can carry out a specific biological function.
Conditionally disordered proteins can exist in a least two
states, one that shows a high degree of flexibility and a
second state where the protein is more ordered (Figure 2).
The ability to study proteins in both states provides a
valuable opportunity to establish cause and effect relationships between disorder and function. Many disordered
proteins refold once they bind their partners, such as
DNA, proteins, or membranes [4,26], which is probably

Conformaonal
selecon

Ensemble of protein conformaons

guided by thermodynamic principles that dictate that
binding will stabilize both interaction partners in direct
proportion to the strength of the binding interaction [27].
In addition, order-to-disorder-to-order transitions can occur as part of the catalytic cycle of enzymes [28–31].
Proteins that display a single interface that engages multiple binding partners provide a particularly attractive
example of the concept of conditional disorder. Binding
surfaces that are disordered prior to binding seem much
better poised to fold into multiple distinct conformations
upon binding to different partners than binding surfaces
that are well organized [4]. Showing that a disordered
protein acquires multiple distinct conformations upon
binding to different partners would thus provide convincing evidence that disorder (or at least the ability to exist in
an ensemble of conformations) is functionally important.
Two somewhat related and potentially synergistic models
have been proposed to describe how a partially unfolded
surface regains structure upon binding to different partners (Figure 2). The ‘conformational selection hypothesis’
proposes that by binding, different partners are able to
stabilize different members of the conformational ensemble [4,22,32]. Alternatively, the ‘folding upon binding’ model proposes that proteins may fold into different
conformations upon binding different partners.
Various short peptides derived from the disordered C
terminus of p53 take on distinct conformations, in a chameleon-like manner, when bound to various clients [33].
This result is consistent with a functional role for the
disorder in the unliganded C terminus of p53, which is
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Figure 2. Molecular recognition mechanisms in conditionally disordered proteins. Two models, ‘conformational selection’ and ‘folding upon binding’, are currently being
discussed to explain the observation that intrinsically disordered proteins regain structure in the presence of their binding partners. The conformational selection theory
proposes that a small proportion of the intrinsically disordered protein population (shown in blue and purple) is in an appropriate configuration to interact with specific
binding partners (shown in red). This interaction then shifts the equilibrium towards the binding competent conformation. The folding upon binding model proposes that
the intrinsically disordered region first binds to the partner and then subsequently refolds. As indicated by the central arrow, components of both mechanisms might
contribute to the coupled folding/binding events of conditionally disordered proteins [25].
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known to interact with over 40 different binding partners
[33]. However, at this point it is unclear whether the
C-terminal region of p53 will adopt the same set of distinct
conformations in the context of the full-length protein.
Moreover, true chameleon-like behavior for intrinsically
disordered proteins still appears to be rare [26]. That only a
few examples have been discovered so far might be due to
the multiple challenges involved: (i) the identification of
structurally different binding partners for the same intrinsically disordered protein, and (ii) the solution of the
structures of these complexes.
Molecular chaperones: prototypes of proteins with
multiple binding partners
Proteins that engage in multiple mutually exclusive transient interactions have on average a higher degree of
disorder than non-hub proteins [34,35]. This also applies
to molecular chaperones, which act to bind to a large
variety of different protein folding intermediates to prevent their non-specific protein aggregation and facilitate
protein folding both in vitro and in vivo. Their predicted
degree of disorder ranges from 24% to 100% [36,37]. Folding chaperones (i.e., foldases), such as Hsp70 (E. coli
DnaK), Hsp60 (E. coli GroEL), and Hsp90 (E. coli HtpG),
undergo large conformational rearrangements that
modulate client–protein interactions, which are driven by
ATP-binding and -hydrolysis as well as co-chaperones [38–
40]. Some of these conformational changes have been associated with IDRs. In Hsp70, for instance, the linker between
the nucleotide binding domain and the client-binding domain is highly flexible, allowing extensive interdomain
conformational changes [38,41,42]. The C terminus of
Hsp70 is also disordered, but its exact role in chaperone
activity remains controversial. Smock et al. presented evidence that the C terminus of Hsp70 encodes a weak auxiliary peptide binding motif that is important for chaperone
activity in vitro [43]. However, Aponte et al. performed an in
vivo selection for enhanced chaperone activity and found
that truncation of 35 residues from the disordered C terminus of Hsp70 actually increased in vivo and in vitro chaperone activity [44]. One explanation for these apparently
conflicting results is that chaperones bind their own disordered regions and thus might treat themselves as substrates [43]. Disordered regions in chaperones such as
Hsp70 would thus be acting as covalently linked inhibitors.
The GroEL (Hsp60) 14-mer contains C termini that are
disordered in the ATP-free apo-GroEL but are more ordered
in the ATP-bound form [40]. The functional consequences of
this apparent disorder-to-order transition remain to be
elucidated. Hsp90 harbors several unstructured regions
that appear to play important roles in its chaperone activity
by providing interdomain flexibility and by conferring solubility to Hsp90–client complexes [45,46]. Moreover, several
of the phosphorylation sites on Hsp90 are located in regions
that are disordered and potentially involved in order-todisorder transitions during its ATP binding and hydrolysis
cycle [47].
It is evident from these studies that intrinsic disorder
contributes to the chaperone function of ATP-dependent
chaperones by promoting the dynamic conformational
rearrangements necessary for client protein maturation.
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It remains to be determined, however, whether the disordered regions in these ATP-dependent chaperones are also
directly involved in chaperone–client interactions. In summary, despite extensive research spanning almost 25
years, a clear role for the disordered regions in ATPdependent chaperones has been difficult to establish. This
is probably due to their often very complex quaternary
structure (many function as very high molecular weight
oligomers) and because interactions between chaperones
and their partially folded client proteins are technically
challenging to resolve. Only recently, however, a group of
small, ATP-independent, highly promiscuous chaperones
have been identified, whose stress-specific activation converts fully folded proteins into intrinsically disordered
chaperones. Their study might now open the door to elucidate the role of intrinsic disorder in protein function.
ATP-independent chaperones: activation by stressinduced unfolding
Chaperones that need to work independently of ATP,
either because they work in ATP-free cellular compartments (e.g., periplasm) or they function specifically under
ATP-depleted stress conditions (e.g., oxidative stress) [48],
require alternative means to control substrate binding and
release. Recent work has revealed several ATP-independent chaperones that use large-scale order-to-disorder
transitions to trigger activation and client binding and
employ disorder-to-order transitions to control client release. These chaperones make particularly attractive models for studying the relationships between disorder, client
specificity, and protein activity.
Extreme examples of chaperones that undergo activation by protein unfolding are the acid-activated chaperone
HdeA [49] and the redox-regulated chaperone Hsp33 [50].
The stress conditions that activate these chaperones (low
pH and severe oxidative stress, respectively) cause widespread protein unfolding and lead to the inactivation of
numerous proteins. HdeA and Hsp33 are also unfolded by
these stress conditions yet, in a clever twist, their unfolding triggers the activation of their chaperone function. This
mode of post-translational regulation is orders of magnitude faster than transcription or translation, which are
reduced under both low pH [51] and oxidative stress conditions [52]. The ability to utilize stress-induced order-todisorder transitions as a mode of activation makes these
chaperones thus uniquely suited to serve as a first line of
defense against stress conditions that lead to widespread
protein unfolding.
HdeA: an acid-activated conditionally disordered
chaperone
When E. coli is ingested by humans, the pH of its periplasm
rapidly equilibrates with the pH of the stomach (pH 2).
This would cause the irreversible acid denaturation and
inactivation of most proteins were it not for the action of
the periplasmic chaperone HdeA [53]. At pH 7, HdeA is an
abundant, well-folded dimer with no discernible chaperone
function. Upon shifting to pH 2, however, HdeA very
rapidly (0.125 s) partially unfolds and monomerizes, and
within less than 2 s it becomes active as a chaperone
[49,54]. The partially disordered nature of HdeA at low
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Figure 3. Mechanism of action of the flexible protein HdeA. At neutral pH (pH 7, left panel), HdeA exists as an inactive dimer. When exposed to acid (pH 2, center panel),
HdeA, similar to many other proteins, unfolds and becomes more flexible. Although this unfolding process inactivates most other proteins, it triggers the activation of
HdeA. The flexibility of HdeA allows it to mold itself to fit other proteins that have become aggregation-prone by acid-induced unfolding, thereby preventing their
aggregation. HdeA slowly releases proteins after shifting to neutral pH (pH 7, right panel), keeping the concentration of aggregation-sensitive folding intermediates low.

pH is thought to be vital for its ability to flexibly interact
with a wide variety of substrates, which protects proteins
against irreversible damage and thereby shields E. coli
from the harmful effects of stomach acid.
HdeA binds tightly to its client proteins during the
entire time E. coli is exposed to stomach acid because of
a disordered hydrophobic surface that becomes exposed
upon activation. Using Förster resonance energy transfer
(FRET) to monitor HdeA–protein complexes, it was shown
that acid-unfolded HdeA flexibly adopts different conformations when bound to different substrate proteins [49].
The importance of conformational flexibility in HdeA–
client protein interactions suggests that HdeA could
indeed have chameleon-like binding properties. Upon transition from the low pH encountered in the stomach to the
neutral pH in the small intestine, HdeA very slowly
releases its client proteins in a folding competent form
[54]. The slow release appears to keep the concentration of
aggregation-sensitive folding intermediates low, allowing
its client proteins to passively refold and disfavoring aggregation (Figure 3). HdeA is a 10-kDa protein and hence
well suited to a variety of spectroscopic techniques, providing a unique opportunity to monitor conformational
changes in both HdeA and its clients in response to simple
pH shifts; these studies should provide crucial clues about
the role of order-to-disorder transitions in both client
binding and chaperone action.
Hsp33: an oxidative stress-activated intrinsically
disordered chaperone
Similar to HdeA, the redox-regulated chaperone Hsp33 is
compactly folded under non-stress conditions. In contrast
to HdeA, however, inactive Hsp33 is a monomeric twodomain protein. Moreover, it contains four absolutely
conserved cysteines in the far C terminus that are engaged in the tetrahedral, high-affinity binding of a single
zinc ion (Figure 4). Zinc binding stabilizes both the far C
terminus of Hsp33 and an adjacent metastable linker
region, which folds on top of the N-terminal domain
[55]. Exposure to oxidizing conditions that cause protein

unfolding (i.e., bleach stress, oxidative heat stress) leads
to the rapid formation of two intramolecular disulfide
bonds, concomitant with zinc release; destabilization of
the zinc binding domain; unfolding of the adjacent linker
region; and dimerization [48,55]. Unfolding of the linker
region appears to be crucial for activation, as a single
mutation that exclusively alters the folding status of the
linker is sufficient to constitutively activate the chaperone
function of Hsp33 [56]. Once activated, Hsp33 protects
hundreds of cytosolic client proteins against stress-induced protein aggregation and shields bacteria, including
E. coli and Vibrio cholerae, against the antimicrobial
oxidant bleach [48].
Recent hydrogen/deuterium exchange experiments,
combined with peptic digests and mass spectrometric
analysis, suggested that Hsp33 uses its intrinsically disordered linker region to interact with protein folding intermediates that contain substantial amounts of secondary
structure [57]. Stabilization of the IDR of Hsp33 upon
binding to secondary structure elements in client proteins
appears to contribute to its high affinity for structured
folding intermediates and provides insight into how chaperones might select their client proteins. It is currently
unclear how Hsp33 distinguishes between native proteins
and partially unfolded proteins, both of which obviously
contain secondary structure motifs. Recognition of hydrophobic motifs is likely to be involved. Whether this additional binding occurs at sites distinct from the IDRs or via
small ordered segments (i.e., recognition modules) interspersed in the natively disordered C-terminal redox switch
domain (analogous to the natively disordered ubiquitin
ligase San1 [58]) remains to be tested.
Structural analysis of the client proteins in complex
with Hsp33 during preparation for substrate release
(i.e., return to reducing non-stress conditions) revealed
extensive conformational changes in both the chaperone
and client protein, consistent with the partial refolding of
the zinc binding domain in Hsp33 and further destabilization of the client proteins [57]. These results are reminiscent of the ‘entropy transfer model’ [36], which proposes
521
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Figure 4. Mechanism of Hsp33, a redox-regulated chaperone. Under non-stress conditions, Hsp33 is a chaperone-inactive, zinc binding monomer (upper left). Upon
exposure to oxidative stress conditions that cause protein unfolding (e.g., bleach stress, oxidative heat stress), Hsp33 undergoes massive conformational rearrangements,
triggered by the formation of two intramolecular disulfide bonds and zinc release (orange ball). This leads to unfolding of the C-terminal redox switch domain (cyan and
green) and the activation of Hsp33 as chaperone (dimerization of Hsp33 has been omitted for simplicity). The linker region (green) of Hsp33 appears to directly interact with
secondary structure elements of newly unfolded client proteins (red), adopting a more stabilized conformation in this process (lower right). Return to reducing, non-stress
conditions causes refolding of the Hsp33 zinc binding domain (cyan), which appears to trigger conformational changes in the client proteins (orange), consistent with
increased client unfolding (upper right). Client proteins are then released to cellular foldases (e.g., the DnaK system), which are known to bind unstructured folding
intermediates, and support the refolding of client proteins to their native state.

that the entropic costs of refolding the IDRs in chaperones
upon client binding might be used to unfold client proteins.
Yet in the case of Hsp33, unfolding of the client proteins
appears to be triggered primarily by the refolding of Hsp33
upon return to non-stress conditions. Destabilization of the
client proteins might either be due to an active ratchet-like
unfolding process, which would imply very stable interactions between Hsp33 and parts of the client proteins, or
more likely, by a passive capturing mechanism, in which
the more stabilized linker region captures a more unfolded
state of the client protein. Unfolding of the client proteins
probably decreases the affinity of Hsp33 for them, hence
facilitating their release and preparing them for transfer to
ATP-dependent chaperone foldases such as the Hsp70
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(DnaK) systems (Figure 4), which are known to preferentially bind to extended polypeptide chains [57,59]. Thus,
although the role of disorder in the mechanistic cycle of
ATP-dependent chaperones is still unclear, disorder clearly plays an important role in the function of the ATPindependent chaperones. Other examples include the
chaperone activity of small heat shock proteins as well
as the chaperone-like activity of several globally disordered proteins as outlined in the next section.
The role of intrinsic disorder in small heat shock
proteins
Yeast Hsp26 is another example of an ATP-independent
chaperone that utilizes specific stress conditions to trigger

Review
the conformational changes needed to activate its chaperone function. Hsp26, a member of the small heat shock
protein (sHsp)/a-crystallin family, is chaperone-inactive at
258C but readily interacts with client proteins upon incubation at heat shock temperatures [60]. Biophysical studies revealed that Hsp26 uses the folding status of a unique
thermosensing middle domain, whose heat shock-induced
order-to-disorder transition appears to confer conformational changes in Hsp26 that are necessary for its improved
chaperone function [61]. Yet, unlike HdeA and Hsp33, this
region does not appear to be directly involved in client
binding. Instead, photo- and chemical crosslinking studies
using different members of the sHsp family indicate that
the intrinsically disordered N terminus of small heat shock
proteins interacts with client proteins, allowing these chaperones to present a diverse assembly of hydrophobic
residues for their promiscuous interaction with different
client proteins [62]. These N-terminal regions are, however, not the exclusive interaction sites of sHsps, as other
regions on sHsps/a-crystallins have also been implicated in
client binding [63]. The role of disorder in the sHSPs has
been reviewed very recently [64].
Globally intrinsically disordered chaperones and
molecular shields
Three other proteins with anti-aggregation activity (casein [65], late embryogenesis abundant (LEA) dehydration proteins [66], and a-synuclein [67]) appear to be
globally disordered in vitro. Both casein and LEA proteins
have been proposed to function as small ‘cageless’ chaperones, which act via transient hydrophobic interactions to
shield aggregation-prone surfaces and increase refolding
rates [68]. The LEA proteins are small highly hydrophilic
proteins that appear to use physical interference to reduce
intermolecular cohesion rates. They protect against dehydration-mediated protein inactivation and, potentially via
the same mechanism, against temperature-mediated protein inactivation and aggregation in vitro [66]. Intriguingly, although disordered under standard buffer conditions,
LEA proteins have a strong tendency to adopt a structured, a-helical configuration when dehydrated [69,70];
that is, under one of the conditions in which they are
typically active as chaperones. Some LEA proteins
have chaperone activity approaching that of the wellestablished chaperone Hsp90, whereas others have activities comparable to that of bovine serum albumin (BSA), a
protein which, although often used as chaperone-inactive
control in chaperone assays, has been reported to have
measurable chaperone activity when used at very high
concentrations [71]. a-Casein and b-casein, long considered prototypes of natively unfolded proteins, inhibit the
aggregation of a variety of different proteins in vitro [72]. It
is postulated that caseins form soluble, high molecular
weight micellar complexes with client proteins, which
helps them prevent client protein precipitation. Caseins,
however, cannot be considered folding chaperones as they
actively inhibit lysozyme refolding and are unable to
prevent heat-induced activity loss of catalase or alcohol
dehydrogenase [73]. A third globally intrinsically disordered protein, a-synuclein [74], inhibits heat-induced aggregation of several model substrates in vitro, although
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Box 1. Outstanding questions
 When is disorder selected for by function and when is it the
inevitable result of random destabilizing mutations?
 What is the extent of protein disorder within the cell?
 Are all or nearly all intrinsically disordered proteins actually
conditionally disordered?
 Does chaperone function generally depend upon conditional
disorder?

with efficiencies that are approximately 160- to 350-fold
lower than that of the well-established small heat shock
protein Hsp27 [75].
Although the stress-mediated induction of LEA proteins
points to an in vivo role in protein folding, it is unclear at
this point if casein or a-synuclein play any role as chaperones in vivo. We speculate that the relative inefficiency of
a-synuclein, casein, and the LEA proteins as molecular
chaperones might reflect a common mode of action,
inhibiting aggregation by physically surrounding folding
intermediates with a molecular shield that prevents them
from interacting with other aggregation-sensitive entities.
Chaperones such as GroEL appear to function in the same
basic way, surrounding folding intermediates with a relatively passive cage that inhibits aggregation [76]. However,
GroEL has also evolved highly regulated cycles of client
binding and release that dramatically increase its efficiency as a chaperone. LEA proteins and casein might compensate for their relative inefficiency by being present in
high concentrations.
Concluding remarks
Establishing specific roles for disorder in protein function
is experimentally very challenging. However, demonstrating that the disordered regions of a protein can assume
multiple distinct conformations upon binding to different
partner proteins would provide convincing evidence of an
important functional role for disorder. The recent discovery of conditionally disordered molecular chaperones now
provide us with excellent test cases, as these folding helper
proteins can be studied in both their ordered and disordered states and must be able to interact with multiple
partners to function. Results obtained from the chaperone
studies described here have shown that conditional disorder is important for client recognition. Accumulating further evidence that disordered regions within these
chaperones are both directly and indirectly involved in
substrate binding will provide an important route to establishing a functional role for protein disorder (Box 1).
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