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A major challenge in the post-genome era will be determination of the
functions of the encoded protein sequences. Since it is generally assumed
that the function of a protein is closely linked to its three-dimensional
structure, prediction or experimental determination of the library of pro-
tein structures is a matter of high priority. However, a large proportion
of gene sequences appear to code not for folded, globular proteins, but
for long stretches of amino acids that are likely to be either unfolded in
solution or adopt non-globular structures of unknown conformation.
Characterization of the conformational propensities and function of the
non-globular protein sequences represents a major challenge. The high
proportion of these sequences in the genomes of all organisms studied to
date argues for important, as yet unknown functions, since there could
be no other reason for their persistence throughout evolution. Clearly the
assumption that a folded three-dimensional structure is necessary for
function needs to be re-examined. Although the functions of many pro-
teins are directly related to their three-dimensional structures, numerous
proteins that lack intrinsic globular structure under physiological con-
ditions have now been recognized. Such proteins are frequently involved
in some of the most important regulatory functions in the cell, and the
lack of intrinsic structure in many cases is relieved when the protein
binds to its target molecule. The intrinsic lack of structure can confer
functional advantages on a protein, including the ability to bind to sev-
eral different targets. It also allows precise control over the thermodyn-
amics of the binding process and provides a simple mechanism for
inducibility by phosphorylation or through interaction with other com-
ponents of the cellular machinery. Numerous examples of domains that
are unstructured in solution but which become structured upon binding
to the target have been noted in the areas of cell cycle control and both
transcriptional and translational regulation, and unstructured domains
are present in proteins that are targeted for rapid destruction. Since such
proteins participate in critical cellular control mechanisms, it appears
likely that their rapid turnover, aided by their unstructured nature in the
unbound state, provides a level of control that allows rapid and accurate
responses of the cell to changing environmental conditions.
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Structure and function: a
necessary partnership?

When the ®rst issue of Journal of Molecular
Biology was published in 1959, only one three-
dimensional protein structure, that of myoglobin,
had been solved, in the laboratory of the founding
editor of this Journal (Kendrew et al., 1958). In the
intervening 40 years, the ®eld of structural biology
has grown explosively and in 1999 more than 9000
# 1999 Academic Press
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sets of atomic coordinates of proteins have been
deposited in the Protein Data Bank. In parallel
with this dramatic growth in structural knowledge,
there has been an increasing conviction that the
biological function of proteins is intrinsically
encoded in their detailed 3D structures. In short,
the central dogma of structural biology is that a
folded protein structure is necessary for biological
function. While there can be no doubt that protein
structure and function are intimately linked, there
is a growing awareness that not all biologically
functional proteins encoded by the various gen-
omes fold spontaneously into stable globular struc-
tures. Here, we will review some of the evidence
that establishes unfolded or partly folded states
of proteins as being key to understanding certain
biological processes.

Disorder in protein structures can be either local
or global. Locally disordered regions are common
and have been observed in numerous X-ray and
NMR structures of proteins; in some cases, such dis-
ordered regions have been linked to biologi-
cal function. Until recently, well-characterized
examples of global disorder have been rare,
although it has long been known that small poly-
peptide hormones, such as monomeric glucagon,
are ¯exible random coils in aqueous solution (BoÈsch
et al., 1978) which presumably fold upon binding to
their receptors. However, it is now recognized that
many protein domains or even full-length proteins
are intrinsically unstructured. Indeed, examination
of amino acid sequence data shows that many pro-
teins contain extended segments of low sequence
complexity and compositional bias that are unlikely
to adopt globular folds. These observations raise
intriguing questions about the role of protein
disorder in biological processes.

Database predictions

A survey performed in 1994 showed that half of
the protein sequences in the Swiss Protein Data-
base at that time contained segments of low com-
plexity that correspond to non-globular regions
(Wootton, 1994). Such regions are not necessarily
disordered, as they include repetitive structural
elements like coiled coils. Disordered regions of
proteins are characterized by low sequence com-
plexity, with amino acid compositional bias and
high predicted ¯exibility (Dunker et al., 1998;
Garner et al., 1998). A neural network algorithm
has been developed to screen proteins for long dis-
ordered regions, using primary sequence infor-
mation alone (Romero et al., 1998). Using this
algorithm, more than 15,000 proteins in the Swiss
Protein Database were predicted to contain long
disordered segments 40 or more residues in length.
Thus, local or even global disorder appears to be
quite prevalent in the proteins encoded by the var-
ious genomes. Indeed, the ``average'' genomic
protein is signi®cantly different in length, compo-
sition, and secondary structure from those
of known 3D structure in the Protein Data Bank
(Gerstein, 1998). Determining the structure, or lack
thereof, of the non-globular protein sequences in
the genomes represents a major challenge for struc-
tural biology.

As an example, let us consider the transcrip-
tional coactivator, CBP (CREB binding protein)
and its paralog p300. CBP and p300 are central
mediators of transcription, integrating numerous
signaling pathways in the cell with the selective
induction of gene expression (Shikama et al., 1997;
Janknecht & Hunter, 1996). These proteins function
by binding the activation domains of many tran-
scription factors and recruiting RNA polymerase
through direct interactions with components of the
basal transcriptional complex. They also appear to
exert control over chromatin structure by way of
histone acetyltransferase (HAT) activity. CBP is a
modular protein of length 2441 amino acid resi-
dues. Analysis of the CBP amino acid sequence
reveals only seven potentially globular domains,
with more than half of the sequence corresponding
to regions of low complexity and high predicted
¯exibility. Three of the putative globular domains
are implicated in protein-protein interactions (the
Cys/His-rich C/H1 and C/H3 domains, and the
KIX domain). In addition, there are HAT and bro-
modomains associated with chromatin remodeling
(Ogryzko et al., 1996; Jeanmougin et al., 1997) and
putative PHD and ZZ zinc ®nger domains of
unknown function (Aasland et al., 1995; Ponting
et al., 1996). Sequence analysis predicts that long
segments of the protein at the N and C termini and
between many of the identi®able domains are non-
globular and highly ¯exible, and hence are likely
to be intrinsically disordered. These segments
include the nuclear receptor interaction domain
(residues 1-101), and a long glutamine-rich C-term-
inal ``transactivation'' domain (residues 1846-2441)
that interacts with p160SRC-1 (Janknecht & Hunter,
1996). The unstructured receptor interaction
domain includes the LXXLL motif that has been
directly implicated in nuclear receptor binding
(Torchia et al., 1997; Heery et al., 1997), and which
has been shown, for other coactivators, to form an
a-helix upon complex formation (Nolte et al., 1998;
Darimont et al., 1998; Shiau et al., 1998). The entire
glutamine-rich region between residues 1846-2441,
which contains another LXXLL motif in the region
that binds p160SRC-1 and other coactivators, is
likely to be disordered.

Experimental methods for characterizing
unstructured states

Spectroscopic methods are a powerful tool for
the detection of unfolded and partially folded
states of proteins. Recent advances in NMR tech-
nology, including the advent of ultra-high ®eld
instruments and the application of heteronuclear
multidimensional experiments, have allowed res-
onances of unfolded and partly folded proteins to
be fully assigned (Logan et al., 1994; Zhang et al.,
1994; Eliezer et al., 1998), opening the way to
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detailed structural and dynamic characterization of
these states. Circular dichroism and ¯uorescence
spectra can also provide valuable insights into the
secondary structure of non-globular proteins and
can be used to monitor folding transitions associ-
ated with binding. On the basis of spectroscopic
experiments, many groups have recently reported
proteins that appear to be unfolded or only partly
folded under normal conditions in the cell. These
include the cyclin-dependent kinase inhibitor
p21Waf1/Cip1/Sdi1 (Kriwacki et al., 1996a), a ®bro-
nectin-binding protein (Penkett et al., 1997), the
steroidogenic acute regulatory protein (Bose et al.,
1999), and the unliganded state of the p21H-ras

protein (Zhang & Matthews, 1998), to name but a
few. Many unstructured or partially structured
proteins are extremely sensitive to protease degra-
dation, and differential protease cleavage patterns
in the presence and absence of the target provide a
powerful method for identifying the binding
region (Kriwacki et al., 1996b).

Folding transitions in DNA recognition

Eukaryotic transcription factors contain a mini-
mum of two domains which mediate sequence-
speci®c DNA recognition and transcriptional acti-
vation. The structures of numerous DNA-binding
domains (DBDs) are known. Most DBDs adopt
folded structures in the absence of DNA, although
folding of locally disordered segments does accom-
pany DNA binding in a signi®cant number of
cases (Spolar & Record, 1994). A particularly well-
characterized example is the basic DNA-binding
region of the leucine zipper protein GCN4; the
basic region is largely unstructured in the absence
of DNA, but folds into a stable helical structure
upon binding to its cognate AP-1 site (Weiss et al.,
1990). NMR experiments show that the basic
region transiently forms nascent helical structures
in the unbound state that signi®cantly reduce the
entropic cost of DNA binding (Bracken et al., 1999).
Nevertheless, there is a large loss of conformational
entropy upon DNA binding, associated with the
folding of the basic region helix. This requirement
for DNA-induced folding appears to enhance the
speci®city of DNA binding; the helical content of
the basic region is greater when bound to a speci®c
versus non-speci®c DNA site (O'Neil et al., 1990).
Thus, GCN4 provides an example of local, DNA-
induced folding required for sequence-speci®c
nucleic acid recognition. A further example is the
DNA-binding domain of NFATC1, which under-
goes substantial folding transitions, required for
both DNA recognition and for the establishment of
cooperative protein-protein contacts upon com-
plexation with its DNA target (Zhou et al., 1998).

The role played by DNA-induced folding in
cooperative binding processes is illustrated by the
nuclear hormone receptors. The nuclear receptor
DBDs bind with high cooperativity and high af®-
nity as either homo- or heterodimers to response
elements consisting of two direct repeats of the
sequence AGGTCA (Perlmann et al., 1993; Mader
et al., 1993). The DBDs do not dimerize spon-
taneously in solution and bind only weakly and
without cooperativity to an isolated DNA half-site;
dimerization is mediated by DNA binding. NMR
studies of the free retinoid X receptor (RXR) DBD
show that the dimer interface is disordered in the
absence of DNA (Holmbeck et al., 1998a; van
Tilborg et al., 1999). However, upon binding to a
DNA half-site, the structure is induced and stabil-
ized in the region of the protein that forms the
dimerization interface (Holmbeck et al., 1998b); the
induced structure is very similar to that seen in the
X-ray structure of the RXR-TR heterodimer
assembled on DNA (Rastinejad et al., 1995). Thus,
the molecular basis for cooperativity is the local
induced folding that accompanies DNA binding
and creates an appropriate molecular surface to
facilitate dimer formation with a second DBD
recruited to a neighboring half-site.

An even more striking example of the coupling
between protein folding and DNA binding is
exhibited by the high mobility group (HMG)
domain of the lymphoid enhancer-binding factor
LEF-1. LEF-1 regulates the T cell receptor-a gene
enhancer by inducing a major bend in the DNA
(Love et al., 1995). The HMG domain is poorly
folded in the absence of its cognate DNA and sev-
eral major structural elements are stabilized only
upon binding to and bending the DNA target
(Love, 1999). Thus, DNA recognition and gene
regulation by LEF-1 involves mutual folding
transitions of both protein and DNA.

Unstructured domains in
transcriptional activation

In contrast to the DBDs, which for the most part
exhibit rather localized folding transitions on bind-
ing to DNA, it appears that many transcriptional
activation domains are both non-globular and
intrinsically unstructured. There is growing evi-
dence that many activation domains fold only
upon binding to their protein targets. Thus, early
NMR studies of the isolated acidic activation
domains of the Vmw65 (VP16) protein of herpes
simplex virus (Donaldson & Capone, 1992; O'Hare
& Williams, 1992), NF-kb (Schmitz et al., 1994), and
the glucocorticoid receptor (Dahlman-Wright et al.,
1995) indicated a lack of structure. Similarly, the
isolated kinase-inducible activation domain of the
cAMP regulated transcription factor CREB and the
acidic activation domains of p53 and VP16 are
intrinsically disordered; however, all fold into
amphipathic helical structures upon binding to
their target proteins CBP, MDM2, and TAFII31,
respectively (Radhakrishnan et al., 1997, 1998;
Kussie et al., 1996; Uesugi et al., 1997). In a particu-
larly interesting example, the N-terminal activation
domain of the yeast heat shock transcription factor
has been shown to be unstructured even in the pre-
sence of the sequentially adjacent DNA-binding
domain (Cho et al., 1996). Thus, intrinsic structural
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disorder appears to be a rather common property
of transcriptional activation domains.

The most detailed insights to date into the struc-
tural basis for activation domain function come
from studies of the kinase-inducible activation
(KID) domain of CREB. This activation domain
binds with high af®nity to the KIX domain (resi-
dues 586-672) of CBP, but only when it is induced
by phosphorylation at Ser133 of KID (to form
pKID). The pKID domain is disordered in the free
state but folds into a pair of orthogonal helices (aA
and aB) upon binding to the KIX domain of CBP
(Radhakrishnan et al., 1997) (Figure 1). Detailed
NMR analysis of the intrinsic conformational pro-
pensities of the free KID domain show that the
helical propensity in the aB region is very small
(<10 %) in both the non-phosphorylated and phos-
phorylated (pKID) states (Radhakrishnan et al.,
1998), whereas the aA region spontaneously popu-
lates helical populations to a signi®cant extent
(�50 %). Binding of pKID to the KIX domain is
entropically disfavored (�S � ÿ 6 cal molÿ1 Kÿ1),
consistent with the coil to helix folding transition
that must accompany complex formation (Parker
et al., 1999). Formation of the pKID complex is dri-
ven by a large enthalpy change (�H � ÿ 10.6 kcal
molÿ1), presumably associated with the favorable
hydrogen bonding interactions made by the phos-
phoryl group attached to Ser133. This group
makes hydrogen bonding and electrostatic inter-
actions with tyrosine and lysine side-chains of the
KIX domain as well as forming an N-cap for the
aB helix (Radhakrishnan et al., 1997).

The KIX domain of CBP interacts with numerous
transcriptional activation domains in addition to
the pKID domain of CREB. The activation domain
of the proto-oncogene c-Myb binds constitutively,
i.e. without requiring activation by phosphoryl-
Figure 1. Ribbon diagram of the NMR structure of
the complex formed between the KIX domain of the
coactivator CBP and the kinase inducible activation
domain (pKID) of the transcription factor CREB. The
backbone of the KIX domain is shown in cyan, and that
of the pKID domain is in pink. The pKID domain is
intrinsically unstructured and folds into a pair of
orthogonal helices upon binding to KIX. Reproduced
with permission from Radhakrishnan et al. (1997).
ation, to the same site on the KIX domain as pKID.
Unlike pKID, the c-Myb activation domain spon-
taneously adopts helical structure, even as an iso-
lated peptide (Parker et al., 1999). Binding to KIX is
now entropically favored (�S � � 7.5 cal molÿ1

Kÿ1), but the enthalpy change that accompanies
binding (�H � ÿ 4.1 kcal molÿ1) is smaller than
for pKID, presumably because the hydrogen bond-
ing interactions made by the phosphoryl moiety of
pKID are absent for c-Myb (Parker et al., 1999).

These comparative studies of the KID and c-Myb
domains (Parker et al., 1999) reveal the underlying
molecular mechanisms of inducible and constitu-
tive activation (Figure 2). Inducibility derives from
the fact that the KID domain is intrinsically
unstructured and must undergo a coil! helix
induced folding transition upon binding to the KIX
domain of CBP. The substantial entropic cost of
folding reduces the binding af®nity of the unpho-
sphorylated KID domain, which has a dissociation
constant of the order of millimolar (I. Radhakrish-
nan, G. Perez-Alvarado, P.E.W., unpublished
results). In the activated state, however, the phos-
phoryl group can make numerous hydrogen bond-
ing interactions with the target protein, leading to
a large negative binding enthalpy, which compen-
sates for the entropy loss and renders binding ther-
modynamically favorable. In contrast, the c-Myb
Figure 2. Schematic diagram showing how differences
in intrinsic structural propensities of a protein domain
can determine whether binding is constitutive or induci-
ble (Parker et al., 1999). Inducible binding is typi®ed by
the kinase inducible activation domain of CREB, which
binds to the KIX domain of the coactivator CBP only in
the phosphorylated (pKID) form (see the text). The free
pKID domain is intrinsically unstructured, but folds on
binding to its target. The entropic penalty associated
with the folding transition is counterbalanced by the
large enthalpy of binding, attributable in part to the
complementary intermolecular hydrogen bonds formed
by the phosphoserine group of pKID. In the unpho-
sphorylated state, binding of KID is very weak since the
smaller enthalpy of binding cannot compensate for the
entropic cost of the folding transition. Thus, inducible
binding is a consequence of the ®ne thermodynamic
balance that arises from the coupling of folding and
binding events. By contrast, the transactivation domain
of the c-Myb oncoprotein is folded into a helical struc-
ture in its free state and can bind constitutively to its
target protein since both the �H and �S of association
are favorable (Parker et al., 1999).
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activation domain is intrinsically helical and binds
constitutively to KIX. Thus, inducible or constitu-
tive binding behavior re¯ects directly the intrinsic
secondary structural propensities of the individual
protein domains.

A much more complex induced folding process
has been demonstrated for the N-terminal domain
of Drosophila TAFII230, which interacts with the
concave saddle-shaped surface of the TATA box-
binding protein (TBP) and inhibits DNA binding
(Liu et al., 1998). Both NMR and CD spectra indi-
cate that the free TAFII230 domain is unfolded. On
binding to TBP, however, it folds into a globular
domain comprised of three a-helices and a small b-
sheet, presenting an extensive surface that matches
the hydrophobicity and charge of the TBP and
mimics the properties of the exposed minor groove
of the TBP-bound TATA element (Liu et al., 1998).

Binding-induced folding transitions have also
been identi®ed recently for the Bob-1 transcriptional
coactivator (Chang et al., 1999). Bob-1 regulates B
cell-speci®c expression of immunoglobulin genes
by forming a ternary complex with the POU
domain of Oct-1 bound to the octamer DNA
element. In isolation, full-length Bob-1 has little
intrinsic structure. In the ternary complex, Bob-1
makes speci®c contacts with both the POU domain
and the DNA major groove that induce a folding
transition in a 65 residue recognition domain. How-
ever, the C-terminal region, which is implicated in
transcriptional activation by Bob-1, remains poorly
structured even in the ternary complex.

A further, well-characterized example of the
involvement of unstructured proteins in transcrip-
tional regulation is found in the bacterial sigma
factor inhibitor FlgM (Daughdrill et al., 1997, 1998).
FlgM functions as a negative regulator of s28, a
transcription factor that controls the expression of
bacterial ¯agella and chemotaxis genes. The N-
terminal half of the free FlgM closely resembles a
random coil under physiological conditions, while
the C-terminal region appears to form a partially
collapsed state that transiently samples helical sec-
ondary structural elements (Daughdrill et al., 1998).
Upon binding to s28, the C-terminal domain
becomes more rigid and more highly structured;
the N-terminal region remains unstructured and
¯exible, even in the complex (Daughdrill et al.,
1997). It has been proposed that the lack of stable
folded structure in FlgM, in both its free and com-
plexed states, may facilitate its export from the
cytoplasm to the exterior of the cell.

Induced folding in protein-RNA recognition

Induced folding of both protein and RNA is
emerging as a common theme in protein-RNA rec-
ognition. Thus, the RNA recognition regions of the
HIV-1 Rev protein and the BIV Tat protein are dis-
ordered in solution but adopt stable a-helical and
b-hairpin conformations on binding to the RRE
and TAR recognition elements, respectively (Tan &
Frankel, 1994; Battiste et al., 1996; Puglisi et al.,
1995; Ye et al., 1995). NMR studies of the transcrip-
tional antitermination protein N of bacteriophage l
show that the full-length protein is disordered in
solution (Mogridge et al., 1998). Interaction with
the cognate boxB RNA induces helical structure in
the amino-terminal RNA-binding domain, but the
activating regions remain disordered and are pre-
sumed to fold in the presence of their target pro-
teins. It has been suggested that the intrinsically
disordered state of protein N might be advan-
tageous in vivo; protease degradation could regu-
late the concentration and thereby inhibit the boxB-
independent antitermination activity that can occur
at high concentrations of N (Mogridge et al., 1998;
Van Gilst et al., 1997).

Certain ribosomal proteins are known to under-
go folding transitions upon RNA binding and
many may depend upon an RNA scaffold for
stabilization of a de®ned structure (Yonath &
Franceschi, 1997). In the ribosomal protein L11-
C76, for example, a disordered and highly ¯exible
15-residue loop becomes structured upon binding
to RNA (Markus et al., 1997). An even more
extreme example is the yeast ribosomal protein
YP2b, which displays all of the characteristics of a
molten globule state in the absence of RNA (Zurdo
et al., 1997). Plasticity may play a key role in the
assembly of complex ribonucleoprotein structures
such as the ribosome, with mutually induced pro-
tein and RNA folding events directing the assem-
bly pathway and ensuring addition of the multiple
components in the correct order.

Unfolded proteins in translational processes

The initiation of mRNA translation in eukaryotes
is a highly regulated process involving assembly of
a multisubunit protein-RNA complex that recruits
the ribosome to the initiation codon. As in tran-
scriptional activation, coupled folding and binding
events have been identi®ed amongst proteins
involved in initiation of translation. Recruitment of
the small ribosomal subunit to the 50 end of the
mRNA is facilitated by eIF4G, which acts as a mol-
ecular bridge between eIF4E (the m7GpppN cap
binding protein) and the RNA helicase eIF4A.
Interactions with eIF4E are mediated by a 98 resi-
due domain of eIF4G that, according to both NMR
and proteolysis experiments, is unfolded in the
absence of eIF4E (Hershey et al., 1999). The entire
domain undergoes a transition to a folded state
upon binding to its eIF4E target. In mammalian
cells, the association of eIF4G with eIF4E is regu-
lated by three eIF4E-binding proteins (termed 4E-
BPs), which compete with eIF4G for binding. NMR
studies of 4E-BP1 show that it is intrinsically
unstructured and, unlike the eIF4G binding
domain, undergoes only local folding on binding
to eIF4E (Fletcher et al., 1998). Both eIF4G and the
4E-BPs utilize a common Y-X-X-X-L-f recognition
motif (where f � Leu, Met, or Phe) (Mader et al.,
1995; Altmann et al., 1997). A recent structural
study has shown that 17 residue peptides from
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eIF4G and 4E-BP1 containing this motif are
unstructured yet bind with high af®nity to eIF4E
(Marcotrigiano et al., 1999). Both peptides interact
with the same surface of eIF4E, undergoing a fold-
ing transition on binding to form an L-shaped
structure comprised of an extended chain region
and a short a-helix (Figure 3). Thus, in both the
full-length proteins and in peptide fragments, the
eIF4E recognition motif undergoes a disorder-
order transition upon binding to its target, some-
what reminiscent of the pKID-KIX interaction.

Cell cycle regulation

Cell cycle regulation is another area in which
unstructured states of proteins are functionally
implicated. In particular, it is thought that rapid
turnover of some of these proteins, presumably
facilitated by their unstructured state in the
absence of the appropriate ligands, is a means of
ensuring the sensitivity of the cell cycle to external
conditions. One example of such a protein is the
cyclin dependent kinase inhibitor p21Waf1/Cip1/Sdi1.
A recombinant construct of this protein is soluble
and stable in solution in the absence of proteases,
but shows no evidence by NMR or CD of the pre-
sence of secondary or tertiary structure. In itself
this is a rather remarkable observation, since most
globular proteins are susceptible to aggregation
when unfolded in aqueous solution. Addition of
the cyclin dependent kinase Cdk2 results in folding
of p21 (Kriwacki et al., 1996a; Pavletich, 1999), a
circumstance which leads to the hypothesis that
the ¯exibility and disorder of p21 may be a vital
component of its function, since it is a central
Figure 3. Structure of the ternary complex of the
mRNA cap-binding protein eIF4E (blue), 7-methyl-GDP
(ball-and-stick representation), and the recognition motif
from eIF4GII (orange) (Marcotrigiano et al., 1999). The
eIF4GII peptide is intrinsically unstructured but folds
into an L-shaped structure comprised of a helix and an
N-terminal extended chain upon binding to the convex
surface of eIF4E. Figure provided by Dr S. K. Burley
and reproduced with permission from Marcotrigiano
et al. (1999).
player in the cell cycle, binding to a number of
different components (Johnson & Walker, 1999).

Membrane fusion and membrane transport

Vesicle fusion in all eukaryotes is mediated by
the SNARE proteins, which interact and assemble
into a complex that brings the membrane surfaces
into close proximity to facilitate fusion. An X-ray
structure has been determined for the core synaptic
SNARE complex formed by syntaxin-1A, synapto-
brevin-II, and SNAP-25B; the ternary complex con-
sists of a twisted four-helix bundle �120 AÊ in
length (Sutton et al., 1998). NMR and CD studies of
the yeast homologues of syntaxin, synaptobrevin,
and SNAP-25 (Sso1, Snc1, and Sec9, respectively)
show that the latter two are intrinsically unstruc-
tured in isolation, while the syntaxin homolog Sso1
is only partly folded (Fiebig et al., 1999). Thus,
assembly of the SNARE complex involves binding-
induced structure formation. Such coupling of fold-
ing and binding may help to direct the assembly of
the ternary complex, beginning distant from the
membrane surfaces and proceeding towards them,
thereby bringing the membranes into close proxi-
mity and facilitating membrane fusion (Fiebig et al.,
1999).

Compact but incompletely folded states of pro-
teins that contain much of the native secondary
structure but lack ®xed tertiary interactions are
termed molten globules (Ohgushi & Wada, 1983;
Dolgikh et al., 1981). Although these forms are
most familiar in the context of protein folding,
where they are thought to represent intermediates
in the folding process, it has become increasingly
clear that molten globules play an important role
in many cellular processes. This was ®rst suggested
in 1988 by the group of Ptitsyn (Bychkova et al.,
1988). Since then, molten globules have been
shown to participate in the recognition of proteins
by chaperones (Martin et al., 1991; van der Vies
et al., 1992), to facilitate interaction and penetration
of proteins into membranes (van der Goot et al.,
1991; Bychkova et al., 1996) and to facilitate release
of protein ligands (Bychkova et al., 1992).

A recent report suggests that unfolded states play
a functional role in a protein associated with trans-
port through membranes. The steroid acute regulat-
ory protein (sTAR), which is involved in transport
of cholesterol from the outer to the inner mitochon-
drial membrane, has been shown to form a molten
globule in its active state (Bose et al., 1999). It is pos-
tulated that the molten globule state of sTAR facili-
tates mitochondrial entry and allows the protein to
act as a switch to control cholesterol entry into the
mitochondrion. Proximity to the membrane appears
to be the determining factor in the formation of the
molten-globule structure of the protein. Membrane
transport of proteins provides an excellent example
of the mechanisms by which the cell contrives to
achieve desired ends by manipulating the structure
of the protein. It has been suggested (Bychkova
et al., 1996) that in the case of membrane transport,
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the negative electrostatic potential and locally low-
ered pH in the vicinity of the membrane surface
causes a local region where proteins are denatured
to molten globule states, which can pass more
readily through the membrane than folded, native
proteins. Indeed, proteins that must be translocated
to speci®c organelles may remain in a largely
unfolded state in the cytoplasm (Randall & Hardy,
1989; Hartl & Neupert, 1990). An example of this is
the photosynthetic protein plastocyanin, which
folds extremely slowly in vitro (Koide et al., 1993),
and which appears to remain unfolded as a high-
molecular mass precursor protein before transport
into the chloroplast (Merchant & Bogorad, 1986; Li
et al., 1990).

Unfolded domains and amyloid formation

Amyloid diseases such as Alzheimer's disease
and the prion diseases (BSE or ``mad cow'' disease,
scrapie, Creutzfeld-Jacob disease) are characterized
by the deposition of protein plaques that arise from
misfolding of proteins normally found in the brain
and other tissues. The prion protein, for example, is
thought to undergo a conformational transition
from a normal cellular form containing a prepon-
derance of helical secondary structure to a plaque-
forming conformer containing a greater proportion
of b-sheet (Pan et al., 1993). Structure determination
of fragments of the prion protein (Riek et al., 1996;
James et al., 1997) revealed that � 100 residues at
the C terminus are folded into a largely helical
domain. Somewhat surprisingly, NMR studies of
the full-length protein (�200 residues) indicated
that the N-terminal half of the protein is completely
unfolded under normal solution conditions (Donne
et al., 1997). Partial folding of a local region contain-
ing four octapeptide repeats occurs in the presence
of Cu(II) ions (Viles et al., 1999) and may give a clue
as to the overall physiological function of the prion
protein, which is at present unknown. If this protein
functions as a copper storage or transport protein,
the extreme ¯exibility of the N terminus is probably
of functional signi®cance, as the membrane-
anchored protein picks up copper ions from the
extracellular ¯uid.

Another example of an unfolded amyloidogenic
protein is the NACP protein implicated in Alzhei-
mer's disease. The NACP protein is a precursor of
the non-Ab component (NAC) of the amyloid pla-
que and the 14 kDa precursor protein is found by
a series of biophysical experiments to be unfolded
under normal solution conditions (Weinreb et al.,
1996). As for the prion protein, this characteristic
may be an important potentiator of the protein-
protein interactions that lead to plaque formation
and disease.

How can unfolded proteins survive in the cell?

As the above examples should serve to demon-
strate, there is now overwhelming evidence that
numerous eukaryotic proteins (and some prokar-
yotic proteins) are intrinsically unstructured or
unfolded in their functional states. A critical ques-
tion that immediately arises is how unfolded pro-
teins can survive in the cell, successfully avoiding
the protein degradation machinery at least for long
enough to perform their cellular functions. The
most likely explanation is that proteolytic degra-
dation is tightly regulated in eukaryotic cells, being
carried out by the proteasomes in response to ubi-
quitination or other such signals (Hochstrasser,
1996). Clearly, unfolded proteins can be functional
under such circumstances, although one may sus-
pect that the lifetime of such molecules might well
be shorter than for other cellular components that
are well-folded at all times. This reduced lifetime
may also constitute a component of the regulation
of these proteins, a possibility made more plausible
by the vital roles many of them play in cell cycle
regulation and in transcriptional and translational
processes. Conceivably, the sensitivity and short
response time implicit in many of these processes
could be mediated by a system where the regulat-
ory molecules are targeted for rapid turnover.

Rapid turnover has recently been recognized as
a common means of regulation in the cell. In many
cases this turnover is mediated by a PEST
sequence, rich in Pro, Glu, Ser and Thr, which tar-
gets the protein for degradation (Rechsteiner &
Rogers, 1996). PEST sequences are very often pre-
sent as unstructured regions of the protein, and
there appears to be a statistical preference for the
location of these sequences in the C-terminal
regions of proteins involved in cell cycle regu-
lation. A preference has also been observed for
highly charged (and therefore likely unstructured)
peptide sequences such as PEST, KEKE and AQP
motifs in antigenic peptides presented on MHC I
molecules (Realini et al., 1994), which is perhaps
not unexpected if these sequences predispose the
protein for proteolysis.

Biological advantages of induced folding in
molecular recognition and signaling

Certain biological functions, such as enzyme cat-
alysis, immunological recognition, or molecular
discrimination by receptors, absolutely demand
exquisite control of three-dimensional structure. In
contrast, functions such as signaling can be
achieved by linear sequences, simple sequence pat-
terns, or by isolated secondary structural motifs.
Intrinsically unstructured proteins, which are
induced to fold by interactions with other mol-
ecules, offer several important advantages in sys-
tems involved in cellular signaling and regulation.
Unstructured proteins are inherently ¯exible and
both their local and global structures can easily be
shaped by their environment. Such intrinsic plas-
ticity could allow a single protein to recognize a
large number of biological targets without sacri®-
cing speci®city. The ability of p21Waf1/Cip1/Sdi1 to
inhibit multiple cyclin-Cdk complexes, for
example, appears to stem not from the complemen-
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tarity of preformed protein surfaces but from p21's
ability to adopt multiple conformations that med-
iate different binding events (Kriwacki et al.,
1996a). Indeed, the requirement for a folding tran-
sition upon binding of a disordered protein
domain to its target can contribute signi®cantly to
the speci®city of molecular recognition, as dis-
cussed in detail by Spolar & Record (1994). The
thermodynamic consequence of coupled folding
and binding is that free energy must be expended
to bring about an induced folding transition; this
comes at the cost of a reduction in the overall free
energy of complex formation, so that high af®nity
binding can only occur when the complementarity
of the target is maximal. This ®ne thermodynamic
balance means that binding can be regulated by
cellular signals or through interactions with other
components of the cellular machinery. For
example, binding of the CREB activation domain
to its CBP target is induced by phosphorylation,
which dramatically increases af®nity by maximiz-
ing complementarity. In a similar way, the af®nity
with which an unstructured protein binds to its
target can also be regulated by folding transitions
induced by interactions with other proteins or
nucleic acids within a multimeric complex. In this
way, the pathway of assembly of multiprotein
complexes and higher-order nucleoprotein com-
plexes can be directed, with mutually induced
folding events ensuring incorporation of the indi-
vidual components in the correct order. Finally, the
biological actions of disordered proteins are open
to regulation at another level, through control of
their concentration by the proteolytic machinery
within the cell.
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