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Abstract For many proteins, biological function requires
the folding of the polypeptide chain into a unique and
persistent tertiary structure. This review concerns proteins
that adopt a specific tertiary structure to function, but are
otherwise partially or completely disordered. The biologi-
cal cue for protein folding is environmental perturbation or
minor post-translational modification. Hence, we term
these proteins conditionally disordered. Many of these
proteins recognize and bind other molecules, and condi-
tional disorder has been hypothesized to allow for more
nuanced control and regulation of binding processes.
However, this remains largely unproven. The sequences of
conditionally disordered proteins suggest their propensity
to fold; yet, under the standard laboratory conditions, they
do not do so, which may appear surprising. We argue that
the surprise results from the failure to consider the role of
the environment in protein structure formation and that
conditional disorder arises as a natural consequence of the
marginal stability of the folded state.
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Introduction

Christian Anfinsen’s demonstration that Ribonuclease A
could be spontaneously refolded in vitro, following
chemical denaturation, into a specific and enzymatically
active conformation, firmly established protein structure
formation as a self-driven process that occurs without
external input of energy. This resulted in Anfinsen’s
“thermodynamic hypothesis”, namely, that “the three-di-
mensional structure of the native protein in a given
environment (solvent, pH, ionic strength, presence of other
components, temperature, etc.) is the one in which the
Gibbs free energy of the whole system is a minimum with
respect to all degrees of freedom, i.e., that the native
conformation is determined by the various interatomic
interactions and hence by the amino acid sequence, in a
given environment” [1]. For small proteins at least, this is
now universally accepted to be true. Once the polypeptide
chain has been formed, structure is self-organizing. While
Anfinsen worked on stable proteins, which overwhelmingly
populate a singular conformational state, the structure of
highly dynamic and intrinsically disordered proteins is
similarly determined. The amino acid sequence of these
proteins, together with the environment, determines the
conformational states available to the protein, as well as the
pathways and timescales for their interconversion.
Anfinsen’s work was enormously influential, but his
carefully worded hypothesis almost immediately under-
went radical simplification. In practice, it is frequently
reduced to “sequence determines structure”, with the role
of the environment neglected. It is certainly true that the
conformation of many proteins is only weakly linked to the
environment. Proteins may tolerate large changes in tem-
perature and pH without measurable perturbation of their
structure, and be quite resistant to chemical denaturation
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[2]. For relatively stable proteins like this, the simplifica-
tion is understandable. However, for unstable proteins, like
those considered in this review, structure formation itself is
strongly linked to the physicochemical environment. If the
role of the environment is ignored, then confusion results.

In general, the linkage between protein structure and the
environment manifests in a number of ways, some subtle
and some dramatic. Haemoglobin and Myoglobin, some of
the first proteins to be structurally characterized, undergo
pronounced changes in structure as a result of proton and
oxygen binding, directly linked to their function in oxygen
transport. It is textbook knowledge that their exact struc-
tural configuration is linked to pH and the dissolved
oxygen concentration. Metamorphic proteins present a
more dramatic and more recently discovered example of
the environmental dependence of structure formation,
being capable of adopting several different tertiary struc-
tures dependent on the physicochemical conditions [3-5].
The proteins we consider here are marked by the near
complete loss and gain of tertiary structure upon environ-
mental perturbation. This is a feature of all folded proteins,
but those we term “conditionally disordered” are demar-
cated by the occurrence of the structural transitions under
near-physiological conditions (Fig. 1). In a biological set-
ting, it is likely that the structure of these proteins is only
transiently maintained, forming and possibly dissipating
“on demand”. Conditionally disordered proteins thereby
force us to recognize the essentiality of both parts of
Anfinsen’s hypothesis—structure results from both the
amino acid sequence and the environment, a point that has
been energetically made by Ben-Naim [6]. To specify the
structure of a protein, we need to specify the temperature,
pressure, and chemical composition of the solution in
which it exists. Based on this observation, we earlier sug-
gested that protein structural domain definition should
emphasize the capacity for a sequence to fold, rather than
the realization of the folded state in a specific physico-
chemical environment [7].

Taxonomy is an artificial business, but for the purposes
of this review, it is useful to have an operational definition
of a “conditionally disordered” protein. We consider that
these proteins have several essential characteristics. (1)
They exist in a partially or highly disordered state under the
usual conditions for in vitro analysis—in regular physio-
logical buffers, at atmospheric pressure and ambient
temperature. (2) They will generally have homologs which
are stable and folded under the same conditions, and
sequences which are currently not distinguishable from
those of folded proteins. This establishes their propensity
for structure formation, and discriminates them from
intrinsically disordered proteins that cannot fold, which
may be characterized by low sequence complexity, and
heavily biased amino acid composition [8—11]. (3) Near
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complete population of the unique and “expected” con-
formational state can be achieved by environmental
perturbation or minor post-translational modification. It is
the ability to form tertiary structure, involving non-local
sequence contacts, which discriminates these proteins from
short linear sequence motifs [12], molecular recognition
features (MoRFs) [13, 14], or disordered domains [15].

Environmental perturbations linked to structure forma-
tion in conditionally disordered proteins include shifts in
temperature or pH, the addition of stabilizing chemical
osmolytes, and the addition of chemically specific binding
partners. The latter appears of greatest significance for
biological function.

In other words, these proteins often participate in par-
ticularly extensive coupled folding and binding processes
that involve the loss and gain of tertiary structure. The
linkage between conformational transitions and binding
processes has been well studied from an equilibrium ther-
modynamic perspective [16-21], and this work provides a
theoretical framework for the quantitative treatment of this
phenomenon.

However, a characteristic feature of conditionally dis-
ordered proteins is that they can often be “force-folded”
[22] in the absence of their biological binding partner using
stabilizing chemical osmolytes such as trimethylamine-N-
oxide (TMAO). Osmolytes are small naturally occurring
organic molecules that accumulate intracellularly in
response to environmental stresses, such as dehydration
[23], and help maintain cellular and molecular organization
under these adverse circumstances [24].

The “force folding” of conditionally disordered proteins
with co-solutes like TMAQO mirrors the much more widely
appreciated “force unfolding” of stable proteins with co-
solutes like urea (Fig. 1, left). Indeed, the effects of urea
and TMAO on protein structure are counteracting and
essentially additive [25-27]. While the underlying physical
mechanisms are still being investigated [28-32], urea
preferentially interacts with the polypeptide backbone,
promoting backbone exposure, while TMAO is preferen-
tially excluded, promoting backbone burial. TMAO
thereby exerts a general compacting effect on all disor-
dered sequences [27]. However, TMAO will not induce
secondary or tertiary structure formation, where no inbuilt
structural propensity exists, and it does not specifically
guide the structure formation process. Chemical stabiliza-
tion is, therefore, of enormous practical importance in the
study of conditionally disordered proteins, since it can
reveal the presence of an accessible folded state within the
Gibbs energy landscape of an apparently disordered protein
(Fig. 1, left).

Aside from binding, the other principal biological cue
for structural reconfiguration of conditionally disordered
proteins is post-translational modification [33]. This might
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Fig. 1 Standard Gibbs energies and protein conformational states.
The figure shows schematically the standard chemical potentials
(partial molar Gibbs energies) of proteins in the accessible region of
the Gibbs energy landscape and their association with protein
conformational states. Top A stable protein that folds in two-state
fashion under physiological conditions. The low energy states (black)
are associated with the very small group of folded state conforma-
tions, the higher energy states (red) are associated with the very large
group of unfolded state conformations, and the still higher energy
states (blue) are associated with the group of partially folded
conformations, which may serve as folding transition states. At
equilibrium, the folded state conformations are overwhelmingly
populated, due to the large difference in the standard chemical
potentials of the folded and unfolded states. The folded state is,
therefore, the native state. Destabilizing environmental perturbation
(e.g., addition of a denaturant like urea) or chemical modification

include externally catalyzed reactions such as phosphory-
lation or auto-catalyzed reactions such as ester bond
formation. In an strict equilibrium thermodynamic sense,
post-translation modification is not an environmental per-
turbation, since it involves covalent chemical alteration of
the polypeptide chain. However, in a biological setting,
post-translational modification is a critical regulator of
protein structure and function; hence, we have included it
in this short review. The effects of post-translational
modification are structurally specific, and such modifica-
tions might either stabilize or destabilize the folded state of
a conditionally disordered protein (Fig. 1, top right).

In the following section, we provide some examples of
naturally occurring conditionally disordered proteins and
discuss how they respond structurally to environmental
perturbation or minor post-translational modifications.
While conditionally disordered proteins participate in
diverse biological processes, their specific role is almost
always molecular recognition. Conditional disorder has
been suggested to allow more nuanced control of binding

(e.g., phosphorylation) can change the Gibbs energy landscape,
allowing the population of the unfolded states. Botfom An unstable,
conditionally disordered protein, that has the capacity to fold, but
does not do so under physiological conditions. The folded state
conformations (black), the unfolded state conformations (red), and the
partially folded state conformations (blue) are not well discriminated
in the Gibbs energy landscape. Under physiological conditions, the
folded state may not be appreciably populated. As depicted here, the
partially folded state is the predominant native state. Stabilizing
environmental perturbation (e.g., addition of an osmolyte like TMAO
or a chemically specific binding partner) can change the Gibbs energy
landscape, facilitating partial or complete population of the folded
state. In the left panels, the shifts depicted in the figure are consistent
in sign with the transfer Gibbs energy measurements carried out by
Bolen and coworkers (see [22, 26, 129, 131])

processes; however, this hypothesis remain largely unpro-
ven. It may also simply be a manifestation of the marginal
stability of the folded state. We consider these issues in the
discussion. Regardless of functional advantage, conditional
disorder certainly occurs and, in some cases, has become
wedded to the regulation of protein function with surpris-
ing results.

Examples

Proteins stabilized by chemically specific binding
events

The nucleocapsid-binding domains from the RNA-
dependent RNA polymerase (RARp) of rubulaviruses

The paramyxoviruses are a family of respiratory pathogens.

Members of this taxon cause measles and mumps, the once
familiar diseases of early childhood, as well as numerous
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other human and animal contagions. The single-stranded
RNA genome of these viruses is organized and protected in
a protein—RNA complex termed the nucleocapsid [34, 35].
To enable transcription and genome replication, the viral
RNA-dependent RNA polymerase (RdRp) must move
processively along the viral nucleocapsid. Polymerase
translocation and RNA synthesis must be coordinated with
the transient displacement of the nucleocapsid protein from
the genome (see [36] for review). While there are no
detailed molecular models of this process, small (~50
amino acid) helical domains located at the end of the P
protein, the non-catalytic subunit of the RdRp, are known
to enable processive movement of the RdRp by reversibly
binding and releasing the viral nucleocapsid protein. The
nucleocapsid-binding domains from the P protein are
flexibly tethered to an oligomerizing coiled-coil, and
appear to function as the “feet” of the RdRp, enabling its
movement along the protein—RNA template.

The interaction between the RdRp foot domain and the
nucleocapsid protein was initially characterized for
measles virus (genus Morbillivirus). In this case, the RdRp
foot domain forms a compact and stable 3-helix bundle,
which binds to a linear motif within the intrinsically dis-
ordered C-terminus of the nucleocapsid protein [37-39].
As expected for a transiently maintained protein—protein
interaction, binding is weak and kinetically rapid. The
RdRp-nucleocapsid interactions in Sendai virus (genus
Respirovirus) [40, 41] and Hendra virus (genus Heni-
pavirus) [42—44] are similarly configured. However, for
mumps virus (genus Rubulavirus), while an X-ray crystal
structure of the foot domain (Fig. 2a) revealed the expected
3-helix bundle, the protein exists in solution at low tem-
perature as a compact and dynamic ensemble of partially-
formed a-helices—a classical “molten-globule” [45]. This
structure largely dissipates at physiological temperatures.

This finding prompted a structural survey of the RdRp
foot domains from four closely related rubulaviruses [7].
Somewhat surprisingly, with pairwise sequence identities
of 30—40%, the rubulavirus foot domains range from
stable and folded to almost completely disorganized under
the standard laboratory conditions. The mumps virus foot
domain sits in the middle of this structural continuum. All
but the most disordered domain clearly retain nucleocap-
sid-binding ability [7]. Characteristically, several of the
partially structured foot domains can be “force-folded” by
the addition of the stabilizing co-solute TMAO [7, 45]. It
seems highly probable, though not yet proven, that the
folded state will be transiently adopted in all cases upon
nucleocapsid binding. Unlike the other paramyxoviral
genera that have been investigated, as described above, the
RdRp foot domains of rubulaviruses attach to the struc-
tured region of the nucleocapsid protein ([46], unpublished
data).
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Fig. 2 Conditionally disordered proteins stabilized by chemically
specific binding events. a Nucleocapsid-binding (foot) domain from
the mumps virus RdRp (PDB ID: 3BBZ). b B. subtilis RNAse P (PDB
ID: 1A6F), with the sulfate ion responsible for structure induction
shown in grey. ¢ Third WW domain of human NEDD4-1 (PDB ID:
4N7F). d LEF-1 HMBG domain (PDB ID: 2LEF) bound to DNA.
e ET-like domain of human AF9 in complex with AF4 (PDB ID:
2L.MO). The ordered part of AF4 (amino acids 761-775) is displayed
in grey. f Brinker nuclear repressor (PDB ID: 2GLO) bound to DNA.
The program UCSF chimera [130] was used to generate this figure and
Fig. 3

Coupled binding and folding is a recurrent feature of
paramyxoviral RdRp-nucleocapsid interactions [38-44]
and this has been hypothesized to be a means of moder-
ating the affinity and lifetime of these very transient
interactions. Processive movement of the RdRp requires
highly specific yet reversible interactions between the feet
and template that are strong enough to prevent dissociation,
but not so strong as to impede forward motion. For the
rubulaviruses, it is hypothesized that the resolution of these
competing requirements is frequently achieved through the
destabilization of the folded state of the foot domain while
still maintaining the ability of this state to form a specific
interaction with its binding partner. The energetics of
complex formation then subsume both the unfavorable
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energetic cost of ordering the domain as well as the
favorable energetic contribution of binding. Hence, the
destabilization of the foot domain serves as a means to
precisely tune the affinity and lifetime of the interaction
between the polymerase and its template.

However, this idea has not yet been extensively tested.
For other virus families in the same order, the RdARp must
also traverse a viral nucleocapsid during RNA synthesis,
and solutions have evolved that do not involve coupled
binding and folding. For example, in the case of rabies
viruses [47], the nucleocapsid-binding domains of the
phosphoprotein are greatly elaborated [48], appear quite
stable, and bind to the structured region of the nucleocapsid
protein [49].

Bacillus subtilis RNAse P

RNAse P is an ancient and ubiquitous ribonucleoprotein
enzyme responsible for the maturation of transfer RNA
through cleavage of 5 leader sequences present in pre-
cursor RNAs [50]. In bacteria, there is a single protein, the
RNAse P protein, associated with the single RNA com-
ponent. The catalytic activity of the enzyme is conferred by
the RNA component, which is capable of RNAse activity
in isolation under laboratory conditions [51]. However, in
the cell, the protein component is essential for transfer
RNA maturation. Although not directly involved in catal-
ysis, the RNAse P protein serves to facilitate substrate
binding and confer specificity. It may also help maintain
the active configuration of the catalytic RNA [52, 53]. The
RNAse P protein is ~ 120 amino acids in size and adopts
an o—f sandwich fold (Fig. 2b), which appears to be highly
conserved across all bacterial species [54].

A series of studies from the Oas lab [55-61] established
that in the absence of the RNA component, the RNAse P
protein from B. subtilis exists in a disordered state at low
ionic strength, but folds in the presence of small anions
such as sulfate and phosphate. In a rigorous and technically
sophisticated study, these researchers devised a means to
distinguish the folding and binding equilibria, using the
osmolyte TMAO to control the extent of chain folding
independently of anion binding [55]. They subsequently
extended their methods to obtain an integrated kinetic and
thermodynamic description of the folding process for this
protein [59]. Their results indicated that the protein has a
folded state of relatively high Gibbs energy which is not
significantly populated unless bound and stabilized by
anionic ligands. Furthermore, using TMAO to initiate
refolding, they obtained the first estimate for the folding
rate constant of a conditionally disordered protein. One
finding that emerged from this work is that the RNAse P
protein had an unusually slow folding rate in comparison
with stable proteins of a similar size. Whether this is a

general property of conditionally folded proteins will
require studies in other systems using the methods devel-
oped by the Oas lab.

The WW domain of human NEDD4-1

WW domains are small (~40 amino acid) protein inter-
action modules that fold into a triple-stranded antiparallel
B-sheet (Fig. 2c), and bind proline-rich peptide motifs
[62, 63]. They are named after two conserved tryptophan
residues that are central to the domain architecture. WW
domains are found in a large number of otherwise unrelated
signaling and cytoskeletal proteins. One such protein is
NEDD4-1 (neuronal precursor cell-expressed develop-
mentally downregulated 4-1) the prototypical member of a
family of ubiquitin—protein ligases [64] that form part of
the proteasomal protein degradation system, amongst other
functions. Human NEDD4-1 has four centrally located
WW domains that are involved in substrate recognition and
the regulation of its ubiquitin ligase activity.

A comprehensive NMR study of the third WW domain
(WW3) of human NEDD4-1 [65] established that the
domain exists in equilibrium between the folded state,
competent for peptide binding [66], and a largely
unstructured state, characterized by random coil like
chemical shifts. Based on global fitting of Carr—Purcell-
Meiboom-Gill relaxation dispersion data and circular
dichroism data, collected at various temperatures, to a two-
state unfolding model, the authors estimate that the
unfolded state is approximately 20% populated at physio-
logical temperature, in a phosphate buffered saline solution
(pH 6.5). They suggest that peptide recognition is likely to
proceed through the conformational selection of the folded
state of the WW3 domain, thereby depopulating the
unfolded state.

This system differs from the others described in this
review, because the folded state remains significantly
populated under regular laboratory conditions. There are
other examples of proteins exhibiting mixed populations of
folded and unfolded states in such circumstances, e.g., the
vnd/NK-2  homeodomain [67]. These marginally
stable proteins sit on the boundary between order and
disorder.

High mobility group box domains

High Mobility Group Box (HMGB) domains are widely
distributed in eukaryotic and bacterial genomes [68—70],
and generally confer DNA binding function to the protein
in which they are embedded. HMGB domains may either
recognize specific DNA sequences, or bind to DNA in a
sequence-independent fashion. The HMGB domains are
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formed by three helices, arranged in an “L-shaped” con-
figuration, with the arm created by helices I and II, and the
main stem created by helix III and the N-terminal
polypeptide. A central hydrophobic core is created at the
junction between arm and stem (Fig. 2d). A similar struc-
tural motif has recently been identified as binding the stem
loop of histone mRNA [71], demonstrating that the L-motif
has a broader role in nucleic-acid recognition and remod-
eling [72]. In addition, the helix—turn—helix structural motif
that creates the arm of HMGB domain occurs repeatedly in
DNA binding proteins, in a variety of differing structural
contexts [73].

The HMGB domains that bind DNA in sequence-inde-
pendent fashion appear to maintain their structure in the
absence of DNA (e.g., the HMG1 A domain [74]). In
contrast, some of those that recognize specific DNA
sequences are conformationally heterogenous in the
unbound state. Human lymphoid enhancer-binding factor-1
(LEF-1) provides an example. LEF-1 is an architectural
transcription factor [75, 76] that recognizes a specific
nucleotide sequence through an HMGB domain. The LEF-
1 HMBG domain introduces a pronounced bend in its
cognate DNA sequence [77], facilitating binding of flank-
ing activators, and assembly of a transcriptional complex,
sometimes termed the enhanceosome [78]. In the absence
of its cognate DNA sequence, the LEF-1 HMGB domain
partially destructures. It appears that the o-helical sec-
ondary structure is largely retained, based on measurement
of protein circular dichroism. However, helix I undergoes
slow conformational fluctuations on the microsecond-to-
millisecond timescale, such that the backbone NMR reso-
nances are broadened beyond the detection limit [79].
Some HMGB domains found in the SOX family of tran-
scription factors exhibit similar behavior (reviewed in
[80]). For the murine SOX-4 HMGB domain, all the three
helices are again formed in the absence of DNA, but the
failure to observe long-range nuclear Overhauser effects in
solution NMR analysis, suggests that the L-motif is flexi-
ble, with the position of Helix III varying with respect to
the Helix I/II arm. In addition, the N-terminal region of the
polypeptide is unstructured and does not pack against Helix
III [81]. For the murine SOX-5 HMGB domain, the
C-terminus of helix 3 is highly dynamic, but the tertiary
structure basically persists in the absence of DNA [82].

While all of these sequence-specific HMGB domains
gain conformational mobility in the absence of DNA, they
appear to retain most of their helical secondary structure,
and the disorder appears to be “segmental” in nature,
affecting isolated helices or the relative positioning of
helices. It has been speculated that this “floppiness” may
be necessary to enable DNA bending [83] or might allow
variation of the bending angle in a biological setting [80].
In this regard, it should be noted that some sequence-
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specific HMGB domains appear to be well structured in the
absence of DNA (see [84]).

Transcription factor AF9

Human AF9 is a component of transcriptional elongation
complexes and contains an N-terminal YEATS domain,
which recognizes chromatin modifications [85, 86]. AF9
and related proteins are associated with the onset of leu-
kemia when chromosomal translocations result in fusion of
their coding regions to the MLL (mixed lineage leukemia)
gene. At the C-terminus of AF9 there is a domain involved
in the recruitment of multiple binding partners. This
domain is homologous to the ET domain, a small protein—
protein interaction module with a mixed o/f structure, used
recurrently in transcriptional and chromatin regulation
[87].

The structural basis for binding of the ET-like domain of
AF9 to one of its partner proteins, AF4, was investigated
by Leach et al. [88]. In the absence of AF4, AF9 is dis-
ordered and lacks a significant secondary structure, as
evaluated by circular dichroism and NMR spectroscopy.
However, in the presence of the relevant linear sequence
motif from AF4, a structured ET-like domain results, in
which the AF4 sequence forms the third, and exterior
strand of the B-sheet (Fig. 2e). Hydrophobic residues from
AF4 complete the hydrophobic core of the ET-like domain.
As the AF4 peptide is also unstructured in the absence of
its binding partner, both elements undergo a coupled
folding and binding process in forming this ordered com-
plex. AF4 binds AF9 with high affinity (equilibrium
dissociation constant 0.2 nM), as do binding partners
DotlL and BCoR. NMR relaxation measurements show
that the bound AF4 retains a significant mobility in the
complex, which the authors suggest could lower the acti-
vation barrier for exchange of tightly bound partners,
something that could be important to facilitate changes in
transcription levels in response to varying cellular
conditions.

The Brinker nuclear repressor

Brinker is a sequence-specific transcriptional factor that
negatively regulates genes involved in Drosophila mor-
phogenesis. When bound to DNA, the Brinker repressor
DNA binding domain is comprised of four o-helices, the
second and third of which form a classical helix—turn—helix
motif which binds in the DNA major groove (Fig. 2f).
However, in the absence of DNA, the domain appears to be
almost completely unfolded at 25 °C, based on chemical
shift dispersion, and the measurement of hetero-nuclear
'"H-'N steady-state nuclear Overhauser effect enhance-
ments [89]. Interestingly, a minimal construct
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encompassing just the DNA binding domain, could be
induced to fold at low temperature (5-10 °C), whereas
longer constructs, which retained the flanking disordered
sequence, could not be stabilized in this fashion. The
authors speculate that a particularly high density of posi-
tively charged amino acids at the DNA—protein interface
leads to conditional disorder in the absence of the bound
nucleic acid.

N-terminal regulatory domain of the glucocortocoid
receptor

The glucocortocoid receptor (GR) is ubiquitously expres-
sed by all vertebrates, and acts as an intracellular receptor
for cortisol and other cholesterol-derived steroid hormones.
These have wide-ranging physiological effects, and are
central to metabolism and homeostasis. GR is resident in
the cytoplasm, and undergoes translocation to the nucleus
upon ligand binding, where it can function as either a
transcriptional activator or repressor. The N-terminal trans-
activation domain (NTD) of GR contains clusters of neg-
atively charged aspartic and glutamic acid side chains,
leading to the supposition that this region is disordered—a
“negative noodle” as Paul Sigler memorably termed such
regions [90]. Indeed, when expressed and purified in iso-
lation, the NTD of GR appears largely unstructured
[91, 92]. However, structure is clearly induced in the GR
NTD upon interaction with biologically relevant binding
partners (e.g., the TATA box binding protein [93]) and also
upon stabilization with TMAO [92, 94]. In addition, the
induction of structure with TMAO enhances the binding of
regulatory molecules to the GR NTD [95]. Based on
equilibrium thermodynamic arguments, Hilser and
coworkers suggest that TMAO induces stable tertiary
structure within the GR NTD [94], but the exact nature of
this apparently folded state remains unknown.

Proteins stabilized by post-translational
modification

The two-component signaling receiver domain
from Erythrobacter litoralis LovR

Bacteria sense and respond to chemical and physical cues
in their environment using diverse strategies. One mecha-
nism to accomplish this involves the family of two-
component signal transduction systems [96]. The epony-
mous two components of these systems are a membrane-
bound histidine kinase and an intracellular response regu-
lator protein. Typically, the histidine kinase contains an
extracellular sensor domain, that will stimulate the kinase
activity when bound to its ligand, resulting in phosphory-
lation of the response regulator and activation of an

appropriate intracellular response [97]. Bacterial species
may have several dozens or more distinct sensing capa-
bilities encoded in these two-component systems [98].

The phosphorylation site on the response regulator is
typically an aspartate residue located on a receiver (REC)
domain, which has a flavodoxin-like fold—comprised of
five parallel B-strands connected by a-helices (Fig. 3a). In
most receiver domains, the phosphorylation site is adjacent
to a magnesium-binding site created by the presence of
additional acidic side chains. A prevalent model for sig-
naling through the response regulators posits the existence
of a conformational equilibrium between a lower energy,
signaling-inactive conformation, and a higher energy, sig-
naling-active conformation [99]. Phosphorylation of the
receiver domain biases the conformational equilibrium,
selectively stabilizing the active conformation, and stimu-
lating the appropriate intracellular response for the lifetime
of the phosphorylated state.

An interesting variation on this mechanism was dis-
covered for the response regulator protein LovR from the
marine bacterium E. litoralis [100]. LovR exists in multiple
states with different degrees of structure depending on both
the binding of the magnesium ion ligand and the protein’s
phosphorylation state. In the absence of the magnesium
ion, the protein exists in an expanded and protease-sensi-
tive state with limited secondary structure. However, upon
the addition of magnesium, the majority of the protein,

Fig. 3 Conditionally disordered proteins stabilized by post-transla-
tional modification. a Two-component signaling receiver domain
from E. litoralis LovR (PDB ID: 2MSW). b Structure of 4E-BP2
residues 18-62, uniformly phosphorylated at T37 and T46 (PDB ID:
2MX4). ¢ First IgG-like repeat of the C. perfringens adhesion protein
Cpe0147 (PDB ID: 4MKM), with the auto-catalytically generated
ester bond in grey
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including the phosphorylation site, adopts a more struc-
tured conformation, with much persistent secondary
structure and some persistent tertiary structure. Further-
more, upon treatment with the phosphomimetic BeF; ™, the
remainder of the protein becomes ordered, adopting a
compact and stable structure that resembles other well-
characterized receiver domains. Through mutational anal-
ysis, the destabilization in the absence of the magnesium
ion was attributed to electrostatic repulsion by acidic
groups in the vicinity of the phosphorylation site.

The LovR receiver domain, therefore, appears to func-
tion mechanistically in a similar fashion to other well-
characterized proteins in this class, but the regulation of its
activity is accomplished in a novel way. Rather than uti-
lizing a conformational equilibrium between two folded
states, in LovR, the signaling-inactive conformation
appears to be the partially folded, magnesium-bound state,
and the fully folded and presumably signaling-active con-
formation is only populated, while the protein is
phosphorylated.

Eukaryotic translation initiation factor binding protein 4E-
BP2

Eukaryotic translation initiation factor eIF4E-binding pro-
teins (4E-BPs) function as a repressors of translation
initiation in eukaryotes [101]. e[F4E recognizes and binds
the cap structure present at the 5" end of cellular mRNA,
facilitating ribosome attachment. The 4E-BPs bind to
elF4E, preventing assembly of the complete translation
apparatus, and thus globally inhibit cap-dependent trans-
lation. 4E-BP function is regulated by phosphorylation,
with only non-phosphorylated 4E-BP capable of binding
elF4E with high affinity.

In their non-phosphorylated state, 4E-BPs contain a
significant complement of secondary structure, but are
globally disordered [102]. They interact tightly with eI[FAE
via a linear YXXXXL® motif (where X is any amino acid,
and @ is a hydrophobic amino acid), with other regions of
4E-BP making subsidiary interactions [102]. The
YXXXXL® motif binds as a helix to eI[F4E, mimicking the
structural interactions involved in the assembly of the
translational apparatus [103, 104]. The mechanism by
which phosphorylation relieves this repressive interaction
was recently elucidated by a structural study of 4E-BP2,
the major neural isoform of 4E-BP.

Phosphorylation was shown to induce the folding of 4E-
BP2. The structure of 4E-BP2 residues 18-62, uniformly
phosphorylated at T37 and T46, was determined by solu-
tion NMR spectroscopy [101], and is built around a four-
stranded P-sheet, with a right-handed cross-over connec-
tion [105] between the two outer strands (Fig. 3b).
Significantly, the YXXXXL® motif central to eIF4E
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binding is largely sequestered in the folded state. The
induction of folding appears to be driven by the stabiliza-
tion of two B-turns within the sheet which contain identical
pTPGGT motifs. Although the phosphorylation of 4E-BP2
at positions outside this folded core causes additional
repression of e[F4E binding, it is the transition to the fol-
ded state, and the concomitant shielding of the canonical
YXXXXL® binding motif, that appears to be the central
mechanism of repression.

Hence, in an intriguing inversion of the usual structure—
function paradigm [106], it is the non-phosphorylated and
partially structured form of 4E-BP2 that has repressive
activity, whereas phosphorylation promotes folding, which
deactivates the protein.

Cell-surface adhesion proteins of Gram-positive bacteria

Cpe0147 is an ~220 kDa adhesion protein from the
pathogenic bacterium Clostridium perfringens comprising
an N-terminal adhesin domain, 11 IgG-like repeats, and a
C-terminal peptide motif enabling cell wall anchoring.
What results is a long stalk-like molecule, with the func-
tional adhesin domain held some distance from the
bacterial cell surface. The IgG-like repeats are very similar,
with a minimum pairwise identity of 85%. The structure of
the first two repeats of Cpe0147 was determined by X-ray
crystallography [107]. Surprisingly, the structure revealed
the presence of auto-catalytically generated Thr—Gln ester
bond cross-links within the IgG-like repeats, covalently
linking the first and last B-strands of the domain at a central
location (Fig. 3c). The positioning of the repetitively
placed ester bonds appears highly significant, as they create
a continuous chain of covalent bonding that extends
through the IgG-like repeats, from the cell wall anchor to
the adhesin, greatly increasing the tensile strength of the
protein along its major axis. Chemically distinct isopeptide
bond cross links had been previously identified in pilus
components from Gram-positive bacteria [108]. Hence,
side chain cross-linking appears to be a quite general
strategy for enhancing the stability and mechanical strength
of bacterial surface proteins.

For Cpe0147, if residues involved in the creation or
catalysis of ester bond formation in the first IgG-like repeat
are mutated, the domain unfolds, with both CD spec-
troscopy and temperature scanning fluorimetry suggesting
that the mutant domains contain limited secondary or ter-
tiary structure in the absence of the cross-link [107].
Employing more conservative mutations, which slow, but
do not eliminate ester bond formation, subsequent NMR
spectroscopic observations have made clear that folding
and ester bond formation are tightly coupled (Paul Young,
personal communication). Since ester bond formation is
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auto-catalyzed, it appears that the folded state is at least
transiently accessible, prior to the formation of the bond.

It is expected that ester bond formation in Cpe0147 will
stabilize the folded state by decreasing the configurational
entropy of the unfolded state (and hence increasing its
standard chemical potential, refer Fig. 1), analogous to the
effects of disulfide bonding [109, 110]. However, it is
presently unknown why the rather robust IgG-like domain
is so destabilized in the absence of the ester bond cross-
link. It is conceivable that this is physical in origin, and
related to the burial of the acidic groups required to cat-
alyze bond formation. Alternately, it could be biologically
driven by the need to actively transport the nascent mole-
cule across cell membrane. Regardless, it does provide an
intriguing and possibly unique example of a protein, whose
tertiary structure is regulated by an auto-generated post-
translational modification.

Discussion and conclusion

We have highlighted a number of proteins that gain and
lose tertiary structure under physiological or near-physio-
logical conditions. Since the biological cue for the
disorder—order transition is often the chemically specific
binding of another molecule, these proteins provide some
of the most extreme examples of coupled folding and
binding. The domains involved are structurally diverse, as
is the nature of the disordered state in which they natively
exist. Where this disordered state retains significant sec-
ondary structure, it is usually poorly understood, because of
the complexities inherent in the description of conforma-
tionally heterogenous proteins, and their investigation
using ensemble-averaged experimental data [111-115].
While coupled folding and binding events involving linear
sequence motifs are ubiquitous, order/disorder transitions
involving the gain and loss of tertiary structure by globular
domains appear to be less common. However, there are
now enough examples to establish this behavior as part of
the normal structure—function repertoire of proteins.

Functional advantage or accident of circumstance?

Since the biological function of conditionally disordered
proteins is almost exclusively the binding of other mole-
cules, some of the reasons advanced for the occurrence of
conditional disorder mirror those advanced for the utility of
coupled folding and binding interactions involving short
linear sequence motifs, or longer MoRFs and disordered
domains [116-118]. In particular, conditional protein dis-
order may allow for more nuanced modulation of binding
rates and affinities, as suggested for the paramxyoviral

RdRp foot domains, and for the ET-like domain of AF9.
However, a conditionally disordered protein has more
limited structural polymorphism than a MOoRF, as its
sequence specifies a unique tertiary structure in the
appropriate environment. Hence, conditional disorder
would not appear to be a likely mechanism for facilitating
interactions with highly disparate partners, which is an
observed property of MoRFs [119, 120]. For conditionally
disordered proteins, any arguments about the necessity of
disorder are frequently undercut by the occurrence of fully
structured proteins fulfilling the same biological role. The
question of whether modest increase in fitness is conferred
by conditional disorder is very difficult to test, though
potentially addressable through directed evolution.

Irrespective of functional advantage, we hypothesize
that the occurrence of conditional disorder may often
reflect fundamental physical restraints on the stability of
small protein domains. Many of the examples we have
cited involve small domains with very simple chain
topologies. For example, the RARP foot domains of rubu-
laviruses (Fig. 2a) at 50 amino acids in size are among the
smallest autonomously folding protein domains known. It
is to be expected that conformational fluctuations will
become quite significant for the domains of this size [121]
and are probably difficult to effectively damp. We have
previously suggested that this is the likely reason that
conservative sequence variation results in vary large
changes in structural and energetic specificity for the foot
domains [7]. A similar point could be made about WW
domains (~40 amino acids, Fig. 2c), the HMGB domains
of architectural transcription factors [~75 amino acids,
Fig. 2d), and the Brinker nuclear repressor (~60 amino
acids, Fig. 2f)].

In their comprehensive review of the effects of mutation
on the internal packing and stability of folded proteins
[122], Richards and Lim observed that the large majority of
amino acid substitutions in the interior of naturally occur-
ring folded proteins lower protein stability [122]. The key
to the generation of a conditionally disordered protein from
a stable progenitor is destabilizing mutations which
decrease the Gibbs energy gap between the folded state and
less structured states, without precluding the possibility of
attaining the folded state. Richards and Lim further noted
that “It is difficult to find an interior single site (or several
site) mutation that completely obliterates the ability of a
protein to adopt the basic original fold”. We are not
questioning this general conclusion. However, there are
likely certain domains, which through a combination of
topology and size, are always marginally stable, and are,
therefore, amenable to the generation of conditional dis-
order. For such domains, it is worth noting that many
destabilizing mutations would probably generate constitu-
tively disordered proteins that can never fold.
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In vitro analysis has shown how readily conditional
disorder can be introduced into a binding system. In a
particularly striking example, the mutation of one of the
conserved Trp residues to Phe in the WW domain of the
human YES-associated protein caused almost complete
unfolding of the domain. However, the mutant WW
domain still binds its proline-rich target peptide, structuring
as it does so, with only a threefold reduction in overall
binding affinity [123]. This mutation was not observed to
occur in any natural WW domain sequence, suggesting that
it is probably not tolerated in vivo. The authors suggest that
this might be due to the increased sensitivity of the mutant
to proteolysis [123]. This makes the important point that
the fitness of a protein in a cellular setting reflects not just
its ability to perform its primary function, but also its
ability to avoid the competing deleterious processes of
aggregation and degradation [124]. Notwithstanding, when
the primary function of a protein is molecular recognition,
protein stability is less important than it is in other con-
texts, as the loss of structure does not impede binding.

Overall, we suggest that certain protein folds are prob-
ably readily destabilized by point mutation, in ways that
still allow access to the folded state in the appropriate
environment. If the selective pressure for retention of the
folded state is relatively weak, as it may be for proteins
engaged in molecular recognition, then conditional disor-
der would naturally emerge. If we accept this hypothesis,
then conditional disorder should neither be a surprise, nor
interpreted as diagnostic of some special functional need. It
is simply part of the repertoire of the things proteins do,
ultimately resulting from the weak non-covalent forces
which stabilize their tertiary structure. As such, it is a
phenomenon that must be accounted for in quantitative
modeling of binding processes [16-21], and also one that
can be used adaptively by the evolutionary process. The
emergence of conditional disorder in the regulation of
protein activity provides one such example.

Involvement in regulation of biological activity

Conditionally disordered proteins are characterized by a
small or negligible difference in the standard chemical
potentials of the folded and unfolded states (Fig. 1). As a
consequence, environmental effects which even modestly
alter the Gibbs energy of states can substantially alter their
relative populations,. In several of the systems, we have
reviewed (4E-BP2/4E binding and E. litoralis LovR);
protein activity is regulated by redistributing the popula-
tions of folded and unfolded states. In both the cases, the
cue for the structural transition is phosphorylation. These
phenomena can be viewed as an extreme form of allosteric
regulation [125-128], with the transitions between

@ Springer

structured and unstructured states being driven by a quite
local chemical modification.

Regulation of E. litoralis LovR proceeds according to
the general framework established for other bacterial
response regulators [97], which have structurally similar
but not identical active and inactive states, both of which
are folded. The difference is that in LovR, the unphos-
phorylated and inactive folded state has been selectively
destabilized, to the level of other unfolded states, pre-
sumably through mutation of a stable progenitor.

In contrast, the 4E-BP2/4E binding system provides a
remarkable example of our expectations being completely
inverted, with activity arising from the unfolded state being
regulated by the presence of the folded state. In this system,
the unfolded and non-phosphorylated state of 4E-BP2
allows the YXXXXL® motif to form productive interac-
tions with elF4E and thereby enable translational initiation.
The folded and phosphorylated state of 4E-BP2 partly
sequesters this linear sequence motif to prevent initiation.
The phosphorylated 4E-BP2 protein is thereby engaging in
what might be termed a coupled unfolding and binding
process, where association with the interaction partner
EIf4E will depopulate the folded state of 4E-BP2.

The kinetic aspects of these systems probably deserve
further exploration. While one could construct simple
equilibrium models of the regulatory process, involving
folded and unfolded states, the structural transitions
involved are dramatic, and the timescales of these pro-
cesses are currently unknown. In addition, these transitions
are driven in a cellular setting by protein kinases and
phosphatases, creating a situation of considerable
complexity.

General conclusion

The widespread occurrence of protein disorder has shown
that the protein folding problem is more complex than
originally conceived. Functional proteins exhibit varying
degrees of structure formation, and protein conformation is
often strongly linked to environmental conditions. This
review has highlighted proteins that appear to operate
according to the traditional paradigm, by adopting a
defined tertiary structure. They are not readily differenti-
ated from stable proteins on the basis of sequence.
However, their conformational state is strongly linked to
the environment, or is dramatically perturbed by post-
translational modification of the polypeptide chain. Under
the standard laboratory conditions, these proteins will
appear disordered, but a structurally specific conforma-
tional state will manifest upon environmental perturbation
or appropriate chemical modification. In the biological
setting, the most common cue for folding will be the
binding of a chemically specific partner, while in vitro,



Conditionally disordered proteins: bringing the environment back to the folding 3159

folding can generally be promoted with stabilizing chem-
ical osmolytes.

While it remains unclear if conditional disorder offers
any pronounced functional advantages for binding pro-
cesses, available evidence suggests that it arises reasonably
readily, particularly for small domains, as a result of the
marginal stability of the folded state. Conditionally disor-
dered proteins demonstrate that the modulation of protein
structure by the biological environment may go far beyond
switching between discrete folded states, and can involve
transitions of folded proteins to partially or largely disor-
dered states. For a conditionally disordered protein, activity
can potentially be regulated by environmental factors or
chemical modifications that act on both folded and unfol-
ded states, since they are barely discriminated in the Gibbs
energy landscape. Overall, conditionally disordered pro-
teins serve as a useful reminder that sequence and
environment together determine structure, as Anfinsen
originally hypothesized. That may not make for a partic-
ularly memorable aphorism, but it has the advantage of
correctness.
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