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Abstract: The classical view of the structure-function paradigm advanced by Anfinsen in the 1960s is
that a protein’s function is inextricably linked to its three-dimensional structure and is encrypted in its
amino acid sequence. However, it is now known that a significant fraction of the proteome consists of
intrinsically disordered proteins (IDPs). These proteins populate a polymorphic ensemble of conforma-
tions rather than a unique structure but are still capable of performing biological functions. At the
boundary, between well-ordered and inherently disordered states are proteins that are on the brink of
stability, either weakly stable ordered systems or disordered but on the verge of being stable. In such
marginal states, even relatively minor changes can significantly alter the energy landscape, leading to
large-scale conformational remodeling. Some proteins on the edge of stability are metamorphic, with
the capacity to switch from one fold topology to another in response to an environmental trigger

(e.g., pH, temperature/salt, redox). Many IDPs, on the other hand, are marginally unstable such that
small perturbations (e.g., phosphorylation, ligands) tip the balance over to a range of ordered, partially
ordered, or even more disordered states. In general, the structural transitions described by metamor-
phic fold switches and polymorphic IDPs possess a number of common features including low or
diminished stability, large-scale conformational changes, critical disordered regions, latent or attenu-
ated binding sites, and expansion of function. We suggest that these transitions are, therefore, con-
ceptually and mechanistically analogous, representing adjacent regions in the continuum of order/
disorder transitions.
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Introduction

It is widely held that cells with identical genomes dis-
play identical phenotypes and respond similar to a
given stimulation or environmental perturbation.
Implicit in this genome centric view, every protein has
a well-defined three-dimensional structure that is
determined by its amino acid sequence encoded in the
genome.! Consequently, a one-to-one correlation
between the genotype and phenotype is often assumed
and there is good evidence to support this thinking.
For example, a single point mutation can result in the
loss? or gain®* of function in a given protein. Further
research on temperature-sensitive mutants® and allo-
stery®” in proteins extended this horizon and revealed
that changes in conformation could enable proteins to
assume different functions or switch between inactive
and active states with high specificity and affinity.
The bacterial tryptophan repressor is a good example
of how protein conformational dynamics turns a gene
on or off.® However, it should be noted that even in
this expanded view it was believed that proteins are
highly ordered with characteristic folds.

Contrary to this deterministic interpretation, it is
now well established that proteins need not always be
folded to remain functional.® A large fraction of the
proteome across all three kingdoms is composed of
intrinsically disordered proteins (IDPs) that, by defini-
tion, are ensembles of polymorphic conformers lacking
rigid three-dimensional structure.!®® IDPs and seg-
ments within ordered proteins constituting intrinsi-
cally disordered regions (IDRs) are characterized by a
combination of low mean hydrophobicity and relatively
high net charge, important prerequisites for the
absence of three-dimensional structure in proteins
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under physiological conditions.!*'® Therefore, IDPs
are marked by a preponderance of polar and charged
residues and a paucity of non-polar residues that
include the bulky hydrophobic and aromatic amino
acids. However, they are quite rich in the structure-
breaking amino acids proline and glycine.'® IDPs are
also more prone to post-translational modifications
(PTMs) such as phosphorylation, and are alternatively
spliced more often than ordered proteins.!”

At the boundary between well-folded and random
coil polypeptide chains are proteins that are on the
brink of thermodynamic stability (Fig. 1). These pro-
teins have shallow energy wells, or no apparent wells
at all, that can confer properties generally not seen in
more stable folds. Some marginally stable proteins
(AGunfolding > 0) are metamorphic,'® undergoing large-
scale conformational transitions from one fold topology
to another in response to relatively small perturba-
tions.'®2° In many cases, disordered regions play a
role in these metamorphic changes (Fig. 2). On the
other side of the stability boundary (AGunfolding < 0),
certain IDPs appear to be on the verge of being weakly
stable folded proteins despite their inherent flexibility.
In such cases, binding to a ligand?>?2 or a PTM? can
trigger a significant structural transition from a flexi-
bly disordered state to one with more conformational
order. Indeed, while IDPs have different sequence
characteristics from metamorphic proteins, it is inter-
esting to note that many IDPs are close to the bound-
ary between disorder and order in plots of mean net
charge versus mean hydrophobicity.}* Thus, the exam-
ples of fold switching by marginally stable proteins
and disorder/order transitions in marginally unstable
IDPs are conceptually similar, representing different
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Figure 1. Proteins on the brink of stability can undergo a continuum of order/disorder transitions. (A) Examples of transitions from
top left to bottom right: Transition between the extended and collapsed disordered states of prostate associated Gene 4 (PAGE4),
modulated by phosphorylation;''" disorder-to-order transition of 4E-BP2 induced by phosphorylation;?® order-to-order fold
switching between Gags and Gggs, triggered by single amino acid changes or ligand binding.®* In contrast, stable proteins such as
subtilisin (shown in dark blue) do not undergo such changes. (B) Approximate energy well diagrams for each protein from PAGE4

(top) to subtilisin (bottom).
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Continuum of Order/Disorder Transitions
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Figure 2. Examples of metamorphic proteins where disordered or partially disordered regions play an important role in remodeling
ordered states. N- and C-terminal regions of fold-switched domains are color coded cyan and red, respectively. All cases are
naturally occurring with the exception of (B), which is a designed system. Structures for each panel are identified left to right.

(A) Lymphotactin-10 (PDB 1J8l), Lymphotactin-40 (PDB 2JP1). (B) GA98 (PDB 2LHC), GB98 (PDB 2LHD). (C) Chloride intracellular
channel 1 (CLIC1)-oxidized (PDB 1RK4), CLIC1-reduced (PDB 1KOM). (D) P1 lysozyme-inactive (PDB 1XJU), P1 lysozyme-active
(PDB 1XJT). (E) hemagglutinin pre-fusion (PDB 5HMG), post-fusion (PDB 1HTM). (F) T7 RNA polymerase-initiation state (PDB

1QLN), elongation state (PDB 1MSW).

points on the continuum of order/disorder transitions.
Here, we compare and discuss the range of transitions
in metamorphic and polymorphic systems further,
highlighting features common to both with recent
examples.

Large-scale transitions between folded states

The Anfinsen hypothesis states that the amino acid
sequence is sufficient to determine the native fold of
a protein and that the three-dimensional structure is
the thermodynamically most stable conformation.'2*
The latter point implies a unique structure although
Anfinsen did not explicitly state this. However, it has
been known for some time now that certain polypep-
25-27 can adopt more

than one fold topology. Further examples of naturally

tide chains, for example, prions,

occurring fold switches have since accumulated
(Table I1).257%8 A recent paper showed that there were
approximately 100-fold switches in the Protein Data
Bank and further estimated that 0.5-4% of known
structures may have fold switched partners.*® These
proteins, or regions within these proteins, undergo
significant changes in their three-dimensional struc-
tures without any mutations in their amino acid
sequences. Environmental triggers such as pH, tem-
perature, salt concentration, redox conditions, ligand
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binding, proteolytic cleavage, or oligomerization can
shift the equilibrium between two different fold
topologies, driving conformational switching in these
natural examples. Thus, fold switching has been dem-
onstrated to be another post-translational mecha-
nism, alongside chemical modifications such as
phosphorylation, by which a given polypeptide chain
can expand its biological function.

Concurrent with studies of natural proteins,
efforts to design protein fold switches have provided
considerable insight into their potential role in fold
evolution, suggesting that this phenomenon may be
more general and an inherent property of polypeptide
chains. Early experiments showed that an 11-residue
region of a longer polypeptide chain could adopt either
alpha-helical or beta-hairpin conformations, depend-
ing on where it was placed in the amino acid
sequence.?® Similarly, a 9-amino acid region in the N-
terminus of the Arc repressor was able to convert
between a-helical and f-strand conformations with
only a single amino acid modification.?! These types of
studies were extended to the entire length of polypep-
tide chains in small proteins. The Paracelsus Chal-
lenge®? sought to establish the minimum number of
amino acids required to specify one fold over another.
This led to a series of investigations demonstrating
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Table 1. Examples of Naturally Occurring Protein Fold Switches and Their Triggering Mechanisms

Naturally occurring fold switches

Trigger

PDB code

Serpins?® (e.g., antithrombin)

Proteolysis/domain swap

2ANT (active, latent)

Lymphotactin® Salt, temperature 1J8I (monomer)
2JP1 (dimer)
Chloride ion channel protein®® Redox 1KOM (reduced)
1RK4 (oxidized)
Mad2 spindle checkpoint protein®! Ligand binding 1DUJ (inactive)
1S2H (active)
T7 RNA polymerase3%33 Ligand binding 1QLN (initiation)
1MSW (elongation)
Viral fusion proteins®*3% pH 5HMG (pre-fusion)
(e.g., influenza virus hemagglutinin) 1HTM (post-fusion)
P1 Lysozyme>® Redox 1XJU (inactive)
1XJT (active)
Circadian clock protein KaiB37:38 Ligand binding 2QKE (inactive)
5JWR (active)
RFaH C-terminal domain (CTD)?*4° Ligand binding 20UG (full length)
2LCL (CTD)
Selecase®! Concentration 4QHF (active)
4QHH (inactive)
Cytolysin A*? Membrane insertion 1QOY (monomer)
2WCD (protomer)
Phytochromes‘m‘44 Light 400P (dark)
4001 (light)
Retinoic acid receptor?® Ligand binding 1DKF (antagonist)
3KMR (agonist)
TCR ectodomain®® Unknown 2VLM (typical)
3MFF (alternative)
Caspase-6*7 Ligand binding 2WDB (free)
30D5 (bound)
XRCC1%® Redox 1XNT (reduced)
3LQC (oxidized)

that it is possible to engineer two proteins to have
amino acid sequence similarities/identities of 50-60%
while maintaining distinctly folded states.?*®7 Subse-
quent experiments with the Go®® and Gg®° domains of
streptococcal protein G indicated that different folds
with even higher identities were achievable by design.
The Ga 3a helical bundle and the Gg 4 + «
“p-grasp” structure are two of the most common folds
known,%° with the parental G, and Gy amino acid
sequences having only 16% identity. Designed
mutants were co-evolved to very high identities of
88-98%, with the parent topologies remaining
intact.’% A number of mutants at switch points
were found to populate both the 3o and 4 + «o
states.5* The Ga 3o-fold has also been co-evolved to
high identity with other common folds such as the o/-
p/a-sandwich and an all-p structure.®® Together, these
results suggest that some folds are likely to have
been derived from pre-existing topologies rather than
evolving independently. This idea is further sup-
ported by the detection of transitory sequences in fold
migration®-66-69 70-72
Thus, some structural motifs or even entire
domains have the ability to switch from one topologi-
cally ordered state to another, exposing a previously
hidden binding surface and leading to an expansion of
function [Fig. 3(A)]. Recurring features found in both

as well as by other studies.
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natural and designed fold switches are minimally
overlapping cores, latent binding epitopes, disordered
regions, and weakened thermodynamic stability.!®*
Mutual exclusivity in cores allows information for both
folded states to co-exist in a single polypeptide chain.
This relatively tight constraint can be loosened by the
presence of flexibly disordered regions, which tend to
play an important role in the fold switch, often transit-
ing to a more ordered state in the alternative fold
(Fig. 2). In particular, the lower stability of switchable
systems allows alternative folded states to be more
accessible than for stable proteins [Fig. 1(B)]. Proteins
with switchable folds can, therefore, be considered
metastable and do not fit the traditional thermody-
namic hypothesis, which holds for well-folded stable
structures with relatively deep energy wells.

Disorder-to-order transitions

Similar to the fold switching examples discussed
above, many IDPs are known to undergo significant
conformational ordering upon binding to a ligand.
There are numerous examples of such coupled folding
and binding.2%"®" In some cases, where the disor-
dered protein is on the edge of being a globular fold,
the binding affinity is related to its thermodynamic
stability, suggesting a conformational selection mech-
anism analogous to the equilibrium shifts inferred in

Continuum of Order/Disorder Transitions
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Figure 3. Latent and attenuated binding sites become accessible
in a range of order—order, order—disorder, and disorder—disorder
transitions involving metamorphic and polymorphic proteins.

(A) The metamorphic protein O-Mad2 (PDB 1DUJ) has a buried
binding site (red) that is only accessible to cdc20 (green) upon
fold switching to C-Mad2 (1S2H). (B) Partially disordered 4E-BP2
binds to elF4E (green) utilizing an exposed helical motif (red) that
is masked in a p-sheet structure upon phosphorylation. (C) The
disordered protein Myc (1-88) has multiple transient long-range
interactions that attenuate the affinity of its binding epitope (red)
for Bin1-SH3 (green).

protein fold switches. This is clearly demonstrated in
the complex of subtilisin with its N-terminal prodo-
main.”® The prodomain is disordered in the absence
of subtilisin, but adopts a folded o/p-plait topology
upon binding. When mutations are made to the pro-
domain that stabilize its bound state conformation,
binding affinity to subtilisin increases accordingly
and can be linearly related to the extent of prodomain
folding. In this particular study, the binding of prodo-
main to subtilisin was increased by approximately
100-fold through the use of stabilizing mutations,
demonstrating that prodomain binding is highly tun-
able.®® In many other cases, however, IDP binding is
shown to be consistent with an induced fit mecha-
nism where the polypeptide chain folds on the ligand
surface.8® Such a mechanism seems to be more
prevalent when the bound state of the IDP does not
correspond with a globular structure.”

In addition to the use of mutations, IDP binding
affinities can also be modulated by PTMs. One of the
most common PTMs, phosphorylation, can alter charge
distribution and provide new sites for hydrogen
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bonding interactions. Even relatively small perturba-
tions can modify binding affinity and folding propen-
sity, further emphasizing that IDPs may sometimes be
on the verge of being either partially or fully ordered
proteins with weak stability. This is illustrated dra-
matically by a recent example?® where phosphorylation
at two threonine residues in the mostly disordered 4E-
BP2 protein leads to folding into a 4-stranded beta-
domain, even in the absence of a binding partner. The
folded state is weakly stable and sequesters a motif
that is used to bind the translation initiation factor
elF4E in the less ordered unphosphorylated state. The
disorder/order transition, therefore, functions as a
switch that controls the binding of 4E-BP2 to elF4E,
thereby regulating translation. This example serves to
highlight another feature of IDPs that has similarity to
fold switches, their ability to mask or unmask func-
tional sites through large-amplitude conformational
transitions [Fig. 3(B)]. Further, in analogy with meta-
morphic proteins, the disorder-to-order or order-to-
disorder transitions in IDPs can involve either struc-
tural motifs or entire domains.

IDPs undergo disorder-to-order transitions not
only in the presence of folded proteins and PTMs but
also by interacting with other disordered regions. An
example of this type of transition is the DnaE intein,
a naturally occurring split intein that has trans-
splicing activity both in vivo and in vitro. This split
intein has two subunits, Iy and I, that are both
intrinsically disordered by themselves but combine
with high affinity (Kp 33 nM) to form an ordered com-
plex, which is necessary for the initiation of trans-
splicing.®4® Calorimetric analysis indicated that the
unfavorable entropy loss in going from disorder to
order is outweighed by a favorable enthalpic change
likely due to significant interactions between polar
groups in the two subunits. This type of enthalpy-
entropy compensation is frequently detected in sys-
tems where folding is coupled to binding.%?

IDPs often bind their target ligands with high
specificity but relatively weak affinities (micromolar
or less). These low affinities may be a requirement for
correct function, allowing for rapid dissociation and
preventing permanent masking of other binding
motifs on the polypeptide chain. The dynamic
nature and marginal thermodynamic instability of
IDPs is therefore advantageous for certain functions
(e.g., transcriptional and translational activation, sig-
naling) where further mutations stabilizing more
ordered states may actually be deleterious.”® Another
characteristic of IDPs is their ability to interact with
multiple binding partners.8$8” They are therefore fre-
quently found to be hub points in protein interaction
networks.?® In certain IDPs such as p53, the same
amino acid sequence adopts a bound state structure
that varies from a-helical to p-strand to coil conforma-
tions depending on the cognate ligand.®® Other
disease-relevant IDPs such as A and a-synuclein

PROTEINSCIENCE | VOL 27:1557-1867 1561



exhibit similar kinds of polymorphic behavior to p53,
undergoing a broad spectrum of disorder-to-order
transitions that depend on their environment. Both
Ap and a-synuclein are largely disordered in dilute
aqueous solutions,?® % helical in a membrane-like
environment,”* " and form a wide range of mostly
B-structures depending on the ligand or sample
conditions.®®* % Thus, the structural polymorphism
displayed by IDPs that permits them to recognize mul-
tiple binding partners is analogous to what is observed
in metamorphic fold switches but on a larger scale.
While the alternative topology in a fold switch has dif-
ferent ligand binding properties that typically lead to
one additional function for the same polypeptide chain,
IDPs can adopt a wider array of possible conformers
due to their greater inherent malleability, with a cor-
responding increase in functionality.

Shape-shifting ensembles
For some IDPs, ligand binding or a modification such
as phosphorylation does not lead to ordered or par-
tially ordered states. Rather, the conformational
ensemble shifts from one disordered but functional
state to another. Underlying these types of cases is
the recognition that most IDPs tend not to be true
random coils but generally have some weak to moder-
ate conformational preferences. These transient pro-
pensities lead to a conformationally biased but still
flexible polypeptide, whose ensemble characteristics
can change significantly in the presence of a ligand or
upon PTMs to the chain. The combination of NMR
spectroscopic approaches with other methods such as
SAXS, SANS, smFRET, and simulations has provided
considerable insight into the mechanism of such tran-
sitions between states that are disordered to different
extents. 1067109
One recent example of this is the IDP and cancer/
testis antigen, prostate-associated gene 4 (PAGE4), a
stress-response protein that is up-regulated in the
fetal and diseased prostate. In prostate cancer cells,
PAGEA1 is differentially phosphorylated by two kinases,
Homeodomain Interacting Protein Kinase 1 (HIPK1)
and CDC-Like Kinase 2 (CLK2).11%1!2 Degpite both
phosphorylated forms being disordered and flexible,
biophysical measurements show that HIPK1-PAGE4
has a less disordered conformational ensemble than
CLK2-PAGE4, primarily due to the presence of acidic
and basic motifs that form transient but stabilizing
electrostatic interactions. These long-range effects are
disrupted when PAGE4 is hyper-phosphorylated by
CLK2 because phosphorylation occurs at multiple sites
in or near the basic motifs, effectively neutralizing the
transient electrostatic interactions and leading to a
more extended ensemble of conformers (Fig. 4). The
large differences in the ensembles are reflected in
opposing functions — HIPK1-PAGE4 binds the tran-
scription factor Jun/Fos more tightly and potentiates c-
Jun, whereas CLK2-PAGE4 attenuates c-Jun activity.

1562 PROTEINSCIENCE.ORG

Thus, multi-site phosphorylation can promote struc-
ture? or disrupt it.*?

Similar types of transient long-range interactions
have also been observed in other flexible polypeptide
chains where they can mask or attenuate the function
of a ligand binding site. For example, the high affinity
Bin1-SH3 binding site of Myc (1-88) consists of an
approximately 12-residue motif which, when incorpo-
rated into an isolated short peptide, binds to
Bin1-SH3 with a Kp of 4.2 pM.'* In the context of
the 88-amino acid Myc polypeptide, however,
Binl1-SH3 displays significantly weaker and multi-
valent binding to Myc with Kp values of 33 pM and
200 pM.'* The transient interactions between differ-
ent parts of the Myc chain serve to regulate its affin-
ity to Bin-SH3. Even though these long-range
intramolecular contacts may be weak, the high local
concentration of the low affinity sites within the flexi-
ble polypeptide chain can lead to significant attenua-
tion and make regulation over an order of magnitude
quite feasible. Thus binding (or PTM) to one part of a
flexible polypeptide chain can lead to long-range
changes in the conformational ensemble that alter
affinity for other ligands by making latent sites more
accessible to interactions [Fig. 3(C)]. Such actions at
a distance can be considered to be dynamic allosteric
effects.’® Other recent examples of these types of
transient long-range interactions are also seen in
IDPs such as the human tau protein''® and the disor-
dered region of the glucocorticoid receptor.''” Splice
variants of these proteins have disordered regions
with varying lengths that can alter the extent of tran-
sient intramolecular interactions leading to different
binding characteristics and functional outputs.

Thus, while some IDPs transit to more order
upon binding to their targets, others remain signifi-
cantly disordered over extensive regions of the poly-
peptide chain.!'® There are numerous examples of
such “fuzzy complexes” where the IDPs involved do
not acquire a discernable secondary structure upon
interaction. These include the T cell receptor ¢ chain-
nef complex,’'® the nematode desiccation-tolerance
protein anhydrin in its interaction with DNA,2° tau
binding with microtubules,!'® and cystic fibrosis
transmembrane conductance regulator with a range
of partners.!?!

Functional consequences

Both metamorphic fold switch proteins and IDPs typi-
cally carry out more than one function. Naturally
occurring fold switches expand their functional capac-
ity by adopting weakly stable alternative topologies
with new binding surfaces. For example, lymphotactin
can interact with both a chemokine receptor and gly-
cosaminoglycans depending on its folded state, which
in turn can be regulated by salt and temperature con-
ditions.?® There are numerous other elegant examples
of this phenomenon (Table I) demonstrating the

Continuum of Order/Disorder Transitions
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Figure 4. Ensemble switching between relatively closed and open disordered states. (A) Differential phosphorylation remodels the
PAGE4 ensemble. Cartoon depiction of the HIPK1-PAGE4 polypeptide chain (top) showing competing long-range electrostatic
interactions that decrease the radius of gyration of the polypeptide chain. The purple rectangle represents a transient helix. Hyper-
phosphorylation by CLK2 (bottom) weakens these long-range interactions and decreases the helical propensity, leading to a more
extended conformation with larger radius of gyration. (B) Conformational ensembles for HIPK1-PAGE4 (top) and CLK2-PAGE4

(bottom) from MD simulations.''2

enhanced functional role of metamorphic proteins,
where the equilibrium between two distinctly folded
states can be shifted by a variety of environmental fac-
tors. By comparison, individual IDPs can acquire even
more functionality because of their highly flexible and
polymorphic nature. Regardless of the type of struc-
tural change in an IDP, conformational dynamics has
significant effects on function. With multiple states
and rapid transitions between them, IDPs can stochas-
tically engage in many interactions and thereby con-
tribute to “conformational noise” in network
interactions.'?2 Therefore, in response to perturbations
(e.g., inflammatory stress, drug treatment), myriad
network options can be explored and the functionally
most advantageous selected. Moreover, the ubiquitous
presence of IDPs as transcription factors, and more
generally as hubs in protein interaction networks, is
indicative of their role in propagating and amplifying
transcriptional noise.!?® IDPs can thus confer protein
interaction networks with remarkable flexibility and
resilience.'?2 One classic example is the utilization of
just four IDP transcription factors to reprogram a
somatic cell to a pluripotent stem cell.'** Another nota-
ble example is the potential role of PAGE4, AP-1, and
the androgen receptor, all IDPs, in the phenotypic
switching between androgen-dependent and androgen-
independent states of prostate cancer cells.!'t112 A
recently discovered protein-based inheritance mecha-
nism was found to be enriched in IDP sequences, pro-
viding further support for the conformational noise
hypothesis.?®

Conclusions

Functional proteins have a wide range of structures
and thermodynamic stabilities, varying from well-
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ordered folds to highly flexible polypeptide chains. At
the boundary between these two extremes are pro-
teins that are on the brink of stability. These are
either weakly stable ordered systems or disordered
but on the verge of being stable. In such marginal
states, where there is a more delicate balance
between stabilizing and destabilizing forces, minor
changes can have a much larger effect than in well-
stabilized or completely disordered chains. For folded
proteins with reduced thermodynamic stability, a rel-
atively small but growing number have been shown
to be metamorphic. Such ordered proteins can expand
their functional capacity by adopting an alternative
fold topology, either through a short mutational path
or through environmental factors (e.g., pH, tempera-
ture/salt, redox). Many IDPs, on the other hand, are
marginally unstable but still highly flexible with no
discernible thermodynamic minima. Small perturba-
tions (e.g., phosphorylation, ligands) in these proteins
can shift the equilibrium over to a range of ordered,
partially ordered, or even more disordered states.
Because of their inherent flexibility, IDPs have the
potential to adopt a greater number of folded confor-
mations in response to ligand binding than the more
constrained metamorphic proteins.

While IDPs and metamorphic proteins have
different sequence composition, the order/order
transitions seen in metamorphic fold switch pro-
teins and the disorder/order and disorder/disorder
transitions observed in polymorphic IDPs have sev-
eral features in common. First, both fold switches
and IDPs have diminished stability. Fold switches
tend to be on the margin of thermodynamic stabil-
ity (0 < AGunfolding < 2-3 kcal/mol) whereas IDPs
have no detectable energy minima (AGunfoiding < 0)
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and are often on the verge of being weakly stable
proteins that are either partially or fully folded.
Second, while disordered regions in polymorphic
IDPs can be remodeled in a wide variety of ways, dis-
ordered regions also tend to play an important role in
the transition between ordered states in metamorphic
fold switching. In both cases, these conversions are
sensitive to environmental triggers. Third, both meta-
morphic transitions and transitions involving IDPs
tend to be large-scale conformational changes where
residues in a structural motif or in an entire domain
undergo significant alterations in their backbone
phi/psi angles. Finally, both metamorphic folded pro-
teins and polymorphic IDPs possess latent or attenu-
ated binding sites that become more exposed upon
conformational switching and result in the acquisition
of additional function. Such masking and unmasking
effects are more typically associated with transitions
where at least one of the states is ordered. However, it
is becoming increasingly clear that even transitions
between two disordered ensembles can lead to
increased accessibility to a binding site by virtue of
the ability to perturb competing transient interactions
within the polypeptide chain. Overall, the parallels
drawn here suggest that conformational switches in
metamorphic and polymorphic proteins are conceptu-
ally and mechanistically similar processes, represent-
ing adjacent regions in the continuum of order/
disorder transitions.
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