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Abstract

Though many folded proteins assume one stable structure that performs one

function, a small-but-increasing number remodel their secondary and ter-

tiary structures and change their functions in response to cellular stimuli.

These fold-switching proteins regulate biological processes and are associated

with autoimmune dysfunction, severe acute respiratory syndrome

coronavirus-2 infection, and more. Despite their biological importance, it is

difficult to computationally predict fold switching. With the aim of advancing

computational prediction and experimental characterization of fold

switchers, this review discusses several features that distinguish fold-

switching proteins from their single-fold and intrinsically disordered counter-

parts. First, the isolated structures of fold switchers are less stable and more

heterogeneous than single folders but more stable and less heterogeneous

than intrinsically disordered proteins (IDPs). Second, the sequences of single

fold, fold switching, and intrinsically disordered proteins can evolve at dis-

tinct rates. Third, proteins from these three classes are best predicted using

different computational techniques. Finally, late-breaking results suggest

that single folders, fold switchers, and IDPs have distinct patterns of residue–
residue coevolution. The review closes by discussing high-throughput and

medium-throughput experimental approaches that might be used to identify

new fold-switching proteins.
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1 | INTRODUCTION

Proteins have different levels of structural heterogeneity
and stability, ranging from one stable fold to intrinsically
disordered proteins (IDPs) with numerous unstable con-
formations. Between these two extremes lie a small but
increasing number of experimentally characterized fold-
switching proteins (Kulkarni et al., 2018). Contrasting
single-fold proteins, which assume fixed secondary and
tertiary structures in their folded states, fold switchers

remodel their secondary and tertiary structures and
change their functions in response to cellular stimuli
(Porter & Looger, 2018). Contrasting IDPs, fold switchers
spontaneously assume semi-stable experimentally charac-
terizable conformations in isolation. Exogeneous interac-
tions, such as substrate binding, are required for IDPs—
but not fold switchers—to fold. The structural transitions
of fold-switching proteins can be either irreversible or
reversible (Kim & Porter, 2021); fold switchers that
undergo reversible structural transitions are also called
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“metamorphic” (Murzin, 2008). The conformational tran-
sitions of fold switchers regulate biological processes
(Kim & Porter, 2021) and perform diverse biological func-
tions such as suppressing human innate immunity dur-
ing severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) infection (Gao et al., 2021), regulating the
expression of bacterial virulence genes (Kang
et al., 2018), and controlling the periodicity of the cyano-
bacterial circadian clock (Chavan et al., 2021). Despite
their biological importance, most fold switchers have
been discovered by chance (Lopez-Pelegrin et al., 2014),
and their dual-folding structures are usually missed by
state-of-the-art computational methods, such as Alpha-
Fold2 (Chakravarty & Porter, 2022).

With the aim of advancing computational prediction
and discovery of fold switchers, this review points out
features that distinguish these shapeshifting proteins
from their single-fold and IDP counterparts. The first
section discusses biophysical similarities and differences
between fold switchers, single folders, and IDPs. All three
sorts of proteins are dynamic and can interconvert
between distinct conformations on similar timescales.
Thus, timescale alone cannot be used to distinguish
between the conformational changes that these three
classes of proteins undergo. Nevertheless, the structures
of isolated fold switchers tend to be more stable and less
heterogeneous than IDPs but less stable and more hetero-
geneous than single folders. Second, the amino acid
sequences of IDPs tend to evolve more rapidly than both
fold switchers and single folders; in other words, the level
of amino acid variation tends to be higher among homol-
ogous IDPs than among homologous fold switchers or
single folders. In at least one case, the sequences of
homologous fold switchers evolve more rapidly than sin-
gle folders; in others, they evolve at similar rates. Thirdly,
single folders, fold switchers, and IDPs are best predicted
using different computational techniques. Deep-learning-
based methods, such as AlphaFold2 (Jumper et al., 2021),
often predict 3D structures of single folders with aston-
ishingly high accuracy. In contrast, uncertainty scores in
AlphaFold2 and RoseTTAfold (Baek et al., 2021) can be
used to identify IDPs with good accuracy (He
et al., 2022). Current deep-learning-based methods fail to
predict fold switching in most cases (Chakravarty &
Porter, 2022; Porter et al., 2022), but other approaches
such as variable length secondary structure propensity
comparison have been successful (Mishra et al., 2021;
Porter et al., 2022). Emerging results also suggest that sin-
gle folders, fold switchers, and IDPs have distinct pat-
terns of coevolution. Finally, we discuss experimental
approaches that hold promise for characterizing and
screening fold-switching proteins.

2 | BIOPHYSICAL SIMILARITIES
AND DIFFERENCES BETWEEN
SINGLE FOLDERS, FOLD
SWITCHERS, AND IDPS

Both in solution and in cells, proteins exist as dynamic
ensembles of interconvertible conformations. The hetero-
geneity of these conformations tends to be inversely
related to their stability, and dominant conformations
often shift in response to environmental changes
(Figure 1). Below we provide two illustrative examples of
conformational changes from single-fold, fold-switching,
and intrinsically disordered proteins. Timescales and
reaction mechanisms are reported when known, though
all three classes of proteins can exchange between confor-
mations on similar timescales (Kulkarni et al., 2018)
ranging from nanoseconds (e.g., domain reorientation) to
tens or hundreds of seconds (e.g., proline isomerization;
Guttman et al., 2020; Zosel et al., 2018). Nevertheless, the
isolated—that is, unbound—structures of fold switchers
tend to be less stable and more heterogeneous than single
folders (Bryan & Orban, 2010) but more stable and less
heterogeneous than IDPs.

2.1 | Single-fold proteins maintain
similar secondary and tertiary structures
in the folded state

Backbone adjustments have been observed in the C-
terminal domain (CTD) of human DNAJB6b (Figure 1),
an aggregation-suppressing chaperone in the Heat Shock
Protein 40 family. Its dominant monomeric conformation
assumes a twisted β1-strand conformation, while its
sparsely populated homo-oligomeric forms adopt flat β1-
strands (Karamanos et al., 2020). Occurring on the micro-
second timescale (Cawood et al., 2022), this reversible
structural interconversion affects the lengths and interac-
tions of the neighboring β2-strands and β3-strands and
likely impacts DNAJB6b's ability to assemble into func-
tional homo-oligomers (Karamanos et al., 2020).
Homodimers—precursors to homo-oligomers—form by
β1-strand association, likely facilitated by flat—but not
twisted—β1-strands. Indeed, a T142A mutation in the β1-
strand assumes the twisted conformation more frequently
than wild-type, increasing the dimer dissociation constant
by a factor of 2.5 and lowering the population of oligomers
by a factor of �6 (Cawood et al., 2022). This mutationally
triggered a decrease in homo-oligomers likely inhibits
Aβ42 amyloid fibril formation (Mansson et al., 2018).

Domain rearrangements, such as those observed in
the bacterial periplasmic maltose-binding protein (MBP;
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FIGURE 1 Increasing conformational heterogeneity and decreasing stability are generally observed among single-fold, fold-

switching, and intrinsically disordered proteins, respectively. Examples of single-fold proteins include backbone adjustment and domain

reorientation. The former is illustrated by DNAJB6b, a chaperone whose N-terminal β-strand is twisted in its monomeric configuration

(dark blue, PDB ID: 7JSQ, model 1) but straight in oligomers (cyan, PDB ID: 6U3R, Model 1); C-terminal β-sheets are light gray. The
orientation of Maltose Binding Protein's N-terminal (light gray) and C-terminal domains differ in the open apo (dark green, PDB ID:

1JW4, Chain A) and close maltose-bound (light green, 1ANF, Chain A) forms. Interdomain distances in both conformations are

annotated. Structural heterogeneity in fold-switching proteins can be categorized into equilibrium switching, in which both

conformations are populated at detectable levels under certain conditions, and triggered switching, in which an external stimulus shifts

the protein from one dominant fold to another. Equilibrium switching is exemplified by XCL1, a human chemokine that populates a

monomeric α + β fold (red, PDB ID: 1J9O, Model 1) and a dimeric β-sheet fold with a completely different hydrogen bond network (one

unit salmon, the other light gray, PDB ID: 2 N54, Model 1) at about a 50:50 ratio under physiological conditions. Orf9b illustrates

triggered switching; expressed in isolation, this severe acute respiratory syndrome coronavirus-2 protein folds into a β-sheet homodimer

(olive, PDB ID: 6Z4U, Chains A and B), while a portion of it folds into an α-helix (yellow, PDB ID: 7DHG, Chain B) when coexpressed

with human TOM70 (light gray, PDB ID: 7DHG, Chain A), which it binds in situ. Intrinsically disordered proteins, which display the

most structural heterogeneity, can fold into different secondary structures upon binding different partners (Coupled folding and binding)

and upon binding the same partner (Fuzzy complex). Human tumor suppressor protein p53 demonstrates coupled folding and binding

both by folding into a β-sheet (purple, PDB ID: 1MA3, Chain B) when complexed with Sirtuin (gray surface, PDB ID: 1MA3, Chain A) and

by folding into an α-helix (pink, PDB ID: 1DT7, Chains X and Y) when complexed with S100ββ (gray surface, PDB ID: 1DT7, Chains A

and B). Finally, Tcf4 forms a fuzzy complex with β-catenin (gray surface, PDB ID: 1G3J, Chain A); two distinct bound conformations are

shown in light orange (PDB ID: 1JDH, Chain B) and brown (PDB ID: 1G3J, Chain B). This brown conformation is a proposed model only

as it shows the conformation of a highly similar homolog, Tcf3. Mutagenesis experiments demonstrate that Tcf4 can interact with

β-catenin in manners consistent with both structures.
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Figure 1), occur in many single-fold proteins (Daily &
Gray, 2007). Flexible loops and/or linkers interconnecting
domains often function as hinges or pivot points for these
rearrangements. Accordingly, amino acid substitutions
within linkers can affect conformational rearrangement
rates significantly (Aggarwal et al., 2022; Borden
et al., 2020; Tian et al., 2009). The two domains of MBP's
unbound (open) conformation are further apart than in its
closed conformation, when it is bound to a substrate such
as maltose (Figure 1). Interestingly, in the absence of
ligand, unbound MBP undergoes conformational
exchange on the nanosecond-microsecond timescale
between a dominant (�95%) open form and a minor
(�5%) partially closed form (Tang et al., 2007). Thus, it
may be tempting to hypothesize that MBP binds maltose
only when it populates the partially closed form, a mecha-
nism known as conformational selection. If so, the rate of
MBP closing would limit its binding rate regardless of
ligand concentration. The opposite was observed by
single-molecule Förster Resonance Energy Transfer exper-
iments, which demonstrated that the closing rates of an
MBP variant increase linearly with ligand concentration,
strongly supporting an alternative induced-fit mechanism
whereby the ligand binds the open form of MBP and
causes it to close (Kim et al., 2013). The sequence of the
characterized MBP variant differed from wild-type by one
amino acid, and the authors proposed that wild-type also
functions by induced fit (Kim et al., 2013).

2.2 | Fold-switching proteins assume
stable folds but remodel their secondary
and tertiary structures in response to their
environments

Contrasting the motions observed in the single-fold pro-
teins, which preserve all or most of the integrity of their
folds, the fold-switching transition of autoimmune dis-
ease associated (Lei & Takahama, 2012) human chemo-
kine XCL1 involves completely repacking its
hydrophobic core, reforming its hydrogen bonding net-
work, and changing from an α/β to an all-β fold
(Dishman et al., 2021). This transition occurs slowly—on
a timescale of seconds (Volkman et al., 2009). Under
physiological conditions, XCL1 folds into two (approxi-
mately) equally populated conformations (Tuinstra
et al., 2008): a monomeric α + β fold that activates the G-
protein coupled receptor XCR1 and dimeric fold that
binds glycosaminoglycans (Figure 1) and may have anti-
microbial activity (Dishman et al., 2021). Although the
mechanistic details of XCL1's structural interconversion
remain unsettled (Khatua et al., 2020; Tyler et al., 2011),
a recent mutational study identified three important

factors that contribute to its fold switching: (1) a stable
dimer interface, (2) loop mutations that increase flexibil-
ity and/or strain, and (3) noncovalent amino acid con-
tacts compatible with both folds (Dishman et al., 2021).

To date, few fold-switching proteins have been found
to populate two conformations simultaneously
(Chakravarty & Porter, 2022) as XCL1 does. More have
been observed to assume one dominant fold that shifts to
an alternative conformation in response to environmen-
tal changes (Park et al., 2011; Stein et al., 1991; Xu
et al., 2005; Zuber et al., 2019). For instance, when
expressed in isolation, the SARS-CoV-2 protein Orf9b
folds into a β-sheet homodimer, but when coexpressed
with its binding partner, human TOM70, the two pro-
teins form a complex in which a �35-residue segment of
Orf9b folds into a long α-helix (Figure 1). Orf9b-TOM70
interactions have been observed by x-ray crystallography
(Gao et al., 2021) and by cryogenic electron microscopy
(cryo-EM) along with coimmunoprecipitation and imag-
ing in human cell lines (Gordon et al., 2020). These inter-
actions are linked to suppression of type I interferon-β
(Jiang, Zhang, et al., 2020), a cytokine involved in anti-
viral immune responses (Murira & Lamarre, 2016).
Immunoglobulin G (IgG) antibodies against Orf9b pre-
sent in the sera of some convalescent SARS-CoV-2
patients (Jiang, Li, et al., 2020) further suggest an anti-
genic function. Interestingly, dimeric Orf9b does not bind
to TOM70; instead, it requires coexpression (Gao
et al., 2021) or possibly some other exogeneous factor
in vivo. Other fold-switching proteins can switch domi-
nant states without changing their expression conditions.
For instance, the C-terminal domain of the bacterial tran-
scription factor RfaH assumes a ground state α-helical
fold with no trace of its alternative β-sheet fold, to which
it switches when its N-terminal domain binds both RNA
polymerase and the operon polarity suppressor DNA
sequence (Zuber et al., 2019). Interestingly, a recent bio-
physical study (Zuber et al., 2022) demonstrated that the
unfolded state of RfaH's CTD may poise it to switch folds.
Specifically, its folded β-strand conformation exchanges
with a minor (�5%) partially α-helical conformation at a
rate of 15.0 s�1. The thermodynamic stability of this fold-
switching domain is also less thermodynamically stable
than its single-fold counterparts (Zuber et al., 2022).

2.3 | IDPs lack stable secondary and
tertiary structures in isolation; their
binding partners select their
conformations

Like Orf9b and RfaH, the intrinsically disordered C-
terminal negative regulatory domain (NRD) of tumor
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suppressor protein p53 (Rustandi et al., 2000) can fold
into a β-strand or an α-helix (Oldfield et al., 2008), but its
folded conformation is determined by its binding partner
(Figure 1). Within a cleft of the deacetylating enzyme sir-
tuin (Sir2), the NRD peptide with acetylated K382 forms
a β-strand (Avalos et al., 2002) that links the two Sir2
domains together. Importantly, this posttranslational
modification (PTM) alters DNA binding and likely occurs
in response to DNA damage (Sakaguchi et al., 1998);
human Sir2 can deacetylate this site in full-length p53
(Avalos et al., 2002), regulating its activity (Borra
et al., 2005). Contrastingly, in the presence of Ca2+, the
p53 NRD binds to human S100ββ and folds into an
α-helix (Rustandi et al., 2000). This interaction blocks
two phosphorylation and two acetylation sites, whose
modifications are likely important for p53 activation
(Rustandi et al., 2000). S100ββ binding rates from line-
width analysis of nuclear magnetic resonance (NMR)
experiments suggest that, like MBP, the p53 NRD folds
into a helix after binding, an induced-folding (Berlow
et al., 2015) or “fly-casting” (Chen, 2009) mechanism that
occurs on the sub-microsecond timescale (Wafer
et al., 2012). It is unclear how PTMs affect the NRD's sec-
ondary structure propensities, though they can affect the
conformational propensities of other IDPs both in vitro
(Bah et al., 2015) and in situ (Mylona et al., 2016), and
multisite acetylation in full-length p53 alters the chemi-
cal environment of some NRD residues (Krois
et al., 2022). Various computational approaches suggest
that the NRD peptide—unfolded in isolation—
nevertheless has mixed secondary structure propensities
(Kannan et al., 2016; Kumar et al., 2020), perhaps allow-
ing it to assume different secondary structures with dif-
ferent partners.

While some IDPs assume a well-defined fold when
bound to their macromolecular partners, others remain
unstructured or populate multiple stable conformations.
The structural heterogeneity of these “fuzzy complexes”
varies (Tompa & Fuxreiter, 2008). Interactions between
intrinsically disordered transcription factor Tcf4 and
transcriptional coactivator β-catenin exemplify a poly-
morphic fuzzy complex in which Tcf4 assumes multiple
distinct conformations. Cellular accumulation of
β-catenin is associated with many forms of cancer
(Graham et al., 2001). Accordingly, interactions between
β-catenin and Tcf factors activate the transcription of sev-
eral critical genes involved in cell proliferation, and Tcf4
is the major Tcf present in colon cancer cells (Graham
et al., 2001). The crystal structure of the β-catenin-Tcf4
complex showed a well-resolved structure of Tcf4
(Figure 1, orange), though it is intrinsically disordered in
isolation. Interestingly, the conformation of Tcf3
(Graham et al., 2000), a highly similar homolog of Tcf4,

complexed with β-catenin differed from Tcf4 (Figure 1,
brown). Importantly, regions of these proteins with iden-
tical sequences formed different functionally important
salt bridges with K312 of β-catenin: E24 in Tcf3 and E29
in Tcf4. Mutagenesis studies showed that E24 of Tcf4 can
also form a salt bridge with K312, suggesting that Tcf4
can bind β-catenin in multiple distinct conformations
(Graham et al., 2001). More recent computational work
suggests that both the homogeneity/heterogeneity of sim-
ilarly charged residues and the charge patterns in IDPs
can bias the thermodynamics of fuzzy complexes and
may also contribute to binding specificity (Hazra &
Levy, 2022). IDP–IDP interactions that occur in various
protein condensates formed by liquid–liquid phase sepa-
ration (Brangwynne et al., 2015) may also form fuzzy
complexes. For instance, NMR and Raman spectroscopies
did not provide any evidence showing that the low com-
plexity domain of FUS, an RNA-binding IDP, assumes
traditional secondary structure in its liquid condensed
phase; rather, it remains structurally heterogeneous, and
nonspecific interactions between disordered subunits
underlie its liquid–liquid phase separation (Murthy
et al., 2019). A recent preprint reported similar findings:
by combining single-molecule FRET experiments with
molecular dynamics simulations, Schuler and colleagues
observed similar short-range molecular environments in
the dilute and condensed phases of the histone
H1-prothymosin α protein pair (Galvanetto et al., 2022).

3 | EVOLUTION OF SINGLE
FOLDERS, FOLD SWITCHERS,
AND IDPS

Decades of research have established that single-fold pro-
tein families have distinctive mutational patterns
(Figures 2a,b). Increasingly sophisticated algorithms have
leveraged these patterns to associate highly dissimilar
sequences with similar folds and functions (Altschul
et al., 1997; Bateman et al., 2004; Eddy, 2009; Remmert
et al., 2011; Steinegger et al., 2019), and a recent deep
learning approach has successfully used them to improve
functional inference (Bileschi et al., 2022). In contrast,
IDPs tend to evolve rapidly, and their sequences often
lack obvious conservation patterns (Figures 2a,b). This
absence of widespread conservation often confounds
homology inference (Pancsa et al., 2018), though func-
tionally important IDP/IDR subsequences known as
molecular recognition features (Mohan et al., 2006) and
short-linear motifs (Van Roey et al., 2014) can be more
highly conserved (van der Lee et al., 2014).

How conserved are fold-switching sequences com-
pared with those of single folders and IDPs? One might
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expect robust conservation since fold-switching
sequences must specify two stable conformations. Never-
theless, a recent study contradicts that expectation
(Porter et al., 2022). It focused on bacterial NusG tran-
scription factors, which share a two-domain architecture:
a highly conserved N-terminal NGN domain that binds
RNA polymerase and a less conserved C-terminal domain
(CTD) that interacts with proteins involved in various

biochemical pathways (Kang et al., 2018), such as the
integral ribosomal subunit, S10 (Burmann et al., 2012).
While the CTDs of most structurally characterized NusGs
share a conserved β-roll fold (Figure 2c), the CTD of a
specialized member of the family, known as RfaH, has
been shown to switch reversibly from a completely
α-helical ground state fold into an excited β-roll confor-
mation (Figure 2c) upon binding both RNA-polymerase

(a)

(c)

(d)

(b)

FIGURE 2 Sequence conservation patterns can differ among single-fold, fold-switching, and intrinsically disordered proteins. (a) The

region of a NusG sequence alignment depicting its linker, an intrinsically disordered region (IDR), shows little sequence conservation while

its single-fold C-terminal domain (folded domain) shows more. Conserved residues with dark gray/light gray backgrounds can be substituted

with BLOSUM62 scores of 0 or higher and constitute 80%–99%/60%–80% of the amino acids in each column. Less conserved residues have

white backgrounds. Alignment was generated by searching the Uniref30 database from February 2022 with the sequence of PDB 2JVV_1

using the HHblits online alignment tool (Steinegger et al., 2019; https://toolkit.tuebingen.mpg.de/tools/hhblits); alignment generated with

Geneious Prime. (b) Consistent with the sequence alignment in (a), IDPs evolve more rapidly than single-fold proteins. Cumulative

distributions of conservation scores, calculated with Rate4Site in Chakravarty & Porter (2022), indicate that a sample of 100 randomly

chosen IDPs evolves more quickly than a set of single-fold proteins. Larger scores indicate stronger conservation and slower evolutionary

rates. (c) RfaH, a member of the universally conserved NusG transcription factor family, has a C-terminal domain (purple) that switches

between completely α-helical (PDB ID: 2OUG, Chain C) and β-sheet folds (PDB ID: 6C6S, Chain D) in response to binding RNA polymerase

and a specific DNA sequence known as ops. In contrast, the C-terminal domains (CTDs) of all other NusGs with solved structures maintain

the β-sheet fold only (red). Their intrinsically disordered linker (blue) corresponds to the IDR region in (a); note that it lacks crystal density

in the structure of RfaHα. N-terminal domains of NusG and RfaH are colored gray. (d). Among NusG proteins, conformational heterogeneity

and pairwise sequence identity appear inversely related. Median values (white dots) within the distributions of pairwise sequence identities

between NusG IDRs (blue), fold-switching CTDs (purple), and single-fold CTDs (red) increase. Interquartile ranges are depicted within the

distributions as bold black lines. Plots in (b) and (c) generated with matplotlib (Hunter, 2007) and seaborn (Waskom, 2021).
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and a specific DNA sequence, ops (Zuber et al., 2019).
Computational predictions, based on inconsistencies
between inferred secondary structures (Kim et al., 2021;
Mishra et al., 2019, 2021), suggested that 24% of NusG
proteins switch folds. These predictions were confirmed
by circular dichroism and NMR experiments characteriz-
ing 10/10 dissimilar NusG variants (Porter et al., 2022).
Pairwise sequence identity distributions (Figure 2d) indi-
cated that the diversity of fold-switching NusG sequences
exceeded that of their single-fold counterparts. By com-
parison, pairwise sequence identities of the disordered
linker connecting N-terminal and C-terminal NusG
domains are the lowest, indicating the most diversity
(Figure 2D). The sequence diversity of fold switchers may
depend on the protein family, however. Phylogenetic
analysis suggests that ancestors with <60% sequence
identity to fold-switching protein XCL1 (Figure 1) lose
their ability to switch folds (Dishman et al., 2021), and an
overall comparison of the evolutionary rates between
98-fold switching and single-fold found no statistically
significant difference (Chakravarty & Porter, 2022).

4 | SEQUENCE-BASED
PREDICTIONS OF STRUCTURAL
HETEROGENEITY IN PROTEINS

Deep-learning-based methods have revolutionized pro-
tein structure prediction. Before 2020, the median heavy-
atom root mean square deviations between well predicted
and experimentally determined single-domain protein
structures had stagnated around 6 Å (AlQuraishi, 2021).
This accuracy metric dropped precipitously to �2 Å in
2020 after the development of AlphaFold2
(AlQuraishi, 2021). Since then, other deep-learning-based
methods have been developed to accurately predict con-
formations of interacting proteins (Baek et al., 2021;
Evans et al., 2022), conformations of orphan protein
sequences (Chowdhury et al., 2022), and the folds of
�617 million metagenomic sequences (Lin et al., 2022).
AlphaFold2 may have also learned some physical princi-
ples of protein folding (Roney & Ovchinnikov, 2022),
though not enough to reproduce experimentally observed
folding pathways (Outeiral et al., 2022). This is not sur-
prising since pattern recognition—rather than
biophysics—underlies deep learning algorithms (Chen
et al., 2023; Rose, 2021).

The limitations of deep-learning-based methods are
evidenced by their predictions of fold switchers and
somewhat for IDPs. For instance, AlphaFold2 consis-
tently predicts one conformation of fold-switching pro-
teins and favors the excited conformation 30% of the time
(Chakravarty & Porter, 2022), indicating that it cannot

always decipher the lowest energy states of fold
switchers. Additionally, it often does not distinguish
between the sequences of fold-switching and single-fold
proteins, both of which are predicted with high confi-
dence (Chakravarty & Porter, 2022). Furthermore, Alpha-
Fold2, Robetta, EVCouplings, and PHYRE2 all failed to
predict the ground-state α-helical conformation of a
sequence-dissimilar homolog of RfaH whose secondary
structure was determined by NMR (Porter et al., 2022).
Instead, they predicted ground-state β-sheet folds, as do
RoseTTAfold, ESM-fold, and RGN2 (Figure 3a). Relat-
edly, AlphaFold2 does not accurately model the confor-
mational heterogeneity of IDPs (Ruff & Pappu, 2021).
Nevertheless, AlphaFold2's uncertainty metric, known as
its per-residue local distance difference test (pLDDT)
score, can be used to infer intrinsic disorder with consid-
erable accuracy because AlphaFold2 is not confident in
its predictions of IDPs (He et al., 2022). Conditionally
folding IDPs can sometimes be inferred from AlphaFold2
predictions also: �60% of a set of 350 IDPs experimen-
tally observed to fold conditionally have high pLDDT
scores (Alderson et al., 2022). Other bioinformatic
methods can also infer intrinsic disorder and conditional
folding with reasonable accuracy (Disfani et al., 2012;
Erdos et al., 2021; Xue et al., 2010).

Although sophisticated deep learning methods are
currently unable to consistently predict both conforma-
tions of fold-switching proteins, recent work has shown
that inconsistent secondary structure predictions can be
used to infer fold switching (Figure 3b; Chen et al., 2020;
Kim et al., 2021; Mishra et al., 2019, 2021; Porter &
Looger, 2018). This approach has been applied success-
fully to RfaH (Porter et al., 2022) and nine other fold-
switching proteins that undergo α-helix $ β-strand tran-
sitions (Mishra et al., 2021), including Orf9b
(Porter, 2021).

JPred4 (Drozdetskiy et al., 2015), the secondary struc-
ture predictor that best identifies fold switchers overall
(Mishra et al., 2019), requires a multiple sequence align-
ment (MSA) as input. MSAs with different depths and
similarities to their sequence targets yield different sec-
ondary structure predictions that can be leveraged to
infer fold switching (Figure 3b; Porter et al., 2022).
Though initially recognized in the RfaH family, this
observation applies to the other nine JPred4-predicted
fold-switching proteins (Mishra et al., 2021) as well
(Figure 3c), indicating that MSAs of varying depths and
diversity might provide more information relevant to fold
switching than can be obtained from a deep MSA alone
(Schafer & Porter, 2023). It should be noted, however,
that sequence lengths also vary between JPred4 predic-
tions, and their effects on inference have not been exam-
ined systematically.
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(c) (d)

FIGURE 3 Legend on next page.
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AlphaFold2 also relies on MSAs to make reliable
predictions (Jumper et al., 2021). Several studies suggest
that inputting shallow MSAs (Del Alamo et al., 2021;
Del Alamo et al., 2022) or masking coevolutionary pat-
terns (Stein & McHaourab, 2022) can steer AlphaFold2
to predict alternative protein conformations accurately.
Could this approach work for fold switchers? A recent
preprint reports that AlphaFold2 was able to accurately
predict the alternative conformations of 3/6-fold
switchers when shallow, subfamily-specific MSAs were
inputted (Wayment-Steele et al., 2022). Furthermore,
AlphaFold2 predicted α-helix $ β-sheet switching in
reconstructed ancestors of bacterial response regulator
proteins with high pairwise sequence identity
(Chakravarty et al., 2022).

Interestingly, emerging work suggests that fold-
switching proteins may have distinctive coevolutionary
patterns (Figure 3d), which play a central role in deep-
learning-based protein structure prediction (Jumper
et al., 2021; Lin et al., 2022; Rao et al., 2021). Coevolution
describes when the occurrence of an amino acid at a site
in a protein's sequence depends upon the identities of
amino acids at other positions (Ivankov et al., 2014). In
folded proteins, coevolving amino acid pairs usually con-
tact one another directly (Anishchenko et al., 2017), typi-
cally stabilizing protein structure or promoting function.
Coevolved contacts can greatly limit the number of possi-
ble conformations that computational methods must
sample to predict a protein's fold (Yang et al., 2020), driv-
ing the development of increasingly sensitive methods
that infer amino acid coevolution from MSAs (Lockless &
Ranganathan, 1999; Morcos et al., 2011; Rao et al., 2021).

Single-fold proteins with deep MSAs tend to display
robust coevolution between many diverse amino acid
pairs proximal in experimentally determined structures
of single-fold proteins (e.g. Figure 3d). In contrast,
because IDPs often evolve quickly, it can be difficult to
obtain MSAs with high enough quality to perform robust
coevolutionary analysis. Interestingly, a recent coevolu-
tionary study indicates that amino acids in some IDPs
coevolve with those of their binding partners (Pancsa
et al., 2018; Figure 3d), suggesting that exogenous factors
may influence the evolution of some IDPs. To our knowl-
edge, only one systematic study has analyzed the intra-
chain IDP coevolution (Basu & Bahadur, 2022). It
suggested that residues in IDPs may coevolve—not to
form residue-residue contacts—but to maintain high
intrachain entropy. By comparison, recent work indicates
that residue–residue contacts unique to both conforma-
tions of RfaH (Porter et al., 2022) and KaiB (Wayment-
Steele et al., 2022) coevolve, suggesting that their struc-
tural interconversions may confer evolutionary advan-
tage (Schafer & Porter, 2023). If the coevolution of fold-
switching proteins is a general phenomenon, it may pro-
vide the key to accurately predicting two 3D structures
from one amino acid sequence.

5 | EXPERIMENTALLY
CHARACTERIZING AND
SCREENING FOLD SWITCHERS

Computational methods that predict which proteins
switch folds require subsequent experimental testing.

FIGURE 3 Predictive features of fold-switching proteins. (a) All state-of-the-art deep-learning-based methods fail to predict the

experimentally characterized α-helical ground state of Variant 5, a member of the NusG family with ≤29% sequence identity to its homologs

with experimentally determined structures (Porter et al., 2022). The 3D helical model of Variant 5 (left), generated using Rosetta-CM (Song

et al., 2013) with RfaH (PDB 5OND, Chain A) as a template, is consistent with its chemical-shift-derived secondary structures (Porter

et al., 2022). In contrast, all state-of-the-art methods, including trRosetta (Du et al., 2021), EVCouplings (Hopf et al., 2019), and PHYRE2

(Kelley et al., 2015; shown in Porter et al., 2022), predict the activated β-roll fold. In all cases, Variant 5's fold-switching CTD is slate while its

single-fold NTD is gray. (b) Contrastingly, Variant 5's ground state α-helical fold was successfully inferred from variable-length secondary

structure propensity comparison. While both full-length and cropped NusG sequences have similar amino acid conservation patterns (gray

vertical lines, top gray panel), conservation patterns differ for full-length and cropped RfaH (gray vertical lines, bottom gray panel). Similar/

different full-length and cropped conservation patterns lead to similar/different secondary structure predictions, suggesting that NusG does

not switch folds (top) while RfaH does (bottom). These different patterns likely result from different multiple sequence alignment (MSA)

homogeneities. The sequence distributions depicted are for illustrative purposes only since true sequence distributions are unknown. (c) For

10 fold-switching proteins successfully predicted by JPred4 (Mishra et al., 2021), full-length alignments yielding secondary structure

prediction 1 are deeper (plot above) and more diverse (plot below), indicating the presence of both fold-switching and single-fold sequences.

In contrast, cropped sequence MSAs, yielding secondary structure prediction 2, are shallower (plot above) and more similar to the target

sequence (plot below), reflecting fold-switching subfamily properties. (d). Some single-fold, fold-switching, and intrinsically disordered

proteins coevolve differently. The bacterial IDP MazE (blue, PDB ID: 5CQX, Chain C) coevolves with its folded binding partner, MazF (gray,

PDB ID: 5CQX, Chain A); predicted contacts taken from Pancsa et al. (2018). Stablizing intrachain contacts coevolve in single-folding

ubiquitin (red, PDB ID: 1UBQ, Chain A); predicted contacts generated using GREMLIN (Balakrishnan et al., 2011; Kamisetty et al., 2013). In

contrast, GREMLIN can successfully predict inter-residue contacts unique to both folds of RfaH when using an MSA composed of sequences

that yield similar partially helical JPred4 predictions (Porter et al., 2022).
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Solution NMR has been a method of choice because it
can recognize multiple conformations exchanging on a
slow timescale (Dishman et al., 2021; Tuinstra
et al., 2008) and sparsely populated conformations that
may facilitate fold-switch transitions (Cai et al., 2019;
Zuber et al., 2022). Recently, 19F NMR experiments have
also probed fold switching of the tuberculosis-associated
protein PimA (Liebau et al., 2020), demonstrating
another avenue for probing the dynamics fold switching.
These experiments could potentially monitor fold switch-
ing in situ as well (Thole et al., 2021). Additionally,
single-molecule experiments that have successfully char-
acterized protein misfolding pathways (Yu et al., 2012)
could potentially be used to characterize intermediates
that occur during fold-switch transitions. Despite their
utility and promise, neither NMR nor single-molecule
experiments can be used for high-throughput screening
of fold-switching candidates because they tend to be
slow; NMR experiments can also be expensive, and they
require large amounts of pure isotopically labeled
protein.

Several experimental alternatives could potentially be
used to screen for fold switching. Hydrogen-Deuterium
eXchange Mass Spectroscopy (HDX-MS) has successfully
distinguished between two different prefusion conforma-
tions of the SARS-CoV-2 spike protein trimer (Costello
et al., 2022), suggesting that it may be sensitive enough to
distinguish between two alternatively folded populations
of proteins exchanging on a slow timescale. Since fold
switching often occurs on the order of seconds or slower
(Liebau et al., 2020; Luo et al., 2004; Solomon et al., 2023;
Volkman et al., 2009; Zuber et al., 2022), HDX-MS is a
promising screen. Additionally, FRET experiments can
be used to probe protein dynamics in vitro (Feng
et al., 2019), suggesting another promising screen if the
predicted conformations of fold switchers have different
end-to-end distances. Finally, circular dichroism experi-
ments were recently used to screen for fold switching in
the NusG protein family (Porter et al., 2022). These
experiments were consistent with subsequent NMR ana-
lyses and likely succeeded because the ground state struc-
tures of fold-switching RfaHs have considerably more
helical content than single-folding NusGs.

6 | CONCLUSIONS

Several features of proteins can reveal where they might
fall on the structural heterogeneity and stability scales
(Figure 1). First, in general, the isolated structures of fold
switchers are less stable and more heterogeneous than
single folders but more stable and less heterogeneous
than IDPs. Second, the rates of amino acid variation

differ between homologous sequences of single folders,
fold switchers, and IDPs. Third, single folders, fold
switchers, and IDPs are best predicted using different
computational techniques. Finally, emerging results sug-
gest that these three protein classes may have distinct
patterns of coevolution. Many discoveries related to fold-
switching proteins have occurred in the past 5 years. By
combining recent advances in deep learning with state-
of-the-art experimental techniques, it may become possi-
ble to predict two stable conformations from one
sequence accurately and consistently in the next 5 years.
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