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1 | INTRODUCTION

The classic paradigm “one sequence, one fold” proposed by Anfinsen
postulates that the native structure of a protein is determined by its pri-
mary aminoacyl sequence.“'zl In 1994, George Rose and Trevor
Creamer put forth the “Paracelsus Challenge”—to transform a protein
from its original fold to a different fold while retaining no less than 50%
identity to the original aminoacyl sequence.”® This challenge was solved
in 1997 by Dalal et al. who designed a variant of a predominantly beta-
sheet protein that instead adopted a helix bundle conformation.* At
that time, it was unknown that some proteins can switch reversibly
between two distinctly different folds under native conditions despite
having just one aminoacyl sequence. The first protein that was found to
definitively possess this property is thought to be XCL1/lymphotactin,
identified by the lab of Brian Volkman in 2002.”! These proteins have

This article was published on the 16th September 2021. On 5th October 2021 the article
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Proteins that can reversibly alternate between distinctly different folds under native
conditions are described as being metamorphic. The “metamorphome” is the collection
of all metamorphic proteins in the proteome, but it remains unknown the extent to
which the proteome is populated by this class of proteins. We propose that uncovering
the metamorphome will require a synergy of computational screening of protein
sequences to identify potential metamorphic behavior and validation through experi-
mental techniques. This perspective discusses computational and experimental
approaches that are currently used to predict and characterize metamorphic proteins as
well as the need for developing improved methodologies. Since metamorphic proteins
act as molecular switches, understanding their properties and behavior could lead to

novel applications of these proteins as sensors in biological or environmental contexts.

fold switching, KaiB, lymphotactin, metamorphic protein, metamorphome

since come to be known as “metamorphic proteins,” a term coined by
Murzin in 2008.¢ Metamorphic proteins have close and sometimes
partly overlapping relationships with other groups of proteinsl” includ-
ing: intrinsically disordered proteins (IDPs), which lack ordered three-
dimensional (3D) structure'®; morpheeins, which possess multiple con-
formations to accommodate different oligomeric states!”); moonlighting
proteins, which exhibit multiple functions within a single aminoacyl

[10,11]; and prions[12,13 [14]

sequence' 1 and amyloid proteins, which are
known for their ability to fold or change folds irreversibly.

Metamorphic proteins are of emerging interest because they
evolved to adopt two different folds that interchange under native con-
ditions. For example, XCL1/lymphotactin from the C family of

chemokines>**!

exists in a dynamic equilibrium between two distinctly
different folds under physiological conditions each associated with a dif-
ferent function. The monomeric form binds XCL1/lymphotactin recep-
tors while the dimeric form binds to heparin; as the two folds of XCL1/
lymphotactin are mutually exclusive, so are its two distinct functions.[¢!

KaiB, the only known metamorphic protein in circadian clock systems,
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exists in an equilibrium between a unique fold that self-associates as a
homotetramer and monomer with a thioredoxin-like fold.*”? Through-
out the day, KaiB exists primarily in the tetrameric state but at night
binds to its partner protein, KaiC, in its monomeric fold and this cycle
repeats in synchrony with the Earth's rotation.[181%!

In addition to their significance to the fields of evolution, biology,
and protein folding, metamorphic proteins are also potential starting
points for engineering new applications. For instance, biosensors have
already been designed using proteins, and metamorphic proteins can
potentially benefit this field, because they can change their inactive/
active fold states (output) in response to a stimulus (input) and thus
reversibly switch between “off” and “on” states.2°-22l As metamor-
phic proteins are an emerging class of proteins, it is important to
advance methodology with which to better characterize the popula-
tion of metamorphic proteins, called the “metamorphome.”

Only a small number of proteins have been experimentally found to
be metamorphic largely through serendipity because methods for identi-
fying and characterizing metamorphic proteins using directed searches
are in their infancy. A major challenge in the experimental identification
of metamorphic proteins is that fold switching is not always observable
as a conformational equilibrium under typical experimental conditions.
Rather, fold switching often depends on an unknown environmental trig-
ger (e.g., temperature, pH, concentration) that stabilizes the alternate
fold, and without preexisting knowledge of the conditions that trigger
the fold switch, only one of the conformations may be observable.?®
Therefore, if a conformational equilibrium is not initially observed and
the trigger is unknown, then significant experimental efforts are needed
to identify the fold switching behavior for even one protein sequence. A
more efficient approach to identifying metamorphic protein sequences
could be by using computational approaches for high-throughput screen-
ing, followed by experimentation for confirmation.

There is also a gap in knowledge on how metamorphic proteins

convert between their alternate folds, impeding a comprehensive

TABLE 1

Metamorphic

understanding of protein behaviors and developing protein-based bio-
technologies. After the metamorphic behavior in a protein sequence
has been identified, more detailed experimental and computational
approaches should be used to characterize the fold switching behavior,
which could include elucidating the mechanism of fold switching,
identifying conformational intermediates along the fold switching
pathway, and engineering the fold switching protein toward desired
applications.

Recently, there have been new computational approaches devel-
oped to identify potentially metamorphic proteins from their
aminoacyl sequences. For example, Looger and Porter®¥ identified
192 extant structures in the Protein Data Bank (PDB) (96 structure
pairs) that were similar or identical in sequence but had different 3D
folds, and estimated that 0.5% to 4% of proteins in the PDB are capa-

ble of switching folds. The list was revised by Chen et al.?*

resulting
in a dataset consisting of 201 potentially metamorphic proteins. These
recent advances have improved our knowledge of the met-
amorphome, but perhaps more importantly also revealed the need for
more powerful computational and experimental methodology to study
this exciting family of proteins. This perspective is inspired by the pos-
sibility that the handful of labs working on metamorphic proteins
today will attract numerous other researchers to create a vibrant com-
munity of metamorphome researchers. It summarizes recent advances in
experimental and computational methodologies (see Table 2) with a future
outlook on how to use these tools more effectively.

2 | EXPERIMENTAL APPROACHESTO
METAMORPHIC PROTEIN
CHARACTERIZATION

Presently, only 20 proteins have been experimentally annotated
and verified as being metamorphic (XCLl,[S'“’] KaiB, '8 |scu 2!

Triggers and structure determination techniques for known metamorphic proteins

protein Trigger Technique

XCL1 Salt, temperature NMR

KaiB Ligand binding NMR

IscU Redox NMR

Mad2 Ligand binding NMR

OxyR Redox X-ray

Caspase-6 Ligand binding X-ray/HDX-MS/
MD

CLIC Redox X-ray

RfaH Ligand binding NMR

Cytolysin A Membrane X-ray

insertion
Hemagglutinin pH X-ray

Metamorphic protein Trigger Technique
XRCC1 Redox NMR/X-ray
HIV-1 capsid maturation Proteolysis NMR/X-ray
switches
HIV-1 reverse transcriptase Unfolding NMR/X-ray
P1 lysozyme Redox X-ray
Phytochrome photoreceptor Light X-ray
Retinoic acid receptor Ligand binding X-ray
Selecase Concentration X-ray
Serpins Proteolysis/domain X-ray
swap
T7 RNA polymerase Ligand binding X-ray
TCR ectodomain Unknown X-ray

Abbreviations: HDX-MS, hydrogen/deuterium-exchange mass spectrometry; HIV-1, human immunodeficiency viruses-1; MD, molecular dynamics; NMR,

nuclear magnetic resonance.
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(Continued)

TABLE 2

Examples of metamorphic proteins

Throughput

Limitations

Applicability

Techniques

Mad2,?”! Cytolysin A,*? HIV-1 capsid

Low

Negative-staining might give rise

Information on shape and assembly state of macromolecular

Electron microscopy (EM)

maturation switches3¢37)

to artifacts; cumbersome
sample preparation and

screening

complexes

High

Misclassifications as reflected in

Porter et al. codes https:// Determines independent

Sequence-based approach

false positives; small dataset of
known metamorphic proteins

cooperatively folding regions;
discrepancies in secondary

github.com/lIporter/Fold-

Switch.git

structure prediction programs

High

Misclassifications as reflected in

Predicts metamorphic tendency

Chen et al. codes https://github.

false positives; small dataset of
known metamorphic proteins

by quantifying uncertainty in

com/BeyondCNH/
Diversitylndex

DAS ET AL

secondary structure prediction

programs

Med Caspase-6,2%! phytochrome

Metamorphic time scale may

Simulates protein structural

Molecular dynamics

Physics-based molecular

photoreceptort4®!

exceed computational power;

may require artificial

ensembles using classical

simulation methods

dynamics; can determine fold
switching mechanism and

intermediates

perturbations to observe

desired behavior

Mad2,2? OxyR 2 Caspase-6,2"1 CLICEY RfaH,*! Cytolysin A2
hemagglutinin,®3 XRCC1,2*3% human immunodeficiency viruses-1
(HIV-1) capsid maturation switches,[%’3ﬂ HIV-1 reverse transcriptase,m] P1
Iysozyme,[39] phytochrome photoreceptor,[“ol retinoic acid receptor,[41]
Selecase,*? Serpins,*® T7 RNA polymerase,** TCR ectodomain®). A list
of known triggers (mostly adapted from Kulkami et al#®) and techniques
that were primarily used to recognize their metamorphic properties
are presented in Table 1. Of all these proteins, structures of 11 of
these proteins were solved by X-ray crystallography (e.g., see Fig-
ure 1), but their metamorphic behavior was serendipitously discov-
ered while using other biophysical techniques. For example, crystal
structures of both KaiB*”*® and RfaH*"! were well-characterized,
but their metamorphic properties could only be identified by nuclear
magnetic resonance (NMR). For three proteins, NMR in combination
with X-ray (XRCC1,13%3%) Hiv-1 capsid maturation switches, 36371

[38]) were used to discover their meta-

HIV-1 reverse transcriptase
morphic properties, while H/DX-MS combined with molecular
dynamics (MD) simulations were used to probe the distinct confor-
mational dynamics of Caspase-6.2%! For the rest, NMR was primarily
used in combination with other biophysical techniques to discover
their metamorphic properties. The challenges of experimental tech-
niques to identify metamorphic proteins are briefly discussed in the

following sections.

21 | X-ray crystallography

X-ray crystallography is a powerful experimental technique for protein
structure determination because of its potential to provide high
spatial resolution over a broad molecular weight range. As of February
2020, approximately 89% of the structures in PDB were solved by X-
ray crystallography. However, a drawback is that it traps proteins in a
free energy minimum mostly defined by a single structure within
a crystallographic lattice, whereas in solution proteins exist as an
ensemble of thermodynamically accessible states. For example, the X-
ray crystal structure of the metamorphic protein KaiB revealed that it
adopts a unique fold as a homotetramer,“”*®! and its mode of
interaction with KaiC remained speculative until the monomeric
fold-switched structure of KaiB was solved by NMR.[*® Separately
crystallizing a metamorphic protein in its different folds is challeng-
ing unless conditions favoring one fold over the other are known in

advance.

2.2 | NMR spectroscopy

Solution-state NMR spectroscopy has been used to discover and
characterize approximately half of experimentally validated metamor-
phic proteins (XCL1,>%® KaiB,8 IscU,?® Mad2,?"! RfaH, B!
XRCC1,343°! HIv-1 capsid maturation switches, 34371 HIV-1 reverse
transcriptase[38]), despite comprising only 8% of protein structures
deposited in the RCSB PDB. For example,*>N-*H HSQC spectra of

KaiB free and bound to a monomerized domain of KaiC had almost no
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FIGURE 1

chemical shifts in common!®®

and secondary backbone chemical
shifts®*=>%! (Figure 2) indicated they had different secondary struc-
tures.[18] During NMR sample optimization of XCL1/lymphotactin,
two distinct sets of chemical shifts were observed depending on salt
concentration and temperature,® as a result of an equilibrium
between two unrelated folds.[*¢! XCL1/lymphotactin exemplifies the
ability of NMR to observe multiple states of a solubilized protein
simultaneously, which is why many metamorphic proteins were found
serendipitously using this technique.

Inherent limitations associated with NMR spectroscopy, such
as time-intensive sample preparation, data collection and analysis,
and low-throughput, are likely prohibitive for screening proteins for
metamorphic properties. More realistically, NMR could be used to
test candidate proteins predicted to be metamorphic by computa-
tional approaches. Advanced NMR methods including Carr-Purcell-
Meiboom-Gill (CPMG) relaxation dispersion, paramagnetic relaxa-
tion enhancement, and chemical-exchange saturation transfer

(CEST) spectrocopies[s“’sﬂ

are capable of detecting sparsely popu-
lated states depending on fold-switching time scales and may be
applicable for detecting alternate folds of metamorphic proteins.
CEST based on longitudinal magnetization makes it amenable to
study an invisible or sparsely populated conformational state of a
protein, and was used to detect the sparsely-populated “open”
conformations of RfaH in slow chemical exchange with its visible
ground-state “closed” conformation.®! This demonstrates the
power of NMR as a primary method for studying structural plastic-
ity of small to moderate size proteins.

2.3 | Cryo-electron microscopy

An increasingly popular and fast-emerging technique is single-particle

cryo-electron microscopy (cryo-EM), which is now routinely being

Reversible monomer-dimer structural transition in CL1C, identified in X-ray crystal structures. The major changes in the N-domain
are primarily due to the transition of residues from the beta-sheet region of Ramachandran space (A) into a loop conformation (B). Reproduced
from Ref. [30]

used to determine the structures of proteins to approximately 3 A res-
olution or better.5) In these experiments, an electron beam is used to
image a flash-frozen protein sample, and single-particle analysis (SPA)
or sub-tomogram averaging (STA) techniques are used to reconstruct
3D models from the microscope images.[®°-?! Because samples are
not crystalline, this technique can observe conformational differences
between different single particles within a single protein preparation.
Looger and Porter found that 11% of the fold-switching pairs in their
dataset contained one structure that was solved by cryo-EM,
suggesting that this method has outsize potential for identifying new
metamorphic proteins.?4!

Although we do not know of any large-scale studies that lever-
age cryo-EM for identifying metamorphic proteins, we anticipate
that this technique will be used successfully for these discoveries in
the near future. A possible cryo-EM experiment to search for pro-
tein metamorphism could involve developing new data analysis
techniques that identify protein particles in an image that do not fit
the primary 3D model, and using these outlier particles to construct
a model of the alternate fold. Additional data to improve the
models could be obtained by tuning experimental conditions to
favor the alternate fold.

2.4 | Alternative experimental approaches

Protein metamorphism can be characterized by a number of spectro-
scopic techniques long employed to study protein conformational
changes. Circular dichroism (CD) is an example of such an alternate
technique that uses the differential absorption in left- and right-
circularly polarized light to estimate the percentage of secondary
structure types in a protein (Figure 3); this technique was used by
Dalal et al. to design a protein with a four-helix bundle fold with 50%
sequence identity to a predominantly p-sheet protein, thereby
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FIGURE 2 1H-15 N HSQC spectra of cyanobacterial KaiB that exists in a two-state conformational equilibrium between the fold-switch
(fs) and ground state (gs). Arrows connect resonances for the same residue G16 in the two conformational states: (fs) and (gs)
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FIGURE 3 lllustration of how circular dichroism (CD) spectra can be sensitive to protein secondary structure changes. The helical structure
(A) is expected to generate a stronger CD signal than the beta hairpin (B)
winning the “Paracelsus Challenge.”® The amide absorption band in the advantage of being applicable in dilute solutions, and has been
Fourier transform infrared (FT-IR) spectra can be interpreted for sec- used to capture conformational ensembles of natively unfolded pro-
ondary structure content, and this technique has been applied to teins.[%! Stopped-flow fluorescence experiments, which induce a
study reversible secondary structure transitions in transmembrane rapid change in solution conditions followed by measuring tryptophan

domains.[®! Raman spectroscopy of amide absorption bands!®? has fluorescence after a controlled time delay, have been employed to
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study the fold-switching mechanism; it was found that Mad2 inter-
converts via metastable intermediates,’®® while XCL1/lymphotactin
interconversion requires a large-scale unfolding process.®”? Single-
molecule Forster resonance energy transfer (FRET) experiments have
been used to monitor the fold switching equilibrium in a metamorphic
protein'®®’; while this is a powerful technique to investigate dynamics
at the single-molecule level, it requires the addition of fluorescent
probes that restricts the method to characterizing individual systems
where metamorphism is already known. Surface plasmon resonance
(SPR) has been used to measure conformational changes of proteins
immobilized at the interface of a metal and aqueous solution, and has
the advantage of being label-free with very small sample size require-
ments (on the order of a few nano grams).[6”]

Compared to X-ray crystallography and cryo-EM, these types of
spectroscopy could make it easier to perturb the conditions of the
sample (e.g., pH, concentration, temperature) and measure
the response in the signal, thereby facilitating the search for triggers
of metamorphism. High-throughput protein expression and purifica-
tion methods”®”* combined with recently developed high-through-

put IR spectroscopy methods!”%73!

are currently capable of
characterizing the secondary structures of hundreds of proteins in
parallel, and we think that if such an experimental approach could be
used to measure how structures depend on changes in sample condi-
tions, it could serve as a powerful experimental screen for metamor-
phic protein candidates.

Mass spectrometry techniques can also be leveraged to study
protein metamorphism, for example: (a) ion-mobility mass spectrome-
try with electrospray ionization provides rotationally averaged
cross-sections of proteins, which can be used to infer the existence of

multiple folds7+7!;

and (b) hydrogen/deuterium-exchange mass
spectrometry (HDX-MS) measures the deuterium uptake of proteins
dissolved in a deuterated solvent, thereby quantifying the solvent-
accessible surface area, which may take on multiple values for differ-
ent folds.”4””! HDX-MS has been successfully employed to explore
the conformational dynamics and study the local stability of metamor-
phic proteins like RfaH,”® KaiB,*® Caspase-6,??! Selecase,*? and
CL1C.”7V A newly developed approach called limited proteolysis-
coupled mass spectrometry (LiP-MS) involves subjecting proteins to a
structure-dependent enzymatic digestion procedure, resulting in pep-
tide fragments with masses that depend on the initial protein confor-

mation.l”?!

Because LiP-MS was developed to detect protein
structural changes in the entire proteome taken from a biological
extract, it has the potential capability to detect metamorphism in a
mixture of many different proteins, thereby removing the need to
carry out experiments on individually purified proteins.

In conclusion, we think that experimental approaches with the
potential to detect environmentally induced structural changes in a
high-throughput manner could be a powerful screening tool for identi-
fying metamorphic proteins. In contrast, methods that are not high
throughput and require more intensive sample preparation or experi-
mental setup are better suited for investigating the thermodynamics,
kinetics, and/or mechanism in systems where fold switching has

already been identified. Computational methods are another

promising route for screening the vast sequence space for metamor-

phic candidates, which we describe in the next section.

3 | COMPUTATIONAL APPROACHESTO
METAMORPHIC PROTEIN PREDICTION

Currently, of the approximately 162 thousand protein structures in
RCSB PDB, only 20 of them are experimentally annotated as meta-
morphic proteins, around one in 10 000. On the other hand, recent
estimates of the percentage of metamorphic proteins in the PDB are
as high as 0.5% to 4%,124 which implies that hundreds to thousands
of experimentally known protein structures possess as-yet-
undiscovered alternate folds. However, it is currently intractable to
experimentally search for alternate folds of all proteins in the PDB,
even for high-throughput experimental approaches. This has conse-
quently lead to the development of computational approaches to
identify and characterize metamorphic proteins that build on existing
structural biology tools (see Figure 1). An advantage of computational
approaches is that they are relatively high throughput compared to
experimentation, but due to the inherently approximate nature of pre-
dictions, confirmation by targeted experimental studies is required.

In addition to the relatively tiny number of known metamorphic
proteins, there is precious little experimental knowledge on how
metamorphic proteins switch folds. Experimentally capturing a meta-
morphic protein in the process of switching folds is highly difficult
unless intermediates along the pathway can be stabilized. Therefore,
there is also much interest in computational methods to elucidate the
mechanisms by which metamorphic proteins switch folds. These stud-
ies could provide valuable predictions such as intermediate states
along the pathway that could be experimentally tested using muta-
genesis or other approaches.

Computational approaches can be subdivided into knowledge-
based approaches that make predictions based on existing experimen-
tal data, and physics-based approaches that involve computer
simulations based on physical principles. These categories of methods
are complementary because drawing on existing knowledge can greatly
simplify the complexity of a calculation, whereas physics-based simula-
tions can generate more accurate predictions of properties difficult to
experimentally access. There exists a broad spectrum of computational
methods where knowledge-based and physics-based methods blend into
one another; for example, protein design and MD software both incorpo-
rate knowledge-based and physics-based elements.

3.1 | Sequence-based methods for predicting
metamorphism

These knowledge-based methods are based mainly on the sequence
and secondary structures of preferably single-domain proteins. These
methods do not explicitly involve computation on 3D protein struc-
tures, and thus are among the least expensive computational

methods. The PDB provides secondary structure annotations of its
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deposited structures, and this wealth of data has led to the develop-
ment of data-driven secondary structure prediction tools over the
past three decades.!80-8°!

Porter et al. proposed that fold switching proteins can be placed
into two categories: (a) Extant fold switchers are individual proteins
that remodel their secondary structure in response to cellular stimuli
to form alternative folds and, (b) Evolved fold switchers are pairs of
proteins with highly similar sequences (>98% sequence identity) and
yet adopt different stable folds.®* They report two distinguishing fea-
tures of extant fold-switching proteins: (a) cooperatively folding
regions that are likely to unfold/refold independently in response to
environmental triggers and, (b) discrepancies between predicted and
experimentally determined secondary structure as reflected in sec-
ondary structure prediction programs.?#8%! This inconsistency in
secondary structure prediction accuracy was used to discriminate
21 known evolved metamorphic proteins from known monomorphic
proteins (built from CATH domains with <35% identity from single-
fold families).

A desirable goal for computational methods is to reliably predict
whether a protein is likely to be metamorphic using only the
aminoacyl sequence as input. A sequence-based classifier model was

recently described by Chen et al.l?!

where protein metamorphism
(or its absence) is predicted based on the so-called diversity index,
which is a measure of uncertainty in secondary structure prediction.
The diversity index is computed from the probabilities of secondary
structure classifications generated by a secondary structure prediction
program for each aminoacyl residue in an input sequence. A protein is
predicted to be metamorphic if the computed diversity index exceeds
a threshold value for a sufficiently long contiguous portion of the
sequence. The two parameters of the classifier were trained using a
revised version of Porter's metamorphic dataset and a novel dataset
consisting of 200 manually annotated monomorphic (single-fold
proteins). The performance of the classifier is characterized by a
Matthews correlation coefficient of approximately 0.36 and true
positive/true negative rates of 65% to 80%. The performance varies
depending on which secondary structure prediction program is used,
with SPIDER2[84®7] providing the overall highest accuracy in terms of
accuracy and robustness. The paper also describes “misclassifications”
as reflected in false positives (monomorphic proteins mis-classified
as metamorphic) and false negatives (metamorphic proteins mis-
classified as monomorphic), which revealed some limitations to the
purely secondary structure-based approach, but also some irregulari-
ties in the input monomorphic and metamorphic data sets. In the near
future, we hope that improved sequence-based computational
methods will facilitate discovery and experimental characterization of

new metamorphic proteins.

3.2 | Knowledge-based protein structure modeling
This widely used class of computational methods uses experimental
knowledge of protein structures to predict the 3D structures of pro-

teins, providing a means to fill experimental knowledge gaps or design

entirely new proteins from scratch. Examples of these methods now
widely used in protein design applications include Rosetta, SWISS-
MODEL, |-TASSER, RaptorX, AlphaFold and so on.®388-92 A com-
monly employed strategy of these methods is to construct a model
structure for an input sequence by joining together 3D structural
“fragments” (each <10 amino acids in length) derived from experimen-
tal databases. Multiple structural models are generated algorithmically,
and a physically motivated energy model can be used to optimize and
rank the structures. The 3D structure of a template sequence can also
be provided to guide the modeling.[93] Because protein modeling
methods always generate multiple candidate structures, they could be
used to predict alternate folds of potentially metamorphic proteins.
Rosetta has recently been used to design a pair of protein sequences
that are very similar (over 94% identity) but fold into distinct 3D struc-
tures, a short and thick helical bundle in one case, and a long and thin
bundle in the other.”#

A prerequisite for protein modeling software to effectively iden-
tify metamorphic proteins is the ability to predict the existing folds of
known metamorphic proteins. This is a more difficult requirement
than simply predicting whether metamorphism exists in a sequence,
because a full 3D model involves predicting much more than a binary
classification. The use of template structures in structure prediction is
both an advantage and a drawback, because the “correct” template
could guide the software to correctly predicting the native or alter-
nate fold, whereas other templates could lead to incorrect structural
predictions or wasted computational effort. The sequence-based
methods in the previous section could be used together with 3D
structure prediction methods described here by first identifying which
proteins are most likely to be metamorphic, then using sequence
alignment to search for suitable template structures to guide the 3-D
modeling. The closeness in the scores/energy models of the alternate
folds may be a useful predictor of whether both structures are ther-

modynamically accessible, with or without an environmental trigger.

3.3 | Physics-based molecular simulation methods

In contrast to knowledge-based approaches, physics-based simulation
methods employ physical principles to make predictions of protein
structure and behavior. Classical MD is perhaps the most extensively
used physics-based computer simulation method for proteins, and is
characterized by its use of empirical potential energy functions, also
called “force fields.” Force fields are used to evaluate the potential
energy and classical forces on the atoms of an input protein confor-
mation, and the atomic positions are propagated forward in time using
Newton's equations of motion. The experimental knowledge in these
simulations is mainly contained in the empirical parameters of the
force field, which include terms that describe, for example, the
strength of intermolecular interactions between aminoacyl side
chains, and the energy barriers associated with torsion angles along
the protein backbone. MD is well-known for its ability to simulate the
folding processes of small proteins starting from an unfolded polypep-

tide chain and ending at a structure approximating the experimentally
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determined conformation, without being guided by explicit knowledge
of the experimental structure.”>=*7! MD s increasingly being used to
simulate the pathways of conformational change, such as in G-protein
coupled receptors and Src kinases, both important targets for drug
development,78-100]

In principle, it is possible to observe the pathways of protein
metamorphosis simply by observing a sufficiently long MD simulation
trajectory (Figure 4). However, this is prohibitive in terms of computa-
tional cost as modern computers are only capable of simulating a few
us of physical time per day of computer time. A specialized supercom-
puter designed for MD is capable of achieving a few milliseconds of

physical time,!10%-102]

which is still insufficient if the goal is to observe
a rare event that occurs on timescales of seconds or more. For exam-
ple, the two states of IscU typically interconvert on millisecond time-
scales,1%%) Mad2 folded states interconvert slowly with a lifetime of
9.4 hours, and XCL1 interconversion time scale is approximately 1 sec-
ond under physiologic conditions.’®”! In order to overcome limitations
of time scale, MD simulations of protein metamorphosis require the
researcher to provide mechanistic hypotheses that effectively bias the
simulation trajectory in the desired direction of fold switching, while
still allowing sufficient freedom for the underlying force field and
equations of motion to produce a meaningful prediction. Accelerated
sampling methods such as targeted molecular dynamics, meta-
dynamics, milestoning, and replica exchange are all approaches that
could speed up the conformational space being explored by MD simu-
lations.[194-1%¢] For example, a short 25 ns implicit solvent replica
exchange MD (REMD) simulation of the helix-turn-helix motif in RfaH
that exhibits metamorphosis showed an a-to-f conversion in all
16 replicas, with one replica even attaining the conformation closest
to the experimentally observed RfaH-CTD p-structure.'®” All of
these methods require defining a progress variable or method of
applying the bias, which could affect the pathways that are found;

Biopolymers—WI1LEY-L2°'*

therefore, it is important to verify the theoretical predictions with
experiments, which could involve using EPR, NMR, or FRET probes to
measure changes in inter-residue distances, or mutagenesis to stabi-

lize intermediates along the folding pathway.

3.4 | Evolution-based methods

Meyerguz et al. developed a computational network model of protein
structure space, showing how point mutations are able to cause pro-
tein sequences to switch from one 3D fold to another.[*%®! Sfriso et al.
predicted alternate conformers of proteins using a co-evolutionary
approach that identifies residue pairs in an experimental structure that
are correlated in their evolution (based on multiple sequence align-
ments) but are not in close contact.'°”! These residue pairs are then
brought close together using MD simulations with an added energy
restraint, resulting in prediction of the alternate fold. These examples
suggest that evolution-based approaches could be effective for identi-
fying potentially metamorphic proteins.

3.5 | Hybrid experiment/simulation approaches

In recent years, there have been many growing opportunities to com-
bine computational and experimental approaches for predicting con-

formational dynamics of macromolecular disordered protein

structures at high resolution.!**°=1%3! Some of the successful applica-

[114]

tions of this approach has been made by Loquet et al. who used

an integrated combination of solid-state NMR, electron microscopy
and Rosetta modeling methods to solve the structure of type Il secre-

| [115]

tion system needle, and Lasker et a in the same year used

restraints from EM, X-ray crystallography, chemical crosslinking, and

0 ps

1.3 ps

30 ps

FIGURE 4 A plausible fold-switching pathway of KaiB metamorphosis as revealed by MD simulation. The starting initial structure is a fsKaiB
analog with P63, P70, and P72 forced in trans conformation along with a denatured C-terminal helix (red) and p-hairpin (green). After 1.3 ps, an
intermediate structure is formed where the C-terminal helix attains a f-sheet conformation (red) and the p-hairpin is converted into an a-helix
(green). Finally, after 30 ps a structure very similar to gsKaiB, is obtained, which is stable for more than 10 ps
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proteomics to build a model of 26S proteasome. Hybrid approaches

were used to solve the structures of the yeast spindle pole body,mé]

nuclear pore complex,*1”!

and in identifying two structural states of a
multidomain transmembrane protein, PhoQ, by integrating MD simu-
lations with experimental cross-linking data.l*'®1%) Although molecu-
lar dynamics is a physics-based method, there are many ways to
integrate experimental data to guide the simulations. By way of con-
text, the determination of experimental NMR structures is actually a
molecular dynamics-based method, with a large number of energy
restraints for distances, angles, and orientations derived from NMR
measurements of various types.['2°-122! Structural studies of intrinsi-
cally disordered proteins are also known to often require a combina-
tion of experimental data input from NMR and small-angle X-ray
scattering (SAXS) which is then quantitatively interpreted by construc-
tion of conformational ensembles using restrained MD simulations or
Bayesian statistics.[123124]

In the near future, hybrid methods incorporating both experiment
and simulation could be highly useful for modeling the alternative
folds of metamorphic protein candidates. Broadly speaking, these
could take the form of simulations that start from the native structure
and incorporate experimental data to bias the ensemble toward alter-
nate folds. For example, the MELD software!*?3 treats physics-based
MD simulations as a prior probability distribution, then adds experi-
mental data as a bias to steer the simulations toward physically realis-
tic structures that agree with experimental data. This approach is
flexible with respect to the type of experimental data, and the authors
showed its ability to build models from diverse types of data including
solid-state NMR measurements, spin-label EPR measurements, and/or
evolutionarily inferred contacts. A future experiment for modeling the
alternate fold of a metamorphic protein, based purely on experimental
data that measures only shifts in CD or Fourier-transform infrared
spectroscopy (FTIR) spectra, could involve this approach to add a bias-
ing potential function designed to reproduce the observed spectral
shift. The biasing potential could drive the native structure toward the
experimentally observed changes in secondary structure content or
other observables, thereby building a plausible 3D model of the alter-
nate fold, and perhaps even generating some insight into the fold

switching mechanism.

4 | CONCLUSION

In 1984, Kabsch and Sander made an observation that aminoacyl
stretches five residues in length can adopt different secondary struc-
tures in different proteins.*2*! Today, there are more dramatic exam-
ples as demonstrated by metamorphic proteins, which defy the
classical “one sequence-one fold” paradigm, although how common
they are await the development of innovative approaches to discover
them. The better we can identify and characterize metamorphic pro-
teins, the better we will understand the rules governing protein fold-
ing (the holy grail of biochemistry), and the role of metamorphic
proteins in the evolutionary adaptation of viruses, archaea, bacteria,

and eukaryotes. To increase our rate of progress, which is rather slow

at the moment, powerful new approaches will need to be developed
through interdisciplinary collaborations that integrate knowledge and
expertise across the biological and physical sciences. As we described
earlier in this perspective, computational methods based on secondary
structure prediction can be used to screen the vast sequence space
for likely fold switchers. Computational protein design tools can be
used to predict the alternate fold starting from candidate fold
switching sequences and template structures. With the increasing
availability of high-throughput experimental methods, they can be
applied to measure how secondary (and higher) structure responds to
changes in environmental conditions for batches of proteins, thereby
increasing the capacity to verify the fold switching candidates identi-
fied computationally. After the initial experimental detection of meta-
morphism, a variety of more targeted experimental and simulation
methods and hybrid methods could then be used to solve the alter-
nate fold and investigate the fold switching mechanism. One way
to stimulate the development of new computational methodologies
could be for the CASP competition to assess protein structure pre-
diction methods, or other “blind challenge” type competitions, to
use metamorphic proteins as targets; this could motivate future
computational methods to incorporate uncertainty or multiplicity in
the final result as a design goal, rather than as a byproduct needing
to be minimized. New knowledge on protein metamorphosis will
have translational potential by facilitating for example the design of
customized biosensors that switch according to specific changes in
the local environment.
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