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Metamorphic proteins constitute unexpected paradigms of the protein folding problem, as their
sequences encode two alternative folds, which reversibly interconvert within biologically relevant time-
scales to trigger different cellular responses. Once considered a rare aberration, metamorphism may be
common among proteins that must respond to rapidly changing environments, exemplified by NusG-
like proteins, the only transcription factors present in every domain of life. RfaH, a specialized paralog
of bacterial NusG, undergoes an all-a to all-b domain switch to activate expression of virulence and con-
jugation genes in many animal and plant pathogens and is the quintessential example of a metamorphic
protein. The dramatic nature of RfaH structural transformation and the richness of its evolutionary his-
tory makes for an excellent model for studying how metamorphic proteins switch folds. Here, we sum-
marize the structural and functional evidence that sparked the discovery of RfaH as a metamorphic
protein, the experimental and computational approaches that enabled the description of the molecular
mechanism and refolding pathways of its structural interconversion, and the ongoing efforts to find sig-
natures and general properties to ultimately describe the protein metamorphome.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The goal of determining a three-dimensional structure of a
given protein frequently implies the existence of a single native
structure that underpins the protein’s biological function, the rela-
tionship known as ‘‘one sequence, one fold” Anfinsen paradigm [1].
Even though conformational changes that accompany binding to
substrates and diverse ligands are critical for protein function [2],
and intrinsically disordered proteins do not even attain a stable
structure in the absence of their binding partners [3], this rule
holds for the vast majority of structurally characterized proteins.
These proteins have a single fold with defined secondary structure
elements and, overlooking their (sometimes significant) structural
dynamics, are thus considered monomorphic.

However, a list of proteins that can dramatically switch their
folds is steadily growing. Two major classes of fold-switching pro-
teins, i.e., proteins that undergo secondary and tertiary structure
rearrangements between at least two dissimilar structures, are rec-
ognized. Prions, notorious for their roles in debilitating neurologi-
cal disorders, undergo irreversible structural transformation from a
soluble state, frequently enriched in a-helices, into b-sheet-rich
amyloid fibrils [4]. By contrast, metamorphic proteins can reversi-
bly interconvert between two native states [5], in some cases
undergoing a complete transformation of a-helices into b-strands
[6]. Metamorphic proteins are found in different protein families
and their unusual folding behavior is thought to reflect adaptations
to changing environments, for example, to enable interactions with
a different set of cellular partners or to impose a tighter biological
control [6–9].

Metamorphic proteins have been implicated in regulation of
circadian clocks [10], infection by bacterial [11], eukaryotic
[12,13], and viral [14] pathogens, and various human diseases
and autoimmune disorders [15,16], underscoring the importance
of this phenomenon. In addition, metamorphic proteins hold pro-
mise for synthetic biology, the development of biosensors, and
therapeutic applications [17–19]. To harness the biotechnological
potential and to abrogate pathological effects of protein metamor-
phosis, we must understand the fundamental principles that con-
trol metamorphic behavior. This understanding has been limited
by the small number of known metamorphic proteins, recently
reviewed in [6–9], and by significant diversity of their fold-
switching patterns. Metamorphic proteins appear to be vastly out-
numbered by their monomorphic relatives – e.g., human lympho-
tactin XCL1 is the sole metamorphic member of a large family of
the XC family of chemokines that guide immune cells [20]. Their
anticipated scarcity discourages a focused search for new meta-
morphic proteins using low-throughput, high-cost experimental
approaches; consequently, most metamorphic proteins were dis-
covered serendipitously. However, recent reports argue that meta-
morphic behavior is widespread and can be revealed by high-
throughput computational analyses [21–26]. To succeed in
expanding the size and understanding of the metamorphome,
these approaches should take into account the known properties
of metamorphic proteins and factors that limit their identification
and should be coupled with subsequent in-depth analysis of meta-
morphic candidates.
2. Signatures of metamorphic behavior

Studies of a couple of dozen metamorphic proteins identified
several common features that can guide this analysis. First,
dynamic interconversion between (at least) two native states
implies that the folding landscape of a metamorphic protein exhi-
bits a barrier separating these states that is sufficiently small to
enable a reversible interconversion between them to occur [6].
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These small energy barriers are due to the marginal thermostabil-
ity and high propensity for spontaneous unfolding, characteristics
of the native states of metamorphic proteins (or individual meta-
morphic domains) which facilitate interconversion between alter-
native states [6] while making these proteins less experimentally
tractable. A thermodynamic profile of a given protein [27] can thus
be used to assess its metamorphic potential.

Second, many protein transformations involve interconversions
between a-helical and b-sheet regions, suggesting that secondary
structure prediction algorithms can be used to identify metamor-
phic regions which confuse these (typically robust) algorithms.
Even in the absence of known secondary structures, uncertainty
in secondary structure prediction can be used to classify proteins
as metamorphic based solely on their primary structures [22,23].

Third, in a metamorphic protein, each alternative fold could be
expected to have a unique function. In evolution, a fold switch
encoded in monomorphic proteins as a result of residue substitu-
tions is thought to generate a new function, and metamorphic pro-
teins could be viewed as transient snapshots along this
evolutionary path [28,29]. Ancestral reconstructions revealed that
XCL1 has evolved from a singlefold monomeric ancestor� 200 mil-
lion years ago [20]. Under near-physiological conditions, the extant
XCL1 protein can interconvert between a monomeric ancestral
a + b fold and a novel all-b dimer [30]. The two states bind different
partners - the chemokine fold activates a cognate G-protein cou-
pled receptor, XCR1, on the surface of dendritic cells [30,31]
whereas the b-dimer binds glycosaminoglycans [30,32], but nei-
ther can bind both. Interestingly, comparison of XCL1 and its two
metamorphic ancestors argue that XCL1 has evolved to maintain
its metamorphic behavior, rather than to acquire a new fold [20].
Fold interconversion may enable a single protein to perform two
functions, e.g., by making contacts to different macromolecules or
small ligands, to elicit condition-specific cellular response, poten-
tially a significant advantage in rapidly changing environments.

Fourth, Porter and Looger noted that many metamorphic pro-
teins have several domains that can refold cooperatively and inde-
pendently [26]. Looking for proteins that share this architecture
and also display discrepancies between experimental structures
deposited in the Protein Data Bank (PDB) and their predicted sec-
ondary structures, they identified 96 metamorphic candidates in
the PDB and estimated that as many as 4 % of known proteins
may switch folds [26]. In fact, a similar ”misfit” logic was used to
identify Escherichia coli RfaH as the first metamorphic NusG-like
protein: while RfaH sequence could be folded into an available
NusG X-ray structure [33], biochemical properties of RfaH were
inconsistent with the NusG-like structure and function [34,35].
To understand why RfaH is different, we sought to obtain its crystal
structure, a long road with many bumps, including crystallographic
twinning. Our structure of isolated E. coli RfaH [36] revealed that
while one RfaH domain was similar to that of NusG, the other
domain was folded as an a-helical hairpin, in stark contrast to a
b-barrel in NusG (Fig. 1). We hypothesized that ‘‘an RfaH ancestor
developed a conformationally dual chameleon sequence [37] that
could fold either as a b-barrel or as an a-helical hairpin” and that this
‘‘domain is still able to fold into a b-barrel and can exist in two dras-
tically different states” [36], a conjecture that took another five
years to confirm [38].
3. A search for metamorphic proteins

The analysis of Porter and Looger [26] suggests that metamor-
phic proteins may be more common than previously thought.
Why are these proteins underrepresented in the PDB? Once a
structure of a given isolated protein or its close homolog is solved,
an impetus for obtaining additional (and expected to be similar)



Fig. 1. Solved experimental structures of E. coli NusG and RfaH. For RfaH, NGN is colored in magenta and the KOW domain in purple for the autoinhibited state and blue for
the active state. Colors were chosen to match the depictions of NusG and RfaH in the schemes presented in Figs. 2 and 5. At the top, a linear secondary structure topology
diagram highlights the changes occurring upon fold switch of RfaH-KOW.
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structures is diminished, unless compelling evidence to the con-
trary comes to light – it was far easier to build a homology model
using a variety of available tools even prior to AlphaFold2 [39]. Fur-
thermore, it was argued that the process of obtaining a structure
imposes a purifying selection for a single, stable conformer [30],
which is certainly true for X-ray structures that still dominate
the PDB. Alternative approaches, such as Nuclear Magnetic Reso-
nance (NMR) and single-particle Cryogenic Electron Microscopy
(cryo-EM), are better suited to visualize alternative metastable
conformers co-existing in the same sample; for example, solution
NMR has been used to reveal metamorphic properties of XCL1
[30] and RfaH [38]. But a more fundamental obstacle, relatively
insensitive to methodology, is frequently overlooked – while the
metamorphic behavior could be expected to manifest in different
contexts, a given structure is obtained in a single context. Only a
few proteins, such as XCL1, readily interconvert between alterna-
tive conformations in solution [30], while others require a signal,
commonly a binding partner, to promote/stabilize the fold switch
[14,40]. Thus, until an identity of a fold-switch trigger is known,
stamp collecting structures could be futile.

The above considerations suggest that a hunt for metamorphic
proteins should focus on analysis of candidates that have indepen-
dent metastable domains, give rise to ambiguous secondary struc-
ture profiles, and have diverse binding partners; additional
knowledge that could guide identification of the fold-switch trig-
ger would be advantageous. Our (biased) opinion [41,42] and a
recent report by Porter et al. [25] support a notion that metamor-
phic behavior is pervasive across universally conserved NusG-like
proteins that meet these criteria. One of these proteins, a virulence
factor RfaH, has been extensively studied using biochemical, bio-
physical, computational, genetic, genomic, and structural
approaches, and is arguably the best characterized metamorphic
protein.

Studies of RfaH revealed the mechanism shared by all NusG-like
proteins, from bacteria to humans, which act as processivity
clamps for RNA polymerases (RNAPs). However, this universal
mechanism makes a minor contribution to the cellular function
of RfaH [43], which critically depends on a unique and reversible
all-a M all-b fold switch of an entire domain (Fig. 1). Molecular
determinants, biological significance, and signals that flip this
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switch have been elucidated, and the evolutionary history of RfaH
has been traced [42,44]. We think that the insights gained from the
analysis of RfaH can be applied not only to studies of its (appar-
ently numerous) metamorphic relatives, but also to identification
of unrelated metamorphic proteins.
4. The multifaceted NusG family of transcription factors

In all cells, RNA synthesis, the first and highly controlled step in
gene expression, is carried out by evolutionary conserved multi-
subunit RNAPs. To adjust gene expression to cellular cues, RNA
synthesis is modulated by a wide array of accessory proteins that
bind to RNAP. Among them, NusG-like proteins (Spt5/DSIF in
archaea and eukaryotes) are the only regulators conserved in all
domains of life [45]. The ‘‘housekeeping” NusG proteins, encoded
in every genome except a few bacterial endosymbionts [44],
directly bind to RNAP transcribing most genes [46,47] to promote
pause-free RNA synthesis [48,49] and RNA folding [50]. The bind-
ing site on RNAP and the molecular mechanism of RNAP modifica-
tion are broadly conserved among all NusG homologs, as are the
structures of a/b NusG N-terminal (NGN) domains (Fig. 1) that
are sufficient for their direct effects on RNA synthesis [36,49,51–
55]. Through interactions with diverse cellular proteins, NusG/
Spt5 also mediate crosstalk between transcription and many cou-
pled cellular processes, such as RNA modification, processing,
splicing, nucleosome remodeling, and translation [56–63].

In addition to NusG, many cellular genomes also encode spe-
cialized NusG paralogs, NusGSP [64], which have evolved to modu-
late bacterial adaptation to niches ranging from free-living to
pathogenic and may facilitate bacterial evolution [44]. NusGSP are
required for biosynthesis of capsules in Klebsiella pneumoniae
[11] and Bacteroides fragilis [65], toxins in E. coli [66] and Serratia
entomophila [67], antibiotics inMixococcus xanthus [68] and Bacillus
amyloliquefaciens [69], and lipopolysaccharide in many species
[70,71]. E. coli ActX and TraB encoded on R6K and F plasmids
[72,73] and NusGSP encoded on multidrug-resistant plasmids iso-
lated from clinical strains [74] could facilitate the spread of
antibiotic-resistant genes. Specialized Spt5 paralogs have been also
identified in eukaryotes [75,76].



Fig. 2. Structural and functional differences between NusG (top) and RfaH (bottom). NusG binds to RNAP transcribing all genes, except a few that are controlled by RfaH,
through its NGN domain. The KOW interactions with other proteins determine NusG effect on gene expression, which range from potent antitermination (in rRNA operons) to
efficient termination (in xenogeneic and antisense RNAs. Autoinhibited RfaH is recruited to RNAP at ops sites present in a handful of xenogeneic operons and transforms into
an active state via domain dissociation and KOW refolding. RfaH remains bound to RNAP until its release a terminator, promoting pause-free RNA synthesis and coupled
translation. After RNAP release from DNA and RNA, RfaH dissociates and refolds into the autoinhibited state. RfaH and NusG are colored differently to highlight the
metamorphic behavior of RfaH.
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Like transcription initiation r factors, which compete for RNAP
and direct it to dedicated subsets of promoters [77], NusGSP com-
prise a family of alternative transcription elongation factors that
bind to an overlapping (with each other and with r) site on RNAP
[78]. Comparison of E. coli NusG and RfaH illustrates the regulatory
logic employed by these proteins (Fig. 2). NusG is an essential and
abundant protein that dynamically interacts with any transcribing
RNAP via its NGN domain and uses its b-barrel Kyprides, Ouzounis,
Woese (KOW) domain to make mutually exclusive contacts to pro-
teins that determine the fate of the nascent RNA. If the nascent
RNA is translated, NusG can bridge RNAP to the leading ribosome
[61]. If the nascent RNA is not translated but is protected by a
ribonucleoprotein antitermination complex, e.g., during synthesis
of the ribosomal RNA, NusG forms part of this complex [50]. If
the nascent RNA is neither translated nor protected, NusG binds
to the termination factor Rho to induce premature RNA release
[79]. Together, NusG and Rho block synthesis of antisense, dam-
aged, and xenogeneic RNAs [80], a vital quality control function
of NusG [81].

5. RfaH, the transformer protein

Unlike NusG, RfaH is present in only a few copies and is
required for expression of long xenogeneic operons that encode
toxins, adhesins, secretion systems, and polysaccharide biosynthe-
sis enzymes [41]. In the absence of RfaH, these operons are silenced
by NusG and Rho [43,82], but their expression is vital for bacterial
survival in native habitats, including human hosts [11]. In free
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RfaH, the RNAP-binding site on NGN is masked by an a-helical
KOW domain [36], and RfaH binding to RNAP requires a specific

12-nt DNA element called ops (operon polarity suppressor; [70]),
present upstream of the first gene in RfaH target operons. The
ops element, which forms a small DNA hairpin in the non-
template DNA strand of the transcription elongation complex,
plays two roles in RfaH recruitment: ops halts RNAP to allow suffi-
cient time for RfaH recruitment [34] and makes direct contacts to
the NGN domain [55,83]. Once NGN-ops interactions trigger disso-
ciation of the RfaH domains, the released NGN irreversibly binds to
RNAP, a necessity in the presence of a 100-fold excess of NusG
[55,64], while the released KOW refolds into a b-barrel [83].

Initially proposed based on the incongruence between the
experimental and predicted structures of RfaH [36], the first direct
demonstration of RfaH fold-switch came from [1H,15N] heteronu-
clear single quantum coherence (HSQC) NMR studies [38]. While
the KOW in the context of the full-length protein exhibited chem-
ical shifts that were compatible with the a-helical structure
observed in crystals of the autoinhibited RfaH [36], the NMR spec-
trum of the separately expressed KOWwas instead consistent with
an antiparallel b-sheet with strand order b5-b1-b2-b3-b4 (Fig. 1).
This result demonstrated that the isolated KOW folds as a b-
barrel in solution, and its NMR-derived structure is nearly indistin-
guishable from the solution structure of the NusG-KOW [84].

Additional experiments further validated the hypothesis that
RfaH-KOW undergoes an a? b refolding in solution in the context
of the full-length protein. First, weakening of RfaH interdomain
interactions by disrupting a salt bridge between the NGN (E48)
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and KOW (R138) led to the observation of both a- and b-
compatible chemical shifts with similar intensities in [1H,15N]-
HSQC NMR spectra, thus indicating a 1:1 equilibrium between
the all-a and all-b conformations of RfaH-KOW [38]. Second, upon
RfaH domain separation induced by proteolysis at a tobacco etch
virus (TEV) protease cleavage site engineered into the interdomain
linker (residues 101–114), chemical shifts compatible with the a-
helical KOW disappeared and were replaced by signals compatible
with the b-barrel conformation [38]. Third, a domain-swapped
RfaH, in which the order of the domains in the primary sequence
was reversed so that KOW would now be synthesized first by the
ribosome, folded into the autoinhibited state as ascertained by
NMR and retained its dependence on ops for activation [85].

The refolded RfaH b-KOW and NusG b-KOW make nearly iden-
tical contacts to the ribosomal protein S10 [38,86], but RfaH does
not bind to Rho [79] and instead acts as NusG antagonist to abolish
Rho-dependent termination, in part by excluding NusG, from bind-
ing to RNAP [43,64]. The reversible transformation of RfaH is
essential for its function. Autoinhibition via a-KOW prevents
unwarranted RfaH recruitment to RNAP, which would interfere
with the essential function of NusG. The KOW refolding into the
b-barrel enables ribosome recruitment during translation initiation
and ribosome retention during elongation, which is critical because
RfaH-controlled mRNAs lack ribosomal binding sites and have
abundant rare codons [38] that limit their translation and make
them easy targets for Rho. Remarkably, RfaH transformation is
reversible: after RNAP dissociation at a terminator, RfaH is released
and regains the autoinhibited state [40].
Fig. 3. Summary of the refolding pathways determined by MD simulations on
RfaH-KOW in isolation (A) or in the context of the full-length protein (B). The NGN
and interdomain linker are colored in gray, whereas the KOW domain is colored
with a gradient from cyan (residue 113) to yellow (residue 162). Note that the
arrows in A refer to the fact that the all-b RfaH-KOW is the most favorable native
state in the simulations for the isolated RfaH-KOW, such that the refolding back into
the all-a state is unfeasible. In contrast, the bidirectional arrows in B indicate
reversibility of the interconversion between the different states observed for RfaH-
KOW in the context of the full-length protein.
6. Watching RfaH-KOW refold in silico

The NMR experiments captured the alternative RfaH-KOW
states but could not reveal details of the refolding pathway. This
gap was addressed by Molecular Dynamics (MD) simulations of
the RfaH fold switch. Since the timescales of biological processes
such as protein folding are not easily accessed by MD simulations,
almost all of these simulations utilize enhanced sampling methods
to speed up the exploration of the refolding landscape [87]. While a
careful description of these enhanced sampling methods is outside
the scope of this review, we will briefly indicate the rationale
behind their use.

The first insights into a refolding pathway were derived from
simulations starting from the a-helical conformation in the
absence of NGN, emulating the release of KOW triggered by linker
proteolysis [38], as in the article by Gc et al. [88]. By combining an
all-atom force field for parameterization with an implicit solvent
model [89] and replica exchange MD (REMD), a sampling tech-
nique for faster exploration of the configurational space of a pro-
tein by exchanging conformations between multiple independent
replicas running in parallel at different temperatures after a given
time [90], multiple free-energy minima were observed for RfaH-
KOW refolding. While different basins showed varying degrees of
secondary structure content, conformations with b-sheet struc-
tures were overall energetically more favorable than the a-
helical structures, although some intermediates exhibited both
types of secondary structure, and not all trajectories exhibited a
complete a ? b refolding [88]. In fact, only one trajectory had a
final b-barrel configuration close to the experimentally solved
structure, and its analysis suggested that the structural intercon-
version occurs through an intermediate unfolded state, which is
reached after helix a1 becomes unstructured first (Fig. 3), followed
by a2. Then, folding of the b-barrel starts by nucleation of the b3,
b4 and b2 strands, followed by b1 and, finally, b5. However, a con-
tinuation of the MD simulations in explicit solvent for the ensem-
ble most closely resembling the b-barrel of RfaH-KOW was
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required to reach the fully folded native state, further underscoring
limitations of these simulations. Nevertheless, this is the only
example of RfaH-KOW refolding in MD simulations in the absence
of any biasing potential.

Given the difficulties in reaching the time scales of protein fold-
ing in MD simulations and in thoroughly exploring the conforma-
tional space, Li et al. [91] employed instead a Markov state model
(MSM) approach [92], in which numerous short simulations for
local equilibration of metastable states obtained through nonequi-
librium simulations, e.g., high temperature or targeted MD (TMD)
simulations [93], are subjected to clustering into macrostates, for
which transition paths and probabilities can be determined to infer
the potential folding pathways [94]. By analyzing 1,334 unbiased
MD simulations in implicit solvent, started from seed conforma-
tions retrieved from ls-long conventional MD simulations and
ns-long high temperature MD simulations for both native states
and from TMD simulations using the a-helical hairpin as initial
configuration and the b-barrel as target conformation, an MSM
with 100 kinetically connected macrostates was obtained.

In agreement with the implicit solvent REMD simulations [88],
none of the ten most populated macrostates in the MSM corre-
spond to the all-a native state of RfaH-KOW. Instead, three macro-
states exhibit significant unwinding and curling of the helical
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regions. The highest-populated macrostates, accounting for � 48 %,
exhibit the incipient formation of b2 and b3, and three of the most
populated macrostates resemble an unstructured b-barrel, thus
suggesting that the structural interconversion occurs through an
unfolded intermediate. Lastly, examination of the transition paths
and fluxes between all macrostates enabled the authors to estab-
lish several pathways on the rough refolding landscape of RfaH-
KOW with a predicted time scale of structural interconversion of
0.1 s, in which different routes of helix unwinding into a random
coil retaining some helical content in a1 preceded refolding into
the all-b native state via early formation of b2-b3-b4 [91].

To overcome limitations in both exploring the refolding land-
scape of RfaH-KOW and in reaching the fully folded all-a [91]
and all-b [88] native states, further simulations combined implicit
solvent physics-based potentials with Gō models [95], also known
as structure-based models (SBMs) [96], as an additional force field
to introduce a coupling bias towards each native state [97]. In
SBMs, the structure of a given protein is used as an input to deter-
mine, on one hand, the covalently bonded and torsional geometry
of the native structure and, on the other hand, which atoms (for all-
atom models [98]) or residues (for coarse-grained Ca models [99])
are in contact in the native state, based on residue sequence sepa-
ration and distance criteria. These native contacts are then treated
as attractive non-bonded interactions through either Lennard-
Jones [98,99] or Gaussian [100,101] potentials and all non-native
interactions are treated with the repulsion part of the Lennard-
Jones equation. As such, these SBMs encode a smooth funneled
landscape through an explicit structural bias towards the native
state in the potential energy function.

To couple a physics-based implicit solvent force field with a
biasing structure-based force field, a Hamiltonian replica exchange
method was employed [102], in which each independent replica is
biased by the Gō potential at varying coupling scaling strengths (k)
with the probability of exchanging conformations between these
replicas being determined by the coupling term only [103]. The
free-energy landscape of RfaH-KOW was finally determined based
on the trajectories of the unbiased replica (k = 0) for two sets of
simulations using a bias towards either the a or b structures of
RfaH-KOW. Also, a replica exchange with tunneling method (RET)
[104] was used instead of the canonical REMD.

Although the free energy landscape confirmed that the b-barrel
was the preferred native state (21 % of all configurations vs 6 % for
the a-helical hairpin) and that fold interconversion occurred
through a compact yet unfolded native state as in the previous
works [88,91], several discrepancies emerged. The native states
of RfaH-KOW were separated by a clearly defined free energy bar-
rier of 10 RT, in which almost all backbone hydrogen bonds stabi-
lizing the two helices were broken, yet still retaining some degree
of helical content [97], similar to the unstructured microstate that
was common to most dominant refolding pathways in the MSM
analysis [91]. Moreover, the structural interconversion differed in
the sequential order of unfolding and refolding of secondary struc-
ture elements: a2 became unstructured before a1, and while b3-b4
nucleated first and b5 was the last element to form interactions
with all other strands to complete the b-barrel, b1-b2 also estab-
lished contacts before coming together with b3-b4.

The heterogeneity of the sequential order of b-strand nucleation
was elegantly captured by MD simulations using a coarse-grained
self-organized polymer model [105], a SBM in which each residue
is represented by one bead centered on the Ca position and an
additional bead at the center of mass of the sidechain, therefore
accounting for both backbone and sidechain native interactions
[106,107]. Analysis of 100 refolding simulations started from the
all-a conformation showed that, in most of the simulations, nucle-
ation of b2-b3 was the first event to initiate the refolding into the
b-barrel. However, 63 % of the simulations showed that this event
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was followed by addition of b4, b1, and b5, whereas in 23 % of the
simulations, b1 was added first and b4-b5 would come together
independently before completing the b-barrel. In addition, in
14 % of the simulations, refolding into the b-barrel started with
nucleation of b3-b4, followed by b2, b1, and b5.

Additional studies using enhanced sampling methods based on
continuous interpolation and geometry optimization between con-
formers [108], combination of physics-based force fields with
SBMs on a dual basin approach that simultaneously encodes both
native states in a single Hamiltonian [109], and space-based adap-
tive dimensionality reduction approaches [110] confirmed many of
the previous observations, summarized in Fig. 3A: i) the isolated
a-KOW hairpin is highly unstable, and a partially unfolded
a-helical intermediate becomes the most prominent initial macro-
state for RfaH-KOW refolding; ii) structural interconversion from
the all-a state into the thermodynamically favorable b-barrel
occurs through multiple intermediates; iii) RfaH-KOW refolding
starts with an early loss in secondary structure for a1; iv) helical
unwinding proceeds toward an extensively unstructured, yet com-
pact, intermediate that retains some residual helical content; v) the
compactness of this unstructured intermediate is promoted by the
same residues that establish the hydrophobic core of the b-barrel
fold (V116, I118, A128, F130, L141, L143, V154, N156); and vi) fold-
ing into the b-barrel starts with the nucleation of b2-b3-b4, fol-
lowed by b1 and finally b5.

Importantly, all these MD simulations utilized implicit solvent
models, which enable faster sampling of the configurational space
at a reduced computational cost [89], mainly due to the reduction
of the effective solvent viscosity [111]. However, they have notable
limitations, such as inaccuracies on secondary structure propensi-
ties depending on the combination of force fields and implicit sol-
vation models [112], as well as lack of convergence and a biased
preference for non-native folds over native folds on REMD simula-
tions, including small proteins of the size of RfaH-KOW [113].

A recently developed replica exchange with hybrid tempering
method (REHT), which enables enhanced sampling of the configu-
ration space of proteins in explicit solvent by optimally heating
both the protein and the solvent in each replica, was used to
explore RfaH-KOW refolding in explicit solvent conditions [114].
The results confirmed that the isolated RfaH-KOW spontaneously
and irreversibly refolds from the a-helical hairpin into the b-
barrel, separated by a free energy barrier of � 5 kcal/mol, by pro-
gressing from the gradual loss in helical content into an unstruc-
tured intermediate with residual helicity towards a stepwise
accumulation of b-strands through a rugged folding landscape.
However, these simulations suggest that the a ? b transition of
RfaH-KOW does not require complete unfolding, implying that
the unstructured intermediate seen in simulations using implicit
solvent models [97,108] is off pathway.
7. RfaH-KOW refolding in the context of the full-length protein

All MD simulation approaches employed for exploring the
refolding of the isolated RfaH-KOW presented thus far robustly
estimate the thermodynamic favorability of the b-barrel, as
expected based on NMR analysis [38]. However, our experimental
data demonstrate that interactions with NGN stabilize the a-folded
KOW in the autoinhibited state [85,115] and the all-a state was not
observed in MD simulations starting from the b-KOW [114]. More-
over, ns-long MD simulations of the isolated RfaH-KOW in explicit
solvent confirm that the a-helical hairpin is highly unstable, with
a1 unwinding while a2 retains most of its secondary structure
[108,116]. Together, these results imply the need of performing
simulations in the context of the full-length RfaH.
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The first MD simulations of the full-length RfaH were presented
by us [117] using coarse-grained dual-basin SBMs [118]. In dual-
basin models, where each residue was represented by a single bead
centered at the Ca coordinates, the angular and torsional harmonic
potentials and the Lennard-Jones potentials for residue-residue
native contacts derived from the crystal structure of the autoinhib-
ited RfaH and from the NMR structure of the b-KOW are merged
into a single Hamiltonian. This merging is largely enabled by the
fact that the majority of the native contacts are unique to each
fold: only 7 % of the native RfaH-KOW contacts are established
by the same residue pairs [117].

These coarse-grained dual-basin SBMs have two main advan-
tages. First, the granularity of these models and the dispensability
of an explicit solvent significantly reduce the number of bonded
and non-bonded interactions in comparison with all-atom implicit
solvent MD simulations [96], thus effectively enhancing conforma-
tional sampling with very low computational cost. Second, the
interaction strength of specific sets of native contacts can be scaled
with specific weights, such that the energy depth of each basin can
be controlled to enable an equal probability of each native fold
[118]. Similar dual-basin models were also utilized for exploring
the structural interconversion of XCL1 [119].

REMD simulations using the dual-basin SBMs while keeping the
strength of all native interactions homogeneous led to the observa-
tion of the autoinhibited state, with a-KOW bound to NGN, as the
only free energy minima in its folding landscape. Conversely,
removal of the interdomain interactions present in the autoinhib-
ited RfaH (i.e., scaling these native interactions to 0) led to obser-
vation of the active state, where KOW is separated from NGN
and folded as a b-barrel. These results are entirely consistent with
the NMR analysis of the full-length RfaH before and after prote-
olytic domain separation, respectively [38]. Lastly, homogeneously
scaling the strength of all interdomain interactions by � 50 % led to
reversible refolding of RfaH, with equal probability of observing
each native fold [117].

Analysis of the free energy landscape of the reversible refolding
of full-length RfaH identified two intermediates (Fig. 3B). In the
first, NGN-bound intermediate, the ends of both helices in the a-
helical hairpin were melted and the tip of the hairpin was stabi-
lized by interactions with NGN [117]. In contrast to MD simula-
tions for the isolated KOW [88,91,109], partial unwinding of a2
was observed, whereas most of a1 appeared stabilized by NGN.
The second intermediate resembles the dissociated b-KOW, and
most of the interactions between b3-b4, b1-b5 and several contacts
between b1-b2 and b2-b3 were established [117]. However, the
low energy barrier and native-like properties of this intermediate
identify it as a metastable state. Lastly, the interdomain contacts
that stabilize the transition state between these intermediates
are located on the tip of the a-helical hairpin and in the vicinity
of the interdomain salt bridge E48-R138, comprising NGN residues
Y8, I33, L35, E48, P49, F51, P52, N53, Y58, L96, and K100; and KOW
residues I129, F130, E132, P133, G135, E136, R138, and S139.

Among these residues, F130 was particularly interesting as it
would have a dual role in RfaH refolding: F130 sidechain is buried
in the KOW core in the active state but participates in the interdo-
main interaction in the autoinhibited state, thus implying a side-
chain flipping during the conformational switch. To demonstrate
the importance of F130, we performed MD simulations under con-
ditions in which both native folds were equally populated after
specifically removing the native interactions of F130 in the all-b
state from the dual-basin model, observing the destabilization of
the active state in the refolding landscape of RfaH [117].

The key role of F130 was supported by our assessment of the
contribution of interdomain interactions to the unique regulatory
property of RfaH, the dependence on ops for the recruitment to
RNAP [36]. Using phylogenetic and structural analyses of RfaH
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and NusG families, we identified seven residues predicted to stabi-
lize the autoinhibited state in RfaH [115]. Among these residues,
I93 and F130 were conserved in RfaH and different, but also con-
served, in NusG. We showed that substitutions of I93 and F130
for their NusG counterparts, E and V, destabilized the NGN and
KOW interactions: mutant proteins were rapidly cleaved by chy-
motrypsin, a serine protease that preferentially targets aromatic
residues, most of which (except Y99) are buried in the full-length
RfaH, making it resistant to cleavage [115]. Consistent with the
relief of autoinhibition, I93E and F130V substitutions converted
RfaH into a NusG-like regulator, with the loss of the sequence-
dependent recruitment characteristic of the former [115].

Gc et al. further explored the fold-switch in the full-length RfaH
at all-atom resolution [120] with TMD simulations [121], using
either state as an initial configuration and the opposite conforma-
tion as a target, and steered MD (SMD) [122], pulling the Ca of the
last residue of the full-length protein away from the fixed Ca in the
first residue along one pulling vector at constant velocity to cause
domain dissociation. Although the targeting forces and pulling
velocities are far from equilibrium [123], these simulations, which
were performed in explicit solvent, offer an atomistic view of the
refolding process. Their TMD simulations of the a ? b KOW in
full-length RfaH further confirmed that refolding occurs only after
significant loss of helicity and interdomain contacts by sequential
addition of each b-strand, similarly to what was described for the
isolated KOW [88,97], by first nucleating b2-b3, followed by b1,
b4 and lastly b5 [120]. Also, a compact coiled state with significant
hydrophobic interactions in the b-barrel was identified as a refold-
ing intermediate, resembling the second intermediate in the dual-
basin SBMs [117].

Importantly, these TMD simulations showed that a1 was more
stable than a2 due to the presence of NGN [120], in contrast to
some simulations for the isolated KOW [88] and in agreement with
the coarse-grained dual-basin SBMs [117]. In fact, all interdomain
native contacts are lost earlier than helical native interactions.
Moreover, dynamic community analysis, performed to identify
amino acids in proximity with highly correlated motions, revealed
three pairs of interdomain residues that strongly bridge the
intradomain communities, F33-F130, F81-I118, and L96-F126, with
all KOW residues located on a1. Consistently, the SMD simulations,
which aim to force the dissociation of KOW away from NGN, also
showed that a1 remained more stable than a2 during pulling,
and that the interdomain interactions mediated by the tip of the
a-helical hairpin are the last to break during dissociation [120].

Similar results were obtained by Seifi et al. [124] using the PRO-
FASI simulation package, which contains an all-atom implicit sol-
vent potential energy function and Monte Carlo algorithms that
enable to efficiently simulate protein folding and aggregation
[125]. Simulations on the full-length RfaH and the isolated KOW
at different temperatures show that a1 is more stable than a2 in
the presence of NGN, but has a higher tendency to unwind in its
absence, in good agreement with the aforementioned results
[117,120]. Moreover, using SMD simulations to explore the
mechanical stability of RfaH to constant velocity pulling showed
that the tip of the a-helical hairpin harbors the highest stability
due to its interactions with NGN.

The details of reverse RfaH refolding into the autoinhibited state
by TMD revealed some interesting aspects, such as the collapse of
the hydrophobic core of the b-barrel after breakage of the interac-
tions between b1-b5, the same strands that form last during refold-
ing into the b-barrel in isolation [88,91,105], and the formation of
the E48-R138 interdomain salt-bridge late after KOW refolding
[120]. Interestingly, the unfolding of the b-barrel is facilitated by
the formation of non-native contacts during this process.

In this regard, recent MD simulations using the Associative
Water-Mediated Structure and Energy Model (AWSEM) further
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confirm the role of non-native interactions in refolding of RfaH-
KOW [126]. AWSEM is a coarse-grained protein folding model
comprising three beads per residue centered at the Ca, Cb, and O
atoms, which combines predominant physics-based sequence-
dependent interaction energy terms (backbone, direct- and
water-mediated interactions, hydrogen bonding, burial potentials)
with knowledge-based local conformation biases for short
sequence segments using analogous fragments of high sequence
identity in known protein structures as well as non-local native
contact potentials [127]. Analysis of 100 independent refolding tra-
jectories from the unfolded state into the b-barrel for the isolated
KOW shows that 25 % of the simulations become trapped in an
intermediate state in which only b2-b3-b4 are folded, and this frac-
tion is increased to 71 % in full-length RfaH due to non-native
interactions formed against a hydrophobic patch in the NGN.
Observations that non-native interdomain interactions hinder the
KOW refolding into the b-barrel [126] and promote its unfolding
in TMD simulations towards the all-a fold [120] strongly suggest
that non-native interactions facilitate RfaH refolding into the
autoinhibited state upon release from RNAP, as observed by NMR
[40].

In summary, the numerous MD simulations of the refolding of
RfaH-KOW in isolation and in the context of the full-length protein
support a fold-switching landscape that is largely consistent with
the biochemical evidence. First, these simulations consistently
assert the key contribution of the NGN domain to the stability of
the KOW domain in the all-a fold, as revealed by the instability
and spontaneous refolding of the isolated domain in this confor-
mation and by the thermodynamic favorability of the autoinhib-
ited state of full-length RfaH. Second, the stability of the
autoinhibited state is predicated on intradomain and interdomain
interactions localized in the tip of the a-helical harpin of the KOW
domain. Third, helical unwinding of the ends of the a-helical harpin
emerged as the first step in the refolding of RfaH-KOW. Fourth, the
fold-switching landscape of RfaH appears rugged, as suggested by
the finding of intermediate states en route of either interdomain
dissociation or refolding into the active state in these MD
simulations.

What is still lacking is the observation of the refolding of RfaH-
KOW in the full-length protein during its recruitment to the ops-
paused RNAP. This is particularly challenging, given that there
are no structures available yet that provide insights into how RfaH
is recruited to the transcription elongation complex before the
RNAP-binding site is unmasked and the fold-switch occurs. The
only example addressing this scenario came from our simulations
using dual-basin SBMs [117], in which we explicitly incorporated
into the simulation system the b’ coiled coil of E. coli RNAP, the
principal target for RfaH [36], such that the b’ coiled coil and
RfaH-KOW would compete for the interaction with RfaH-NGN.
The addition of the b’ coiled coil effectively occluded the interdo-
main interaction in autoinhibited RfaH, leading to an increase in
the scaling of the strength of all interdomain interactions
from � 50 % to � 70 % to observe both native states in 1:1 equilib-
rium [117]. Further MD simulations based on forthcoming struc-
tures capturing RfaH recruitment and incorporating physics-
based interaction energy terms will enable to determine the con-
tributions of the ops DNA to the recruitment and refolding pro-
cesses and reveal how the interactions with RNAP and the ops
DNA are formed while displacing the RfaH-KOW.
8. Experimental observation of the structural dynamics of RfaH

The advent of high-resolution biophysical techniques has
enabled the exploration of the conformational heterogeneity of
the native state ensemble, the presence of intermediate and meta-
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stable states, and the dynamic interconversion between these
states. From single-molecule experiments of high spatial and tem-
poral resolution using fluorescence measurements or force spec-
troscopy [128] to bulk measurements of high local and even
residue-level resolution [129], these methods are paramount for
determining the changes in structure and dynamics during pro-
cesses such as protein folding, folding-upon-binding of intrinsi-
cally disordered proteins, and conformational changes upon
ligand binding [130–132].

In our most recent studies of RfaH [133,134] we have employed
hydrogen–deuterium exchange mass spectrometry (HDXMS) to
explore its conformational dynamics in autoinhibited and active
states. HDXMS is a high-resolution technique where deuterium is
employed as a mass probe of solvent accessibility and structural
dynamics [129]. In a typical HDXMS experiment, a given protein
is incubated in deuterated buffer at room temperature for different
reaction times, from seconds to minutes, to enable deuteron incor-
poration into the backbone amides; then, the reactions are
quenched by lowering the pH and the temperature of the sample,
and the deuterated protein is pepsin-digested to generate many
peptides that are separated by liquid chromatography and ana-
lyzed by mass spectrometry.

Several advantages of HDXMS make it a technique of choice for
the study of RfaH. First, HDXMS enables the simultaneous analysis
of local solvent accessibility and structural dynamics of many over-
lapping peptides, in some cases attaining residue-level resolution
[135]. Second, protein samples do not require labeling, which is a
typical caveat of single-molecule strategies [130,132]. Third, explo-
ration of changes in solvent accessibility and flexibility of local
regions of a protein upon ligand, nucleic, or protein binding can
be easily explored by adding the corresponding partner [136].
Fourth, the technological advances in mass spectrometry have
enabled the study of larger proteins and protein complexes of
increased intricacy [136], thus making the analysis of RfaH bound
to RNAP possible.

We first studied the conformational dynamics of the a-KOW in
the full-length RfaH and of the isolated b-KOW via HDXMS [133].
In full-length RfaH under native conditions, analysis of 31 overlap-
ping NGN and 12 overlapping KOW peptides showed that the tip of
the a-helical hairpin is the most solvent-protected region, corrob-
orating the conclusions provided by MD simulations
[117,120,124]. Interestingly, the ends of each helix in the a-
helical hairpin exhibited the highest deuteron incorporation
observed for the entire protein, except for the linker region con-
necting the two domains. Conversely, HDXMS data from 27 pep-
tides observed in the experiments on the isolated KOW
determined that almost all regions are equally solvent-accessible
and that its extent of deuteron incorporation is similar to that of
the isolated NusG-KOW. These results suggest that while the b-
KOW exhibits overall homogeneous structural dynamics, the
native state of full-length RfaH oscillates between the well-
folded a-helical KOW observed in the crystal structure [36] and
the intermediate state seen in dual-basin SBM simulations [117].

Since RfaH and NusG make different contacts with RNAP [55]
and exert different effects on RNA synthesis [43], we investigated
changes in solvent accessibility and structural dynamics in ops-
paused RNAP bound to RfaH or NusG [134]. We observed that, in
contrast to NusG, RfaH binding to transcription complexes leads
to an increase in deuteron exchange in both domains, except for
the regions that make direct contacts with RNAP [55]. Using expli-
cit solvent MD simulations to computationally predict the changes
in hydrogen–deuterium exchange based on backbone amide
hydrogen bonding analysis and amino acid-specific intrinsic
exchange rates [137], we demonstrated that the observed increase
in deuterium exchange in NGN is the result of both interdomain
dissociation and RNAP binding. We then determined the changes
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in RNAP induced by RfaH and NusG binding, showing that the
regions in direct contact with these transcription factors exhibited
solvent-protection upon NusG binding but increased deuteration
upon RfaH binding. Moreover, RfaH, but not NusG, induced allos-
teric changes in RNAP regions that are distant from their shared
binding site [134]. These regions include the catalytic bridge helix
that interconnects the pincers, which load and close around the
DNA to maintain transcription complex stability and processivity,
and several RNAP inter-subunit interfaces critical for control of
transcription elongation and response to antibiotics [138,139].
The same regions have been implicated in RfaH-mediated control
of transcription using biochemical analyses [140].
9. Metamorphoses may be common in the NusG family

As described above, the metamorphic behavior of RfaH has been
extensively studied, and the mechanism by which RfaH controls
RNA synthesis is even better characterized, establishing RfaH as a
paradigm for other NusG-like proteins [42]. However, much less
is known about other NusGSP, which are present in all domains
of life and are known or proposed to mediate very diverse func-
tions [42,44]. All characterized bacterial NusGSP activate expres-
sion of long operons, such as 70+ kb antibiotic biosynthesis
clusters [68,69], which likely require specialized antitermination
mechanisms. While NusGSP molecular mechanisms are likely dis-
tinct – for example, B. amyloliquefaciens LoaP reduces termination
at hairpin-dependent sites [69] whereas RfaH does not [34] –
and their sequences are very divergent, they share the need to
compete with the housekeeping NusG, to be recruited to their tar-
get genes, and to recognize some cellular cues. We proposed that,
similarly to RfaH, these needs can be met by metamorphosis of the
KOW domain [42]. This conjecture was supported by Porter et al.,
who carried out a comprehensive bioinformatics analysis of the
NusG family to identify a surprisingly large number of potentially
metamorphic KOWs in all domains of life [25]. Their analysis sug-
gests that up to 25 % of NusGSP proteins could switch their folds,
predictions validated by structural probing of a small set of candi-
dates [25]. In a preprint, Zuber et al. also demonstrated that Vibrio
cholerae RfaH, which is only 44 % identical to the E. coli RfaH,
refolds, and suggested that the KOW5 domain of human DSIF
may be metamorphic [141].

Properties that promote metamorphic behavior also make pro-
teins challenging to study experimentally; e.g., several hypotheti-
cal NusGSP fold switchers could not be expressed in a soluble
Fig. 4. Protein structure prediction using ColabFold for the full-length sequence of E. c
comprising their interdomain linker and KOW. The quality of the protein structure pred
residue confidence metric, which is shown with a color gradient from red (very low c
predicted structure.
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form [25]. However, artificial intelligence (AI) algorithms for pro-
tein structure prediction in AlphaFold2 [39] and accessible cloud-
computing implementations of its prediction pipeline such as
ColabFold [142] can now enable one to explore hypothetical meta-
morphic behavior of a protein in silico. For example, using Colab-
Fold (https://github.com/sokrypton/ColabFold) with default
parameters and without any template structure correctly predicts
the autoinhibited state of E. coli RfaH (Uniprot accession code
P0AFW0) with the all-a KOW for the full-length protein and the
b-barrel conformation for residues 101–162 that comprise the
interdomain linker and the isolated KOW (Fig. 4). We also tested
if AlphaFold2 can predict the metamorphic properties of a distant
homolog, corresponding to V. cholerae RfaH-KOW (Uniprot acces-
sion code Q9KTB3) and found this to be the case (Fig. 4). However,
homologs with lower sequence identity to E. coli RfaH, such as B.
amyloliquefaciens LoaP [25], are not successfully predicted, imply-
ing that AlphaFold2 is not a ‘‘one size fits all” solution for the pre-
diction of metamorphic proteins.
10. Sequence information encoding the metamorphic behavior
of RfaH

Beyond the computational exploration of the refolding mecha-
nism of RfaH and the experimental observation of some of the
intermediate states observed in the MD simulations, there is still
a remaining question to be answered: how are both native states
of RfaH encoded in its single sequence? Even with the emergence
of sophisticated AI-based methods for protein structure prediction,
this puzzle is difficult to solve [143] since the foundations of these
methods are rigorously footed on predicting of a unique structure
for a given sequence [39] and because no other metamorphic pro-
tein exhibits a fold switch as exquisite as RfaH, in which prior
knowledge can be used to perform structure predictions on both
the full-length protein and the isolated metamorphic domain to
shed light into its metamorphic behavior.

Given the crucial role of interdomain interactions for RfaH
refolding pathways [38,85,117], in the simplest scenario the
sequence information should be sufficient to correctly predict the
interactions between the NGN and KOW domains upon refolding
from a fully unfolded structure into the autoinhibited state in the
absence of any structural bias. We recently explored this scenario
using the AWSEM protein folding model [126], wherein the Hamil-
tonian is dominated by physics-based energy terms and the
fragment-based conformational biases, guided by reference frag-
oli (Uniprot P0AFW0) and V. cholerae (Uniprot Q9KTB3) RfaH and for the residues
iction is ascertained by the predicted local distance difference test (plDDT), a per-
onfidence) to blue (very high confidence) on the cartoon representations of each

https://github.com/sokrypton/ColabFold
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ments with high sequence identity extracted from known protein
structures, are applied to overlapping fragments from 3 to 9 resi-
dues [127]. This means that non-local native contacts, such as
those between NGN and KOW, are not guided by any structural
bias and solely rely on sequence-dependent interactions.

By performing refolding simulations of full-length RfaH starting
from randomly generated unfolded states, using a local conforma-
tional bias based on fragments extracted from the autoinhibited
state while removing any fragment-based guidance of the 14-
residue linker connecting the two domains, we showed that 81 %
of the trajectories reach the native state and correctly recapitulate
the proper orientation and binding of the all-a RfaH KOW against
the NGN. Moreover, the analysis of the sequence of folding events
shows that the a-helical hairpin is only stabilized upon or after
folding of the NGN [126].

These results strongly suggested to us that, by capturing the
essential native contacts encoded in the sequence of RfaH and
combining themwith proper secondary structure biases, both RfaH
folds could be predicted. In this regard, it has been extensively
demonstrated that, under the hypothesis that spatially proximate
residues in the native state of a given protein family tend to coe-
volve [144], native contacts can be extracted from the coevolution-
ary analysis of multiple sequence alignments of protein families
and then employed in protein structure prediction [145–150]. Also,
a recent report on the NusG family has demonstrated that the
sequence-based computational prediction and analysis of the sec-
ondary structure propensity are useful criteria for determining
their fold-switching behavior [25].

Reasoning that these elements, which can be derived from
sequence information alone, could be sufficient to predict both
native states of RfaH, we performed a coevolutionary analysis on
genomic and metagenomic sequences of RfaH and NusG homologs
curated in terms of their predicted secondary structure propensi-
ties to infer their native contacts by statistical inference. Then,
we employed these native contacts as interactions in single-basin
SBMs with the covalently bonded and torsional geometry of either
RfaH fold [151] and as evolutionary restraints in AWSEM protein
folding models for structure prediction [152]. Our results showed
Fig. 5. NusG family members. A. While housekeeping bacterial NusGs are constitut
mechanisms, which remain to be elucidated for all NusGSPs except RfaH. B. Hypothetica
Earth. This figure has been prepared by Bing Wang.
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that, using either of these MD simulation pipelines, the structure
of the autoinhibited state of RfaH was well predicted when com-
bining the statistically inferred native contacts and the proper local
structure propensities for this fold. In the case of the active state, a
b-folded structure resembling the intermediate seen in refolding
simulations of RfaH was observed instead, with b2-b3-b4 properly
folded.

This computational work provided additional important
insights. First, the inference of intradomain and interdomain native
contacts that are compatible with the autoinhibited state of RfaH is
considerably improved upon augmenting the multiple sequence
alignment with metagenomic sequences and by filtering out
potential non-metamorphic candidates based on secondary struc-
ture predictions, as indicated by the increase from one to four cor-
rectly predicted interdomain interactions. Second, a higher true-
positive rate of contact prediction was observed for the active state
of RfaH, suggesting that the coevolutionary signals accounting for
the autoinhibited state are buried in the dominant interactions of
the canonical fold for all metamorphic and non-metamorphic
NusG proteins.

We expect that the existing and emerging computational
approaches will greatly facilitate the identification of metamorphic
proteins and unraveling the molecular details of their structural
transformations. However, the key biological question is not
whether the protein can switch folds but when and why it does
(Fig. 5A). While the answers are largely known for RfaH, they are
likely to be different for other NusGSP. If a-KOWs mask the
RNAP-binding site in other NusGSP, as is expected based on the
structural and functional congruence of NGNs, their function
would require the relief of autoinhibition, presumably by a cellular
signal that stabilizes an alternative state. It is worth nothing that
RfaH activation is not a regulatory event but a built-in mechanism
to express problematic genes. RfaH-dependent operons are hori-
zontally acquired and are tightly silenced by histone-like proteins
comprising bacterial ‘‘heterochromatin” [153], but are not known
to be coordinately controlled (other than by RfaH) – i.e., RfaH acti-
vates its target genes whenever they are transcribed, not in
response to some physiological cue. Since these genes are scattered
ively active, NusGSP proteins depend on specialized recruitment and activation
l fold switchers have been identified (24) in all domains of Life and in all places on
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on the chromosome, ops can be viewed as a zip code for RfaH
recruitment; consistently, adding ops upstream of a reporter gene
makes its expression dependent on RfaH [154] and a static tran-
scription complex with the ops hairpin binds and triggers RfaH
domain dissociation [55,83]. By contrast, many other NusGSP con-
trol just one operon and are encoded in or near it [44], possibly
making a highly specific recruitment mechanism superfluous.

We speculate that in many cases activation may depend on an
inducer that senses an environmental signal. For example, NusGSP-
mediated biosynthesis of antibiotics or conjugation apparatus
could be linked to quorum sensing, whereas production of toxins
or adhesins could be linked to the presence of a host cell. Small
molecules that induce the expression of these genes, identified
through bioinformatics or experiments, could act by binding to
NusGSP and triggering its fold switch. In fact, ops, initially thought
to act as an RNA element, was identified as the only shared feature
of RfaH-controlled operons [70]. Several NusGSP proteins are
known to bind RNA [51,52,155] and could sense a ligand indirectly,
through a riboswitch-like rearrangement of the RNA structure
[156]; direct interactions with the nascent RNA could also be used
to recruit NusGSP to the transcription complex. Finally, NusGSP fold
switch could be induced upon binding to another protein.

Data mining, network analysis, in vivo crosslinking, in silico
docking, and other methods can be used to identify potential part-
ners, followed by experimental validation. For example, we were
able to identify small molecules predicted to bind to RfaH in silico,
blocking its recruitment to RNAP, and the best lead inhibited E. coli
and K. pneumoniae RfaHs in vitro [157]. Identification of a cognate
ligand that triggers the fold switch is required for studies of the
metamorphic behavior using biochemical and structural analyses
since, except in rare cases such as XCL1, structures of both apo
and ligand-bound states would be necessary - had we started with
RfaH bound to its target, the transcription elongation complex
[55,83], we would never know that RfaH was metamorphic as it
transforms into NusG in that complex, and is too small to be
observed by cryo-EM even if the sample contains a mixture of
ligand-bound and free protein.

In summary, recent findings challenge several core assumptions
about the metamorphome. First, in contrast to XCL1 [20], very
diverse NusGSP can switch folds. Second, metamorphism could be
an ancient phenomenon, rather than a recent evolutionary adapta-
tion – the (presumed) pervasiveness of metamorphic proteins
among extant NusG homologs (Fig. 5B) suggests that the NusG
ancestor was metamorphic. In fact, low complexity of primordial
proteins would be expected to favor disorder [158]. Third, meta-
morphic proteins may be not particularly rare, as long as we look
in the right place. We certainly do not expect that every protein
family contains numerous fold switchers. However, proteins that
need to respond to diverse cellular signals in a tightly controlled
and fast fashion may have learned to become metamorphic. Tran-
scription factors are known to be enriched in dynamic regions
[159], and NusG-like proteins may be among the best examples
of on-demand transformers.
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