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Significance

Metamorphic proteins play an 
important role in both native 
biological processes and disease 
states through their shape-
shifting properties, which allow 
them to expand their functional 
and dysfunctional capacity. 
However, the design of 
monomeric proteins that can 
shift between differently folded 
states remains a challenge. This 
paper describes a designed 
system that can switch reversibly 
between two of the most 
common protein topologies, 3α 
and α/β-plait, over a relatively 
narrow temperature range that is 
relevant to biology. The results 
provide mechanistic insights into 
how proteins can become 
shape-shifters, as well as adding 
to the protein design toolkit. The 
reversible 3α/αβ switch may also 
serve as a model system for 
further understanding the 
fundamentals of protein folding 
and fold switching.
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Naturally occurring metamorphic proteins have the ability to interconvert from one 
folded state to another through either a limited set of mutations or by way of a change 
in the local environment. Here, we show in a designed system that it is possible to 
switch reversibly between two of the most common monomeric folds employing only 
temperature changes. We demonstrate that a latent 3α state can be unmasked from an 
α/β-plait topology with a single V90T amino acid substitution, populating both forms 
simultaneously. The equilibrium between these two states exhibits temperature depend-
ence, such that the 3α state is predominant (>90%) at 5 °C, while the α/β-plait fold is 
the major species (>90%) at 30 °C. We describe the structure and dynamics of these 
topologies, how mutational changes affect the temperature dependence, and the ener-
getics and kinetics of interconversion. Additionally, we demonstrate how ligand-binding 
function can be tightly regulated by large amplitude changes in protein structure over 
a relatively narrow temperature range that is relevant to biology. The 3α/αβ switch 
thus represents a potentially useful approach for designing proteins that alter their 
fold topologies in response to environmental triggers. It may also serve as a model for 
computational studies of temperature-dependent protein stability and fold switching.

protein fold switching | metamorphic proteins | protein design | NMR |  
protein structure and dynamics

Metamorphic proteins have malleable polypeptide chains that can adopt more than one 
folded topology with very little or no alteration in their amino acid sequence. Some of 
the earliest known examples of shape-shifting proteins, such as prions, involved formation 
of multimeric species that were associated with disease states (1). However, multimerization 
is not a necessary prerequisite for fold switching. Moreover, such large-amplitude confor-
mational transitions can lead to new functions, not just disease states. There are now 
numerous examples of naturally occurring fold switches, indicating that protein fold 
metamorphism is a more widespread phenomenon than previously thought (2–4). Indeed, 
recent estimates suggest that approximately 5% of proteins in the PDB may have inter-
convertible topologies (5). Fold switching thus represents the ability of polypeptide chains 
to expand their functional capacity by adopting more than one three-dimensional structure 
in certain cases, providing new opportunities for the design of proteins with novel prop-
erties (6, 7).

The observation that some protein structures are metamorphic also has relevance to 
understanding how new folds might evolve (8). Several experimental studies have provided 
evidence of fold migration, where transitory amino acid sequences have been identified 
with topologies in between two different origin and destination structures (9, 10). 
Furthermore, protein design endeavors have shown that different folds may be related 
through a relatively small number of mutations (11, 12). In the case of the Streptococcal 
albumin-binding GA and IgG-binding GB domains of protein G, for example, it was 
demonstrated that conversion between the 3α GA topology and the 4β + α GB fold could 
occur with as little as a single amino acid substitution (13, 14). In addition, it was recently 
shown that both GA and GB can be connected with another common small fold, the 
α/β-plait topology of the S6 ribosomal protein, relating the three folds into a network 
with high-identity intersections (15). These results indicated that it was possible to derive 
new topologies efficiently from preexisting structures, rather than having each fold nec-
essarily evolve as an independent entity. Computational studies further supported this 
notion by showing that a significant fraction of the known nonredundant folds can be 
connected with minimal changes to the amino acid sequences (16).

In naturally occurring metamorphic proteins characterized to date, the large-scale topol-
ogy change is often caused either by an environmental factor such as pH (hemagglutinin) 
(17), ligand binding [Mad2 (18), KaiB (19)], redox (CLIC1) (20), proteolytic cleavage 
(serpins) (21), or a combination of stimuli such as salt concentration and temperature 
(lymphotactin) (22, 23). Here, we show how temperature alone can be used to switch 
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reversibly between two different but very common fold topologies 
(24) to near-quantitative levels. We employ a designed system in 
which the 56-amino acid sequence for a stable, 3α-folded protein 
(denoted A1) is embedded within the sequence for a 95-amino 
acid polypeptide chain with a stable α/β-plait topology (denoted 
Sa1) (Fig. 1). The parent GA and S6 sequences from which A1 and 
Sa1 are derived have only 16% sequence identity. The A1 and Sa1 
proteins were coevolved to very high sequence identity (100% 
over the 56-amino acid GA sequence) while maintaining their 
respective 3α and α/β-plait folds, as described previously (15). 
Briefly, this involved the following steps: 1) thread the GA 
sequence through the S6 fold to find alignments that minimize 
the most severe steric clashes; 2) design mutations to relieve unfa-
vorable contacts and evaluate the energies computationally; and 
3) maintain the parent amino acids where possible. The resulting 
Sa1 protein thus has an amino acid sequence that codes for both 
the α/β-plait and 3α folds. The competition between the embed-
ded 3α fold and longer α/β-plait fold creates a critical state in 
which the latent 3α structure can be exposed with a relatively 
subtle valine to threonine mutation, setting up a situation in which 

the 3α and α/β-plait forms are populated simultaneously. The 
equilibrium between these two monomeric states exhibits tem-
perature dependence such that the folds can be switched reversibly 
from mostly 3α (>90%) at 5 °C to mostly α/β-plait (>90%) at 
30 °C. We describe the structure and dynamics of these topologies, 
how mutational changes affect the temperature dependence, and 
the energetics and kinetics of interconversion. Additionally, we 
demonstrate how the albumin-binding function of the 3α state 
can be regulated over a relatively narrow temperature range that 
is relevant to biology by large amplitude changes in protein 
structure.

Results

Unmasking of Alternative Fold Topologies. The 95-amino acid 
protein utilized in this study, Sa1, is a version of the S6 ribosomal 
protein from Thermus thermophilus that has been modified to 
incorporate a 56-residue GA-derived sequence, A1, in its entirety 
(Fig. 1A) (15). Thus, while the 56-amino acid protein A1 has a 
3α-helical fold, it forms a region containing the α1-helix, and 

Fig. 1. Unmasking alternative fold topologies. (A) Sequence alignment of 3α A1 and α/β-plait Sa1, with corresponding secondary structure regions at the Top and 
Bottom of the alignment. The parent sequences from which A1 and Sa1 are derived, GA and S6 respectively, are also shown. (B) A single amino acid mutation in 
Sa1 (Center) such as A26D leads to unfolding (Left), while a L79R mutation exposes the alternative 3α state (Right). Color coding is as follows: N-terminal residues 
1 to 10 (blue); residues 11 to 66 aligning with the A1 amino acid sequence (orange); C-terminal residues 67 to 95 (red). (C) Representative chemical shift patterns 
in 2D 1H-15N HSQC spectra of the unfolded (Left), α/β-plait (Center), and 3α states (Right). The HSQC spectrum of Sa1L79R (Right, black) is overlaid with the 56-amino 
acid 3α-helical protein, A1 (red).
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β2- and β3-strands of the α/β-plait structure when it is in the 
context of the longer Sa1 polypeptide chain (Fig. 1B). In contrast 
to many native proteins, which tend to be approximated as two-
state systems, single amino acid changes in Sa1 lead to three readily 
definable states. Depending on where the mutation is made, the 
outcome may be the α/β-plait fold of S6, unmasking of the 
alternative 3α state of GA, unfolding, or some combination of 
these (Fig.  1B). Generating a largely unfolded Sa1 polypeptide 
chain through single-site mutations requires destabilization of 
the core in both GA and S6 folds. There are limited options for 
doing this with single amino acid mutations as there are only two 
residues, A26 and L30, which are buried in both folds. However, 
more avenues exist for unmasking of the 3α fold, which requires 
destabilization of the α/β-plait without affecting 3α substantially. 
This can be done in a number of ways as the N-terminal 10 amino 
acids and C-terminal 29 amino acids of the Sa1 sequence are 
outside the folded region for the 3α state. These residues form the 
β1, β4, and α2 secondary structures that pack against each other 
in the α/β-plait. Therefore, mutations to the core contributors 
from β1 (F4, V6, I8, L10), β4 (V88 and V90), and α2 (L75 
and L79) would be expected to perturb α/β-plait stability while 
having minimal effect on the stability of 3α. Lone mutations at 
either L75R or L79R in the α2-helix of the α/β-plait fold do in 
fact unmask the alternative 3α topology, giving proteins with 2D 
1H-15N HSQC spectra consistent with the peak pattern seen for 
the 3α-fold A1 (Fig. 1C). Likewise, deletion of N-terminal residues 
1 to 4 or C-terminal residues 90 to 95 is also sufficient to give 
NMR spectra yielding only 3α-type signals (SI Appendix, Fig. S1). 
Further, more subtle mutations might be expected to populate 
both states simultaneously. Of the possible locations outside the 
3α-folded region for making such mutations, we focused on 
residue V90 in the β4 strand, which is at the periphery of the 
hydrophobic core for the α/β-plait structure (Fig. 2A). Whereas 

the above mutations abolished the α/β-plait fold, we postulated 
that a relatively small increase in polarity, from V90 to T90, 
might be sufficient to unmask the 3α fold without completely 
disrupting α/β-plait stability. Indeed, Sa1V90T gives a 2D 1H-15N 
HSQC spectrum with an approximately two-fold increase in the 
expected number of signals and a peak pattern consistent with 
both 3α and α/β-plait topologies being present. Assignment of 
resonances confirmed that the 3α and α/β-plait folds are populated 
simultaneously (Fig.  2B). The V90T mutation destabilizes the 
α/β-plait fold minimally, yet this amino acid change is enough to 
reveal propensity for the alternative 3α state without completely 
losing propensity for the α/β-plait topology.

Reversible Switching between 3α and α/β-Plait Folds with 
Temperature. The equilibrium between the 3α and α/β-plait 
structures of Sa1V90T can be shifted with temperature (Fig. 2C). 
At 5  °C, the HSQC spectrum indicates that the major species 
is 3α (>90%). However, the population of 3α decreases as the 
temperature is raised, with a corresponding increase in signals 
due to the α/β-plait. By 30 °C, the major conformation is the 
α/β-plait fold (>90%). Moreover, the temperature-dependent 
switch in fold topologies is reversible (SI  Appendix, Fig. S2). 
Thus, the 2D 1H-15N HSQC spectrum acquired at 30  °C is 
completely different from that recorded at 5 °C. Size exclusion 
chromatography combined with multi-angle static light scattering 
indicates that these states are monomeric at 22 °C, where the 3α 
and α/β-plait folds are in an approximately 30:70 equilibrium ratio 
(SI Appendix, Fig. S3). Temperature-dependent circular dichroism 
(CD) shows two partial transitions, one for the 3α to α/β-plait 
conversion at low temperature and another at high temperature 
for unfolding of the α/β-plait (Fig. 3A). The latter transition has 
an apparent midpoint of ~87 °C. Extrapolating a plot of ∆Gfolding 
versus temperature for Sa1V90T to lower temperature indicates a 

Fig. 2. Reversible switching between 3α and α/β-plait folds with temperature. (A) Structure of Sa1V90T at 30 °C (Right) highlighting the position of V90T (cyan) on 
the β4-strand of the α/β-plait and its interaction with hydrophobic residues in the α2-helix. The position of V90T in the alternative 3α state at 5 °C is also shown 
(Left). Color coding of the main chain is as in Fig. 1. (B) 2D 1H-15N HSQC spectrum of Sa1V90T at 15 °C showing signals due to both the 3α (red labels) and α/β-plait 
(blue labels) states. (C) Boxed region from the HSQC spectrum in (B) shown as a function of temperature. Peaks corresponding to the 3α state (red) decrease 
while α/β-plait peaks (blue) increase as the temperature is raised from 1 °C to 30 °C for representative residues G34 and G58 in the Sa1V90T polypeptide chain.

http://www.pnas.org/lookup/doi/10.1073/pnas.2215418120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215418120#supplementary-materials
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∆Gfolding relative to the unfolded state of −3.9 kcal/mol at 25 °C 
(Fig. 3B). (The extrapolation of the high temperature transition to 
lower temperature estimates the equilibrium of the α/β-plait fold 
with the unfolded state.) In comparison, the ∆Gfolding of the parent 
Sa1 protein at 25 °C is −5.3 kcal/mol. Thus, the V90T mutation 
destabilizes the α/β-plait fold relative to the unfolded state by 
1.4 kcal/mol. From HSQC analysis, the temperature midpoint 
(Tmid) at which the 3α and α/β-plait folds are in a 1:1 ratio is 17 °C. 
This is comparable with a Tmid ~ 20 °C estimated from the CD 
melting data where the extrapolated ΔGfolding curves for Sa1V90T 
and A1 intersect (Fig.  3B). The fitting method is described in 
Materials and Methods.

NMR assignments of main chain resonances were made for both 
the high temperature and low temperature forms of Sa1V90T. At 
30 °C, a three-dimensional structure was determined using a com-
bination of chemical shift and interproton NOE restraint inputs 
into CS-Rosetta (Fig. 4A). The structure consists of β–strands 
between residues 3 and 10 (β1), residues 40 and 44 (β2), residues 
60 and 66 (β3), and residues 86 and 92 (β4), and α-helices between 
residues 16 and 32 (α1) and residues 72 and 81 (α2). The four 
β-strands and two α-helices are arranged in an α/β-plait (βαββαβ) 
topology consistent with other S6 folds (25, 26). At 5 °C, a three-di-
mensional structure was also determined that has α-helices between 
residues 15 and 32 (α1), residues 37 and 45 (α2), and residues 49 
and 63 (α3) as seen in other GA folds (Fig. 4B) (11, 27). The 
N-terminal amino acids 1 to 14 and C-terminal amino acids 64 to 
95 are mostly disordered. However, a fourth helix (α4) is present 
between residues 75 and 81, which corresponds with the position 
of α2 in the α/β-plait. This helix is of lower stability than the other 
three helices and has, on average, smaller secondary ΔδCα and 
ΔδCO shifts (SI Appendix, Fig. S4) and fewer detectable NOEs 
supporting helical structure. Comparison of backbone amide chem-
ical shift patterns for Sa1V90T at 5 °C with A1 showed that the main 
differences are limited to the attachment sites of the N-terminal 10 
residues and the C-terminal 28 residues (Fig. 1C), indicating that 
the α4 helix does not interact significantly with the 3α bundle on 
the chemical shift timescale. Thus, the 5 °C structure of Sa1V90T 
closely matches that of A1 (15) over the 3α-helical region, while the 

30 °C structure of Sa1V90T aligns well with the α/β-plait Sa1 struc-
ture (15) (SI Appendix, Fig. S5). The T90 side chain does not appear 
to form stable H-bonds in either state. Presumably, the V90T muta-
tion decreases the stability of the α/β-plait through a decrease in 
hydrophobic interactions at the periphery of the core. Structures 
and assignments for the 5 °C and 30 °C forms of Sa1V90T have 
been deposited in the PDB and BMRB, respectively. Accession 
codes and structure statistics are provided in SI Appendix, Table S1.

The dynamics of the Sa1V90T polypeptide chain were investi-
gated on the nanosecond-to-picosecond timescale as a function 
of temperature using steady-state {1H}-15N heteronuclear NOE 
and 15N R1 and R2 relaxation measurements (Fig. 4C). At 5 °C, 
the heteronuclear NOE pattern is consistent with a well-ordered 
3α-helical bundle corresponding to the structured region from 
residues 15 to 64, a less ordered α4 helix, and highly flexible N- 
and C-terminal tails from residues 1 to 14 and 82 to 95. The R1 
and R2 relaxation profiles further illustrate the marked difference 
in the backbone dynamics of the 3α-bundle and disordered com-
ponents of the 5 °C structure. Estimates of the correlation time, 
τC, for different regions of the polypeptide chain at 5 °C from the 
R1 and R2 rate constants indicated that the N-terminal tail has 
motions approximately three times faster than those of the 3α 
bundle, while the C-terminal tail tumbles about twice as fast as 
the 3α region (SI Appendix, Table S2). At 30 °C, in contrast, the 
heteronuclear NOEs and R1 and R2 values have minimal deviation 
from the average, consistent with an α/β-plait fold that is tumbling 
more uniformly over the entire length of the polypeptide chain. 
Notable variations correspond with loop regions, particularly the 
large flexible loop between the β2- and β3-strands (residues 45 to 59). 
At Tmid 17 °C, where the 3α and α/β-plait folds are approximately 
equally populated, the 3α region and α/β-plait have comparable 
R1 and R2 rate constants and τC, indicating that the ordered region 
of the 3α structure has similar fast dynamics to that of the α/β-plait 
(SI Appendix, Fig. S6).

How Mutations Alter the Temperature Dependence of Fold 
Switching. Further single amino acid substitutions were made to 
Sa1 at either V90 or an adjacent position in the β4-strand, V88. These 

Fig. 3. Thermal stability of Sa1V90T and comparison with parent proteins A1 (3α) and Sa1 (α/β-plait). (A) Plots of mean residue ellipticity for Sa1V90T (red), Sa1 
(black), and A1 (blue) at 222 nm versus temperature. (B) Plot of ΔGfolding versus temperature for Sa1V90T (red). The data points are calculated ΔGfolding values from 
CD melting data, and the line represents the fitted stability profile from the Gibbs–Helmholtz equation (see Materials and Methods for details). Fitted stability 
profiles based on CD data are also shown for Sa1 (black) and A1 (blue).

http://www.pnas.org/lookup/doi/10.1073/pnas.2215418120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215418120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215418120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215418120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215418120#supplementary-materials
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were largely aliphatic mutations, altering valine to either isoleucine, 
leucine, alanine, methionine, or threonine. Similar to the V90T 
mutant, analysis of 2D 1H-15N HSQC spectra for the V88 and 
V90 mutants as a function of temperature demonstrated that these 
proteins also exhibit large amplitude fold interconversion between 
1 °C and 35 °C (Fig. 5 and SI Appendix, Figs. S7 and Fig. S8). In 
all of these mutants, with the exception of Sa1V90I, the 3α state is 
populated predominantly at lower temperature and the equilibrium 
gradually shifts to the α/β-plait state as the temperature is raised. The 
temperature midpoint (Tmid) at which the 3α and α/β-plait folds 
are equally populated is thus highly dependent on the nature of the 
amino acid mutation, shifting by as much as 20 °C with relatively 
conservative changes. Increasing Tmid values appear to correspond 
approximately with decreasing α/β-plait stability as determined by 
temperature-dependent CD for some V88 mutants (SI Appendix, 
Fig. S9). This is consistent with the postulate that mutations at V88 
and V90 are more likely to affect the stability of the α/β-plait than 
the 3α form. The residues most stabilizing to the α/β-plait at both 
the V88 and V90 positions are the β-branched aliphatic amino acids 
isoleucine and valine, which appear to provide optimal packing. In 
contrast, V88M is most destabilizing to the α/β-plait fold, resulting 
in main chain amide signal broadening in HSQC spectra at higher 
temperatures and precipitation of the protein (SI Appendix, Fig. S7E). 
Thus, relatively small changes in hydrophobicity and branching at 
the periphery of the α/β-plait core lead to significant shifts in the 
temperature dependence of the fold switch.

Energetics and Kinetics of Fold Interconversion. The free energy 
difference between the 3α and α/β-plait folds, ΔG3α→α/β, was 
determined from the equilibrium constant, Keq, given by the 

population ratio of the 3α to α/β-plait states as a function of 
temperature (Fig. 6 A and B). Where the population shifts almost 
completely (>90%) from one state to the other within the 1 to 
35 °C temperature range used (V88A, V88L, V90T, V90A), the 
switch corresponds with a free energy change of approximately 2 
to 3 kcal mol−1. For other mutants where the Tmid is closer to one 
end of the temperature range (V88I, V88T, V90L, V90M), the 
approximately linear ΔG3α→α/β versus temperature plots and their 
similar slopes suggest that they likely have comparable free energy 
differences between their 3α and α/β-plait forms. Additionally, the 
changes in enthalpy, ΔH°, and entropy, ΔS°, of 3α to α/β-plait 
fold conversion were estimated from the Van’t Hoff equation,

 [1]ln
(

Keq

)

= −
ΔH ◦

RT
+

ΔS ◦

R
,

by relating the equilibrium constant, Keq, to the change in tem-
perature. The negative slope of the Van’t Hoff plots for both the 
V88 and V90 mutants indicates an endothermic reaction which 
is consistent with the requirement of a temperature increase to 
drive the conversion from the 3α to α/β-plait state (Fig. 6 C and 
D). The average ΔH°3α→α/β was 26.5 ±3.3 kcal mol−1 for V88 
mutants and 22.7 ± 5.4 kcal mol−1 for the V90 mutants, while 
the average ΔS°3α→α/β was 0.09 ± 0.01 kcal mol−1K−1 for V90 
mutants and 0.08 ± 0.02 kcal mol−1K−1 for the V90 mutants.

The simultaneous detection of two sets of NMR signals cor-
responding to the α/β-plait and 3α forms in the 2D 1H-15N 
HSQC spectrum of Sa1V90T indicated that the two folds are 
undergoing slow exchange relative to the NMR chemical shift 
timescale. We employed 2D longitudinal 15N ZZ-exchange 
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Fig. 4. Structure and dynamics of Sa1V90T as a function of temperature. (A) 2D 1H-15N HSQC spectrum of Sa1V90T at 30 °C with backbone amide assignments 
(Left) and the corresponding ensemble of 10 lowest energy α/β-plait structures (right). (B) 2D 1H-15N HSQC spectrum of Sa1V90T at 5 °C with backbone amide 
assignments (left) and the ensemble of 10 lowest energy 3α structures (Right). (C) Plot of 15N-R1 and -R2 rates, and {1H}-15N steady-state heteronuclear NOE versus 
residue for Sa1V90T in the 3α state at 5 °C (red) and α/β-plait form at 30 °C (blue).
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spectroscopy, which measures chemical exchange on the millisec-
ond to seconds time scale, to quantify the kinetics of the inter-
conversion between the two folded states of Sa1V90T.(28, 29) A 
series of 2D 1H-15N HSQC spectra were collected with variable 
delays to detect buildup of exchange peaks and estimate the for-
ward, k3α→α/β, and reverse, kα/β→3α, exchange rate constants for 
three residues, Q16, G34, and G58, that had well-resolved auto-
peaks and crosspeaks (Fig. 7 A and B). At 17 °C, where the 3α 
and α/β-plait conformations are close in population, the two folds 
exchanged with an average rate constant of 1.2 to 1.5 s−1, in 
accord with a slow exchange event. To determine the activation 
energies of the transition states for the forward and reverse reac-
tions, the temperature dependence of the exchange rate constants 
was measured by repeating the ZZ-exchange analysis at 10 °C 
and 24 °C (SI Appendix, Table S3). While kα/β→3α was minimally 
affected by the change in temperature, k3α→α/β decreased to 0.6 s−1 
at 10 °C and increased to 3.6 s−1 when the temperature was raised 
to 24 °C. The resulting activation energy, Ea, from 3α→α/β-plait 
was 22.0 ± 0.4 kcal/mol, while the Ea for α/β-plait→3α was 
2.4 ± 0.5 kcal/mol (Fig. 7C).

Comparison of the change in enthalpy from the Van’t Hoff 
equation and the activation energy from ZZ-exchange analysis 
provides consistent and independently derived energetic values 
for 3α→α/β-plait conversion. The activation energy, Ea, of 22.0 
kcal mol−1 for the 3α→α/β-plait fold switch of Sa1V90T approx-
imates the observed change in enthalpy, ΔH°3α→α/β, of 23.5 kcal 
mol−1. For the endothermic 3α→α/β-plait conversion, ΔH°3α→α/β 
describes the heat absorbed by the reaction while Ea provides the 
energy required to reach the transition state. The proximity of 
these values suggests that the Ea of the 3α to α/β-plait switch is 
dominated by an enthalpic barrier.

Regulation of Fold and Function over a Narrow Temperature 
Range. The designed 3α-helical A1 protein (Fig. 1) does not bind 
to human serum albumin (HSA), but HSA-binding function 
was engineered into the 56-amino acid sequence using five 
mutations (E28K, K29Y, A41G, K44S, and V52A) that are based 
on structural alignment to the wild-type 3α-helical GA module 
in complex with HSA (30) (SI Appendix, Fig. S10 A and B). The 
corresponding mutations were also introduced into the longer Sa1 
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sequence to generate a protein, Sa1(HSA), which has a destabilized 
α/β-state and partially populates the alternative 3α form at 5 °C 
(Fig. 8A). Similar to Sa1V90T and the other variants described 
above, the equilibrium between the 3α and α/β states in Sa1(HSA) 
is temperature dependent with ~55% 3α at 5 °C, ~95% α/β at 
37  °C, and a Tmid ~ 7  °C (Fig. 8 B and C). The HSA-binding 
epitope is intact in the 3α state but is cryptic in the α/β-plait 
form (SI Appendix, Fig. S10C). Addition of HSA to 15N-Sa1(HSA) 
at 5  °C leads to loss of backbone amide signals in the HSQC 
spectrum from both the α/β state and the folded region of the 
3α conformation (Fig. 8D). However, resonances corresponding 
to the disordered N- and C-terminal regions of the 3α state are 
detectable, consistent with the formation of an approximately 
77 kDa 3α/HSA complex in which only the faster tumbling ends 
of the 3α species can be readily observed. When the temperature 
is raised to 37 °C, the narrow linewidth α/β state signals reappear 
and the 3α state resonances are no longer detected, indicating 
dissociation of the 3α/HSA complex and fold switching to the 
α/β-plait (Fig. 8E).

The dissociation constant for the binding reaction of Sa1(HSA) 
with HSA is ~45 μM at 5 °C, higher than for A1(HSA), which 
has a KD of ~12 μM at 5 °C (Fig. 8F). The weaker binding of 
Sa1(HSA) is due to the fact that it populates 3α and α/β almost 
equally at 5 °C and needs to fold switch to 3α to bind HSA com-
pletely. Therefore, at 5 °C, the free energy of fold switching from 
3α to α/β for Sa1(HSA) is near 0 kcal/mol and is outweighed by 
the stability increase of HSA binding to the 3α state, resulting in 

the gain of HSA-binding function (Fig. 8G). In contrast, the free 
energy of fold switching to the α/β state at 37 °C is less than 
−2 kcal/mol based on the relative population of α/β-plait (Fig. 6). 
Thus, the energetic gain from fold switching to the α/β state at 
37 °C outweighs the stability increase from HSA binding to 3α 
and leads to a >20-fold attenuation of HSA binding with effective 
loss of function. The competing equilibria of fold switching and 
HSA binding are therefore shifted using temperature changes over 
a relatively narrow range that regulate both fold and function.

Discussion

Here, we describe the reversible interconversion between two com-
mon folds, the 3α helix bundle and the α/β-plait, using only tem-
perature. The stabilities of the 3α and α/β-plait topologies of the 
Sa1V90T polypeptide chain are similar over the temperature range 
used, with small free energy differences, ΔG3α→α/β, of approximately 
2 to 3 kcal/mol needed to shift the population from more than 90% 
3α at 5 °C to more than 90% α/β-plait at 30 °C (Fig. 6). One likely 
contributing factor to the destabilization of the α/β-plait fold relative 
to the 3α fold at 5 °C is that hydrophobic forces decrease at lower 
temperatures (31, 32). Because the α/β-plait has a larger hydropho-
bic core (~3,200 Å2) than the 3α topology (~1,700 Å2), destabilizing 
effects of the temperature-dependent decrease in hydrophobicity for 
the α/β-plait fold may outweigh those for the 3α structure suffi-
ciently to get the small observed difference in free energy. This would 
lead to the more conformationally expanded 3α state being favored 
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Fig. 6. Energetics of fold interconversion between 3α and α/β-plait structures. (A) ΔG3α→α/β versus temperature for the Sa1 mutants V88T (blue), V88A (green), V88L 
(red), and V88I (magenta). (B) ΔG3α→α/β versus temperature for Sa1 mutants V90A (green), V90T (blue), V90L (red), and V90M (purple). ΔG3α→α/β is calculated for V88 
and V90 mutants from the equilibrium constant for exchange between 3α and α/β-plait conformations, K3α→α/β, at temperatures of 1 to 35 °C using the equation 
ΔG3α→α/β = −RTln K3α→α/β. The equilibrium constant at each temperature is an average value determined from peak volumes for main chain amide signals of 4 to 6 
residues that are in the folded regions of both 3α and α/β-plait forms and have similar relaxation properties in both states. (C) Van’t Hoff plots of logKeq versus 
1/T for the Sa1 mutants V88T (blue), V88A (green), V88L (red), and V88I (magenta). (D) Van’t Hoff plots for the Sa1 mutants V90A (green), V90T (blue), V90L (red), 
and V90M (purple). The plots in (C and D) are fitted to the linear form of the Van’t Hoff equation (Eq. 1), which is used to estimate the enthalpy and entropy of 
the fold conversion from the slope and intercept, respectively.
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at lower temperature. While this may seem counterintuitive, it has 
analogy to the phenomenon of cold denaturation, which is also 
driven by weakening of the hydrophobic effect with decreasing tem-
perature (33, 34). The results highlight and reinforce a common 
feature of fold switching, which is that the environmental trigger 
necessarily induces a decrease in the stability of one state relative to 
the other.

The results obtained from ZZ-exchange data suggest that the 
pathways of the forward and reverse reactions are significantly 
different energetically. For the 3α→α/β conversion, the Ea of 22.0 
kcal/mol is comparable to that required for the global unfolding 
and refolding of similar sized proteins (ubiquitin, lymphotactin), 
(35, 36) which has previously been posited as a mechanism for 
fold switching of lymphotactin. In contrast, the α/β→3α transi-
tion has a significantly lower Ea value of 2.4 kcal/mol. Although 
the reasons for these differences are not well understood, one 
contributing factor may come from the possible energetic simi-
larities of this transition to cold denaturating events, as mentioned 
above. The α/β→3α transition requires the well-ordered α/β-plait 
structure to convert to a 3α fold with N- and C-terminal disor-
dered ends (Fig. 2A), thus having the net effect of unfolding for 
approximately 40% of the polypeptide chain as the temperature 
is lowered. While heat denaturation is endothermic, cold unfold-
ing is an exothermic process (37). The putative heat release from 
this partial unfolding transition may therefore offset the energy 
of activation requirements for α/β→3α conversion, leading to a 
lower value.

The temperature dependence of the 3α/αβ switch is exquisitely 
sensitive to mutation (Fig. 5). The Sa1 parent protein, which has 
an α/β-plait topology, does not show any evidence of an alternative 
fold at 25 °C. Yet a single relatively subtle amino acid substitution 
of a residue at the periphery of the core, V90T, destabilizes the 
α/β-plait fold by 1.4 kcal/mol relative to the unfolded state 
(Fig. 3B) and is enough to reveal the temperature-dependent fold 

switch. Moreover, other single-site mutations at either V88 or V90 
shift the Tmid from less than 5 °C to 25 °C by altering the stability 
of the α/β-plait, while likely having minimal impact on the 3α 
state stability. The fact that nearly all of these V88X or V90X 
mutations, with the exception of X = Thr, are aliphatic substitu-
tions (X = I, L, V, M, or A) on the outside of the core demonstrates 
the delicate balance of the system. With coding for both the 3α 
and α/β-plait folds present in a single polypeptide chain, small 
changes in amino acid composition can alter the relative stabilities 
of the two competing states, leading to changes in the tempera-
ture-dependent profiles.

In almost all of the mutants investigated, the temperature 
dependence is completely reversible, indicating that neither fold 
is kinetically trapped. The exception is Sa1V88M, where the pro-
tein is stable at lower temperatures (1 to 20 °C) in the 3α topology, 
but begins to precipitate and presumably aggregate at higher tem-
peratures (25 to 35 °C) once it switches to mostly α/β-plait. The 
structure of Sa1V90T indicates that V88 is more buried than T90. 
In models, branched aliphatic side chains can be accommodated 
at both sites (Fig. 5), whereas the unbranched methionine intro-
duces more steric clashes at position 88 than 90. This may desta-
bilize the α/β-plait form of Sa1V88M and increase the propensity 
to form aggregated states. This characteristic is reminiscent of a 
prion, where fold switching from a benign α-helical state to a 
β-stranded form is presumed to precede oligomerization to fibrils, 
protein deposition, and disease states (38). Here, however, the 
biophysical properties of fold switching between the monomeric 
3α and α/β-plait forms of the Sa1V90T mutant can be analyzed, 
because switching is decoupled from complicating oligomerization 
events. The present results in a designed system therefore provide 
a useful framework for understanding the structural, energetic, 
and kinetic factors controlling fold switching. Moreover, they 
indicate that common topologies can undergo fold switching 
without the need to progress to multimeric states.
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Fig. 7. Kinetics of fold interconversion between α/β-plait and 3α states using ZZ-exchange NMR. (A) Spectra showing the buildup of exchange crosspeaks (blue 
and magenta) and decay of autopeaks (red and orange) for G58 at several mixing times at 17 °C. (B) The time-dependent buildup of crosspeaks was determined 
for three residues (Q16, G34, and G58) using the composite peak intensity ratio (Ξ) fit equation (Eq. 3). The average curve fit is shown in black. (C) Arrhenius 
analysis of activation energy, Ea. The average exchange rate constants from residues Q16, G43, and G58 were obtained from ZZ-exchange experiments at 10, 
17, and 24 °C. The logarithm of the rate constants was plotted against inverse temperature and Ea was obtained from the slope of the linear fit equation (Eq. 4).



PNAS  2023  Vol. 120  No. 4  e2215418120 https://doi.org/10.1073/pnas.2215418120   9 of 11

In Sa1V90T, the N- and C-termini are mostly disordered in the 
3α state (Fig. 4). Nonetheless, they exhibit some propensity for the 
secondary structured regions present in the alternative state 
(SI Appendix, Fig. S4), providing nucleating sites for folding to the 
α/β-plait. The conformational propensities of these regions in the 3α 
state do not increase as the temperature is raised and as the population 
of the α/β-plait form increases, consistent with switching from the 
3α to α/β-plait structures being a highly cooperative process. 
Involvement of disordered regions, which are also observed in a num-
ber of natural fold switches, permits flexibility of phi/psi-angles in 
at least one of the two states (3). This relaxes the relatively tight 
structural constraint of populating two different folds with a single 
polypeptide chain. In addition, these types of large-scale intramolec-
ular topological changes have some analogy at the intermolecular 
level. For example, addition of an unstructured peptide in trans to 
the globular folded protein superoxide dismutase promotes switching 
from an immunoglobulin-like β-sandwich to an alternative structure 
with amyloid characteristics (39). Taken together, these observations 
indicate that disordered regions can play an important role in the 
remodeling of ordered states.

In summary, our results show that temperature alone can be 
used to switch from one common fold topology to another and 

that subtle changes in amino acid composition modulate the rel-
ative stabilities of the two competing states over a reasonably nar-
row temperature range (5 to 37 °C) that is relevant to biology. 
Moreover, the HSA-binding function can be tightly regulated over 
this temperature range by shifting the equilibrium between the 
3α state, which binds HSA, and the α/β-plait form, which does 
not bind HSA (Fig. 8). Such studies therefore provide insights 
into how new folds and functions could potentially evolve. They 
also add to the new strategies being developed for the design of 
proteins with novel properties (40, 41). Since the parameters of 
temperature and single-site mutation can be simulated in silico, 
the GA/S6 system may serve as a useful model for further com-
putational studies of temperature-dependent protein stability and 
fold switching. Underlying these efforts, the physicochemical 
principles determined from designed protein fold switches will 
also be applicable to natural shape shifters.

Materials and Methods

Sample Preparation. Site-directed mutants were prepared using mutagenic prim-
ers and a Q5 site-directed mutagenesis kit (BioLabs). Sa1 and variants were cloned 
into an eXact tag pH0720 vector, including an engineered subtilisin prodomain 
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and an HSA-binding GA sequence as N-terminal tags that were removed during 
purification (42). BL21DE3 E. coli cells were transformed with the vector and grown 
in M9 minimal media for 15N- and 13C/15N-labeling. Cells were grown at 37 °C 
to a density of 0.6 to 0.8 OD600, and protein expression was induced with 1 mM 
IPTG at 25 °C for 18 h. The cells were harvested by centrifugation, resuspended in 
100 mM potassium phosphate (KPi) buffer (pH 7.0) containing 150 mM NaCl and 
a protease inhibitor cocktail tablet (Pierce), and lysed by sonication. Soluble cell 
extract of prodomain-GA fusion protein was loaded onto a 5 mL subtilisin column. 
The column was washed with five column volumes of 100 mM KPi (pH 7.0), then 
20 column volumes of 500 mM NaCl, 100 mM KPi (pH 7.0) to remove impurities, 
followed by five column volumes of 100 mM KPi. To cleave and elute the purified 
protein, 6 mL of 3.5 mM imidazole, 100 mM KPi (pH 7.0) was injected at 1 mL/min. 
The eluent was passed through an HSA column to remove uncleaved fusion protein 
and the cleaved target protein was collected in the flow through. The purified 
protein was concentrated to 0.2 to 0.3 mM in 100 mM KPi buffer (pH 7.0) con-
taining 5% D2O for NMR analysis. The oligomeric state of the Sa1V90T protein was 
assessed by static light scattering using analytical size- exclusion high-performance 
liquid chromatography in combination with a Minidawn Treos (Wyatt Technologies) 
multiangle light scattering instrument.

Circular Dichroism. CD measurements were made on a Chirascan spectrom-
eter (Applied Photophysics) using protein concentrations of 5 μM in 100 mM 
KPi buffer (pH 7.0) with a 1-mm path length cuvette. For thermal denaturation, 
ellipticities at 222 nm were continuously monitored at a scanning rate of 1 °C 
per min from 5 to 90 °C. The temperature unfolding profiles were converted to 
an apparent ∆Gfolding and fit to a theoretical curve calculated using the Gibbs–
Helmholtz equation: ∆Gfolding = ∆Ho − T∆So + ∆Cp(T − To − TlnT/To), where 
To = 298 °K. (15, 43)

NMR Spectroscopy. NMR spectra were collected on Bruker AVANCE III 600 and 
900 MHz spectrometers fitted with a z-axis gradient 1H/13C/15N triple-resonance 
cryoprobe. For all multidimensional NMR spectra, NMRPipe was used for data 
processing, and analysis was done with Sparky (44, 45). Backbone resonances 
were assigned at 5 °C and 30 °C for Sa1V90T using the following triple- resonance 
experiments: HNCACB, CBCA(CO)NH, HNCA, HNCO, HN(CA)CO, HNHA, and 
HN(CA)NNH. Interproton distance restraints were obtained from 3D 15N- and 
13C-edited NOESY spectra in 5% D2O with mixing times of 100 and 150 ms, 
respectively. The 30 °C three-dimensional structure of Sa1V90T was calculated 
using a standard CS-Rosetta3.2 protocol based on backbone N, HN, Hα Cα, Cβ, 
and CO chemical shifts as well as backbone NOE data (46). The 5 °C structure 
of Sa1V90T was also calculated using CS-Rosetta3.2 based on backbone N, HN, 
Hα Cα, Cβ, and CO chemical shifts, where TALOS (47)-predicted flexible N- and 
C-terminal regions (residues 2 to 14, 64 to 73, and 82 to 95) were predefined 
as flexible. One thousand CS-Rosetta structures were calculated, from which the 
10 lowest energy structures were chosen. Protein structures were displayed and 
analyzed using PROCHECK-NMR (48), MOLMOL (49), and PyMol (Schrodinger).

Secondary Cα and CO chemical shifts were determined by subtracting calcu-
lated random coil values from experimental values (50). Steady-state {1H}-15N 
heteronuclear NOE experiments were recorded at 5 °C and 30 °C on a 600-MHz 
spectrometer with a relaxation delay of 3.6 s. 15N-T1 and -T2 measurements were 
made using 2D 15N HSQC experiments at 5, 17, and 30 °C on a 600-MHz spec-
trometer with a relaxation delay of 3 and 2 s, respectively. For T1 experiments at 
5 and 17 °C, 12 variable delays were used (10, 50, 100, 200, 300, 500, 700, 1,000, 
1,200, 1,500, 2,000, and 2,500 ms), whereas 10 variable delays were employed 
at 30 °C (10, 50, 100, 200, 300, 500, 700, 1,000, 1,200, and 1,500 ms). For T2 
experiments at 5 and 17 °C, 11 variable delays were used (8, 16, 30, 50, 80, 100, 
130, 160, 200, 300, and 500 ms), while 11 variable delays were utilized at 30 °C 
(8, 16, 30, 50, 80, 100, 130, 160, 200, 240, and 300 ms). T1 and T2 values were 

calculated from fitting an exponential decay with error estimates using Sparky. 
The rotational correlation time, τC, was calculated using Eq. 2,

 [2]�C ≈
1

4��N

√

6
T1

T2
− 7,

where �N is the 15N resonance frequency (51).
To determine fold interconversion rate constants, 2D ZZ-exchange 15N HSQC 

experiments were recorded at 10, 17, and 24 °C on a 900-MHz spectrometer 
(28, 29). A range of variable delay times was used at 10 °C (100, 200, 300, 400, 
600, 800, 1,000, 1,300, 1,500 ms), 17  °C (25, 50, 100, 150, 200, 300, 400, 
500, 600, 800, 1,000 ms), and 24 °C (20, 50, 100, 150, 250, 300, 400, 500 ms). 
Changes of auto- and cross-peak intensities as a function of mixing time were 
analyzed using the composite peak intensity ratio method, shown in Eq. 3,

 [3]Ξ(t) =
IAB(t)IBA(t)

IAA(t)IBB(t) − IAB(t)IBA(t)
= kA→BkB→At

2,

where IAA(t) and IBB(t) are intensities of autopeaks and IAB(t) and IBA(t) are 
intensities of crosspeaks, and the data were fitted using a linear least squares 
fit (52). Exchange rate constants were calculated from the quadratic fit function, 
Ξ(t), obtained from each residue. The equilibrium constant, Keq, was determined 
from a fully relaxed 15N HSQC spectrum. The exchange rates at each temperature 
were then used to calculate the activation energy, Ea, by fitting to the Arrhenius 
equation

 [4]ln
(

k
)

= −
Ea

R

(

1

T

)

+ ln(A),

where A is the preexponential factor and R is the gas constant.
Dissociation constants were determined as described previously (14). Purified 

15N-labeled A1(HSA) and Sa1(HSA) protein samples were concentrated to 50 μM 
in 100 mM KPi (pH 7.0). Lyophilized HSA (Sigma Aldrich) was solubilized to 
50 mg/mL in 100 mM KPi (pH 7.0). Binding experiments were performed by 
titrating 0.1 to 4.0 molar equivalents of HSA into a 50-μM solution of A1(HSA) or 
Sa1(HSA) and monitoring changes by NMR.

Data, Materials, and Software Availability. [structure coordinates; 
NMR assignments] data have been deposited in [PDB/PDBDev; BMRB]
(8E6Y/00000132; 51338, 51339) (53–56). All study data are included in the 
article and/or SI Appendix.
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