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The extant sequences of proteins are a product of innumerable mutational iterations over the evolutionary timeline. Mutations can manifest as distinct changes in the overall or local structure of the
protein and contribute to various features including thermodynamic-kinetic stability, solubility and
functional outputs [1–4]. One avenue to explore sequence changes that impart altered stability or
function is to compare the conformational behavior of modern and ancient proteins [5]. Such a comparison would provide valuable insights for protein design and functional manipulation while enabling one to address speciﬁc questions on how mutational effects shape the conformational-functional
landscape of proteins across the evolutionary timeline. The method of choice for generating the
sequences of ancient proteins is ‘ancestral sequence reconstruction’ [6]. It involves the construction of
a phylogenetic tree of modern or extant sequences (i.e. the external nodes) following which the interior nodes (extinct or ancient sequences) are inferred by maximum-likelihood or Bayesian estimates
while assuming a Markovian model for amino acid substitution similar to the Dayhoff matrix construction [7,8]. Such ‘resurrected’ proteins are often found to be hyperstable, functionally promiscuous
and ﬂexible [9].
Modern Thioredoxins (Trx), general oxidoreductases in extant organisms, and their distant ancient
cousins have been extensively studied via ancestral sequence reconstruction approaches. The small size
of the protein (∼108 residues), coupled with the large yield, ease of puriﬁcation and enzymatic characterization, has facilitated studies which have contributed to our understanding of how sequences
evolve [10], provided detailed structures of ancestral proteins [11], revealed differences in the ﬂexibility
and dynamics between ancient and modern Trx and hence catalytic differences [12], highlighted sitespeciﬁc preferences of certain amino acids and their energetic origins [13], and have led to design
principles for engineering hyperstable variants [14]. Given this background, the authors in this work
[15] ask three speciﬁc questions: (1) Do ancient Trxs fold faster or slower than their modern counterparts? (2) If yes, what are the speciﬁc sequence positions that determine the differences in folding,
their likely evolutionary origins and impact? (3) Finally, are the folding rate constants conserved
across the modern Trxs?
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Thioredoxins are a family of conserved oxidoreductases responsible for maintaining
redox balance within cells. They have also served as excellent model systems for protein
design and engineering studies particularly through ancestral sequence reconstruction
methods. The recent work by Gamiz-Arco et al. [Biochem J (2019) 476, 3631–3647]
answers fundamental questions on how speciﬁc sequence differences can contribute to
differences in folding rates between modern and ancient thioredoxins but also among a
selected subset of modern thioredoxins. They surprisingly ﬁnd that rapid unassisted
folding, a feature of ancient thioredoxins, is not conserved in the modern descendants
suggestive of co-evolution of better folding machinery that likely enabled the accumulation of mutations that slow-down folding. The work thus provides an interesting take on
the expected folding-stability-function constraint while arguing for additional factors that
contribute to sequence evolution and hence impact folding efﬁciency.
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I will brieﬂy present a rationale as to why these are critical questions to be addressed from the view point of
sequence evolution. First, one facet that has been challenging to decipher via sequence resurrection methods is
the role of random mutations and their (more than) likely epistatic effects that can potentially bias and confound the identiﬁcation and interpretation of mutations that alter stability and function [16,17]. In other
words, it is well established that mutations occur randomly and are generally accepted in sequences as long as
the function or stability (kinetic and thermodynamic) is not compromised beyond a certain threshold value.
Since different sequences evolve in different backgrounds (i.e. the cellular milieu), the extant sequences would
incorporate not only those sequence changes that occur randomly and impact function and stability, but also
additional changes that determine its stickiness (quinary interactions), solubility, diffusivity and the interaction
proﬁles with different translation-folding-degradation machineries (ribosome, proteasome etc.) and hence the
protein half-life within a speciﬁc organism [18–20]. The observed sequence changes in the same family of proteins can have different origins that are therefore challenging to extricate. It is also possible that the folding rate
is different between ancient and modern proteins of the same family due to the evolution and presence of
advanced folding assistance processes in modern organisms (i.e. chaperones) [15]. Thus, modern sequences
could carry an ‘evolutionary baggage’, i.e. speciﬁc residue alterations that were required in ancient times but
that are no longer required now, or could have gotten rid of them. Or have they?
Second, all that is required of a protein in vivo is that it folds in a reasonable time-scale to function while
contributing to organismal ﬁtness in a positive manner. However, it is well established that there always is and
will be a ‘tug-of-war’ between folding and function that constantly ‘selects’ for speciﬁc sequence patterning
over others. For example, certain sequence positions that are critical for function (imagine the speciﬁc orientation or active-site residues required for catalysis) can themselves slow-down folding as they are not the optimal
choice for folding in a rapid manner. Such ‘frustration’ can have varied energetic-topological origins [21] and
the energy landscape theory predicts that proteins are ‘minimally frustrated’ as Natural Selection has likely
weeded out many of these conﬂicting interactions [22]. However, it is also pertinent to note that any selection
would happen in a speciﬁc background or cellular milieu (in vivo) and not in isolation. Third, and continuing
from the point above, sequence alterations can also modulate the number and nature of intermediate states,
barrier heights and folding diffusion coefﬁcients [23,24]. Thus, it is unlikely that sequences that evolve in different backgrounds exhibit similar folding rates as sequence evolution is constantly buffeted by all of the factors
discussed above to different extents.
The detailed mutational analysis presented by Gamiz-Arco et al. [15] provides a well-rounded take on the
issues reviewed above. Fluorescence and double-jump-unfolding kinetic experiments clearly show that the
modern (E. coli) Trx folds slower than the LPBCA Trx (last common ancestor of the cyanobacterial, deinococcus and thermus groups, existed 2.5 billion years ago) and LBCA Trx (last bacterial common ancestor, existed
4 billion years ago). While the differences in rates are marginal at 25°C, they differ by more than two orders of
magnitude when accounting for the optimal growth temperatures of the organisms (37°C for E. coli and >60°C
for LPBCA/LBCA). This is an important and less-discussed aspect that needs to be considered when comparing
proteins whose source organisms exhibit different growth temperatures [25] as the large difference in thermal
energy, molecular diffusivity and the relative time-scale of molecular binding events contribute to different
selection pressures [26]. When a conserved cis-proline at position 76 is mutated to alanine the folding rates
speed up for all the three proteins and the differences vanish. Interestingly, the catalytic activity is also impaired
thus highlighting the direct connection between folding efﬁciency, sequence conservation and function. Since
P76A mutation allows for a greater dihedral ﬂexibility around this position, it is expected to destabilize the proteins and this is experimentally observed. However, any thermodynamic destabilization could be naively
expected to decrease the folding rate and not increase it (as experimentally observed) arguing for a large kinetic
ruggedness in the folding landscape of Trx that is eliminated as a consequence of this mutation. These observations also indicate that there are additional sequence modiﬁcations in the modern Trx that slow down its
folding with respect to ancient Trxs and that is potentially exacerbated by P76.
While it is challenging to pinpoint the speciﬁc sequence changes that could contribute to the observed differences, the authors identify position 74 (serine and glycine in ancient and modern Trx, respectively) as a
plausible candidate through a combination of sequence alignment and structural analysis. They are able to successfully engineer the ancient protein to exhibit a folding time-scale similar to that of the modern counterpart
through S74G mutation and vice versa through the reverse G74S in modern Trx. This observation is counterintuitive as one would expect the faster folding variant (i.e. serine instead of glycine in modern Trx) to be evolutionarily selected as the slower a protein folds, the more will be the time spent during folding and this can
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Figure 1. WSME Model Predictions.
(A) Free energy proﬁles as a function of the number of structured residues predicted by the WSME model at a ﬁxed stability of
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15 kJ mol−1 and at pH 7.0, 298 K for the three indicated proteins. (B) The native ensemble distribution at 298 K. (C) The
probability of ﬁnding residue folded as a function of residue index at 298 K. The shaded regions represent residue stretches
that display local disorder and that differ across the three proteins.

potentially contribute to larger interference from other cellular constituents (non-speciﬁc binding,
co-aggregation, degradation etc.). However, it is possible that the evolution of better folding machinery in
modern organisms mitigate such unwanted effects and this could be one reason why unassisted fast folding (as
in ancient Trxs) has undergone evolutionary degradation. Thus, it appears that the modern E. coli Trx sequence
has, at least in part, shed its evolutionary baggage answering a fundamental question on how folding-functional
landscapes of proteins in vivo are highly co-evolved features that are at the mercy of not just folding rates but
numerous other factors. True to this, the authors ﬁnd that the folding rates of a set of 13 modern thioredoxins
vary by a factor of 100, a majority of the orthologs exhibit slower folding compared to their ancient cousins
and exhibit no correlation with thermodynamic stability. It is important to note that despite these differences,
enzymatic studies point to similar reductase activities for the modern Trxs providing evidence that sequence
variations are a consequence of selective forces other than functional requirements (to the extent one can infer
from in vitro experiments).
The results of Gamiz-Arco et al. can also be viewed through the lens of the Wako-Saitô-Muñoz-Eaton
(WSME) model [27,28] to explore how sequence-structure connection modulates the folding landscape. The
WSME model treats residues as folding units and we employ an advanced native-centric description of the
folding process with contributions from packing, electrostatics, excess conformational entropy and implicit
solvation [24,29]. We consider Trxs from E. coli, LPBCA and LBCA for simplicity and as representative examples and without explicitly accounting for the trans-to-cis proline isomerization. Brieﬂy, (1) The predicted
folded state ensembles (Figure 1A,B) of ancient Trxs are quite broad compared with the E. coli arguing for a
ﬂexible native state and in agreement with earlier analysis [12], (2) Under conditions of ﬁxed stability, the
folding barrier heights are similar (Figure 1A) but the higher stability of the ancient cousins (ΔCm ∼ 2 M
GdnHCl) would translate to lower folding barriers and speed up folding in concordance with experiments of
Gamiz-Arco et al. (3) The regions of proteins that show large difference in native probability are concentrated
in positions 1–10 and 60–80 (Figure 1C). In fact, sequence differences within the latter stretch was considered
for selecting modern Trxs that exhibited varied folding times, and (4) The folding free-energy proﬁles are
extremely complex pointing to multiple intermediates and barriers that differ across the evolutionary timeline
(Figure 1A) hinting that any sequence variation in modern Trxs would also potentially modulate the number
and nature of intermediates. This feature explains why varied sequences would invariably exhibit different
folding rates and the observed lack of correlation between stability and folding rates.
The work of Gamiz-Arco et al. thus answers key questions in the ﬁeld of protein sequence evolution and the
eventual connection to folding and function. Importantly, the non-conservation of faster folding in the modern
descendants and the large variation in the folding times of modern Trxs highlights the role of organism-speciﬁc
sequence variations that are likely selected for reasons other than folding efﬁciency. While the determining
factors themselves could be very challenging to extricate, it should still be possible to relate the sequence patterns to the energetic outcomes and the eventual impact on folding and function.
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