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Proper folding of proteins is critical to producing the biological
machinery essential for cellular function. The rates and energetics
of a protein’s folding process, which is described by its energy
landscape, are encoded in the amino acid sequence. Over the
course of evolution, this landscape must be maintained such that
the protein folds and remains folded over a biologically relevant
time scale. How exactly a protein’s energy landscape is maintained
or altered throughout evolution is unclear. To study how a protein’s
energy landscape changed over time, we characterized the folding
trajectories of ancestral proteins of the ribonuclease H (RNase H)
family using ancestral sequence reconstruction to access the evo-
lutionary history between RNases H from mesophilic and thermo-
philic bacteria. We found that despite large sequence divergence,
the overall folding pathway is conserved over billions of years of
evolution. There are robust trends in the rates of protein folding
and unfolding; both modern RNases H evolved to be more kinet-
ically stable than their most recent common ancestor. Finally, our
study demonstrates how a partially folded intermediate provides
a readily adaptable folding landscape by allowing the indepen-
dent tuning of kinetics and thermodynamics.

protein folding | energy landscape | protein evolution |
ancestral sequence reconstruction

Because most proteins need to fold to function, there must be
selective pressures for efficient folding and maintenance of

structure. Although many studies have investigated the evolution
of protein function, a detailed understanding of the evolutionary
constraints on protein folding is lacking.
The amino acid sequence of a protein encodes its energy

landscape, which determines its folding trajectory—its mecha-
nism, rates, and energetics (1). Thus, the energy landscape de-
fines a protein’s ability to fold in a biologically reasonable time
scale, avoid misfolding, and prevent frequent unfolding—all of
which are likely important for the overall fitness of an organism.
Indeed, numerous studies have proposed how protein folding
might affect molecular evolution (2–8), and there is growing
evidence that folding pathways and their associated kinetics and
energetics are evolutionarily constrained. To date, however,
there is little experimental evidence detailing how folding
properties have changed throughout evolution. Are there trends
in the folding mechanism or rates? Which aspects of the folding
mechanism have been conserved, and how have they played a
role in the evolution of modern-day homologs? We might naively
expect folding to optimize, so that modern proteins generally
fold faster than their ancestors. Or perhaps the energetics of the
folding landscape evolved to avoid kinetic traps or misfolded
states. If maintaining the folded state is important for fitness,
then we might expect an improvement in kinetic stability over
time, although a folded state that is too stable might be detri-
mental for conformational dynamics. These insights, and others,
are critical for our understanding of how evolutionary forces
affect the properties of proteins, including folding.
Evaluating these hypotheses and others requires direct access

to the evolutionary history of a protein. Although comparing

sequences and properties of extant homologs has enriched our
understanding of protein folding (9–11), it does not directly ac-
cess the evolutionary history that generated these homologs. In
addition, such comparative studies are often limited by epistatic
effects, which complicate the identification of sequence deter-
minants and mechanisms (12, 13). More importantly, these ex-
tant homologs can reveal only the outcomes of an evolutionary
process, and not the mechanism by which different properties
arose from a common ancestral state (14).
In contrast, ancestral sequence reconstruction (ASR) allows

direct interrogation of a protein’s history by using evolutionary
relationships and sequences of modern homologs to statistically
infer ancestral states within a family’s phylogenetic tree (12–14).
Characterizing these ancestral proteins will reveal trends in
folding properties and also help identify the evolutionary de-
mands on folding. In addition, ASR provides a constellation of
proteins that differ systematically in sequence and folding
properties, which can shed light on sequence determinants of the
folding landscape. This information then can be used to engineer
proteins with desired folding properties. ASR has already pro-
vided important insights into evolutionary trends in stability,
specificity, and other biophysical properties (12–20).
Previously, we used ASR to study the thermostability of the

ribonuclease H (RNase H) family and demonstrated divergent
trends in thermostability along mesophilic and thermophilic
lineages (16). Here we examined the folding mechanism and
associated rates of these reconstructed ancestral RNases H.
The folding pathway of the two extant homologs, Escherichia
coli RNase H (ecRNH) and Thermus thermophilus RNase H
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(ttRNH) are well characterized; the observed kinetics for both
can be modeled using a three-state folding pathway with an on-
pathway partially folded intermediate (U⇋ I⇋N) (21–23). We
now find that this overall three-state folding pathway is pre-
served over billions of years of evolution. Surprisingly, the last
common ancestor of ecRNH and ttRNH folds and unfolds faster
than the modern descendants, with decreasing trends in both the
folding and unfolding rates along mesophilic and thermophilic
lineages. Thus, although the thermodynamic stabilities diverge
between the two lineages, kinetic stability increases along both.
The presence of the folding intermediate permits this paradox-
ical uncoupling of thermodynamics and kinetics, allowing for
independent modulation of unfolding rates and global stabilities.

Results
Seven Ancestral Sequences of RNase H. We evaluated the folding
and unfolding kinetics of seven ancestral proteins of the RNase

H family along the lineages of mesophilic ecRNH and thermo-
philic ttRNH. Anc1 is the last common ancestor between ecRNH
and ttRNH. AncA, B, C, and D are ancestors along the mesophilic
lineage, and Anc2 and 3 are ancestors along the thermophilic
lineage (Fig. 1). The thermostabilities of these ancestors have
pronounced divergent trends, with Tm increasing along the ther-
mophilic lineage and decreasing along the mesophilic lineage (16).
Because the folding landscapes of both extant proteins have been
extensively characterized in the cysteine-free background (21, 23),
we engineered cysteine-free variants of the ancestral proteins
(Dataset S1). (Each cysteine-free variant is denoted by an asterisk
after its name.) The absence of cysteines does not affect RNase H
activity (24), and circular dichroism (CD) spectra of the ancestors
show that the mutations do not perturb the overall fold (Fig. 2A).

Global Stability Diverges in RNase H History. For comparison with
our kinetic studies, the stability of each ancestral protein was
determined by equilibrium urea denaturation monitored by CD
at 222 nm at 25 °C. All proteins showed a cooperative transition
and were fitted by a two-state linear extrapolation model (Fig.
2B) (25). A two-state fit of AncB* revealed a lower m-value (i.e.,
the dependence of ΔG on [urea]) than was expected for RNase
H, and further kinetic analysis (see below) revealed that this
protein is three-state at equilibrium, with a notable population of
the canonical RNase H folding intermediate (Fig. S1) (26).
Therefore, the global stability of AncB* was determined from a
three-state fit of the kinetic data (see below) (Fig. S1). In sum, these
results show the same trends in stability (ΔGunf) obtained previously
via thermal and guanidinium chloride denaturation; Anc1* has
stability between that of ecRNH* and ttRNH*, and ΔGunf gradu-
ally increases along the thermophilic lineage to ttRNH* (Fig. 2C)
(16). In the mesophilic lineage, there is an initial drop in ΔGunf,
which is then maintained throughout the lineage to ecRNH*.

Kinetic Studies: The Three-State Folding Model Is Preserved. To char-
acterize the folding mechanism of the ancestral RNases H, we
monitored the folding and unfolding kinetics as a function of
[urea] by CD, using both stopped-flow and manual mixing tech-
niques. At low [urea], all ancestors showed a large signal change
(burst phase) within the dead time of the stopped flow (∼15 ms),
followed by a slower observable phase that fit well by a single
exponential (Fig. S2). This burst-phase amplitude is indicative of a
folding intermediate, consistent with the three-state folding model
of ecRNH* and ttRNH* (21, 23). All unfolding data were accounted
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for by a single observable exponential phase. The resulting chevron
plots, ln(kobs) vs. [urea], show the classic rollover at low [urea] owing
to the presence of a stable folding intermediate (Figs. 3A and 4) (27).
The denaturant dependence of the burst-phase amplitude and the
final amplitude yielded a cooperative transition for the folding in-
termediate and native state, respectively (Fig. 3B). We globally fit the
burst-phase amplitude, final amplitude, and observed rates of each
ancestor to a three-state on-pathway model to extract kinetic and
thermodynamic parameters of the folding landscape (Fig. 3 A and B,
Table 1, and Fig. S1) (27). Remarkably, all of the ancestors are fit
well by this model, indicating that the overall folding trajectory of
RNase H is robust over billions of years of evolution.

Folding Is Robust to Reconstruction Uncertainty. A reconstructed
ancestor is an inferred maximum likelihood (ML) sequence based
on a phylogenetic relationship of extant proteins and thus cannot be
verified to be the true ancestral sequence at the phylogenetic
node. As such, it is important to address whether uncertainty in
ASR affects our measured biophysical parameters. Numerous
ASR studies have addressed the effect of uncertainty by a variety
of approaches, and in general, the measured parameters have
proven robust (15–19, 28–31). For the RNase H family, we
generated alternative sequences of the last common ancestor,
Anc1*, which had the greatest uncertainty of all of the recon-
structed ancestors (16). Sampling of the alternate sequences
from the posterior probability contained between 3 and 11 amino
acid changes from the ML sequence. We previously found that

thermostability was robust, because the alternative Anc1 proteins
had similar Tm values as the ML Anc1 protein (16). To assess
how uncertainty affects folding, we obtained urea melts and
chevrons of these alternative Anc1* proteins (Fig. S3). The ki-
netics and thermodynamic properties were very similar to those
obtained for the ML Anc1* (Fig. 2C, Fig. S3, and Table S1).
Thus, the properties of the RNase H folding landscape appear to
be robust to the reconstruction.

The Rate-Limiting Barrier Increases Over Evolutionary Time. There are
clear evolutionary trends in folding and unfolding kinetics. The
rate constant to cross the rate-limiting barrier decreases over
evolutionary time in both the folding and unfolding directions.
Notably, this occurs along both the mesophilic and thermophilic
lineages (Fig. 5 B and C). Anc1*, the last common ancestor, folds
and unfolds significantly faster than the extant proteins. In the
mesophilic lineage, there is a 14-fold decrease in the folding rate
constant (kIN) and a 96-fold decrease in the unfolding rate con-
stant (kNI) over the rate-limiting barrier. Similarly, in the ther-
mophilic lineage, there is a 17-fold decrease in the folding rate
constant (kIN) and a 400-fold decrease in the unfolding rate
constant (kNI). The decrease in unfolding rate is particularly in-
teresting, because it means that the extant proteins, ecRNH* and
ttRNH*, are significantly more kinetically stable than their com-
mon ancestor. This universal decrease in the folding and unfolding
rate constants along the two lineages contrasts with the divergent
trend observed for global stability.
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The observed trends in folding and unfolding kinetics are de-
rived from experiments carried out at 25 °C; however, the envi-
ronmental growth temperatures likely vary across the ancestors.
Unfortunately, extrapolation of folding and unfolding rates to
different temperatures is nontrivial, because the temperature de-
pendence of the folding and unfolding rates is unknown. None-
theless, we have reason to believe that RNases H have similar
global stabilities at their functioning temperature (16, 32). At
37 °C, ecRNH has a stability of ΔGunf = 6.8 kcal/mol, and at 68 °C,
ttRNH has a stability of ΔGunf = 5.6 kcal/mol. Therefore, we

chose the average of the two, ΔGunf = 6.2 kcal/mol, and calculated
folding and unfolding rate constants over the rate-limiting barrier
for each ancestor under conditions in which their stabilities are the
same (Fig. S4). We found that the trends in folding and unfolding
are present regardless of whether the analysis is done at the same
temperature (25 °C) or at the same stability (6.2 kcal/mol).

Discussion
In this study, we used ASR to investigate how a protein’s folding
pathway evolved. Because protein folding is crucial to proper

Table 1. Kinetic and thermodynamic parameters of ancestral RNases H

Parameter ttRNH*† Anc3* Anc2* Anc1* AncA* AncB* AncC* AncD* ecRNH*‡

Equilibrium data

ΔGunf, kcal mol−1 12.8 12.5 ± 0.3 10.5 ± 0.4 10.2 ± 0.2 9.4 ± 0.2 8.6 ± 0.1 9.3 ± 0.4 9.3 ± 0.3 9.7 ± 0.4

munf, kcal mol−1 M−1 2.0 1.85 ± 0.04 1.95 ± 0.04 1.91 ± 0.03 2.22 ± 0.10 1.76 ± 0.01 2.21 ± 0.13 2.20 ± 0.18 2.10 ± 0.09

Cm, M 6.4 6.71 ± 0.01 5.38 ± 0.01 5.34 ± 0.06 4.17 ± 0.09 4.89 ± 0.02 4.12 ± 0.04 4.23 ± 0.04 4.62 ± 0.04

Kinetic data

kIN, s
−1 0.6 ± 0.1 4.1 ± 1.1 14.1 ± 5.8 10.4 ± 2.3 9.7 ± 3.5 0.77 ± 0.11 2.8 ± 0.9 0.13 ± 0.05 0.74 ± 0.02

mIN, kcal mol−1 M−1 0.36 ± 0.04 0.26 ± 0.06 0.31 ± 0.10 0.21 ± 0.06 0.50 ± 0.15 0.43 ± 0.03 0.47 ± 0.10 0.45 ± 0.12 0.45 ± 0.01

kNI, s
−1 4 ± 6 × 10−6 2.1 ± 1.1 × 10−4 1.1 ± 0.5 × 10−3 1.6 ± 0.5 × 10−3 2.4 ± 0.7 × 10−4 1.1 ± 0.4 × 10−4 1.7 ± 0.6 × 10−4 7.3 ± 2.5 × 10−6 1.7 ± 0.1 × 10−5

mNI, kcal mol−1 M−1 −0.4 ± 0.1 −0.24 ± 0.08 −0.23 ± 0.04 −0.25 ± 0.03 −0.35 ± 0.05 −0.40 ± 0.03 −0.39 ± 0.04 −0.41 ± 0.03 −0.42 ± 0.03

ΔGUI, kcal mol−1 6.2 ± 0.9 5.9 ± 0.7 4.6 ± 0.8 5.2 ± 0.4 2.4 ± 0.3 3.8 ± 0.8 3.9 ± 0.9 3.6 ± 0.7 3.5 ± 0.1

mUI, kcal mol−1 M−1 1.2 ± 0.2 1.37 ± 0.09 1.41 ± 0.12 1.40 ± 0.08 1.37 ± 0.20 0.96 ± 0.10 1.34 ± 0.17 1.39 ± 0.13 1.24 ± 0.08

ΔGunf, kcal mol−1 13 ± 1 11.7 ± 0.9 10.2 ± 1.0 10.4 ± 0.6 8.7 ± 0.6 9.1 ± 0.9 9.7 ± 1.0 9.4 ± 0.9 9.9 ± 0.1

munf, kcal mol−1 M−1 2.0 ± 0.2 1.87 ± 0.13 1.95 ± 0.16 1.86 ± 0.10 2.21 ± 0.25 1.79 ± 0.11 2.23 ± 0.20 2.25 ± 0.18 2.11 ± 0.09

Errors are in SD.
†From Hollien et al. (21).
‡From Raschke et al. (23).
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cellular function (33), we reasoned that there are selective pres-
sures that shape how proteins fold, and that such pressures may
result in evolutionary trends in folding mechanisms or rates.
Therefore, we characterized the folding properties of ancestral
proteins of the RNase H family. We found that the overall RNase
H folding trajectory is remarkably robust to sequence changes and
has been maintained throughout billions of years of evolution.
Strikingly, both lineages have evolved to fold and unfold more
slowly, resulting in more kinetically stable extant proteins.

Evolution of Kinetic Stability in the RNase H Family.Modern RNases
H are more kinetically stable than their ancestors, as evidenced by
a >100-fold decrease in the unfolding rate relative to their com-
mon ancestor. For both RNase H lineages, the evolution of kinetic
stability was achieved by decreasing the unfolding rate while either
increasing (thermophilic lineage) or decreasing (mesophilic line-
age) thermodynamic stability. This pattern may be the result of
selection to increase kinetic stability over time. Kinetic stability
would prevent frequent access to the unfolded state, which is
particularly critical in the presence of competing kinetic processes,
such as aggregation and proteolysis, and has been proposed to be
a biophysical parameter under selection (34, 35). The biological
function and lifetime of proteins in vivo has been linked to their
degree of kinetic stability (36, 37) and particularly high unfolding
barriers have been observed for proteins that reside in harsh
conditions (38–40). The observed trend also might arise from se-
lection for other traits linked to kinetic stability.
In addition, we observed a smaller decrease in the folding rate

in both the thermophilic and mesophilic lineages. Whereas the
extant homologs have an ∼10-fold slower folding rate than their
common ancestor, they still fold efficiently and reversibly, reach-
ing their native folded state within seconds. It is possible that
changes in the folding rate may well be a result of neutral drift,
and that there may be no selective pressure to optimize folding
rates beyond a biologically necessary range (8, 41). Modern pro-
teins can be computationally redesigned to fold faster, demon-
strating that their folding rates have not been maximized over
evolution (42). Nevertheless, the observed directional trend in the
folding rate suggests, rather than a random scatter, some selective
pressure that either directly or indirectly affects folding rate. Al-
ternatively, it could be that random mutations generally decrease
the folding rate, similar to how mutations in general destabilize
proteins (43). Studies on the evolution of folding rates have been
limited (4), and additional work across a large number of protein
families will be needed to establish generalizable trends.

A Folding Intermediate Uncouples Kinetics and Thermodynamics. All
of the RNase H ancestors fold via a three-state pathway with an
intermediate that forms within the dead time of our stop-flow
instrument. Given that such intermediates are marginally stable
and readily perturbed by mutations (44, 45), this conservation is
significant. In fact, a single amino acid change (I53D) is known to
destabilize the intermediate of ecRNH* such that it is no longer
populated and the protein folds, albeit very slowly, through a two-
state mechanism (45). The presence and the energetics of such
folding intermediates can have a large impact on folding rates (10,
45, 46), and, moreover, these partially folded states can be gate-
ways for misfolding and aggregation (47). Whether folding inter-
mediates are productive or counterproductive for folding is a
matter of debate, and it has been suggested that proteins evolve to
fold cooperatively in a two-state manner (48).
Why, then, does the RNase H folding intermediate persist

over evolution? Our results show that the intermediate allows
for sequence changes to tune the height of the rate-limiting
barrier independently from global thermodynamic stability.
For a simple protein folding through a two-state pathway,
changes in thermodynamic stability are directly reflected in
the kinetics: ΔGunf = −RTln (ku/kf). For the three-state pathway

observed for RNase H, the outcome is more complex, because the
stability of the partially folded intermediate can change in-
dependently of the rate-limiting barrier. Thus, global stability will
be the sum of the stability of the intermediate, ΔGUI, and the log
ratio of the folding and unfolding rates over the rate-limiting
barrier, ΔGunf = ΔGUI + −RTln (kNI/kIN) (Fig. 5A). Given the
observed decrease in both rate constants, kIN and kNI, along the
two RNase H lineages, the thermodynamic stability of the folding
intermediate is primarily responsible for the divergent trend in
global stability. As such, changes in global stability strongly cor-
relate with changes in stability of the intermediate (Fig. 5D),
whereas there is only a weak correlation with stability changes
contributed by the rate-limiting step (Fig. 5E). Thus, the physical
chemistry of the three-state energy landscape allows independent
modulation of the height of the unfolding barrier and global sta-
bility to yield parallel trends in kinetics across lineages where
thermodynamic stability diverges. The presence of a folding in-
termediate, despite decreasing cooperativity and introducing
roughness in the landscape, may be evolutionarily beneficial,
allowing for an independent response of the landscape to different
selective pressures on kinetics and thermodynamics.

ASR as a Tool to Decipher the Role of Between Sequence and Topology
on Folding. All of the RNase H proteins in our study retain the
canonical RNase H fold (16) and fold through a three-state
pathway. This is consistent with suggestions that topology, rather
than sequence, is likely the determinant of the folding trajectory
for this protein (49) and possibly proteins in general (50). In ad-
dition, the robust folding of the RNase H ancestors is consistent
with evidence indicating that ASR generates proteins of evolu-
tionary significance, unlike consensus proteins, which, despite
being likened to ancestral proteins, have been found to fold poorly
in some instances (18, 51).
Previous work on extant RNases H has established that the

“core” region of the protein (helices A–D and strands 4 and 5)
folds early and is structured in the intermediate, whereas the pe-
riphery (helix E and strands 1–3) remains unfolded until the rate-
limiting step (23, 52–54) (Fig. S5). Although our kinetic studies
reported in this paper do not reveal structural information about
the folding intermediate, this region is highly conserved in se-
quence, so we anticipate that the same core comprises the folding
intermediate for all of the ancestral proteins (Fig. S5). Even so, it
is likely that there are at least small changes in the structure of the
folding intermediate, as indicated by the small variation in the
kinetic m-values across the ancestors (Table 1). Techniques such
as pulsed-labeling hydrogen exchange will be important to identify
any differences in the acquisition of structure during folding (54).
In addition, the observed “decoupling” of kinetics and ther-

modynamics implies that there must be sequence changes that
affect the transition state without affecting other features of the
landscape, and vice versa. Changes in the unfolding m-value
indicate that not just the height, but also the position of the
transition state may shift over evolution. Identifying sequences
that differentially alter particular features of the folding land-
scape will help us understand how folding is encoded in the se-
quence and provide tools to engineer specific features of the
folding landscape.
In summary, by coupling ASR with biophysical characteriza-

tion, we have determined the evolutionary history of a protein’s
folding trajectory. The folding intermediate plays a critical role
in the RNase H family by decoupling changes in thermodynamic
and kinetic stabilities, and presents a possible adaptive advantage
for partially folded states. There are robust trends in the unfolding
rates and folding rates, which may reflect constraints on the energy
landscape, and it will be intriguing in the future to investigate how
they contribute to organismal fitness. Our findings lay a foundation
for the identification of evolutionary pressures that drive the emer-
gence of specific biophysical properties.
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Materials and Methods
Expression and Purification of RNase H Ancestors. The cysteine-free variants of
RNase H ancestors were generated by site-directed mutagenesis and were
sequence-verified by Sanger sequencing. The proteins were expressed and
purified as described previously (23). The purity and mass of the purified
proteins were confirmed by SDS/PAGE and mass spectrometry.

CD Equilibrium Experiments. CD spectra and urea melts were measured with an
Aviv 410 CD spectrometer. Signals from 200 nm to 300 nm were obtained for
buffer only and for buffer with 0.4 mg/mL protein using a 1-mm path length
cuvette at 25 °C. The buffer conditions were 20 mM sodium acetate and
50 mM potassium chloride, pH 5.5 (RNase H buffer). For urea melts, samples
containing 40 μg/mL protein and varying [urea] in RNase H buffer were
equilibrated, and the signal at 222 nm was measured in a 1-cm path length
cuvette at 25 °C with stirring. Melts were obtained in triplicate. The data were
fitted to a two-state model with a linear free-energy extrapolation (25).

CD Kinetic Experiments. Refolding was initiated either by stopped-flow or
manual mixing. For stopped-flowmixing, unfolded protein (8 mg/mL) in high

urea was diluted 1:11 into final refolding conditions (RNase H buffer, varying
[urea]), and the CD signal at 222 nmwasmonitoredwith an Aviv 202 stopped-
flow CD spectrometer using a 1-mm path length cuvette with a dead time of
∼15 ms at 25 °C. Refolding reactions were repeated eight times and aver-
aged. For manual mixing, 1.5 mg/mL unfolded protein in high [urea] was
diluted 1:30 into final refolding conditions, and the CD signal at 222 nm was
monitored in an Aviv 410 CD spectrometer using a 1-cm path length cuvette.
Dead times ranged from about 8–12 seconds. Unfolding kinetics were sim-
ilarly measured by manual mixing, but starting from folded protein in low
[urea] with rapid dilution to final unfolding conditions. All kinetic data were
adequately fit by single exponential. Rates, burst-phase amplitudes, and fi-
nal amplitudes were globally fit to a three-state model with a rapidly
forming on-pathway intermediate (21, 23, 27).
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