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Tzul et al. (1) report different unfolding rates and sim-
ilar folding rates for a number of thioredoxins. The
authors interpret this result as evidence of the princi-
ple of minimal frustration. Their study includes several
resurrected Precambrian thioredoxins that we have
previously prepared and characterized (2–5).

We agree that the principle of minimal frustration is
essential to understand protein evolution. However,
approximate folding-rate invariance is easily explained
without invoking this principle. Thioredoxin kinetic
stability relies on a transition state that is substantially
unstructured (5, 6). Therefore, mutations that changed
unfolding rates to tune kinetic stability during evolution
likely had much less effect on folding rates, as implied
by the well-known principles of ϕ-value analysis (7).

Moreover, our experimental results are not consis-
tent with folding-rate invariance being a general
feature of thioredoxins. Fig. 1 shows folding–unfold-
ing rates for the modern Escherichia coli thioredoxin
and a resurrected Precambrian thioredoxin. The un-
folding of the ancestral protein is ∼three orders-of-
magnitude slower than the unfolding of the modern
protein, indicating enhanced kinetic stability. How-
ever, in clear disagreement with the results reported
in Tzul et al. (1) for the very same proteins, we find
the following two features. (i) There are deviations
from linearity (rollovers) in the folding branches at low
denaturant concentrations. “Rollovers” are commonly
attributed to proline isomerization and the presence of
significantly populated intermediate states (8). Such ki-
netic complexities reflect ruggedness of the folding
landscape and have been previously reported to occur
for thioredoxins (9). (ii ) There is a faster folding rate
for the ancestral protein. The ancestral versus modern
folding-rate enhancement extrapolates to ∼two orders-
of-magnitude at low denaturant concentrations and it is

linked to a higher slope of the folding branch (the folding
m value). This finding suggests a role for the residual
structure of the unfolded state, because the unfolding
slope is unchanged. Substantial folding-rate enhance-
ment is also observed in the rollover region. The intrigu-
ing possibility arises that the higher folding rate for the
ancestral protein is an adaptation to inefficient Precam-
brian folding chaperones.

Why are these two features not apparent in the
data of Tzul et al. (1)? We obtained our kinetic data at
pH 7 using guanidinium hydrochloride, whereas
pH 2 was used in Tzul et al. Such an acidic pH is desta-
bilizing, thus allowing a weaker denaturant (urea) to be
used and bringing the unfolding rates to the stopped-
flow (milliseconds) time scale. However, destabilizing
conditions may buffer the experimental consequences
of ruggedness in folding landscapes. In fact, it is well
known that kinetic intermediates are more readily ob-
served under strongly stabilizing conditions (8). Fur-
thermore, extensive protonation of residues at acidic
pH may distort the folding landscapes in a manner
that is not physiologically and evolutionary relevant.
Note that comparatively few organisms are acido-
philes and that many acidophiles actually pump out
protons to keep a neutral intracellular medium.

We conclude that the experiments at pH 2 reported
by Tzul et al. (1) miss important features of ancestral
thioredoxin folding and do not provide any clear evi-
dence for the principle of minimal frustration in the
evolution of folding landscapes.
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Fig. 1. Folding–unfolding rates for the modern E. coli thioredoxin (blue) and the resurrected thioredoxin corresponding to the last common
ancestor of the cyanobacterial, Deinococcus and Thermus groups (LPBCA thioredoxin; red). The proteins were purified, as we have previously
described (2–5). Rate-constant values were determined at pH 7 (Hepes buffer 50 mM) from the time-dependence of the protein fluorescence
(open datapoints), following protocols we have previously described and used for thioredoxins (5, 6). We also followed kinetics using interrupted
refolding with double-jump unfolding assays (closed datapoints), a methodology that we have previously described (10) and that provides a
direct determination of amount of native protein. The protein concentrations used in interrupted refolding experiments are∼10-fold higher than
those used in fluorescence kinetic experiments. The agreement between the results obtained with the two methodologies therefore supports
that our data are not distorted by protein association. Multiexponential kinetic profiles were observed at denaturant concentrations
corresponding to the rollover regions and only data corresponding to the slower phase (i.e., the phase leading to the native state) are shown in
these cases. Monoexponential kinetic profiles were observed at denaturant concentrations outside the rollover regions. Rate constants derived
from these monoexponential profiles were fitted using a two-state kinetic model. These fits are shown with continuous lines, whereas
dashed lines represent their extrapolation outside the experimental range of monoexponential kinetics. Despite the uncertainties involved in
such extrapolations, it is clear that the ancestral versus modern rate enhancement for the folding from the unfolded state approaches ∼two
orders-of-magnitude under native conditions. Values of the kinetic denaturantm values derived from the fits are given in kJ·mol−1·M−1 alongside
the corresponding folding and unfolding branches. GdnHCl, guanidinium hydrochloride.
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