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Abstract

The funneled energy landscape theory suggests that the folding pathway of homologous proteins should
converge at the late stages of folding. In this respect, proteins displaying a broad energy landscape for
folding are particularly instructive, allowing inferring both the early, intermediate and late stages of folding.
In this paper we explore the folding mechanisms of human frataxin, an essential mitochondrial protein
linked to the neurodegenerative disorder Friedreich’s ataxia. Building upon previous studies on the yeast
homologue, the folding pathway of human frataxin is thoroughly examined, revealing a mechanism imply-
ing the presence of a broad energy barrier, reminiscent of the yeast counterpart. Through an extensive
site-directed mutagenesis, we employed a U -value analysis to map native-like contacts in the folding tran-
sition state. The presence of a broad energy barrier facilitated the exploration of such contacts in both
early and late folding events. We compared results from yeast and human frataxin providing insights into
the impact of native topology on the folding mechanism and elucidating the properties of the underlying
free energy landscape. The findings are discussed in the context of the funneled energy landscape theory
of protein folding.
� 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

The classical description of reaction mechanisms
demands the detailed representation of the entire
process, leading from the reactants to the
products. This aim would imply the
characterization of the composition, structure and
energy of all the intermediates and intervening
transition states.1 In the case of protein folding,
however, the extraordinary co-operative nature of
the reaction makes this task particularly difficult.
Indeed, whilst hundreds of weak non-covalent
(s). Published by Elsevier Ltd.This is an open ac
bonds between the chain and the solvent are
formed and broken, the experimental manifestation
of folding is often highly co-operative and only the
fully native and denatured states might be detected.
A powerful approach to enrich our knowledge on

the protein folding process is to compare the
folding of proteins sharing a similar topology while
displaying a different amino acid composition. In
fact, the comparative analysis on these systems
may help in drawing general rules on the nature of
transition states, as well as in establishing the
robustness of folding pathways with changing
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amino acid sequences. Consequently, different
experimental projects have focussed on the
description of the folding of different members of
the same protein family.2–7

Frataxin is an essential mitochondrial protein
involved in the metabolism of iron and responsible
for the human neurodegenerative disease
Friedrech’s ataxia.8–12 The folding pathway of yeast
frataxin has been previously extensively studied
and it was shown that this protein folds via a com-
plex mechanism, which may be associated to the
presence of a broad free energy barrier between
the native and denatured state.13,14 This feature is
particularly interesting since it allows to elude, at
least in part, the experimental limitations arising
from the co-operative nature of folding and permits
to infer a characterization of both the early and late
events of folding.15,16

Here we provide a comprehensive
characterization of the folding pathway of human
frataxin and compare it with previous results
obtained on the yeast homologue. By taking
advantage of extensive site directed mutagenesis
we show that also human frataxin folds via a
broad energy barrier as discovered for the yeast
homologue,13,14 despite only the latter displays a
detectable cold denaturation at temperatures higher
than 0 �C.17 Then, by performing a so-called
U-value analysis, we map the presence of native
like structural clusters in the folding transition state.
The fortuitous presence of a broad energy barrier
allowed us to successfully address the structural
features of both the late and early events of folding.
As detailed below, the obtained results offer the rare
opportunity to scrutinize the effects of native topol-
ogy in biasing the mechanism of folding and provide
a glimpse of the properties of the underlying energy
landscape. Our data are therefore discussed on the
light of the so-called funnelled energy landscape
theory of protein folding.18,19
Results

To address the mechanism of folding of human
frataxin we performed a U value analysis20,21 and
compared the results obtained to those previously
published on the yeast homologue.14 Thirty-two
site-directed mutants were produced and subjected
to kinetic folding experiments. Mutants were
designed following the standard rules of U -value
analysis.21
Human frataxin folds via a broad energy barrier

Kinetic folding experiments were performed by
11-fold dilution of native protein into a urea buffer
at different concentration of denaturant (unfolding)
or by rapidly mixing denatured into urea buffer
solutions at different concentration of denaturant
(refolding). At all the investigated conditions,
experimental traces were satisfactorily fitted to
2

single-exponential time courses at all final
denaturant concentrations. The semilogarithmic
plots of the observed unfolding and refolding rate
constants versus denaturant concentration
(chevron plots) for human frataxin and its mutants
are shown in Figure 1. It is evident that, in analogy
to what previously observed in the yeast variant,
the measured chevron plots are characterized by
a detectable curvature both in the folding and
unfolding arms.
Various models have been classically invoked to

describe the presence of deviations from linearity
in chevron plots.15,22–24 In general, non-linearity in
either the unfolding or refolding limb of these plots
was attributed to the existence of intermediates
within the reaction pathway.6,23–25 This complexity
could either result from the rapid accumulation of
such intermediates or from changes in the rate-
limiting step as denaturant concentration varied,
with both scenarios leading to identical mathemati-
cal solutions. Alternatively, it has been suggested
that a broad transition state exists between the
native and denatured states,15,16,26,27 It is important
to note that, whilst these models are often nearly
experimentally indistinguishable, a kinetic test has
been introduced to distinguish between these sce-
narios.28 Specifically, by analyzing how the
observed curvature changes under different reac-
tion conditions, it becomes possible to reconstruct
the shifts in the transition state as a function of pro-
tein stability across a broad range of stabilities. This
analysis allows for the identification of more sensi-
tive indicators, or “fingerprints,” that can differenti-
ate between various barrier profiles.
In practice, the observed chevron plots obtained

at different conditions, or after site-directed
mutagenesis, may be fitted to the following
quadratic equation:

kobs ¼ kF � eðmF � denaturant½ �þm0 denaturant½ �2Þ

þkU � eðmU � denaturant½ �þm0 denaturant½ �2Þ

In this equation, kF and kU denote the folding and
unfolding rate constants in water, mF and mU are
the respective slopes of the folding and unfolding
limbs, and the degree of curvature in the chevron
plot is quantified by the parameter m’. A perfectly
V-shaped, two-state chevron plot would have m’
close to zero. By assessing the dependence of m’
under changing conditions (e.g., mutagenesis), it
is possible to draw conclusions about whether the
rate-limiting barrier follows a smooth, broad
energy profile. In fact, whilst the three-state model
would imply the presence of a bell shaped
dependence of m’ (see for example panel e in
Figure 3 of ref28), in the case of broad energy
barriers, m’ is expected to be maintained around
an average value.
Figure 2 reports the measured m’ for human

frataxin and its site-directed variants as a function
of the observed thermodynamic stability. It is
evident that the observed m’ parameter does not



Figure 1. Chevron plots of site-directed variants of wt (in gray) and site-directed variants (in black) of human
frataxin. Lines represent the best curve of a quadratic equation, taking into account curvature in both unfolding and
refolding arm of the chevron plots, and describing a folding mechanism characterized by the presence of a broad
energy barrier (see text for details).

Figure 2. Calculated m’ values for human frataxin
site-directed variants as a function of the thermody-
namic stability.
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display any evident dependence on protein stability,
as opposed to what expected in the presence of a
folding intermediate, with an m’ scattering around
an average value of 0.14 kcal mol�1 M�2. On the
basis of these observations, in analogy to what
previously proposed in the case of yeast
frataxin,14 it is possible to conclude that the folding
of human frataxin most likely conforms to a broad
free energy barrier.

The structural features of the folding transition
states of human frataxin – early, intermediate
and late events of folding

As briefly described above, the kinetics of folding
of human frataxin resembles what previously
observed for the yeast homologue with a broad
energy barrier between the denatured and native
state characterizes it. This model suggests that
the complexity observed in the chevron plot is a
result of progressive changes in the structure of



Figure 3. Color coded U-values calculated at different bT are mapped on the three-dimensional structure of human
frataxin (PDB: 1EKG). The analysis reveals, in the early events of folding, higher U-values in b-sheet of the protein,
with a general increase of native-like contacts as the native state is approached. A structural superposition between
human and yeast frataxin is presented on the right.
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the transition state as the stability of the native state
decreases.15,16,26,27 In fact, when the transition
state is associated with a broad barrier, it becomes
responsive to variations in experimental conditions,
such as changes in denaturant concentrations.
Under these circumstances, when the protein is
destabilized by the addiction of denaturant, it adopts
a conformation that more closely resembles the
native state, in agreement with a so-called Ham-
mond effect.29 In this case, the calculated Tanford’s
bT value, which is an index reflecting the buried sur-
face area of the transition state relative to the native
and denatured states, changes as a function of
denaturant.
To probe the structure of the transition state, we

calculated reliable U values at various positions
along the reaction coordinate, corresponding to
different values of bT. In fact, as initially
championed by Oliveberg and
colleagues,15,16,26,27 the broad barrier model
facilitates the exploration of the transition state
across a wide range of conditions and bT values.
Importantly, it should be stressed that the U value
analysis assumes that mutations exert no effects
on the pre-exponential factor of folding. Own to
the complexity of the model, it is essential to
exercise caution and refrain from making extrapola-
tions. Therefore, our experimental analysis focused
on the folding of frataxin under conditions that
could be directly measured, specifically at the most
denatured-like and native-like conditions (i.e., at bT
values of 0.45 and 0.85). Additionally, we included
the value of 0.65 to examine an intermediate
scenario between these two extremes.
The U values for the early (bT = 0.45),

intermediate (bT = 0.65), and late (bT = 0.85)
stages of folding, as well as the changes in free
energy associated with unfolding upon mutation,
4

are detailed in Table 1. Furthermore, a color-
coded representation of the measured values
mapped on the native structure of frataxin is
reported in Figure 3. It is evident that the beta-
sheet of the protein appears to act as a folding
nucleus, with values of intermediate and high U
sparsely distributed along this secondary structure
element that may be detected in the early events
of folding. Structure gradually tapers off towards
the two major helices that display low values of U.
The comparison between the values obtained for
the early (bT = 0.45), intermediate (bT = 0.65), and
late (bT = 0.85) stages of folding highlights a
consolidation of such elements of structures with a
general increase of the magnitude of U values as
the native state is approached.
A straightforward approach to compare the

folding of two proteins lies in analysing the U-U
correlation between homologues residues.30 Fig-
ure 4 and Table 2 compare the U values obtained
in the early, intermediate and late stages of folding
for human and yeast frataxin. It is evident that,
whilst the late stages of folding are highly robust,
with the two proteins conforming to a straight line
with a slope of one, scatter substantially increases
when the early stages are considered (panels A
and B). This finding demonstrates that there is a
weak native bias at the early stages of folding, as
opposed to the stronger effects that may be
observed as the native state is approached.
Discussion

A weak native bias at the early stages of
folding

The Levinthal paradox underscores how the
folding of a protein into its native conformation



Table 1 Thermodynamic parameters and U-values for the early (bT = 0.45), intermediate (bT = 0.65), and late (bT = 0.85)
stages of folding

bT = 0.45

Variant D D G# (kcal/mol) D D GD-N (kcal/mol) U

L4A 0.28 ± 0.03 1.9 ± 0.2 0.15 ± 0.01

T7S 0.05 ± 0.01 �0.08 ± 0.01 *

T8S 0.32 ± 0.03 0.77 ± 0.08 0.42 ± 0.05

L12S 0.21 ± 0.02 0.61 ± 0.06 0.34 ± 0.03

T16A 0.31 ± 0.03 2.6 ± 0.3 0.12 ± 0.01

L17A 0.55 ± 0.06 5.6 ± 0.6 0.10 ± 0.01

L20A 1.7 ± 0.2 6.5 ± 0.6 0.26 ± 0.03

L27A 0.72 ± 0.07 3.0 ± 0.3 0.24 ± 0.02

T33S 0.35 ± 0.04 1.2 ± 0.1 0.31 ± 0.03

V39A 0.51 ± 0.05 2.0 ± 0.2 0.26 ± 0.03

V45A 0.48 ± 0.05 1.6 ± 0.2 0.30 ± 0.03

L46A 0.84 ± 0.08 5.0 ± 0.5 0.17 ± 0.02

T47S 0.52 ± 0.05 1.1 ± 0.1 0.46 ± 0.05

V48A 1.1 ± 0.1 3.3 ± 0.3 0.34 ± 0.03

L50A 1.1 ± 0.1 4.7 ± 0.5 0.23 ± 0.02

T56S 0.43 ± 0.04 0.9 ± 0.1 0.48 ± 0.05

V58A 1.0 ± 0.1 2.0 ± 0.1 0.47 ± 0.05

T63S 0.59 ± 0.06 1.7 ± 0.2 0.35 ± 0.04

L70A 1.3 ± 0.3 1.6 ± 0.2 0.79 ± 0.06

T83S 0.48 ± 0.05 0.5 ± 0.1 0.92 ± 0.09

V88A 0.50 ± 0.05 1.4 ± 0.1 0.36 ± 0.03

V94A 0.48 ± 0.05 1.7 ± 0.2 0.28 ± 0.03

L96A 1.6 ± 0.2 5.6 ± 0.6 0.29 ± 0.03

L99A �0.06 ± 0.01 1.8 ± 0.2 �0.03 ± 0.01

L100A 2.5 ± 0.3 7.6 ± 0.8 0.33 ± 0.03

L104A 1.0 ± 0.1 5.4 ± 0.5 0.19 ± 0.02

T105S 0.11 ± 0.01 �0.10 ± 0.01 *

L109A 0.14 ± 0.01 4.1 ± 0.4 0.03 ± 0.01

T110S 0.33 ± 0.03 1.0 ± 0.1 0.32 ± 0.03

L112A 0.12 ± 0.01 2.4 ± 0.2 0.05 ± 0.01

L114A 0.05 ± 0.01 3.4 ± 0.3 0.02 ± 0.01

L117A 0.15 ± 0.01 2.0 ± 0.2 0.08 ± 0.01

bT = 0.65

Variant D D G# (kcal/mol) D D GD-N (kcal/mol) U

L4A 0.11 ± 0.01 1.9 ± 0.2 0.06 ± 0.01

T7S �0.09 ± 0.01 �0.08 ± 0.01 *

T8S 0.12 ± 0.01 0.77 ± 0.08 0.15 ± 0.02

L12S 0.19 ± 0.02 0.61 ± 0.06 0.31 ± 0.03

T16A �0.11 ± 0.01 2.6 ± 0.3 �0.04 ± 0.01

L17A 0.95 ± 0.05 5.6 ± 0.6 0.17 ± 0.01

L20A 3.2 ± 0.3 6.5 ± 0.7 0.50 ± 0.05

L27A 0.57 ± 0.06 3.0 ± 0.3 0.19 ± 0.01

T33S �0.12 ± 0.01 1.1 ± 0.1 �0.11 ± 0.01

V39A 0.29 ± 0.04 2.0 ± 0.2 0.15 ± 0.01

V45A 0.66 ± 0.05 1.6 ± 0.2 0.41 ± 0.04

L46A 1.3 ± 0.1 5.0 ± 0.5 0.26 ± 0.03

T47S 0.70 ± 0.07 1.1 ± 0.1 0.62 ± 0.06

V48A 1.8 ± 0.2 3.3 ± 0.3 0.55 ± 0.05

L50A 1.7 ± 0.2 4.7 ± 0.5 0.35 ± 0.04

T56S 0.25 ± 0.02 0.89 ± 0.05 0.29 ± 0.03

V58A 0.91 ± 0.09 2.1 ± 0.2 0.44 ± 0.04

T63S 0.59 ± 0.06 1.7 ± 0.2 0.35 ± 0.04

L70A 1.1 ± 0.1 1.6 ± 0.2 0.67 ± 0.07

T83S 0.50 ± 0.05 0.52 ± 0.05 0.95 ± 0.10

V88A 0.63 ± 0.06 1.4 ± 0.1 0.46 ± 0.05

V94A 0.44 ± 0.04 1.7 ± 0.2 0.26 ± 0.03

L96A 2.3 ± 0.2 5.6 ± 0.6 0.41 ± 0.04

L99A 0.11 ± 0.01 1.8 ± 0.2 0.06 ± 0.01

(continued on next page)
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Table 1 (continued)

bT = 0.65

Variant D D G# (kcal/mol) D D GD-N (kcal/mol) U

L100A 2.9 ± 0.3 7.6 ± 0.8 0.38 ± 0.03

L104A 1.9 ± 0.2 5.4 ± 0.5 0.35 ± 0.03

T105S �0.07 ± 0.01 �0.12 ± 0.01 *

L109A 0.35 ± 0.04 4.1 ± 0.4 0.09 ± 0.01

T110S �0.10 ± 0.01 1.0 ± 0.1 �0.10 ± 0.01

L112A �0.18 ± 0.02 2.4 ± 0.2 �0.08 ± 0.01

L114A �0.02 ± 0.01 3.4 ± 0.3 �0.01 ± 0.01

L117A �0.16 ± 0.02 2.0 ± 0.2 �0.08 ± 0.01

bT = 0.85

Variant D D G# (kcal/mol) D D GD-N (kcal/mol) U

L4A 0.39 ± 0.04 1.9 ± 0.2 0.20 ± 0.02

T7S �0.26 ± 0.03 �0.08 ± 0.01 *

T8S 0.01 ± 0.01 0.77 ± 0.08 0.01 ± 0.01

L12S 0.41 ± 0.04 0.61 ± 0.06 0.68 ± 0.07

T16A 0.12 ± 0.01 2.6 ± 0.3 0.05 ± 0.01

L17A 3.0 ± 0.3 5.6 ± 0.6 0.54 ± 0.05

L20A 3.7 ± 0.4 6.4 ± 0.6 0.56 ± 0.05

L27A 0.74 ± 0.07 3.0 ± 0.3 0.24 ± 0.02

T33S �0.22 ± 0.02 1.1 ± 0.1 �0.19 ± 0.02

V39A 0.33 ± 0.03 2.0 ± 0.2 0.16 ± 0.02

V45A 0.71 ± 0.07 1.6 ± 0.2 0.43 ± 0.04

L46A 3.1 ± 0.3 5.0 ± 0.5 0.63 ± 0.06

T47S 0.63 ± 0.06 1.1 ± 0.1 0.55 ± 0.06

V48A 2.5 ± 0.3 3.3 ± 0.3 0.75 ± 0.08

L50A 1.8 ± 0.2 4.7 ± 0.5 0.39 ± 0.04

T56S 0.22 ± 0.02 0.89 ± 0.09 0.25 ± 0.03

V58A 1.0 ± 0.1 2.1 ± 0.2 0.50 ± 0.05

T63S 0.72 ± 0.07 1.7 ± 0.2 0.43 ± 0.04

L70A 0.86 ± 0.09 1.6 ± 0.2 0.54 ± 0.05

T83S 0.19 ± 0.02 0.52 ± 0.05 0.36 ± 0.04

V88A 0.65 ± 0.07 1.4 ± 0.1 0.47 ± 0.05

V94A 0.37 ± 0.04 1.7 ± 0.2 0.22 ± 0.02

L96A 1.7 ± 0.2 5.6 ± 0.6 0.31 ± 0.03

L99A 0.10 ± 0.01 1.8 ± 0.2 0.06 ± 0.01

L100A 2.9 ± 0.3 7.6 ± 0.8 0.39 ± 0.04

L104A 2.3 ± 0.2 5.4 ± 0.5 0.42 ± 0.04

T105S 0.20 ± 0.02 �0.12 ± 0.01 *

L109A 0.73 ± 0.07 4.1 ± 0.4 0.18 ± 0.02

T110S �0.12 ± 0.01 1.0 ± 0.1 �0.12 ± 0.01

L112A �0.09 ± 0.01 2.4 ± 0.2 �0.04 ± 0.01

L114A 0.57 ± 0.06 3.4 ± 0.3 0.17 ± 0.02

L117A �0.04 ± 0.01 2.0 ± 0.2 �0.02 ± 0.01

*The variant produced a change in stability that was too low to determine a reliable value of U.
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does not take place through a random exploration of
all possible states.31 One of the most elegant
approaches to solve this paradox involves postulat-
ing that proteins are characterized by a funnel-
shaped energy landscape, implying the existence
of minimal frustration.18,19,32

In the case of a minimally frustrated sequences, a
small set of collective parameters that gauge
proximity to the native arrangement can already
serve as potent indicators of a given configuration
energy.33 Consequently, the ultimate conformation
of the protein exerts a profound influence on the
topology of the folding landscape. This results in
6

entire family of proteins, which ultimately adopt
the same structure, sharing analogous land-
scapes.2,4,5,34–36 Because chain topology has a
dominant effect on the energy landscape of folding,
it follows that sequence variations between homolo-
gous proteins are likely to affect local frustration pat-
terns on the most heterogeneous states along the
pathway. Hence, the manifestation of such hypoth-
esis implies that sequence variations between
homologues may produce little changes which are
confined in the early stages of folding,2,37 where
more dynamic conformations are likely to be
explored.



Figure 4. U-U comparison for yeast and human frataxin. At higher bT the correlation of U-values conforms to a
straight line with a slope of 1 highlighting a high robustness of the folding reaction, while a weaker native bias is
reported in the earlier events of folding.

Table 2 Comparison of the U values obtained at homologous positions for yeast and human frataxin

bT = 0.45

Yeast variant D D G# (kcal/mol) Human variant U

Y29A 0.01 ± 0.04 T16A 0.12 ± 0.01

L30A 0.19 ± 0.03 L17A 0.10 ± 0.01

L33A 0.14 ± 0.01 L20A 0.26 ± 0.03

V51A 0 ± 0.01 V39A 0.26 ± 0.03

L60A 0.47 ± 0.02 V48A 0.34 ± 0.03

I70V 0.35 ± 0.01 V58A 0.47 ± 0.05

I79V 0.22 ± 0.02 T63S 0.35 ± 0.04

L81A 0.39 ± 0.03 L70A 0.79 ± 0.06

L107A �0.02 ± 0.01 L100A 0.33 ± 0.03

V115A 0.07 ± 0.01 L109A 0.03 ± 0.01

I119V 0.14 ± 0.01 L112A 0.05 ± 0.01

bT = 0.65

Yeast variant D D G# (kcal/mol) Human variant U

Y29A �0.02 ± 0.05 T16A �0.04 ± 0.01

L30A 0.35 ± 0.09 L17A 0.17 ± 0.01

L33A 0.50 ± 0.02 L20A 0.50 ± 0.05

V51A 0.01 ± 0.01 V39A 0.15 ± 0.01

L60A 0.68 ± 0.03 V48A 0.55 ± 0.05

I70V 0.35 ± 0.02 V58A 0.44 ± 0.04

I79V 0.29 ± 0.02 T63S 0.35 ± 0.04

L81A 0.47 ± 0.09 L70A 0.67 ± 0.07

L107A 0.07 ± 0.03 L100A 0.38 ± 0.03

V115A 0.33 ± 0.04 L109A 0.09 ± 0.01

I119V 0.04 ± 0.3 L112A �0.08 ± 0.01

bT = 0.85

Yeast variant D D G# (kcal/mol) D D GD-N (kcal/mol) U

Y29A �0.01 ± 0.05 T16A 0.05 ± 0.01

L30A 0.72 ± 0.24 L17A 0.54 ± 0.05

L33A 0.66 ± 0.05 L20A 0.56 ± 0.05

V51A 0.24 ± 0.10 V39A 0.16 ± 0.02

L60A 0.83 ± 0.06 V48A 0.75 ± 0.08

I70V 0.42 ± 0.18 V58A 0.50 ± 0.05

I79V 0.42 ± 0.06 T63S 0.43 ± 0.04

L81A 0.47 ± 0.18 L70A 0.54 ± 0.05

L107A 0.34 ± 0.1 L100A 0.39 ± 0.04

V115A 0.71 ± 0.05 L109A 0.18 ± 0.02

I119V �0.1 ± 0.04 L112A �0.04 ± 0.01
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Figure 5. Brønsted plots of the early (left panels) and late (right panels) events of folding of both yeast (top) and
human (bottom) frataxin. Lines represent the best fit to a straight line.
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It is of particular interest to discuss the
comparative folding analysis reported in this work
on the light of the predictions ensuing from the
minimal frustration theory outlined above. In fact,
in line with expectations, the two homologous
frataxins fold via a similar mechanism. However, a
closer look based on the mutational analysis of
the early, intermediate and late events of folding
clearly shows a more complex picture, with a
weaker native bias at the early stages of folding.
This finding thus represents an indirect
experimental validation of the energy landscape
theory of protein folding and, at the same time,
offers a glimpse of the width of such landscape,
exemplifying the effects of sequence variations on
the early stages of the reaction.
‘Nucleation’ or ‘condensation’ – what comes
first?

The possibility to infer both early and late events
of folding of frataxins makes the comparative
analysis particularly instructive also when
describing them on the light of previously identified
mechanisms of folding. Several different protein
8

systems have been described to fold via a general
mechanism, classically denoted as nucleation-
condensation.38–41 The model postulates the for-
mation of an extended nucleus stabilized by a gen-
eral compaction of the whole polypeptide chain. An
important implication of nucleation-condensation is
that formation of the nucleus (nucleation) is coupled
with a more general organization of structure (con-
densation), the transition state resembling a dis-
torted version of the native state. A characteristic
signature of the nucleation-condensation scenario
may be found when studying the effect of structural
perturbation on the activation and ground state free
energies (Brønsted plot analysis).40,41 In fact, lin-
earity in a Brønsted profile is indicative of a general
compaction of the polypeptide chain with native-like
structure homogeneously distributed in the whole
globule. Conversely, the presence of scatter in the
Brønsted may be associated with discrete elements
of structure that may form independently from the
reminder of the macromolecule.4

But is it possible to detect a decoupling between
the nucleation and condensation steps? Figure 5
reports the Brønsted profile of the early and late
events of folding of both human and yeast
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frataxin. It is evident that in all cases there is a linear
correlation between the changes in activation
energies with those of the ground states
characterized by different thermodynamic
stabilities. Remarkably, however, in both proteins
scatter increases when approaching the native
state, with an R2 going from 0.94 at bT = 0.45, for
both proteins, to R2 = 0.64 and R2 = 0.77 at
bT = 0.85 for yeast and human frataxin
respectively. This finding suggests that, whilst the
transition state displays native-like properties both
in the early and late events, in the case of both
proteins the global compaction of the polypeptide
chain appears to precede the formation of discrete
and structurally localized clusters of specific
interactions.

Conclusions

The study of protein systems displaying a broad
energy barrier for folding offers the appealing
opportunity to address the properties of early,
intermediate and late events. Furthermore, the
comparative analysis of homologous proteins as
exemplified in this work, represents a valuable tool
to extract general rules of such a complex
reaction. This opportunity complements the study
of folding transition paths, which can be obtained
from single molecule approaches.42,43 In the case
of frataxin, the comparison between the human
and yeast homologues allows discovering a weak
native bias at the early stages of folding, with
observed pathways converging only when the
native state is approached. Additionally, it appears
that consolidation of the folding nucleus is slightly
decoupled from a general collapse of the polypep-
tide chain, which appears to precede nucleation.
Future comparative analysis on other systems char-
acterized by a broad energy barrier will be critical to
further reinforce to general nature of such
observations.

Materials and Methods

Site-directed mutagenesis

Human frataxin gene was subcloned in a pET28b
+ plasmid vector. The constructs encoding the site-
directed variants of human frataxin were obtained
using the gene encoding for human frataxin wt as
a template to perform site-directed mutagenesis
using QuikChange� Lightning kit from Agilent
Technologies, according to the instructions of the
manufacturer. The presence of the desired
mutations and the absence of unwanted ones
were confirmed by sequence analysis.

Protein expression and purification

Human frataxin wild type and all the site-directed
variants were expressed in E. coli cells BL21 (DE3).
Bacterial cells were grown at 37 �C in LB medium
9

containing kanamycin as an antibiotic at a final
concentration of 30 lg/ml until optical density
OD600 reached 0.6. The protein expression was
induced overnight by adding 0.5 mM IPTG
(isopropyl-b-D-thiogalactoside). After induction,
cells were grown overnight at 18 �C and then
collected by centrifugation. To purify the His-
tagged protein, the pellet was resuspended in
40 ml of binding buffer (20 mM Tris- HCl, 500 mM
NaCl, 5 mM Imidazole, pH 8.0) containing 1 mM
TCEP (Tris(2-carboxyethyl) phosphine) in the
presence of antiprotease tablet (Complete EDTA-
free, Roche), then sonicated and centrifuged. The
soluble fraction from bacterial lysate was loaded
onto a nickel-charged HisTrap Chelating HP (GE
Healtcare) column equilibrated with the
resuspending buffer. Protein was then eluted with
a gradient from 0 to 250 mM Imidazole using an
ÄKTA prime system. Fractions containing the
protein were collected, and the buffer was
exchanged to 20 mM Tris-HCl, 500 mM NaCl,
1 mM TCEP, pH 8.0 using a HiTrap Desalting
column (GE Healthcare). The purity of the protein
was analyzed through on a pre-casted NuPage 4–
12 % Bis-Tris polyacrylamide gel (Invitrogen,
Carlsbad, CA). Protein concentration was
estimated by measuring the absorbance of
tryptophan residue at 280 nm and calculated
through the lambert-Beer equation.
Stopped – Flow (un)Folding kinetics
experiments

Kinetic (un)folding experiments were carried out
on an Applied Photophysics Pi-star 180 stopped-
flow instrument, monitoring the change of
fluorescence emission; the excitation wavelength
was 280 nm and the fluorescence emission was
collected using a 320 nm cut-off glass filter for
unfolding experiments and a 360-nm cut-off glass
filter for refolding experiments. The experiments
were performed at 37 �C in 50 mM Tris-HCl,
100 mM NaCl, 1 mM DTT, pH 8.0, by using urea
as denaturant. At least five individual traces were
acquired and then averaged for each denaturant
concentration. Protein concentration was typically
2 lM. In all cases the fluorescence time courses
obtained was satisfactorily fitted y using a single
exponential equation.
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