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Analysis of the denatured state ensembles. The sampling of the four replicas was combined
using a standard weighted histogram analysis' to generate a four-dimensional free energy
landscape where a set of microstates is identified by dividing the four-dimensional CV-space
into a homogeneous grid of small dimensional hypercubes. A more general structural
description of the ensembles, independent from the initial choice of the CVs, was obtained
using the recently developed SketchMap projection technique®. Sketchmap provides a way of
reducing a multidimensional representation to two dimensions by means of Mercator—like
approach in which the distance between two structures in the multidimensional space is
qualitatively preserved after a rescaling through a step function. In the present case we
analysed both the CDS and HDS at the same in terms of the 256 backbone dihedral angles of
Frataxin and we employed SketchMap to identify two parameters (or CVs), common to the
two ensembles, for the projection of the free energy. We then used these two CVs together
with the four old ones to build a new bi-dimensional free energy landscape as a function of

the SketchMap CVs only (Figure 1a,b).

® value analysis. The @ value analysis relies on measuring the effect of mutations on the

folding of a given protein®*. By systematically mutating residues, while probing the effect of



the mutation on the folding kinetics and native state stability, it is possible to map one by one
interaction patterns in the transition states. The relative formation of the contact is commonly
called the @ value and, as detailed below, can be also used as a restrain for molecular
dynamics simulations to determine the structures of the transition state ensembles at nearly

atomic resolution”.

Because our aim was to compare the hot and cold denaturation pathways of frataxin, we
analyzed the folding equilibrium and kinetics of frataxin as a function of temperature, and
then compared it with different site-directed mutants (Table S1 and Figure S3). All the site
directed variants, as well as wild-type frataxin, were subjected to thermal induced
denaturation equilibria, monitored by CD spectroscopy, and temperature jump relaxation

kinetics, in analogy to what recently reported®.

The analysis of the kinetic folding mechanism of frataxin as a function of temperature
requires a deconvolution of the folding and unfolding components from the observed rate
constants. Thus, given that the observed rate constant is governed by the sum of the rate
constants for the forward and reverse reactions, we calculated the folding (kr) and unfolding
(ky) rate constants by using the thermodynamic parameters obtained from equilibrium thermal

denaturation experiments (see above). The following equations were employed

ky(T)

K, \y(T)= k, (T)

(Eq. S1)

Koy = kp (T) + ky (T) (Eq. S2)

where Kpyn represents the equilibrium constant, obtained from equilibrium thermal

denaturation experiments.

The dependence of the activation free energy on temperature can be described following the

transition state theory as*

AG™(T) = AH™(T,) - TAS™ (Ty) + Ac™S (T = T) - TlnTl] (Eq. S3)
0



where AH™ is the activation enthalpy, T is the absolute temperature in Kelvin, Ty is a
temperature of reference, AS™ is the activation entropy and AcpTS is the change in heat
capacity. Then, by fitting Eyring’s equation® to the folding and unfolding rate constants the

following equations may be derived

Ky (AT (TR L ~AHE(To)=Ac), [(T-Tn)—TlnTl] }IRT
k, =373e[ r iR, 0 (Eq. S4)
and
k s { -AHIS (T)-AcTS, [(T-Ty)-T In-L-] }/RT
k, = &=L " TR, ’ T (Eq. S5)

h

where € 1s the transmission coefficient, kg is Boltzmann’s constant, /# is the Planck
constant and ASg™", AH (™, Ac, ¢° are the change in entropy, enthalpy and heat capacity of
folding respectively, while ASy™, AH (", Ac, u’® are the change in entropy, enthalpy and heat

capacity of unfolding.

The observed relaxation rate constants, together with the deconvoluted folding and unfolding
components, for wild type frataxin and its site directed mutants are reported in Figure S10. In
order to ensure sample conductivity, all experiments (including equilibrium) were carried out
in the presence of 50 mM sodium sulfate. The calculated changes in free energies for the
transition and native states upon mutation and their associated @ value are reported in Table
S1. Because of the complexity of the analysis, we chose to focus our calculations at
experimental conditions that could be directly explored by T-jump, avoiding extrapolation at
higher or lower temperatures, and obtained for each mutant two sets of ® values, referring to
the transition states at high (323 K) and low (287 K) temperature. As detailed below, the
experimentally determined @ values were used as restrained in molecular dynamics
simulations, to determine the ensemble structure of the hot and cold transition states for

folding.

Thermal denaturation was followed on a JASCO circular dichroism (CD) spectropolarimeter
(JASCO, Inc., Easton, MD), in a 1-mm quartz cuvette at 222 nm. Protein concentration was
typically 10-20 uM. The relaxation kinetics were measured by using a Hi-Tech PTJ-64
capacitor-discharge T-jump apparatus (Hi-Tech, Salisbury, UK). Temperature was rapidly

changed with discharge of about 35 kV on the solution, corresponding to a jump-size of 9 K.



Usually 10-20 individual traces were averaged. The fluorescence change of N-
acetyltryptophanamide (NATA) was used in control measurements. Degassed and filtered
samples were slowly pumped through the 0.5 x 2 mm quartz flow cell before data acquisition.
The excitation wavelength was 296 nm and the fluorescence emission was measured using a
320 nm cut-off glass filter. Protein concentration was typically 10-20 uM. The buffer used in
both equilibrium and kinetic experiments was 20 mM Hepes at pH 7.0 in the presence of 50

mM sodium sulfate and 2 mM DTT.
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Table S1. Kinetic and equilibrium folding parameters of site directed mutants of

frataxin under cold and hot conditions.

mutant | AAGp.rs AAGp.N ® AAGp.1s AAGp.N @
(kcal mol™) | (kcal mol™) (kcal mol™) | (kcal mol™)
Cold denaturation pathway (287 K) Hot denaturation pathway (323 K)
L19A | 0.55+0.05 | 0.57+0.06 | 0.02+0.02 | 0.62+0.02 | 0.71£0.07 | 0.13+0.02
Y22A" | 0.86+0.08 1.3+0.1 034+004° | 1.85+0.17 | 1.1+£02 | -0.72+0.09°
A26G” | 1.10+0.09 1.8+£0.2 038+0.07° | 1.85+0.15 | 1.30+0.1 | -0.42+0.04°
Y29A | 0.63+0.07 1.6+0.2 0.60+£009 | 1.01+£0.11 | 1.2+0.1 0.15+0.01
L30A° | 0.27+0.03 1.6+0.2 0.83+0.11° | 1.49+0.17 | 1.2+02 | -023+0.03°
L33A° | -035+0.02 0.9+0.1 14+02° [ 057+0.03 | 1.0+£01 | 0.46+0.06°
L37A | 0.18+0.02 1.4+0.1 0.88+0.09 | 1.24+0.14 | 2.1+02 0.40 + 0.06
V51A | 021+0.03 | 0.78+0.09 | 0.73+0.08 | 0.93+0.13 | 0.9+0.1 0.02 + 0.04
L53A | 1.00+0.15 2.1+03 0.53+0.09 | 1.09+0.09 | 1.7+0.2 0.36 = 0.05
L60A | 0.39+0.06 1.2+0.1 0.67+0.07 | 0.02+0.01 | 1.73+0.2 1.0£0.1
162V* | -0.46+0.06 | -0.16+0.04 K -0.13+£0.02 | 0.10+0.04 -2
A64G” | 053+0.03 | 0.72+0.06 | 0.27+0.03° | 1.42+0.08 | 1.1+0.1 | -0.32+0.04°
170V® | -0.55+0.07 | 0.09+0.05 -2 0.10+£0.01 | 0.87+0.07 | 0.88=+0.09
L81A® 2.1+07 0.36 + 0.02 -2 034+0.1 | 087+0.04 | 06+02
L107A | 0.63+0.04 1.6+0.2 0.61+0.08 | 0.91+£006 | 1.1+0.1 0.20 = 0.03
T108S* | -0.09+0.03 | -0.02+0.02 - 0.08 +0.03 | 0.05+0.02 -2
V115A | 0.08 +£0.05 1.1£0.1 0.9+0.1 0.51+0.03 | 1.1+0.1 0.54 + 0.05
A118G | 0.37£0.02 1.3+0.1 0.7+0.1 081+0.04 | 1.1+0.1 0.29 + 0.04
1119V | 0.28 £0.02 13+02 0.8+0.1 042+0.03 | 0.8+0.1 0.5+0.1

The mutants [68A, 179V and L111A expressed poorly and were denatured at the investigated

experimental conditions.

“These mutants display thermodynamic stabilities too similar to wild-type frataxin (AAGeq

<0.4 kcal mol—1), which prevents accurate calculation of ®-values ’.

°These mutants display non standard ®-values (®-values higher than 1 or less than 0) and

therefore were not used in restrained molecular dynamics simulations. The presence of

unusual ®-values in frataxin has been previously described, on the light of the high level of

frustration of this protein ®.
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Figure S1. Convergence of the free-energy profiles along the four CVs used in the RAM
simulations. Black profiles represent the CDS simulations and green ones the HDS
simulations. The average errors in the free energy are 2.5 kJ/mol for the CDS and 1.8 kJ/mol

for the HDS.
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Figure S2. Fraction of native contacts (Q) per residue for the CDS and CTS (upper panel,
blue and light blue, respectively) and for the HDS and HTS (lower panel, red and orange,

respectively).
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Figure S3. Properties of TIP4P05 water molecules for increasing temperatures, from 272 K to
323 K. From the left are reported the number of hydrogen bonds per molecule, the average

potential energy and the entropy, which was calculated from:

s(T) =

E(T) (*ET)
T‘L rz T
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Figure S4. Protein-protein (PP), protein-water (PW) and total van der Waals and Coulomb
energies for the CDS, NS and HDS ensembles of frataxin. While PP energy is minimized in

the native state (298 K) the PW and the total interaction energies increase with the

temperature.
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Figure S5. Radial distribution functions for the water in the CDS (black) and the HDS

(green) with respect to the surface of the protein.
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Figure S6. Both at low (purple) and high (red) temperatures the number of hydrogen bonds

per interface water molecule does not depend on the free energy of the protein conformation.
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Figure S7. Number of Protein-Water (PW) hydrogen bonds per residue in the CDS, NS and
HDS ensembles. The colour code is: cyan (polar), red (charged) and green (hydrophobic).
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Figure S8. Per residue differences between the CDS and the NS ensembles for SASA,
Protein-Water (PW) hydrogen bonds and Protein-Protein (PP) hydrogen bonds. The colour
code is: cyan (polar), red (charged) and green (hydrophobic).
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Figure S9. Per residue differences between the HDS and the NS ensembles for SASA,
Protein-Water (PW) hydrogen bonds and Protein-Protein (PP) hydrogen bonds. The colour
code is: cyan (polar), red (charged) and green (hydrophobic).
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Figure S10. Kinetic and equilibrium folding parameters of site directed mutants of frataxin

under hot and cold conditions (see also Table S1).
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Figure S11. Free energy profiles for the CDS (black) and the HDS (green) as a function of
the fraction of native-contacts (Q). The two profiles show that the HDS exhibits more native
contacts than the CDS, but also that the free energy barrier for folding is steeper for the HDS
than the CDS.



