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Friedreich’s ataxia (FRDA) is linked to a deficiency of frataxin (FXN),

a mitochondrial protein involved in iron-sulfur cluster synthesis. FXN is

a small protein with an a/b fold followed by the C-terminal region

(CTR) with a nonperiodic structure that packs against the protein core.

In the present study, we explored the impact of the alteration of the

CTR on the stability and dynamics of FXN. We analyzed several patho-

logical and rationally designed CTR mutants using complementary spec-

troscopic and biophysical approaches. The pathological mutation L198R

yields a global destabilization of the structure correlating with a signifi-

cant and highly localized alteration of dynamics, mainly involving

residues that are in contact with L198 in wild-type FXN. Variant

FXN 90–195, which is closely related to the FRDA-associated mutant

FXN 81–193, conserves a globular shape with a native-like structure.

However, the truncation of the CTR results in an extreme alteration of

global stability and protein dynamics over a vast range of timescales

and encompassing regions far from the CTR, as shown by proton–water
exchange rates and 15N-relaxation measurements. Increased sensitivity to

proteolysis, observed in vitro for both mutants, suggests a faster degrada-

tion rate in vivo, whereas the enhanced tendency to aggregate exhibited

by the truncated variant may account for the loss of functional FXN,

with both phenomena providing an explanation as to why the alteration

of the CTR causes FRDA. These results contribute to understanding

how stability and activity are linked to protein motions and they might

be useful for the design of target-specific ligands to control local protein

motions for stability enhancement.

Introduction

Friedreich’s ataxia (FRDA) is a hereditary disease that

affects children and adolescents, characterized by pro-

gressive neurological impairment and cardiomyopathy.

FRDA is highly associated with a deficiency in the

expression or function of frataxin (FXN), an

iron-binding protein critical for mitochondrial iron

metabolism, global cellular iron homeostasis and anti-

oxidant protection.

Human FXN is synthesized in the cytoplasm and

imported into the mitochondria via a signal peptide.

In this organelle, the protein is first processed to the

intermediate FXN 42–210, and then to the mature
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form, FXN 81–210 [1,2]. Mature FXN plays an essen-

tial role in iron homeostasis; it may act as an iron

chaperone delivering iron to enzyme partners during

heme and Fe-S cluster biosynthesis [3–5].
The FXN structure comprises a globular domain

that is present in all species and is preceded in eukary-

otes by a flexible N-terminal tail of variable length and

nonconserved sequence that contains the mitochon-

drial import signal. The average structure of the globu-

lar domain of human FXN (FXN 90–210) has already
been resolved by NMR [6] and crystallography [7–9].
FXN 90–210 is composed of a five-stranded, antiparal-

lel b-sheet and two parallel a helices forming an a/b
sandwich, typical of the CyaY protein family [10]. Res-

idues 196–210 constitute the C-terminal region (CTR),

a segment that lacks periodic structure and packs

against helices a1 and a2, occluding the apolar side

chains of residues L198, L200, L203 and Y205. The

CTR has been postulated as a key determinant of

FXN fold stability [11]. In addition to van der Waals

contacts, the CTR establishes a network of electro-

static interactions, including backbone–backbone and

side chain–backbone hydrogen bonds, with itself and

with the rest of the protein. Remarkably, the thermo-

dynamic stability of FXN homologs is correlated with

the length of the CTR [11]. A recent study suggested

that, in addition, the CTR is crucial for determining

FXN scaffold dynamics [12].

In most FRDA patients (~ 95%), an amplified

GAA-repeat expansion is present within the first intron

of both fxn alleles, resulting in the reduced transcrip-

tion of the gene and ultimately leading to insufficient

levels of FXN. In turn, the lack of FXN impairs incor-

poration of iron into the iron-sulfur cluster and heme

cofactors, causing widespread enzymatic deficits and

oxidative damage catalyzed by an excess of labile iron.

In the remaining 5% of patients, the typical GAA

expansion is present in only one fxn allele, whereas a

missense mutation is found in the other allele.

Although the disease course for these patients can be

as severe as that for patients with two expanded alleles,

the underlying pathophysiological mechanisms depend

on mutation and are not completely understood. Few

structural and functional details are known for

missense mutations identified in FRDA patients. How-

ever, some of them have been studied, showing differ-

ences in their thermodynamic stability (e.g. stability

of wild-type > W155R > I154F > D122Y > G130V), a

propensity to aggregate (mutants I154F and W155R

precipitate upon iron binding) and a lower Fe2+ bind-

ing stoichiometry (mutants D122Y and G130V) [13,14].

Interestingly, despite their decreased stabilities, NMR

studies have shown that these clinical mutants retain a

compact core and native-like dynamics [14]. In addi-

tion, for the N146K, Q148R and R165C FRDA mis-

sense mutations, it was shown that the FXN function

is compromised in the binding and activating of the

SDUF complex (consisting of proteins NFS1, ISD11,

ISCU2 and FXN) for Fe-S cluster biosynthesis [7].

Although FXN is markedly resistant to proteolysis,

a short peptide involving the last six residues of the

CTR is removed by chymotrypsin [12], suggesting that

this part of the CTR is quite mobile, in contrast to the

rigidity of the rest of the FXN domain that remains

unaltered. This is in agreement with results obtained

from structure-based simulations [12].

Interestingly, L198R, a point mutation located in

the CTR that introduces a positive charge in the apo-

lar interaction surface between the CTR and residues

from both helices, has been found in FRDA patients

[15]. Moreover, a frame shift mutation yielding the

truncated form FXN 81–193 determines FRDA with a

rapid disease progression [16]. Accordingly, and based

on our experience with the truncated variant FXN 90–
195, which lacks the CTR [12], we hypothesized that

the interaction of the CTR with the globular domain

of FXN is critical for its stability and function. Fur-

thermore, we proposed that the absence of the CTR

or, as in the case of the L198R mutant, a weakened

interaction with the compact globular domain, should

have an impact on the dynamics of the protein, finally

leading to destabilized and nonfunctional molecules.

In a broader context, the complex relationships that

govern the interplay between protein stability and

dynamics are a matter of continuous study and debate.

To meaningfully address this issue, it is important to

acknowledge the differences between global and local

events that may govern various phenomena in a pro-

tein. In this framework, FXN constitutes an excellent

model for studying the links between protein motions

and thermodynamic stability.

Furthermore, an interesting dilemma of general

interest is whether a significant alteration in global sta-

bility of FXN originates the complete alteration of

protein motions. On the other hand, a change in sta-

bility may produce a specific effect on localized regions

of the protein, causing only a local adjustment of

molecular dynamics. This is particularly relevant given

the possibility of designing target-specific ligands to

control local protein motions for stability enhancement

[17].

From this perspective, we hypothesized that global

protein stability and dynamics are linked phenomena.

The present study aimed to test this assumption, using

the human frataxin as a model. Specifically, we ana-

lyzed the correlation between protein stability and
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motions in wild-type FXN (FXN 90–210) and in FXN

variants carrying mutations in the CTR with the aim

of understanding the role of the CTR in the stability

and dynamics (and ultimately in the function) of

FXN. We prepared the truncated variant FXN 90–195
and the pathological variant FXN L198R. In addition,

we rationally designed and produced mutants

FXN L198A and L198C (to explore in detail the con-

tribution of side-chain contacts established by this resi-

due) and L200C and L203C (to investigate local

dynamics by thiol accessibility in different positions of

the CTR). Protein motions over diverse timescales

were investigated by NMR spectroscopy, proteolysis

and molecular dynamics simulations. The global stabil-

ity of each FXN variant was studied by thermal and

chemical equilibrium unfolding experiments. Local sol-

vent exposition was investigated by solvent proton

exchange kinetics measurements applying NMR tech-

niques. Our results indicate that the mutation L198R

and the complete truncation of the CTR in FXN pro-

duce an increase of local and global dynamics, respec-

tively, leading to thermodynamically destabilized

proteins. These factors contribute to loss of function

of FXN in FRDA patients, suggesting that these alter-

ations could be targeted pharmacologically to improve

protein folding and stability.

Results

Design of the CTR mutants

To investigate the consequences on protein dynamics

and stability of different mutations in the CTR of

FXN, we prepared several variants (Fig. 1). First, we

produced the pathological L198R mutant that intro-

duces a positively-charged amino acid in the place of

an apolar residue. In addition, we prepared variant

L198A as a model of the truncation of the L198 side

chain to explore the magnitude of the contribution to

protein stability of the apolar interactions established

by L198, as well as variant L198C, which not only

introduces a shorter side chain than Leu, but also

locates a thiol in this position, in an effort to further

investigate the molecular motions at this site by thiol-

exchange. Furthermore, to explore local variations in

the dynamics and in the interactions of the CRT, we

also studied the Cys mutants L200C and L203C.

Finally, the effects of these mutants were compared

with the effect of completely removing the CTR in the

more drastic variant FXN 90–195, which is closely

related to the FRDA-associated mutant FXN 81–193.
Variant FXN 90–210, nine residues shorter in its N-

terminal region than the mature form FXN 81–210,
was the wild-type control sample for FXN conforma-

tion, stability and dynamics.

All mutants are monomeric and globular in

solution and display a native-like fold; only

FXN 90–195 shows a tendency to aggregate at

high protein concentrations

Wild-type FXN and all the mutants were successfully

expressed and purified. FXN 90–210 and FXN 90–195,
as well as variants FXN L198R, L198A, L198C, L200C

and L203C, all behave as monomeric and globular pro-

teins as indicated by size exclusion (SEC)-FPLC,

dynamic light scattering and diffusion NMR experi-

ments (Table 1). The measured effective hydrodynamic

radius (Rh) for the wild-type protein, obtained by pulse

field gradient (PFG)-NMR experiments using dioxane

as an internal standard [18] of 18.7 � 0.2 �A agrees,

within the experimental error, with SEC-FPLC and

dynamic light scattering measurements (18.9 � 0.5 �A),

as well as with the expected Rh calculated from the

A B

C

Fig. 1. Human frataxin variants. (A) Ribbon

model of FXN. Residues L198, L200 and

L203 are indicated as sticks and CTR is

shown in red (B) Sequence detail of FXN

variants investigated in the present study.

The C-terminal sequence of Friedreich’s

ataxia variant FXN 81–193, which lacks the

last 17 amino acid residues, is also shown.

A representation (sticks and balls) of the

different side-chains evaluated at position

198 in the present study is shown in (C).
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crystallographic structure [19]. We have previously

shown the compact and monomeric hydrodynamic

behavior of FXN 90–195, with a radius somewhat

smaller than that obtained for FXN 90–210
(18.2 � 0.3 �A, protein concentration of 80 lM), in con-

cordance with the expected value for a globular protein

of that size [12]. It is noteworthy that a small propor-

tion of unfolded molecules may be present in solution

as a result of the marginal stability of this variant, dis-

torting the estimation of the Rh of the native-state [12].

However, when the Rh was measured by PFG-NMR at

300 lM, the value obtained was meaningfully larger

(23.0 � 0.5 �A); the dependence of the Rh on protein

concentration is an indication of the propensity to

auto-associate in solution. By contrast, for the single

point mutant FXN L198R, the Rh obtained

(19.3 � 0.4 �A) was slightly larger than that of the wild-

type protein, and it was not dependent on the protein

concentration.

Fluorescence and CD spectra show that the overall

conformation of variant FXN L198R and of all point

mutants investigated in the present study is approxi-

mately native-like (Fig. 2). The maximal wavelength

(kmax) of Trp fluorescence is ~ 337 nm, indicating that

Table 1. Hydrodynamic radii of FXN variants.

Method

Protein

concentration (lM) FXN 90–210 (nm) FXN 90–210 L198R (nm) FXN 90–195 (nm)

Dynamic light scattering 80 1.89 � 0.05 1.94 � 0.19 1.82 � 0.03c

PFG-NMR 300–600 1.87 � 0.02 1.93 � 0.04 2.30 � 0.05

Prediction using the MWa 1.86 1.86 1.78

Prediction using the

crystallographic structureb
1.87

a Assuming a globular shape, the RS of the native state of a given protein is calculated using the equation:

log (RS) = �(0.254 � 0.002) + (0.369 � 0.001) 9 log (MW), where MW is the molecular weight expressed in Da and the hydrodynamic

radius is in �A according to Uversky [58].
b

HYDROPRO [19,26] and PDB code: 1EKG were used.
c Value taken from Roman et al. [12].

A B

C D

Fig. 2. Spectroscopic characterization of

the FXN variants. (A) Far-UV CD, (B) near-

UV CD and (C) tryptophan fluorescence

emission spectra. The measurements

were carried out at 20 °C in buffer 20 mM

Tris-HCl, 100 mM NaCl, 1 mM EDTA (pH

7.0). (D) Accessibility of Trp residues in

FXN 90–210, FXN L198R and FXN 90–

195. Stern–Volmer plots for the quenching

of Trp fluorescence by acrylamide. Trp

fluorescence was measured by excitation

at 295 nm and emission was collected

between 305 nm and 450 nm. FXN 90–

210 (black), FXN 90–195 (blue), L198R

(red), L198A (violet), L198C (green), L200C

(orange) and L203C (brown). Unfolded

FXN 90–210 is included (dashed lines in

C).
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the emission occurs from an apolar environment,

whereas, at a urea concentration of 8.0 M, kmax shifts

to 352 nm, which is compatible with the complete

unfolding of the protein. In addition, far- and near-

UV CD spectra show that the secondary structure con-

tent and tertiary packing are similar to wild-type

FXN. However, the absence of the CTR in FXN 90–
195 might produce more pronounced and long-range

effects, as indicated by the change in the kmax of Trp

fluorescence (~ 339 nm) and the attenuation of CD

bands in the near-UV region in comparison with the

wild-type FXN.

The global packing of frataxin variants was explored

by evaluating Trp accessibility via fluorescence quench-

ing experiments with acrylamide. As shown in Fig. 2D,

there are no differences in quenching among FXN 90–
210, FXN 90–195 and FXN L198R, indicating that, in

these variants, Trp residues are, on average, packed in

a similar way. This is consistent with compact proteins

in solution.

To analyze the conformation (and dynamics, see

below) of FXN variants at the amino acid residue level

by NMR, we prepared 15N labeled FXN 90–210,
FXN L198R and FXN 90–195. The 1H-15N heteronu-

clear single quantum coherence (HSQC) spectra of the

three FXN samples display a good chemical shift dis-

persion (Fig. 3A), which is a sign of well-folded pro-

teins.

FXN 90–210 exhibits a spectrum of excellent qual-

ity, which is very similar to the one reported previously

[6]. Similarly, FXN L198R displays a good HSQC

spectrum, with the expected number of peaks, all of

them well dispersed and with uniform line widths. By

contrast, FXN 90–195 shows inhomogeneous line

A

a

aa

b

b b

c

cc

B

C

Fig. 3. Chemical shift assignment of FXN

variants. (A) Superposition of the 1H-15N

HSQC spectra of FXN L198R (left, red)

and FXN 90–195 (right, blue) with wild-

type FXN 90–210 (black). In the central

panel, the insets show selected regions of

the spectra in which the chemical shift

assignment is indicated. (B) The average

chemical shift differences

(Ddav = [(Dd2NH + Dd2N/25)/2]
1/2) between

FXN 90–210 and FXN L198R (left) and

between FXN 90–210 and FXN 90–195

(right) are plotted against the residue

sequence. Regions of secondary structure

in FXN are shown in the upper part. (C)

Values from B are mapped on the

FXN 90–210 crystal structure (PDB code:

1EKG) with a color gradient encoding the

magnitude of the shift changes. Position

198 and the CTR region are indicated.
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width and some overlapping of peaks, especially in the

central region of the HSQC. Furthermore, the number

of observed peaks for the truncated version is larger

than expected, indicating conformational heterogeneity

of the sample. The observed inhomogeneous line width

and the presence of additional signals in the spectrum

are symptomatic of the existence of alternative confor-

mations in equilibrium in solution, which are in inter-

mediate/slow exchange on the NMR timescale.

Nevertheless, a major well-folded population of

FXN 90–195 was identified in the NMR spectra and

assigned. We also detected approximately thirty extra

signals less intense and with poor chemical shift disper-

sion, suggesting that they correspond to one or more

not well-folded population(s) of the protein (Fig. 4).

Thus, the presence of the CTR stabilizes FXN folding,

whereas, when absent, the protein appears to explore a

vaster conformational space.

We assigned the a and amide proton and nitrogen

resonances of variant FXN L198R and of the main

conformation of FXN 90–195 using the available

chemical shifts of the full-length C-terminal domain of

FXN (BMRB 4342) as a starting point, as well as 15N-

edited NOESY and TOSCY spectra. In uncertain

cases, the 15N-NOESY spectrum of FXN 90–210 was

also helpful for confirming the assignment between

close crosspeaks. For FXN L198R, the first two N-ter-

minal residues and S129 and G170 were not observed

because they are solvent exposed, and thus not

detected in our experimental conditions. For the

assignment of the most populated conformation of

FXN 90–195, the NOESY spectrum, and especially

the sequential NHi-1NHi crosspeaks in the helical

regions, was essential. In this case, the first four resi-

dues and T119, S129, G170 and K171 were also not

detected as a result of exchange with the solvent. A105

was probably broadened beyond detection as a result

of slow conformational motions because the nearby

residues show relatively large crosspeaks. The average

chemical shift differences between the amide signals of

wild-type FXN and mutants are plotted as a function

of the amino acid sequence in Fig. 3B and the results

are mapped on the crystallographic structure of the

globular domain of FXN in Fig. 3C. For mutant

FXN L198R, the differences with respect to the wild-

type protein were, as expected, less significant when

compared with the truncated protein FXN 90–195,
and mainly restricted to the residues near R198 in the

CTR and in loop 1 (connector of a1 and b1 elements).

Moreover, the most perturbed residues in FXN L198R

displayed a reduced intensity in the HSQC spectrum,

probably as a result of conformational instability in

this stretch or a higher solvent exposition as a conse-

quence of the mutation. The largest deviations were

observed for the truncated protein, with major differ-

ences located in both helices, which contact the CTR

in the wild-type FXN structure. However, loop 1,

strands b1, b5 and b6, and loop b5b6 also exhibit sig-

nificant chemical shift differences in the shorter variant

with respect to FXN 90–210, even though these

stretches do not directly interact with the CTR in the

wild-type protein. This result suggests that the pres-

ence of the CTR has a long-range influence over the

conformation and stability of the protein. Neverthe-

less, a comparative NOESY pattern analysis of

FXN 90–195 and FXN 90–210 indicates that the sec-

ondary structure of the protein is mainly preserved in

the former (i.e. medium NHi-1-NHi, Hai-3-NHi NOE

interactions for a-helices and strong Hai-1-NHi NOE

interactions for b-strands). Especially, sequential NHi-

Fig. 4. Detail of the 1H-15N HSQC

spectrum of FXN 90–195. The chemical

shift assignment of the major

conformation is indicated. The insets show

selected regions of the spectrum in which

additional crosspeaks were detected. The

extra signals are less intense and

dispersed compared to those of the

assigned main conformation, indicating

that they correspond to one or more

alternative less populated and probably not

well folded conformation(s) also present in

solution.
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1-NHi crosspeaks in the a-helical regions were of great

help in the chemical shift assignment. Furthermore,

TALOS+ [20] analysis of chemical shift values shows that

the secondary structure of FXN is preserved in the

FXN 90–195 and FXN L198R variants (data not

shown).

CTR mutants display reversible unfolding but

reduced stability with respect to the wild-type

protein

To investigate whether point mutation L198R destabi-

lizes the native conformation of FXN 90–210, chemi-

cal and temperature equilibrium unfolding experiments

were performed (Fig. 5 and Tables 2–4). Both types of

experiments confirmed that FXN L198R is highly

destabilized. Cm and Tm parameters significantly

dropped to lower denaturant concentration and lower

temperature values, respectively. Remarkably, as in

the case of wild-type FXN, unfolding was reversible

[12], as indicated by signal recovery after cooling the

samples. Urea-induced unfolding of FXN L198R is

compatible with a reduction in the free energy of

unfolding of ~ 4.2 kcal�mol�1 (Tables 2 and 3).

Although the CTR is not necessary for the consolida-

tion of FXN fold [12], these results reveal the key

function of the CTR in conferring FXN with global

stability, and indicate the role of the apolar side chain

of residue L198 with respect to contributing to stabi-

lizing interactions between the CTR and the rest of

the domain.

To further explore the role of L198 side-chain con-

tacts, we also replaced this residue by Ala and Cys.

These mutations significantly destabilized the proteins,

as seen in urea unfolding experiments (DDGNU values

are 2.5 and 1.0 kcal�mol�1, respectively) and tempera-

ture-induced unfolding experiments. Moreover, the

truncated variant is greatly destabilized by compari-

son with the wild-type FXN and even its stability

[12] is lower than that of L198R (Tables 2 and 3).

Thus, the stabilities of FXN variants are: FXN 90–
195 < L198R < L198A < L198C < wild-type (Fig. 5C

and Table 4). This result is compatible with the fact

that the Cys side chain can establish interactions via

its -SH group [21,22], whereas variant L198A carries

a shorter side chain, deleting a number of native con-

tacts.

Moreover, as previously described for equilibrium

unfolding of wild-type FXN [12,13], all full-length

variants studied in the present study exhibit unfolding

curves compatible with a two-state model (NU), as

indicated by the shape and the overlapping of CD

and Trp fluorescence curves. A global fitting of the

two-state model, taking into account a unique mNU

parameter (the dependence of free energy on denatur-

ant concentration) for all full-length variants, was

A

B

C

Fig. 5. Equilibrium unfolding experiments followed by (A)

tryptophan fluorescence and (B) far-UV CD of FXN variants.

Proteins were incubated in urea (in buffer 20 mM Tris-HCl, 100 mM

NaCl, 1 mM EDTA, pH 7) for 3 h, and measurements were carried

out at 25 °C. (C) Thermal unfolding followed by CD at 220 nm;

experiments were carried out in 20 mM sodium phosphate,

100 mM NaCl (pH 7.0). Solid lines represent the nonlinear

regression fitting of the two-state model to the data. FXN 90–210

(black), L198R (red), L198C (green), L198A (violet), L200C (orange),

L203C (brown) and FXN 90–195 (blue).

3403FEBS Journal 281 (2014) 3397–3419 ª 2014 FEBS

S. E. Faraj et al. Structural dynamics of human frataxin CTR mutants



performed. The obtained mNU was considerably larger

than the value inferred from the size of FXN (Tables 2

and 3). This explains the discrepancy between free-

energy values reported in the present study for wild-

type FXN and previous work by our laboratory [12],

where the predicted mNU value for this protein [23]

was used to calculate ΔG°NU H2O.

In addition, the dependence of stability on pH (in

the range 6–8) was investigated. Although we found

no pH effect on the stability of the wild-type and

FXN 90–195 variants [12], the introduction of a thiol

group in the case of Cys mutants might alter protein

stability at a pH near the pKa because the thiol is

being stabilized as a thiolate (-SH ?-S�). The intro-

duction of a negative charge might therefore disturb

the apolar environment of the Cys. The results show

that, in this range of pHs, there is no change in the

stability of the FXN variants (data not shown), sug-

gesting that, even at pH 8.0, the thiolate group is not

significantly populated in this environment.

The thiol reactivity of single-cysteine CTR

mutants suggests a relationship between

stability and dynamics

To explore the effect of the alteration of the interac-

tion network established by residues located in the

CTR on the local dynamics, we studied the reactivity

of the thiol group placed in positions 198, 200 and 203

(Fig. 6). Although variants L198C, L200C and L203C

are stable proteins, they show a gradual change in glo-

bal stabilities compared to the wild-type protein

(DDG�NU H2O = 1.0, 2.0 and �1.0 kcal�mol�1, respec-

tively) (Tables 2 and 3). Interestingly, the mutants dis-

play significant differences in reactivity towards 5,50-
dithiobis(2-nitrobenzoic acid) (DTNB). When a thiol is

located at position 198, it exhibits a significantly lower

reactivity than the thiol in position 200. On the other

hand, when the thiol is located at position 203, the

global stability of the protein increases in comparison

with the wild-type, whereas the reactivity of the C203

residue is the lowest of the three mutants. This effect

on the stability of mutation L203C is not predicted by

the FOLDX algorithm [24], suggesting that a conforma-

tional change at the level of the backbone might take

place in the case of this mutation. In addition, the

reactivity of the three mutants is drastically lower than

the one observed for a free -SH group of b-mercapto-

ethanol (Fig. 6).

Therefore, the thiol reactivity of the single-cysteine

CTR mutants suggests that the specific perturbation of

the hydrophobic interactions between the CTR and

Table 2. Two-state model fitting (N↔U). Urea unfolding of FXN

variants followed by Trp fluorescence. A global fitting

simultaneously including fluorescence and CD experiments was

performed for full-length variants allowing a unique mNU value. The

obtained value for mNU is considerably larger than the value

inferred from the sequence of the protein (1.83 � 0.05 and

1.45 kcal�mol�1�M�1, respectively). For FXN 90–195 mNU = 1.26

� 0.13.

FXN

variant

DDG°NU(H20)
(kcal�mol�1)a

DG°NU(H20)
(kcal�mol�1) CmNU (M)

90–210

(wild-type)

– 9.2 � 0.2 4.9 � 0.04

L198R 4.2 � 0.3 5.0 � 0.1 2.70 � 0.04

L198A 2.6 � 0.3 6.5 � 0.2 3.52 � 0.04

L198C 1.0 � 0.3 8.1 � 0.2 4.40 � 0.04

L200C 2.0 � 0.3 7.2 � 0.2 3.88 � 0.04

L203C �1.0 � 0.3 10.1 � 0.3 5.48 � 0.04

90–195 7.6 � 0.3 1.5 � 0.2 1.2 � 0.15

a DDG°NU(H20) = DG°NU(H20) wild-type � DG°NU(H20) mutant i.

Table 3. Two-state model fitting (N↔U). Chemical unfolding of

FXN variants followed by far-UV CD at 220 nm. Fitting was

performed as described in Table 2.

FXN

variant

DDG°NU(H20)
(kcal�mol�1)a

DG°NU(H20)
(kcal�mol�1) CmNU (M)

Wild-type – 9.1 � 0.2 4.90 � 0.04

L198R 4.2 � 0.3 4.8 � 0.2 2.62 � 0.04

L198A 2.5 � 0.3 6.6 � 0.2 3.57 � 0.04

L198C 1.0 � 0.3 8.1 � 0.2 4.37 � 0.04

L200C 1.8 � 0.3 7.3 � 0.2 3.92 � 0.04

L203C �0.9 � 0.4 9.9 � 0.3 5.37 � 0.04

90–195 7.5 � 0.3 1.6 � 0.2 1.27 � 0.14

a DDG°NU(H20) = DG°NU(H20) wild-type � DG°NU(H20) mutant i.

Table 4. Two-state model fitting (N↔U). Temperature unfolding

of FXN variants followed by far-UV CD at 220 nm. A global

fitting was performed for full-length variants, allowing for a

unique value of the difference in heat capacity between native

and unfolded states (DCPNU = 1.81 � 0.3 kcal�mol�1�K�1). For

variant FXN 90–195, which was fitted independently, DCPNU was

1.02 � 0.5 kcal�mol�1�K�1.

FXN DHNU (kcal�mol�1) Tm (�C)
DGNU at 25 °C

(kcal�mol�1)

Wild-type 104.2 � 9.6 69.4 � 0.4 8.04 � 1.2

L198R 56.8 � 7.4 54.1 � 0.8 2.6 � 0.7

L198A 63.8 � 8.5 61.1 � 0.8 3.2 � 0.9

L198C 100.7 � 8.5 66.1 � 0.3 7.5 � 1.0

L200C 86.5 � 7.7 62.3 � 0.3 5.7 � 0.8

L203C 108.9 � 9.9 71.0 � 0.4 8.7 � 1.3

90–195 26.6 � 8.1 39.9 � 3.6 0.9 � 0.4
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the core of the FXN leads to changes in global stabil-

ity and dynamics of the CTR.

CTR mutants exhibit an increment of internal

motions on several timescales

To study the effect of the L198R mutation on FXN

flexibility, we performed a limited proteolysis experi-

ment with chymotrypsin followed by RP-HPLC-MS

(Fig. 7).

Although FXN 90–210 shows a marked resistance

to proteolysis, after 4 h of incubation, we detected a

single cutting site at the Y205 position. By contrast,

the L198R mutation enhances sensitivity to the prote-

ase. Even at a very short incubation time (30 s),

almost 50% of the protein is cut at the Y205 position

(Fig. 7). After 2 min, proteolysis at this unique site

increases, and longer incubations lead to multiple cuts

along the polypeptide chain. Increased sensitivity to

proteolysis resembles values previously observed for

FXN 90–195 [12]. Thus, increased susceptibility to

proteolysis of mutant L198R indicates that some disor-

der or local breathing is induced when the CTR is not

present or when it is not stably packed against the

globular domain. By contrast, variants L198A, L198C,

L200C and L203C, similar to the wild-type protein,

present substantial resistance to proteolysis (data not

shown).

To explore the characteristics of the pathological

mutation L198R and to study the effect of the CTR

truncation on the overall backbone dynamics of FXN

at a residue level, we performed 15N relaxation mea-

surements on 15N-FXN L198R, 15N-FXN 90–195 and
15N-FXN 90–210 (Fig. 8). As reported previously [14],

the C-terminal domain of wild-type FXN exhibits

rather uniform values of the relaxation rates along the

protein sequence, a sign of a compact globular protein.

Indeed, the <hnNOE> value is 0.81 � 0.07, with only

the C-terminus experiencing significantly lower values

than average (Fig. 8B). The N-terminus is not

observed in the spectra as a result of high solvent

exposition. Therefore, except for this stretch, FXN 90–
210 does not undergo fast internal motions on the

nanosecond/picosecond timescale under our experi-

mental conditions. Furthermore, the experimental T1/

T2 ratios are very similar to those predicted by the

crystallographic structure using HYDRONMR software

[25,26] (Fig. 8A). HYDRONMR considers global diffu-

sion, including anisotropic tumbling effects as a result

of the structure, although it ignores internal dynamics,

assuming a completely rigid structure. The calculated

T1/T2 ratios agreeably reproduce the experimental T1/

T2 profile at the residue level with an RMSD value of

0.65 between the calculated and experimental values of

these ratios. The only residues of the protein display-

ing relative high T1/T2 ratios and a shorter T2 are

those in the V134–G141 region, comprising the b2–b3
loop, and T149 belonging to the loop b3–b4, suggest-
ing the presence of low-frequency motions, as often

are associated with conformational exchanges. Finally,

the correlation time (sC), as estimated from the T1/T2

ratio [27], is 8.3 ns, which is in relative good agree-

ment with the value calculated from the crystallo-

graphic structure (8.0 ns) [25,26] and the previously

reported value (7.9 ns) [14]; differences may be a result

of dissimilarities in the experimental conditions. Thus,

FXN is a rigid and compact molecule mainly lacking

accentuated internal motions.

For variant L198R, the T1/T2 ratios present almost

the same average value of the wild-type protein, con-

sidering only residues of the rigid core. This is trans-

lated into a sC value for the L198R mutant of 8.2 ns,

which is very similar to the value obtained for wild-

type FXN under the same experimental conditions,

and consistent with comparable hydrodynamic proper-

ties for both molecules. Furthermore, the general T1/

T2 trend along the polypeptide sequence is similar to

that of the wild-type protein, indicating that the ter-

tiary structure of the protein is also mainly conserved

in the mutant. However, in this case, there are some

regions that display differences in the relaxation values

with respect to the wild-type protein (Fig. 8A,B). Most

of the residues with the largest deviations in the T1/T2

ratio with respect to the mean value are located near

Fig. 6. The reactivity of the free thiol of variants L198C (green) and

L200C (orange), L203C (brown), reaction mixture in buffer alone

(gray) and of the free-thiol model b-mercaptoetanol (black) is

shown. Protein (or b-mercaptoethanol) and DTNB concentrations

were 30 and 500 lM, respectively. Measurements were performed

at 25 °C in buffer 20 mM Tris-HCl, 100 mM NaCl (pH 7.0).
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position 198 in the protein structure and show positive

variations as a result of reduced T2 relaxation times.

This suggests the presence of low-frequency (microsec-

ond/millisecond) motions in these regions as a conse-

quence of the L198R mutation. These results are

consistent with the hnNOE profile for the mutant,

which is less scattered than the T1/T2 data. Indeed,

hnNOE is sensitive to fast but not to slow internal

motions. The <hnNOE> value for this variant is

0.81 � 0.08, which is very similar to that of the wild-

type protein. Residues S105 and A188 in helices a1
and a2, respectively, are the exception, exhibiting a

significant reduction of the T1/T2 ratio, as well as

hnNOE values indicative of more flexibility on the fast

timescale.

A comparison of the dynamics of mutant L198R

with that of the wild-type protein is summarized and

mapped on the Protein Data Bank (PDB) structure of

FXN (Fig. 8C). In general, the mutant has a more

dynamic behavior than the wild-type protein. The for-

mer not only displays predominantly slow conforma-

tional dynamics, but also presents some residues with

fast internal motions in regions that are close to the

introduced positive charge, such as the CTR itself and

regions that are in contact with it (helix a2, strand b6
and loop 1).

The effect of mutations L198R, L198C and L198A

on FXN dynamics was also investigated by all-atom

molecular dynamics simulations. Runs showed that

there are no large conformational alterations

(Fig. 9A). However, for mutants L198R and L198A, a

highly dynamic (nanosecond regimen) region involving

loop1 is predominantly identified, as indicated by the

higher RMSF values at the level of backbone Ca
atoms of residues 113–124 (Fig. 9C). As expected, the

more drastic mutant L198R shows high RMSF values

in residues near the mutation (Figs 9B,C).

As a result, replacing a Leu for an Arg in position

198 not only affects the stability of the domain, but

also the internal dynamics of the polypeptide, which

nevertheless exhibits similar secondary and tertiary

structures to those of the wild-type protein. An

Fig. 7. Controlled proteolysis of FXN 90–

210 and mutant L198R followed by MS.

Protein Samples of 1.0 mg�mL�1

(chymotrypsin 1 : 200, protease : protein

mass ratio) were incubated for 0 s, 30 s

or 2 min at 20 °C in buffer 20 mM Tris-

HCl, 100 mM NaCl, 0.1 mM EDTA (pH 7.0).

The reactions were stopped and samples

were submitted to MALDI-MS.
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increase in the flexibility of the polypeptide chain

occurs on several timescales and is observed in regions

that are located near the CTR, which is chiefly

affected.

Regarding FXN 90–195, we observed signs of deg-

radation in the NMR spectra after keeping the protein

solution for 3 days at 22 °C, suggesting a certain

degree of instability. Therefore, we aimed to study the

internal motions in this variant, analyzing the 15N

relaxation measurements performed at a protein con-

centration of 0.3 mM, despite the propensity of this

mutant to auto-associate at high protein concentra-

tions (see above). Under these conditions, the signal to

noise relationship is good and no degradation was

detected after spectra acquisition. Figure 8A,B reports

the T1/T2 ratio and the hnNOE values along the pro-

tein sequence. A visual inspection of the relaxation

data shows that the values are more scattered than in

the wild-type protein and that the mean T1/T2 ratio

for FXN 90–195 is significantly higher than the values

observed for the wild-type and L198R proteins (11.0

for the truncated protein versis ~ 8 for wild-type and

L198R FXN, under the same experimental conditions).

We attribute this difference in the mean values mainly

to the tendency exhibited by the truncated protein to

aggregate, thus generating a larger apparent rotational

correlation time, given that it exists in solution as a

bigger object in average at high concentrations. How-

ever, a contribution to the T1/T2 ratio obtained for the

truncated protein of possibly local unfolding events in

fast exchange with the folded conformation cannot be

excluded either.

Nevertheless, the internal motions are still analyz-

able from the relaxation data. Indeed, not only T1/T2,

but also hnNOE values are very scattered, with a

<hnNOE> of 0.76 � 0.13. Fast motions are observed

in loops (loop 1, b2b3, b3b4, b4b5 and b5b6) and in

both helices, as well as at the termini of the protein.

On the other hand, reduced T2 values suggest slow

conformational motions involving loop 1 and loop

b3b4, strands b1 and b5, and helices a1 and a2. These
regions appear to be more flexible than the mobile

regions in FXN L198R, without considering the CTR,

which is not present in the truncated protein. Remark-

ably, some of these regions (Fig. 8C) are not in con-

tact with the CTR in the wild-type protein, suggesting

A

B

C

Fig. 8. Backbone dynamics of FXN

variants.15N-1H relaxation was measured

on FXN L198R (red), FXN 90–195 (blue)

and FXN 90–210 (black). The 15N T1/T2

ratio as a function of the protein sequence

for each variant is shown in (A), whereas
15N-1H NOE values are shown in (B). In

addition, T1/T2 values were predicted from

the crystallographic structure using

HYDRONMR [25] (gray color). (C) Motions are

mapped on the PDB 1EKG structure for

FXN L198R (left) and FXN 90–195 (right).

Residues experiencing fast motions

(picosecond/nanosecond), with15N-1H NOE

values smaller than 0.7, are shown in blue.

Residues with slow conformational

motions (microsecond/millisecond) are

depicted as: amino acids exhibiting T1/T2

values higher than the mean value plus

1 SD, in red; amino acids with T1/T2

values larger than 1 SD plus the mean

value taken from residues that have T1/T2

values in the <T1/T2> + SD range, in light

red. Residues that exhibit both fast and

slow internal motions, with increased T1/

T2 and reduced hnNOE values, are shown

in violet. Finally, residues for which we do

not have dynamical information are shown

in gray.
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the existence of long-range dynamic effects produced

by the removal of the CTR.

Therefore, the CTR-truncated protein exhibits a ten-

dency to aggregate at high protein concentrations, and

backbone dynamics reveal significant flexibility on

both the picosecond/nanosecond and microsecond/mil-

lisecond timescales in residues that map near the CTR,

as well as in more distant regions.

Relaxation dispersion experiments also

demonstrate a distinct behavior for FXN variants,

indicating a different contribution of the

conformational exchange to the transversal

relaxation rates

To complete the dynamic characterization of FXN

variants, 15N Carr–Purcell–Meiboom–Gill (CPMG)

relaxation dispersion experiments were performed.

These experiments are useful for monitoring conforma-

tional exchange processes in the slow time window

(0.3–10 ms) and for detecting weakly populated pro-

tein states that are often not directly observable in

NMR spectra. CPMG relaxation dispersion senses

processes occurring in the intermediate–fast regime

(kex � Dm), resulting in enhanced relaxation rates

(R2
Obs = R2

0 + Rex), provided that there is substantial

chemical shift difference among the exchanging states

[28]. The dependence of 15N transverse relaxation rates

on the strength of an applied radio frequency spin-lock

(mCPMG) was evaluated for FXN 90–210, FXN L198R

and FXN 90–195. Typical dispersion curves are shown

in Fig. 10A. The exchange broadening can be esti-

mated from the height of the dispersion curve [i.e.

from the difference between R2
Obs at the lowest mCPMG

(mCPMG?0) and the value registered at the highest

mCPMG (mCPMG?∞)]. The measured values are dis-

played along the protein sequence in Fig. 10B for the

three FXN variants. The median of DR2
Obs values

increases from 0.60 and 0.72 s�1 in FXN 90–210 and

FXN L198R, respectively, to 2.88 s�1 for the trun-

cated variant. Residues with a significant Rex contribu-

tion to the transversal relaxation rate are mapped on

the crystallographic structure in Fig. 10C.

The wild-type protein exhibits exchange motions in

the region comprising helix a1, loops b2b3 and b3b4
(which also show relatively short T2 values) and

strands b3, b4 and b6.
FXN L198R experiences exchange in the same

regions than the wild-type protein, as well as in R198

and nearby residues. Particularly, amino acids in the

helix a2 and in the CTR exhibit considerable Rex con-

tributions, as also suggested by T2 measurements. On

the other hand, FXN 90–195 shows higher DR2 values

than the other variants. Regions that are subjected to

exchange contribution in the wild-type protein also

exhibit substantially higher Rex values. In addition,

stretches with altered residues are distributed all over

the protein structure, the C-terminus of helix a1, helix
a2, loops a1b1, b1b2 and b2b3, and strand b5, are

A

B

C

Fig. 9. All atom molecular dynamics simulations of FXN 90–210

(black) and L198R (red). L198A (violet) and L198C (green). (A)

RMSD and RMSF values per amino acid residue for the side chain

(B) and Ca atoms (C) were computed from the equilibrated part of

the trajectory.
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also involved in exchange motions. Thus, on this time-

scale, both mutants exhibit a more dynamic behavior

in localized regions near the mutation in FXN L198R

and all over the protein structure, with substantially

increased Rex values in FXN 90–195. This result is

consistent with the 15N R1 and R2 measurements indi-

cating that the truncated protein is able to explore a

vaster conformational ensemble than the wild-type and

the single point mutant FXN counterparts.

FXN 90–195 presents higher global solvent

accessibility than FXN 90–210, whereas

FXN L198R differs only in regions spatially near

the mutation

We estimated the relative solvent exchange rates for

backbone amide groups by measuring the fNOE effect

with the solvent using the water-NOE experiment

[29,30]: the higher the fNOE values, the larger the sol-

vent exchange rates (see Materials and methods). The

results for FXN 90–210 are shown in Fig. 11. Regions

exposed to the solvent are the N-terminal stretch of

helix a1 (indeed, the two N-terminal residues of the

protein are not observable in NMR experiments),

loops b1b2, b4b5, b5b6 and b6a2. Also, residues

K197, D199, S201 and G207 from the CTR exhibit

relatively high solvent exchange rates compatible with

an increase in solvent accessibility. This behavior

matches very well with the accessibilities inferred from

FXN structure (data not shown).

Figure 12 shows the differences between fNOE

values obtained for FXN L198R and FXN 90–195
and those obtained for the wild-type protein

(DfNOE = fNOEmut � fNOEwt). Amino acids exhibiting

A

B

Fig. 10. Chemical exchange contributions

measured by CPMG NMR. (A)

Representative CPMG relaxation

dispersion profiles for FXN 90–210, 90–

195 and L198R. Lines correspond to the

optimal global fit of the Meiboom equation

to the experimental data. Residues S160

and T142 (black) do not show chemical

exchange in any variant. By contrast, N146

and L103 (green) exhibit chemical

exchange contributions in all variants.

T191 (red) exchanges in the mutants but

not in the wild-type protein. K208 (orange)

belongs to the CTR and exchanges only in

L198R. Finally, F109 (blue) shows an

exchange in FXN 90–195 but not in the

other variants. (B) The exchange

contribution to transverse relaxation,

DR2
Obs, estimated from the difference in

R2
Obs at the lowest and highest mCPMG

values, is plotted along the protein

sequence for FXN 90–210 (top),

FXN L198R (medium) and FXN 90–195

(bottom). An exchange threshold of 2 s�1

is indicated by a dotted line for FXN 90–

210 and L198R. For FXN 90–195,

exchange thresholds of 4 and 10 s�1 are

indicated. (C) Results are mapped on the

FXN 90–210 crystal structure for the three

proteins.
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positive DfNOE values are more protected from solvent

exchange in the wild-type protein, whereas the reverse

is true for those showing a negative DfNOE. For the

L198R mutant, regions with increased solvent accessi-

bility are localized in loops a1b1 (loop1) and b5b6,
and, in the CTR, all of them spatially near position

198 in the wild-type protein. By contrast, most resi-

dues exhibit positive DfNOE values in FXN 90–195,
indicating that the amide protons of this variant are

globally less protected from solvent exchange than

those of the wild-type protein. The greatest differences

in water exchange are observed for the helix a1, the

C-terminal stretch of helix a2, and loops a1b1 (loop

1), b4b5 and b6a2, which contact the CTR in

FXN 90–210. However, positive DfNOE also appear in

the b-sheet residues. These results show an overall

increase of the solvent exposure in the truncated vari-

ant and are in agreement with the mutant being highly

destabilized, exhibiting a more dynamic behavior, and

probably possessing local breathing that allows an

increased exchange with the solvent. By contrast, in

the case of FXN L198R, differences in the solvent

exchange rates are localized and limited to regions

that are close to the mutation.

Iron binding is completely altered in FXN

variants

Wild-type FXN 90–210 is able to maintain iron in a

soluble and bioavailable state. We investigated whether

FXN 198R and the truncated variant are equally able

to bind iron. Each variant was incubated with FeCl3
and, subsequently, the soluble iron was quantified

(Fig. 13A). At pH 7.0, and in the absence of protein,

Fe3+ quantitatively precipitates in the first few minutes

after mixing (Fig. 13A). Remarkably, neither

FXN 90–195, nor FXN L198 were able to maintain

the same iron concentrations in the soluble state to the

Fig. 11. Amide proton-water exchange

rates of FXN 90–210 (wild-type). fNOE

values as a function of the residue

number. Residues showing larger DfNOE

values are less protected from solvent

exchange. Results are mapped on the

FXN 90–210 crystal structure (right).

A

B

Fig. 12. Amide proton-water exchange

rates of the mutants. (A) Difference

between fNOE values of FXN L198R and

FXN 90–210, DfNOE = fNOE

(FXN L198R) � fNOE (FXN 90–210). (B)

Difference between fNOE values of

FXN 90–195 and FXN 90–210,

DfNOE = fNOE (FXN 90–195) � fNOE

(FXN 90–210). Residues showing a

positive DfNOE are more protected from

solvent exchange in wild-type FXN,

whereas the reverse is true for those

showing a negative DfNOE. Results are

mapped on the FXN 90–210 crystal

structure (right).
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same extent as wild-type FXN. To establish whether

this was a result of protein aggregation during the

incubation, the protein concentration was checked by

SDS/PAGE (Fig. 13A, inset). No significant protein

precipitation was observed after a 2-h incubation

(more than 80% of the protein remains soluble). Tak-

ing into account the iron-binding capability of BSA,

this protein was analyzed in the same way. In addi-

tion, hen egg-white lysozyme was included in the

experiment as a negative control.

Furthermore, to estimate the stoichiometry in which

hFXN variants maintain Fe+3 solubity and bioavail-

ability, we incubated increasing protein concentrations

of each hFXN variant with a high and fixed concen-

tration of the metal ion (250 lM). Estimations taking

into account the minimal protein concentration that

maintains the maximal iron concentration (Fig. 13B)

indicate that wild-type protein is able to bind at least

four Fe3+ atoms per protein molecule under these

experimental conditions, whereas FXN 90–195 and

FXN L198R maintain one iron atom at most. These

results should be considered an approximation given

that free Fe3+ precipitates and, consequently, the sys-

tem is out of equilibrium. The decreased thermody-

namic stability and the enhancement of internal

dynamics in the variants, added to the iron-binding

deficiency, help to explain why the biological function

of the point mutant L198R and the FRDA-associated

variant FXN 81–193 (mimicked in the present study

by FXN 90–195) should be drastically altered.

Discussion

Motions and thermodynamic stability are important

features of protein function and there may be connec-

tions among them [31,32]. However, biologically

relevant protein motions may span a very large time-

scale, ranging from picoseconds to milliseconds, sec-

onds and minutes. This fact often makes any

understanding of this relationship rather challenging.

From a structural point of view, protein motions are

involved in very different processes: rotamer selection,

backbone rearrangements, local unfolding and even

global unfolding/refolding transitions. In this context,

changes in the dynamics of the native state can affect

protein–protein and protein–substrate interactions and

in vivo stability that, in the case of FXN, is particu-

larly relevant in FRDA [13,33].

Protein motions on the fast timescale (picosecond/

nanosecond) are linked to thermodynamics by their con-

tribution to conformational entropy. In particular, by

the reduction of the difference in entropy between

unfolded and folded ensembles, proteins can increase

their thermodynamic stability [34]. Slow motions

(microsecond/millisecond timescale) are related to func-

tion (conformational changes) and allostery (intramo-

lecular signal transduction). In functional proteins,

rigidity and flexibility should be balanced within a cer-

tain conformational stability. The observation of pro-

teins with high stability, as well as enhanced flexibility

and conformational heterogeneity [35], indicates that

the relationships between molecular motions and stabil-

ity may be more complex than a simple inverse relation

where the increase in molecular fluctuations determines

a decrease in stability. In the same fashion, the thermo-

stable protein rubredoxin from Pyrococcusfuriosus

(characterized by a Tm of ~ 200 °C and very slow

unfolding kinetics) shows indistinguishable conforma-

tional flexibility from that of typical mesophilic pro-

teins, as indicated by hydrogen exchange experiments

that capture conformational fluctuations within the

timescale of hydrogen bond rupture (the conformational

opening for solvent access occurs in the millisecond time

frame or faster at 28 °C for all amide positions) [36].

These results open the possibility that conforma-

tional fluctuations and protein motions may be only

weakly coupled to global dynamics (folding/unfolding).

By contrast, as shown by Whitley et al. [37], these

properties may be coupled. They demonstrated that

mutations of the CI2 protein cause backbone and side

chain dynamics alterations. When the mutation is

located in the folding-nucleus core of the protein, it

may affect the dynamics (picosecond/nanosecond) of

the N-terminal half, thus influencing flexibility

A B

Fig. 13. Iron-binding capability of FXN variants. (A) Each variant

(50 lM) was incubated with 250 lM FeCl3, and soluble iron was

quantified along the incubation time. Inset: Protein aggregation

was checked after 0 or 90 min of incubation by SDS/PAGE. (B)

Proteins at increasing concentrations were incubated for 30 min

with 250 lM FeCl3. All experiments were performed in buffer:

50 mM Hepes, 50 mM NaCl, pH 7.0 at 25 °C. Wild-type (black),

FXN 90–195 (blue) and FXN L198R (red). In addition, BSA (gray),

lysozyme (yellow) and buffer without protein (violet) were included

as control samples.
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throughout the whole protein. Remarkably, CI2

mutants show an enhancement of the side-chains

motions (picosecond/nanosecond) by comparison with

the wild-type CI2. This increase in motions is globally

distributed, suggesting a manifestation of cooperativity

in dynamics.

Protein dynamics of human FXN in the picosecond/

nanosecond range were previously studied by NMR

[14,38]. Longitudinal and transverse relaxation rates

and hnNOE indicated that FXN behaves as a rather

rigid and compact globular protein with internal

motions on the picosecond/nanosecond timescale at

both termini. Thus, as in the case of CI2 among many

other proteins, wild-type human FXN appears to have

evolved to a high level of rigidity that may assist in

function. Results obtained from proteolysis experi-

ments are in line with this notion [12–14].
In the present study, it was shown that the experi-

mental T1/T2 ratios neatly reproduce the predicted val-

ues calculated from the crystallographic structure.

However, despite the fact that wild-type human FXN

is mainly a rigid protein, our results show some slow

conformational motions in the approximately millisec-

ond timescale survey. They comprise a region involving

helix a1 (included in the acidic ridge compromised in

iron binding), strands b3 and b4, the loop in-between,

and loop b1b2. These last regions are not directly

involved in iron binding (the iron-binding site is an

acidic surface containing the C-terminus of helix a1,
strand b1 and loop 1) but might be involved in other

protein functions or interactions.

Regarding the CTR, in the wild-type protein resi-

dues K197, D199, S201 and G207 exhibit relatively

high solvent exchange rates. The relatively high exposi-

tion of these residues is in agreement with the cutting

site at Y205 observed only after long incubation times

with chymotrypsin. In a previous study [12], we

showed that the CTR confers FXN with stability and

also that this stretch might modulate protein dynam-

ics, including FXN folding rates. Remarkably, the

finding that a frame shift produces the truncation of

FXN at residue 193 (Fig. 1) and determines FRDA

with rapid disease progression [16] indicates that the

CTR is crucial for the biological function of FXN.

Furthermore, the CTR point mutation L198R has

been found in FRDA patients [15], suggesting a key

role for this stretch. The L198 side chain interacts with

residues from helix a1 (F109 and L113), helix a2
(L190 and L194), loop 1 (Y118) and the CTR (L200,

T196 and T191), establishing a large network of ter-

tiary contacts. The introduction of a positive charge in

this hydrophobic environment may weaken the interac-

tion of the CTR with the compact globular domain.

In the present study, we studied stability/motions

relationships in wild-type protein and FXN variants

carrying mutations in the CTR to further explore the

link between these properties and to gain insight on

the role of the CTR in the stability and function of

FXN. Therefore, in addition to the pathogenic variant

L198R and the truncated FXN 90–195, we prepared

variants L198A, L198C, L200C and L203C. All muta-

tions, with the exception of L203C, lead to some

degree of destabilization. By contrast to the other

mutants, L203C is 1.0 kcal�mol�1 more stable than the

wild-type protein and the thiol group in this position

presents the lowest reactivity toward DTNB. A Cys in

this position (C203) may optimize contacts with the

side chain of S105 and the carbonyl group of L200,

slightly strengthening the interaction between the core

and the CTR. In connection with this result, higher

pKa values than expected for exposed -SH groups are

predicted using the H++ algorithm [39] (> 12 for the

three variants) and PROPKA [40,41] (10.2, 11.5 and 9.7

for C198, C200 and C203, respectively) for in silico

prepared variants. Taken together, these results are in

agreement with the notion that the cluster of apolar

interactions established between the CTR and the a1/
a2 secondary structure elements is a potential modula-

tor of FXN motions, and suggest that local/specific

changes on the dynamics of the CTR may be con-

trolled by a local perturbation of stability.

The L198R mutation yielded a global destabilization

of protein structure and a significant alteration of the

dynamics of the CTR and helix a2 (on the microsec-

ond/milllisecond timescale) and loop1 (on the picosec-

ond/nanosecond timescale). In addition, the exchange

rates with the solvent of the CTR and loop1 also

increased upon mutation. Furthermore, a slightly lar-

ger Rh than the wild-type protein is consistent with

some disorder or local breathing in this stretch of the

protein. The residues that change their motions upon

L198R mutation are in contact with L198 in wild-type

FXN, thus indicating that the adjustments in protein

motion caused by this change in the protein structure

are highly localized. Furthermore, changes in local sta-

bilities (measured by hydrogen exchange) appear to

co-localize with an increment of the internal motions

in residues located near the mutation. As loop1 forms

part of the acidic ridge (a1, loop1 and b1), changes in

dynamics of this region may cause the observed defec-

tive function for this variant. Furthermore, significant

reduction in thermodynamic stability and enhanced

sensitivity to proteolysis observed in vitro for mutant

L198R might be a cause of in vivo degradation.

Although the stability/dynamics/function link fits

with our results, simpler direct interaction between
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wild-type CTR and the SDUF complex might also

explain the functional deficiency of the CTR mutants.

However, the available structural information indicates

that FXN could interact with the rest of the SDUF

complex through regions different from the CTR. The

interaction involves direct recognition of the nega-

tively-charged region of FXN by the positively-charged

patch of the cysteine desulfurase [42–44]. This makes it

less likely that any direct interaction between CTR

and the complex would mediate SDUF activation,

even though we cannot fully rule out this possibility.

In human FXN, the last stretch of CTR might act

with helix-a1 as a structural building block.

Although variant FXN 90–195 conserves a globular

shape with native-like secondary structure, the com-

plete truncation of the CTR not only results in a sig-

nificant alteration in global stability, but also derives

in an extensive alteration of protein dynamics analyzed

by proton-water exchange rates and 15N relaxation

measurements. The enhanced motions include regions

far from the CTR and occur over a vast range of time-

scales. This is in contrast to other pathological vari-

ants, such as D122Y, G130V, I154F and W155R, for

which relaxation measurements have shown that,

although T1/T2 ratios vary as a result of aggregation,

hnNOE values remain similar [14]. This behavior of

the truncated protein may indicate that, under these

experimental conditions, it explores a substantially lar-

ger conformational space than wild-type FXN and

L198R mutant. This space might include high-energy

intermediate states and unfolded conformations. This

is also evident from the 15N 1H HSQC spectrum of

FXN 90–195 showing that other minor conformations

of the protein, which might be partially folded, coexist

in solution, in equilibrium with the main well-folded

one. Taking into account that the difference in free

energy between the folded and unfolded states (20 °C)
for the truncated form is ~ 1.0–1.3 kcal�mol�1, the

unfolded fraction in equilibrium might be ~ 5–15%.

In line with the destabilization induced by the

absence of the CTR, a sticky character of this variant

was shown at high protein concentrations. More likely,

truncation of the CTR leaves some hydrophobic side

chains exposed to the solvent, and molecules tend to

interact minimizing the accessible apolar surface when

the concentration of the protein rises. It is noteworthy

that the truncated form exhibits a large destabilization

of the FXN fold, making it more probable to cross the

unfolding activation barrier. More importantly,

regarding the functionality of FXN, for both

FXN L198R and FXN 90–195, the most distorted

regions include helix a1 and loop1, which contain a

number of putative iron-binding sites. This behavior is

also congruent with the higher sensitivity to proteases

previously observed for the truncated variant, which

includes one proteolytic site in loop1 [12]. Remarkably,

both the truncated variant and the point mutant

L198R exhibit a drastically altered iron-binding capa-

bility, by comparison with wild-type FXN.

Taken together, these results contribute to explain

why the alteration of the CTR in L198R mutant [15],

or its complete truncation in FXN 81–193 [16], causes

FRDA. The greater destabilization observed for the

truncated protein is in agreement with the atypical

clinical phenotype of FXN 81–193, which exhibits a

strikingly rapid disease progression [16]. In this con-

text, we propose that a better understanding of the

complex inter-relationships between protein flexibility

and stability should enable the rational design and

optimization of protein formulation conditions based

on protein dynamics. Finally, we suggest that these

alterations might be targeted pharmacologically to

improve protein folding and stability.

Materials and methods

Protein expression, purification and refolding

Unlabeled FXN 90–210, FXN 90–195, FXN L198R,

L198A, L198C, L200C and L203C were expressed and

purified as described previously [12]. 15N-labeled proteins

(~ 50 mg�L�1 of cell culture with a protein purity ≥ 95%)

were prepared in Escherichia coli cultures grown in M9

minimal medium, supplemented with 15N-NH4Cl obtained

from Cambridge Isotope Laboratories (Andover, MA,

USA). The ESI ion trap mass spectrometer (Thermo Finni-

gan, San Jos�e, CA, USA) was used to confirm the expected

masses of unlabeled and labeled proteins. Purity was

checked by SDS/PAGE.

Limited proteolysis

FXN variants (1 mg�mL�1) were incubated with chymo-

trypsin at a mass ratio of 1 : 100, (protein : protease), at

25 °C in a buffer containing 20 mM Tris-HCl, 100 mM,

NaCl, 1 mM EDTA (pH 7.0). Aliquots were separated at

different times and the reaction was immediately stopped

by an addition of 0.2% trifluoroacetic acid and 1.0 mM

phenylmethanesulfonyl fluoride. Samples were kept at

�20 °C until analysis by SDS/PAGE and RP-HPLC fol-

lowed by MALDI-TOF or ESI-MS.

Fluorescence measurements

Steady-state fluorescence measurements were performed in

a Jasco FP-6500 spectrofluorometer (Jasco Inc., Easton,

MD, USA) operating in the ratio mode and equipped
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with a thermostated cell holder connected to a circulating

water bath set at 25 °C. A cell with a path length of

0.3 cm and sealed with a Teflon cap was used. Intrinsic

fluorescence of proteins was measured using a protein con-

centration of 10 lM; excitation wavelength was 295 nm

and emission data were collected in the range 305–

450 nm. The spectral slit-widths were set to 3 nm for both

monochromators.

Quenching experiments were carried out using acrylam-

ide. Results were analyzed according to a modified version

of the Stern–Volmer equation [45]:

F0

F
¼ ð1þ Ksv � ½Q�Þ � eð½Q��vÞ ð1Þ

where F0 and F are the fluorescence intensity in the absence

and presence of quencher, respectively, [Q] is the concentra-

tion of the quencher, and V is the volume of the sphere of

action (the volume immediately surrounding the excited

fluorophore within which instantaneous quenching

occurs). Quenching within this volume is called static

quenching and can also arise from equilibrium association

between the quencher and the fluorophore. The Stern–Vol-

mer constant, KSV, describes the dynamic quenching pro-

cess and is the result of the mean fluorescence lifetime in

the absence of quencher times the bimolecular collisional

rate constant. The KSV and V values were obtained by fitting

Eqn (1) to experimental data using a nonlinear least-squares

procedure.

CD measurements

CD measurements were carried out with a Jasco J-810

spectropolarimeter calibrated with (+) 10-camphor sulfonic

acid. Near-UV and far-UV CD spectra were collected using

cells with path lengths of of 1.0 and 0.1 cm, respectively.

Data were acquired at a scan speed of 20 nm�min�1 and at

least three scans were averaged. Finally, blank (buffer)

scans were subtracted from the spectra and values of ellip-

ticity were converted to molar ellipticity. The protein was

used at a concentration of 10 lM, in buffer of 20 mM Tris-

HCl, 100 mM NaCl (pH 7.0).

Thiol accessibility

Chemical reactivity toward DTNB was determined at 25 °C
in a buffer of 20 mM Tris-HCl, 100 mM NaCl (pH 7.0).

A DTNB solution of 2.0 mg�mL�1 (5 mM) was prepared

in a 100 mM sodium phosphate buffer, 1 mM EDTA (pH

7.0). Protein was used at a concentration of 30 lM and

50 lL of DTNB stock was added to begin the reaction in a

final volume of 500 lL. Absorbance was monitored in

thermostated cells at 412 nm. b-mercaptoethanol was used

to precisely quantify the DTNB concentration and as a

free-thiol model to establish the experimental conditions. A

blank without protein was run to subtract the absorbance

of the reaction mixture (without any thiol group) at

412 nm.

Protein unfolding experiments

Isothermal unfolding experiments were carried out incubat-

ing FXN with 0–8.0 M urea in a buffer solution of 20 mM

Tris, 100 mM NaCl (pH 7.0) for 3 h at room temperature.

All measurements were carried out at 25 °C. The process was
followed by far-UV CD and tryptophan fluorescence mea-

surements. To calculate thermodynamic parameters, a two-

state unfolding mechanism, where only native (N) and

unfolded (U) conformations exist at equilibrium, was

assumed. Data processing was performed in accordance with

the methods of Santoro and Bolen [46]. In addition, unfold-

ing transitions as a function of temperature were monitored

by the CD signal at 220 nm. Experiments were carried out in

20 mM sodium phosphate, 100 mM NaCl at a pH 6.0, 7.0

and 8.0. Protein concentration was 7.0 lM and a cell with a

path length of 1.0 cm was used. Temperature was varied

from 10 to 90 °C, at a constant rate of 1 °C�min�1, sampling

at intervals of 1 °C. To extract the thermodynamic parame-

ters, the following model was fitted to the data:

DGNU ¼� RTln
fU
fN

� �
¼ DHTm

þ DCPðT� TmÞ

� T
DHTm

Tm

� �
þ DCPln

T

Tm

� �� � ð2Þ

S ¼ fN S0;N þ lNT
� �þ fU S0;U þ lUT

� � ð3Þ

where fU and fN are the unfolded and folded fractions at

equilibrium, respectively; Tm is the temperature at which

fU = fN; S is the observed CD signal; S0,N and S0,U are the

intrinsic CD signals for the native and unfolded states,

respectively; and lN and lU are the slopes of the pre- and

post-transition regions, respectively, assuming a linear

dependence of SN and SU with temperature [47].

Explicit-solvent all atom molecular dynamics

simulations

To investigate the fast conformational dynamics of

FXN 90–210 and FXN L198R (in the range of picoseconds

to nanoseconds), simulations with GROMACS 4.5.4 and

GROMOS 53a6 force fields were carried out [48,49]. For the

wild-type FXN, the initial structure was generated from the

coordinates of the crystallographic structure PDB code:

1EKG. In the case of the L198 mutants, protein was mutated

and minimized using FoldX ‘buildmodel’ engine and ‘repair’

protocol to energetically minimize the new structure [24].

The structure of each protein was embedded in a dodecahe-

dral periodic cell with a minimum distance of 0.9 nm
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between the protein atoms and the cell limits. Both structures

were solvated with simple point charge water molecules.

Sodium and chloride ions were added up to a 150 mM salt

concentration. One thousand steps of energy minimization

were performed. Then, 10 000 steps of position restrained

simulations were carried out to equilibrate water molecules.

A canonical ensemble simulation (NVT) was performed

using a Berendsen thermostat of 120 ps at 300 K and

tau = 1 ps�1. Subsequently, a microcanonical (NPT) simula-

tion using a Berendsen thermostat of 120 ps at 300 K and

tau = 1 was performed [50]. Finally, we ran 500 ps of simula-

tion applying a 25 kJ�mol�1 restraint to alpha carbons. The

resulting structures were the starting points for the produc-

tion simulations (100 ns). For restrained and nonrestrained

production simulations, a Nose–Hoover thermostat was used

for temperature coupling, whereas a Parrinello–Rhaman

thermostat was used for pressure coupling. In all cases, long-

range interactions were computed according to the particle

mesh Ewald method.

NMR spectroscopy

NMR samples, data acquisition and processing

Samples for NMR experiments contained 0.3–0.8 mM

15N-labelled FXN 90–195, FXN L198R or FXN 90–210

in a buffer of 100 mM NaCl, 20 mM Tris-HCl, 1.0 mM

EDTA (pH 7.0), containing 5% D2O. NMR experiments

were performed at 22 °C in a Bruker 600 MHz Avance

III spectrometer (Bruker Instruments, Inc., Bellerica, MA,

USA) equipped with a 5-mm triple resonance cryoprobe

incorporating shielded z-axis gradient coils. The NMR

data were processed on Silicon Graphics workstations

(Silicon Graphics International, Milpitas, CA, USA) using

NMRPIPE [51] and analyzed using NMRVIEWJ [52,53].

Backbone amide resonance assignment

Nitrogen and amide and alpha protons chemical shift

assignments of FXN 90–195 and FXN L198R were per-

formed via three-dimensional 15N-NOESY and 15N-TOC-

SY experiments (100 and 30 ms of mixing times,

respectively), based on the available chemical shifts of the

full-length C-terminal domain of FXN (BMRB 4342) [54].

Also, a 15N-NOESY spectrum of FXN 90–210 was

recorded to assist in the assignment. Backbone 15N and 1H

assignments for FXN 90–195 and FXN L198R have been

deposited in the BMRB with accession numbers 19785 and

19786, respectively.

Determination of hydrodynamic radii

The diffusion measurements were performed using the PFG

stimulated echo longitudinal encode–decode sequence [55].

Dioxane (10 lL, 2% in H2O) was added to 300 lL of the

protein sample as an internal standard [18,56]. A series of

spectra were acquired with the strength of the diffusion gra-

dient varying between 5% and 95% of its maximum value.

The length of all pulses and delays in the sequence were held

constant, the pulse gradient width was 4 ms and the length

of the diffusion delay was calibrated for the sample to give

a maximal decay of 85–90% for the protein and dioxane

signals (delays of 125 and 15 ms were used, respectively). A

T2 filter was used to selectively observe the dioxane signal

without interference of the protein and, thus, to reduce the

experimental error, especially at high gradient strengths.

Protein and dioxane spectra were acquired with 4K and

16K complex points, respectively. Rh was calculated as:

Rh ¼ ðDdiox=DprotÞ � Rh;diox ð4Þ

where Ddiox and Dprot are the measured diffusion coeffi-

cients of dioxane and protein, respectively, and Rh,diox is

the effective hydrodynamic radius of dioxane, taken to be

2.12 Å [56].

15N spin relaxation measurements

Measurements of 15N T1, T2 and steady-state 1H-15N

NOE (hnNOE) of wild-type FXN 90–210, FXN L198

and FXN 90–195 were performed at a nitrogen fre-

quency of 60.82 MHz and 22 °C, using standard pulse

schemes in an interleaved manner. Both T1 and T2 data

were acquired with six relaxation delays. For FXN 90–
210 and FXN L198R, the delays used were 7, 300, 600,

900, 1200 and 1600 ms for the T1 calculations and

15.7, 31.4, 62.8, 125.5, 156.9 and 219.7 ms for the T2

calculations. For FXN 90–195, the delays were 7, 300,

600, 900, 1200 and 1600 ms for T1 and 15.7, 31.4, 62.8,

78.4, 94.1 and 125.5 ms for T2. The rate analysis rou-

tine of NMRVIEWJ was used to analyze the data [49]. The

hnNOE values were determined by the ratio of peak

volumes of spectra recorded with and without 1H satu-

ration, employing a net relaxation delay of 4 s for each

scan in both experiments. Typically, errors were ~ 1%

for T1 and T2 and 2–5% for hnNOE measurements.

Relaxation dispersion experiments

CPMG relaxation dispersion experiments were per-

formed at a single static magnetic field strength of

600.13 MHz on 0.5 mM FXN 90–210, FXN L198R

and FXN 90–195. A constant-time relaxation-compen-

sated pulse program was used, setting the constant

time period (TCPMG) to 100 ms for wild-type

FXN 90–210 and FXN L198R and 80 ms for

FXN 90–195, in combination with the CPMG fre-

quencies (mCPMG): 40, 200, 360, 520, 680, 840, 1000

and 1200 Hz for FXN 90–210;40, 80, 120, 160, 200,
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240, 280, 320, 360, 400, 480, 520, 600, 680, 760, 840,

920, 1000, 1080 and 1200 Hz for FXN L198R; and 50,

200, 400, 600, 800, 1000, 1200 and 1500 Hz for

FXN 90–195. Two-dimensional data sets were

acquired in an interleaved manner, with a 3-s inter-

scan delay and 256 increments in the nitrogen dimen-

sion. The observed transverse relaxation rate (R2
Obs,

where R2 is the inverse of T2) for each frequency point

was obtained from the signal intensity measured at the

end of the TCPMG period according to:

RObs
2 ðmCPMGÞ ¼

�ln
Im;CPMG

I0

� �
TCPMG

ð5Þ

where I0 is the signal intensity measured in a reference

spectrum lacking the CPMG period and Im,CPMG is the

residual intensity at the end of the CPMG pulse

sequence for a specific spin-lock frequency. A two-site

global fast exchange model [57] or a model in which

exchange processes are absent [i.e.

R2
Obs(mCPMG) = R2

0, where R2
0 is the effective trans-

verse relaxation rate independent of the mCPMG] was

fitted to the dispersion data.

The contribution of the exchange to the signal relax-

ation rate (Rex) is estimated by:

RObs
2 ðmCPMG ! 0Þ ¼Rex þ RObs

2 ðmCPMG ! 1Þ ð6Þ

where RObs
2 ðmCPMG ! 1Þ is the intrinsic relaxation rate

in the absence of exchange, at infinite mCPMG.

RObs
2 ðmCPMG ! 0Þ and RObs

2 ðmCPMG ! 1Þ were approx-

imated to the R2
Obs at the lowest and highest mCPMG

values measured, respectively.

Solvent proton exchange
measurements

The exchange measurements were carried out at

22 °C using the water-NOE pulse sequence [29]. The

experiment was performed in an interleaved manner

to obtain two spectra, with the water magnetization

oriented along the +z and �z-axes, respectively [30].

The mixing time was 60 ms. In the experiment with

the water magnetization oriented parallel to the z-axis

(parallel to the amide proton magnetization), the

fNOE effect of water is added to the intrinsic intensity

of the cross-peaks. By contrast, in the experiment

with the water oriented antiparallel to the z-axis, the

fNOE is subtracted from the intrinsic intensity of the

cross-peak. Therefore, fNOE can be calculated by tak-

ing the difference between the cross-peak intensities

corresponding to both experiments normalized by the

sum of the intensities. For short mixing times, ξNOE

is almost exclusively a result of the chemical

exchange.

Nitrogen relaxation rates and
hydrodynamic radii predictions

HYDRONMR software [25,26] was used to predict the
15N T1/T2 ratios and HYDROPRO [19] to calculate the

hydrodynamic radius of FXN 90–210. In both cases,

the coordinates from the crystallographic structure

(PDB code: 1EGK) were used in the calculations; the

temperature was set at 23 °C, viscosity at

9.66 9 10�4 kg�m�1�s�1 and the atomic element radius

was 3.2 �A.

Iron-binding capability assay for FXN
variants

To determine the stability of iron-FXN complexes in

solution, protein (50 lM) in buffer 50 mM Hepes, 50 mM

NaCl (pH 7.0) was incubated with FeCl3 (250 lM) to a

final volume of 150 lL in individual microcentrifuge

tubes of 500 lL. After incubation (0–120 min) at 25 °C,
samples were centrifuged for 5 min at 20 000 g and

25 °C, and soluble iron was quantified. In addition, pro-

tein concentration was analyzed by SDS/PAGE to eval-

uate protein aggregation and precipitation during the

incubation with the metal ion.

To estimate the stoichiometry in which FXN vari-

ants maintain Fe+3 soluble and bioavailable, increas-

ing protein concentrations (between 0 and 100 lM) of

each FXN variant were incubated with FeCl3 (250 lM)
in buffer 50 mM Hepes, 50 mM NaCl (pH 7.0) at 25 °C
in individual tubes of 500 lM for 30 min at 25 °C.
Afterwards, samples were centrifuged at 20 000 g and

25 °C for 5 min and soluble iron was quantified.

Because BSA possesses iron-binding capability, this

protein was used as a positive control, whereas hen

egg-white lysozyme was included in the experiment as

a negative control.

Determination of iron

Iron concentration was determined using a colorimet-

ric method based on the coordination of Fe2+ by

1,10-phenanthroline. Briefly, 1,10-phenanthroline was

prepared in 0.1 M HCl and a standard iron solution

(18 mM) was prepared in 10 mM sulfuric acid for cali-

bration curves. For iron quantification, 100-lL sam-

ples were used, in a final volume of 1 mL. Following

vortexing and 30 min of incubation at room tempera-

ture, the sample was centrifuged at 20 000 g for

10 min. This centrifugation step is important because
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protein aggregates may disperse light, generate scatter-

ing in the sample and thus lead to incorrect iron deter-

minations. Next, A512 was monitored. Blanks were

routinely included in the measurements.
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