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ABSTRACT: Friedreich’s ataxia (FRDA) is a progressive
neurodegenerative disease associated with the loss of function
of the protein frataxin (FXN) that results from low FXN levels
due to a GAA triplet repeat expansion or, occasionally, from
missense mutations in the FXN gene. Here biochemical and
structural properties of FXN variants, including three FRDA
missense mutations (N146K, Q148R, and R165C) and three
related mutants (N146A, Q148G, and Q153A), were
determined in an effort to understand the structural basis for
the loss of function. In vitro assays revealed that although the
three FRDA missense mutations exhibited similar losses of cysteine desulfurase and Fe−S cluster assembly activities, the causes
for these activation defects were distinct. The R165C variant exhibited a kcat/KM higher than that of native FXN but weak
binding to the NFS1, ISD11, and ISCU2 (SDU) complex, whereas the Q148R variant exhibited the lowest kcat/KM of the six
tested FXN variants and only a modest binding deficiency. The order of the FXN binding affinities for the SDU Fe−S assembly
complex was as follows: FXN > Q148R > N146A > Q148G > N146K > Q153A > R165C. Four different classes of FXN variants
were identified on the basis of their biochemical properties. Together, these structure−function studies reveal determinants for
the binding and allosteric activation of the Fe−S assembly complex and provide insight into how FRDA missense mutations are
functionally compromised.

Friedreich’s ataxia (FRDA) is a currently incurable
autosomal recessive neurodegenerative disease caused by

reduced amounts of the protein frataxin (FXN).1 The majority
(>95%) of FRDA patients are homozygous for an unstable
GAA trinucleotide repeat expansion in the first intron of the
FXN gene.2 The number of repeats ranges from 7 to 40 for
normal individuals and from 66 to >1700 for FRDA patients,2,3

with larger numbers of GAA repeats correlating with lower
levels of FXN expression and an earlier age of disease onset.4,5

A small fraction of FRDA patients are compound heterozygotes
with an expanded GAA repeat affecting one allele and a
missense or nonsense mutation affecting the other allele.6 The
loss of FXN results in a complex phenotype that includes an
increased level of iron in the mitochondria, deficiencies in Fe−S
cluster enzymes, and enhanced sensitivity to oxidative stress.7

The diminished in vivo activity for Fe−S proteins suggests that
FXN may have a role in iron−sulfur (Fe−S) cluster assembly.8,9

Human Fe−S cluster biosynthesis occurs in the matrix space
of the mitochondria and is catalyzed by a four-component core
complex composed of NFS1, ISD11, ISCU2, and FXN,10,11

which is also known as the SDUF complex. The cysteine
desulfurase NFS1, which forms a functional complex with
ISD11,12−14 catalyzes the PLP-dependent breakdown of
cysteine to alanine and produces a transient persulfide
species.15,16 The terminal sulfur of this species is transferred
to the scaffold protein ISCU2 to build [2Fe-2S] and, possibly,

[4Fe-4S] cluster intermediates.17,18 Chaperones interact with
the scaffold protein and assist in delivering intact Fe−S clusters
to their apo targets.19−21 Many functions have been proposed
for frataxin22 in Fe−S cluster biosynthesis, including a role as an
iron chaperone23,24 and a role, either positive11 or negative,25 in
regulating cluster assembly.
Molecular level details are lacking for protein−protein

interactions between human FXN and the other components
of the SDUF Fe−S assembly complex. Recently, a crystal
structure was determined for a protein complex between the
cysteine desulfurase IscS and scaffold protein IscU for a
prokaryotic system,26 and SAXS data suggest a potential
binding site for the FXN homologue CyaY on this IscS−IscU
complex.26,27 The structures of human NFS1, ISD11, and
ISCU2 have not been determined. The FXN structure (Figure
1A) has N- and C-terminal α-helices that pack against an
antiparallel β-sheet.28−30 NMR studies of the Saccharomyces
cerevisiae FXN homologue Yfh131 along with pull-down studies
for frataxin variants10,32−34 indicate residues on the β-sheet
such as V144, N146, Q148, Q153, W155, and R165 (human
numbering) contribute to binding interactions between FXN
and other Fe−S assembly proteins. Interestingly, many of these
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residues are also identified as FRDA missense mutations,
including the N146K, Q148R, W155R, and R165C variants.2

Previous structure−function studies of FXN variants led to a
model in which residue W155 undergoes a conformational
change to occupy a surface cavity, similar to the position of
residue 155 in the W155R and W155F structures (Figure 1B),
to interact with and activate the SDU complex for sulfur
transfer and Fe−S cluster biosynthesis.35

Here FRDA clinical variants N146K, Q148R, and R165C,
along with related N146A, Q148G, and Q153A variants, were
constructed for the evaluation of the FXN binding model35 and
also the examination of how FRDA missense variants are
functionally compromised. The determination of binding
constants, functional properties in cysteine desulfurase and
Fe−S cluster assembly assays, and crystal structures of five of
the variants reveals structure−function correlations and details
for how these residues contribute to binding and allosteric
activation11 of the human Fe−S assembly complex.

■ EXPERIMENTAL PROCEDURES

Protein Preparation. The QuikChange method (Strata-
gene) was used to introduce point mutants (N146A, N146K,
Q148G, Q148R, Q153A, and R165C) into a pET11a plasmid
containing a codon-optimized human FXN gene lacking the
first 55 amino acids (FXN Δ1−55),11 and the mutant genes

were confirmed by DNA sequencing. The plasmids containing
mutant FXN genes were individually transformed into
Escherichia coli strain BL21(DE3) cells and grown at 37 °C.
When the cells reached an OD600 of ∼0.6, the temperature was
reduced to 16 °C and protein expression was induced with 0.5
mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were
harvested 16 h later and lysed by sonication (Branson Sonifier
450) in 50 mM Tris (pH 7.5). The supernatant was loaded
onto an anion exchange column (26/20 POROS 50HQ,
Applied Biosystems) and eluted with a linear gradient from 0 to
800 mM NaCl in 50 mM Tris (pH 7.5). FXN-containing
fractions were collected and further purified on a Sephacryl
S100 (26/60, GE Healthcare) size-exclusion column equili-
brated in 50 mM HEPES (pH 7.5) and 150 mM NaCl. ISCU2
and the NFS1−ISD11 complex were purified as previously
described.11 Protein concentrations for the FXN variants were
estimated by their absorbance at 280 nm using an extinction
coefficient of 26030 M−1 cm−1.36 Protein concentrations for
the NFS1−ISD11 complex and ISCU2 were estimated using
extinction coefficients of 42670 and 8250 M−1 cm−1,36

respectively.
Cysteine Desulfurase Activity Measurements. Reac-

tions were performed as previously described in a total volume
of 800 μL.11,37,38 Briefly, reaction mixtures containing 0.5 μM
NFS1−ISD11 complex (SD), 1.5 μM ISCU2, and 1.5 μM FXN
(or FXN point mutant) were incubated with 10 μM pyridoxal
5′-phosphate (PLP), 2 mM dithiothreitol (DTT), 5 μM
Fe(NH4)2(SO4)2, 50 mM Tris (pH 8.0), and 250 mM NaCl
for 30 min in an anaerobic (10−14 °C) glovebox.11 The
cysteine desulfurase reaction was initiated with 100 μM L-
cysteine at 37 °C and quenched by the addition of 100 μL of 20
mM N,N-dimethyl-p-phenylenediamine in 7.2 N HCl and 100
μL of 30 mM FeCl3 in 1.2 N HCl. Methylene blue formation
was measured at 670 nm after a 20 min incubation of the
quenched reaction mixtures at 37 °C and compared to a Na2S
standard curve to quantitate sulfide production. Units are
defined as micromoles of sulfide per micromole of SD per
minute at 37 °C. The rates for the cysteine desulfurase reaction
were also examined with increasing amounts of FXN (or FXN
variant) to determine the number of equivalents, or the
saturating amount, required to maximize the cysteine
desulfurase activity.
Fe−S Cluster Formation. Fe−S cluster biosynthetic

assays were performed as previously described in a total

Figure 1. Native frataxin structure and overlay with W155R, W155A,
and W155F variants. (A) Overall structural fold of FXN with surface-
exposed residues. (B) Overlay of native FXN (green), W155R
(magenta), W155A (cyan), and W155F (yellow) structures.

Table 1. Summary of Activity, Binding, and Kinetic Parameters for FXN Variants

complex
FXN
classa

NFS1 activity
(units/min)

Fe−S cluster formation
(units/min) FXN Kd (μM) kcat (min−1) KM

Cys (mM) kcat/KM (M−1 s−1)

SDU−FXNb 8.25 ± 0.90 12.3 ± 0.4 0.22 ± 0.05 8.5 ± 0.3 0.014 ± 0.002 9800 ± 1700
SDU−N146A IV 3.13 ± 0.24 10.1 ± 1.1 1.35 ± 0.25 5.8 ± 0.2 0.021 ± 0.004 4700 ± 1000
SDU−N146K II 1.08 ± 0.08 2.8 ± 0.3 6.25 ± 1.40 4.0 ± 0.1 0.019 ± 0.004 3500 ± 700
SDU−Q148G IV 1.71 ± 0.27 4.7 ± 0.1 2.17 ± 0.28 4.0 ± 0.1 0.009 ± 0.002 7000 ± 1600
SDU−Q148R III 1.29 ± 0.20 2.9 ± 0.2 0.85 ± 0.15 2.0 ± 0.1 0.019 ± 0.004 1800 ± 300
SDU−Q153A I 0.52 ± 0.08 0.8 ± 0.2 7.50 ± 2.18 2.4 ± 0.1 0.014 ± 0.003 2900 ± 600
SDU−R165C II 1.26 ± 0.10 4.1 ± 0.9 10.40 ± 2.26 8.1 ± 0.1 0.012 ± 0.001 11000 ± 1400
SDU−I154Fc IV 4.14 ± 0.20 7.6 ± 0.5 0.63 ± 0.14 6.6 ± 0.4 0.025 ± 0.004 4400 ± 800
SDU−W155Rc I 0.60 ± 0.07 0.9 ± 0.1 6.73 ± 1.28 1.8 ± 0.1 0.013 ± 0.003 2300 ± 500
SDU−W155Ac II 0.83 ± 0.28 2.0 ± 0.1 6.12 ± 1.36 3.9 ± 0.2 0.012 ± 0.003 5600 ± 1600
SDU−W155Fc IV 2.09 ± 0.51 3.4 ± 0.1 1.78 ± 0.31 4.5 ± 0.1 0.018 ± 0.003 4100 ± 800
SDUb 0.65 ± 0.02 0.7 ± 0.1 not available 0.89 ± 0.04 0.59 ± 0.05 25 ± 3

aFXN classes are defined in the Discussion. bSee ref 11. cSee ref 35.
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volume of 200 μL.11 Assay mixtures containing 24 μM ISCU2
were incubated with 5 mM DTT in 50 mM Tris (pH 8.0) and
250 mM NaCl in an anaerobic glovebox for 1 h prior to
addition of 8 μM SD, 24 μM FXN (or FXN variants), and 200
μM Fe(NH4)2(SO4)2. The reaction was initiated at room
temperature with 100 μM cysteine injected from a gastight
syringe and monitored at 456 nm. The time-dependent increase
in absorbance at 456 nm was fit over the first 1000 s to first-
order kinetics using KaleidaGraph (Synergy Software), and the
rate was converted to the amount of [2Fe-2S] cluster formed
using an extinction coefficient of 9.8 mM−1 cm−1.39 Units are
defined as the micromoles of [2Fe-2S] cluster formed per
micromole of SDU complex per minute at 25 °C.
Michaelis−Menten Kinetics for Frataxin Variants in

the SDUF Complex. The saturating amounts of the different
FXN variants were added to a standard reaction mixture [0.5
μM SD, 1.5 μM ISCU2, 10 μM PLP, 2 mM DTT, 5 μM
Fe(NH4)2(SO4)2, 50 mM Tris (pH 8.0), and 250 mM NaCl]
and incubated for 30 min in an anaerobic glovebox. Cysteine
desulfurase activity measurements were initiated with the
addition of L-cysteine (from 0.01 to 1 mM), and the rates
were fit to the Michaelis−Menten equation using Kaleida-
Graph. Binding constants were determined for each of the
variants by plotting kcat as a function of FXN concentration.
The resulting data were fit as a type II allosteric activator40 to
eq 1 using KaleidaGraph.

(1)

where Kd is the binding constant, kSDU is the kcat in the absence
of FXN (0.89 min−1), and k∞SDUF is the kcat with saturated
amounts of FXN for the particular variant (Table 1).
Protein Crystallization, Data Collection, and Refine-

ment. Protein crystallization trials for FXN variants at 10 mg/
mL in 50 mM Tris (pH 7.5) were initiated with hanging-drop
vapor diffusion methods by mixing 2 μL of protein and 2 μL of
reservoir solution, followed by incubation at 22 °C. The N146K
variant crystallized in 28% PEG monomethyl ether 2000 and
100 mM Tris (pH 7.0). Initial crystallization conditions for the
Q148G and R165C variants included 2.0 M ammonium sulfate
and 0.1 M sodium citrate (pH 5.5). These initial crystals were
used for microseeding with the same reservoir solution except
the ammonium sulfate concentration was decreased to 1.9 M.

Q148R crystallized in 20% PEG 3000 with 0.1 M sodium
citrate (pH 5.5). Q153A crystallized in 2.0 M ammonium
sulfate, 0.1 M sodium citrate tribasic dihydrate (pH 5.6), and
0.2 M potassium sodium tartrate tetrahydrate. Single crystals
for the N146K, Q148G, Q148R, and Q153A variants were
transferred to a cryoprotection solution that contained their
respective reservoir solutions and 20% ethylene glycol for ∼0.5
min and flash-frozen in liquid nitrogen. The same procedure
was used for crystals of the R165C variant except 20% glycerol
was substituted for the ethylene glycol. X-ray diffraction data
were collected at SSRL beamline 7-1 (ADSC Quantum-315R
CCD detector) for crystals of the Q148R and Q153A variants,
SSRL beamline 11-1 (MAR 325 CCD detector) for a Q148G
crystal, APS beamline 23-ID-D (MAR 300 CCD detector) for
an N146K crystal, and ALS beamline 4.2.2 (NOIR-1 CCD
detector) for an R165C crystal. The images were integrated and
scaled with iMosflm41 and Scala of the CCP4 suite.42 Phases for
the variants were determined by molecular replacement using
Phaser43 with a previously refined structure of FXN29 as a
search model [Protein Data Bank (PDB) entry 1EKG].
Difference electron density and omit maps were manually fit
with XtalView44 and refined in Refmac545 with all of the data
except the 5% used for Rfree calculations.

46 PDB entries are as
follows: 3T3J for N146K, 3T3T for Q148G, 3T3K for Q148R,
3T3L for Q153A, and 3T3X for R165C.

■ RESULTS

Diminished Activity of the Fe−S Assembly Complex
Substituted with Frataxin Variants. The N146K, Q148R,
and R165C FRDA mutants and related N146A, Q148G, and
Q153A FXN variants were heterologously expressed in E. coli
and purified to >95% homogeneity. These FXN Δ1−55
variants spontaneously truncated N-terminal residues 56−8147
to generate the mature form of FXN [residues 82−210 (Figure
1 of the Supporting Information)] and exhibited monomeric
behavior on size-exclusion chromatography (data not shown).
The six variants were tested for their ability to stimulate
cysteine desulfurase and Fe−S cluster assembly activities of the
reconstituted Fe−S assembly complex composed of NFS1,
ISD11, and ISCU2 (SDU). Equivalent amounts of the FXN
variants were included in these assays to estimate the in vivo
functional consequences of the point mutants (assuming similar
protein levels), whereas 100 μM L-cysteine was used to mimic
cellular substrate concentrations.11 All six FXN variants
exhibited decreased activity compared to that of native FXN
(Figure 2) in the following order: FXN > N146A > Q148G >

Figure 2. Frataxin variants are less able to activate cysteine desulfurase activity and Fe−S cluster biosynthesis. (A) Sulfide production was assessed in
the presence of 1 equiv of the NFS1−ISD11 complex, 3 equiv of each FXN variant, 3 equiv of ISCU2, and 10 equiv of ferrous iron. Error bars are for
three independent measurements. (B) Fe−S cluster formation was monitored by an increase in absorbance at 456 nm as a function of time. Assays
included the NFS1−ISD11 complex with 3 equiv of ISCU2 and 3 equiv of FXN variants. The lines through the data are the fits using first-order
kinetics.
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Q148R ∼ R165C ∼ N146K > Q153A > SDU (Table 1). These
activities are significantly higher than those from previous
control assays with 100 μM sulfide rather than cysteine,35

which indicated that efficient Fe−S cluster formation was
not mediated by sulfide in solution. Notably, the relative
activities of FRDA variants N146K, Q148R, and R165C were
similar in the cysteine desulfurase and Fe−S cluster assembly
assays.
Binding Affinity of Frataxin Variants for the SDU

Complex. Next, binding constants for the variants were
determined to explore if the lower activation levels were due
to weaker binding of the FXN variants to the SDU complex.
The rates of sulfide production were determined as a function
of L-cysteine concentration at different concentrations of added
FXN, as previously described for the I154F and W155
variants.35 The resulting kcat values were plotted against the
FXN concentration, and the data were fit as a type II allosteric

activator to eq 1 (Figure 3). Previously, a Kd of 0.22 μM was
determined for native FXN binding to the SDU complex.35

Here binding constants range from 0.85 to 10.40 μM for the six
FXN variants (Table 1). The weaker binding for N146K
compared to that of N146A is consistent with previous pull-
down experiments.10 Interestingly, the Q148R and R165C
variants, which have similar ability to activate the Fe−S
assembly complex under standard conditions (Figure 2),
exhibited the tightest and weakest binding of the six variants,
respectively.
Kinetic Parameters for Assembly Complexes Sub-

stituted with Frataxin Variants. The Michaelis−Menten
kinetic parameters for the cysteine desulfurase reaction were
determined for the SDUF complex with the different FXN
variants under conditions in which each FXN variant was
saturating to compensate for weaker binding. Cysteine
desulfurase activity was measured as a function of added
FXN variant concentration to determine the amount required
to reach saturation for binding of FXN to the SDU complex.
The activity was maximized by the addition of 3 equiv of wild-
type FXN, 10 equiv of Q148R, 30 equiv of N146A, 50 equiv of
Q148G and N146K, 90 equiv of R165C, or 100 equiv of
Q153A (data not shown). Saturating amounts of the different

FXN variants were then added to the SDU complex, and the
rates of the cysteine desulfurase reaction were measured as a
function of L-cysteine concentration. The R165C variant, which
is the weakest binding of the six variants, exhibited activation of
the SDU complex (under saturating FXN conditions) that was
equivalent to that of native FXN (Table 1). In contrast, the
tightest binding variant, Q148R, exhibited the lowest kcat/KM,
which is lower than that of native FXN by a factor of ∼5.
Crystal Structures for Frataxin Variants. High-resolu-

tion crystal structures (Table 2) were determined for the
N146K, Q148G, Q148R, Q153A, and R165C variants in an
effort to understand the structural basis for altered functional
properties (Table 1). Previously, residue W155 was shown to
contribute to binding interactions with partner proteins and
also be important for frataxin function in Fe−S cluster
biosynthesis.10,32,34,35 The orientation of the W155 side chain
is constrained by a hydrogen bond between the indole ring
nitrogen and the side chain oxygen of Q153, as well as van der
Waals interactions with the side chains of N146, Q148, and
R165 (Figure 1A). In addition, the N146 side chain nitrogen
atom forms a hydrogen bond to the backbone carbonyl of
K147; Q148, whose side chain oxygen forms a hydrogen bond
to N151, is the first residue in an α-turn between β-strands 3
and 4, and R165 exhibits no intramolecular hydrogen bonds to
other FXN residues but is appropriately positioned to form a
cation−π interaction with W155.
The N146K FRDA missense mutant crystallized in the P21

space group; the crystals diffracted to 1.70 Å resolution (Table
2), and the refined structure exhibited backbone (Cα rmsd =
0.30 Å) and side chain conformations similar to those of native
FXN. In the N146K structure (Figure 4A), the W155 side chain
stacked between the Q148 and R165 side chains, similar to
native FXN, and exhibited a hydrogen bond pattern similar to
that of FXN (Figure 4B). Changes due to the N146K mutation
include the loss of a hydrogen bond between the side chain of
residue 146 and the carbonyl oxygen of K147 and localized
alteration in the electrostatic and molecular surface of FXN.
The Q148R FRDA missense mutation crystallized in the

P212121 space group (Table 2), and the 1.24 Å electron density
maps (Figure 4C) revealed very minor structural rearrange-
ments relative to native FXN (Cα rmsd = 0.44 Å). The
positions of W155, R165, and the backbone conformation of
the α-turn initiated by residue 148 were not altered by the
Q148R substitution (Figure 4D). The electron density revealed
that the Q148R substitution, which provided part of the pocket
for W155 in the native FXN structure (Figure 1A), was in
position to provide cation−π stabilization for the W155 side
chain. In addition, residue N151 rearranged to form a hydrogen
bond with the Q153, rather than Q148, side chain. Although
the N146K and Q148R variants incorporate a positively
charged residue, the structures reveal minor overall changes
to the binding surface of FXN.
The Q148 residue was also mutated to a glycine, and the

purified Q148G protein crystallized in the P21 space group with
four molecules in the asymmetric unit (Table 2). The 1.38 Å
resolution electron density maps (Figure 4E) revealed a
rearrangement of the α-turn (between β-strands 3 and 4)
that positioned P150 to pack against a rotated W155 side chain.
Overlaying the four independent molecules in the asymmetric
unit revealed one conformation for W155, but two con-
formations for N146 and R165 (Figure 4F). The electron
density for two of the four Q148G molecules in the asymmetric

Figure 3. Determination of binding constants for FXN variants. kcat
was determined at different FXN concentrations. The lines through
the data are the fits as a type II allosteric activator to eq 1. The R 2

values are 0.920, 0.965, 0.856, 0.886, 0.867, and 0.915 for the N146K,
Q148G, Q148R, N146A, Q153A, and R165C variants, respectively.
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unit indicated R165 occupies two alternate side chain
conformations, with one of these conformers positioned to
hydrogen bond to the N151 and Q153 side chains (Figure 4E).
Minor rearrangements were also observed for residues S157
and P163.
The Q153 side chain, which formed a hydrogen bond to

W155 in the native FXN structure (Figure 1A), was mutated to
an alanine, and the recombinant protein crystallized in the C2
space group (Table 2). The 1.15 Å resolution electron density
maps (Figure 4G) revealed substantial rearrangements near the
mutation site. Residue N151 underwent a conformational
change to replace the hydrogen bond to W155 eliminated by
the Q153A substitution (Figure 4H). The R165 side chain
exhibited two conformations, which would be sterically
forbidden in the native FXN structure, to form hydrogen
bonds with the backbone carbonyl of N151 and to the side
chain of D167. This new position for R165 allowed a
rearrangement of the W155 side chain.
The FRDA missense mutation R165C crystallized in the C2

space group with two molecules in the asymmetric unit (Table
2). The 1.57 Å resolution electron density maps revealed one
molecule was significantly better ordered and was modeled
with the R165C side chain in three distinct conformations,
the N146 side chain in two conformations, and the W155

indole ring in multiple positions (Figure 4I). Additional
electron density near one of the alternate conformations of
W155 was due to a symmetry molecule (not shown). A third
conformation for the W155 side chain was found in the other
molecule in the asymmetric unit that was oriented like that of
native FXN (Figure 4J). Together, these crystal structures
coupled with kinetic analysis help define the determinants for
FXN binding and function as an allosteric activator for the SDU
complex.

■ DISCUSSION

Previously, FXN missense I154F and W155R mutations
present in compound heterozygous patients were shown to
exhibit binding and activation defects in cysteine desulfurase
and Fe−S cluster biosynthesis assays.35 The magnitude of these
defects appeared to correlate with the clinical phenotype and
suggested that biochemical characterization of FRDA mutants
may provide mechanistic insight and details into how FXN
variants are functionally compromised. On the basis of these
results, a model was proposed in which FXN residue W155
undergoes a conformational change to fill an empty pocket
[between W155 and S157 (see Figure 1A)] on the surface of
the protein and position W155 for binding and activation of the
SDU complex.35 Here additional FRDA missense mutations

Table 2. X-ray Data Collection and Refinement Statistics

N146K Q148G Q148R Q153A R165C

Data Collection
beamline APS 23-ID-D SSRL BL11-1 SSRL BL7-1 SSRL BL7-1 ALS BL4-2-2
wavelength (Å) 1.0331 1.0971 0.9794 0.9794 1.0000
space group P21 P21 P212121 C2 C2
unit cell dimensions a = 30.47 Å, b = 45.82 Å,

c = 38.9 Å, β = 97.36o
a = 46.41 Å, b = 68.56 Å,
c = 89.97 Å, β = 93.23°

a = 42.53 Å, b = 45.31 Å,
c = 69.12 Å

a = 87.44 Å, b = 32.46 Å,
c = 45.17 Å, β = 91.87°

a = 86.02 Å, b = 32.12 Å,
c = 92.08 Å, β = 90.16°

no. of molecules
per asymmetric
unit

1 4 1 1 2

resolution (Å) 30.33−1.70 26.19−1.38 28.29−1.24 25.37−1.15 19.5−1.57
outer shell (Å) 1.79−1.70 1.45−1.38 1.31−1.24 1.21−1.15 4.96−1.57
no. of observations 84900 787564 517442 318181 128770
no. of unique
observations

11654 111516 38275 45196 35106

redundancy 7.3 7.1 13.5 7.0 3.7
completeness (%)a 98.9 (100) 96.7 (94.7) 99.6 (99.2) 99.4 (99.7) 98.8 (98.0)
mean I/(σI)a 20.2 (10.1) 14.5 (2.3) 27.2 (9.4) 19.0 (4.5) 11.5 (4.3)
Rsym (%)a;b 5.9 (13.9) 7.0 (84.7) 5.6 (28.5) 6.0 (40.1) 6.2 (33.1)

Refinement
residues not in
model

82−85 82−88 82−88 82−89 82−89

solvent atoms 66 352 127 95 133
Rwork/Rfree (%)

c 21.4/24.5 19.9/22.7 18.3/19.7 16.7/17.9 21.6/25.2
rmsd for bond
lengths (Å)

0.008 0.032 0.030 0.030 0.025

rmsd for bond
angles (deg)

1.2 2.5 2.2 2.4 2.3

Ramachandran (%)
most favored 96.2 94.7 95.3 94.3 92.0
additional allowed 3.8 5.3 4.7 5.7 8.0
generous 0 0 0 0 0
disallowed 0 0 0 0 0
PDB entry 3T3J 3T3T 3T3K 3T3L 3T3X
aValues in parentheses are the statistics for the highest-resolution shell of data. bRsym = S|Ihkl − ⟨I⟩|/S⟨I⟩, where ⟨I⟩ is the average individual
measurement of Ihkl .

cRwork = (S|Fobs − Fcalc|)/S|Fobs|, where Fobs and Fcalc are the observed and calculated structure factors, respectively. Rfree is
calculated in the same manner as Rwork , but from the data (5%) that were excluded from the refinement.
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N146K, Q148R, and R165C, along with related N146A,
Q148G, and Q153A variants, were evaluated to improve our
understanding of biochemical defects in FRDA missense
mutations and test this initial binding and activation model.
Interestingly, the three FRDA missense mutants exhibited
similar deficiencies in cysteine desulfurase and Fe−S cluster

formation activities (Table 1), but the causes of these activation
defects were dramatically different. The R165C variant
exhibited a kcat/KM higher than that of native FXN but weak
binding to the SDU complex, whereas the Q148R variant
exhibited a much lower kcat/KM and an only modest binding
deficiency. Crystal structures for five of these FXN variants

Figure 4. Crystal structures of the N146K, Q148R, Q148G, Q153A, and R165C variants. Stereo images with 2Fo − Fc electron density contoured at
1σ for (A) N146K, (C) Q148R, (E) Q148G, G (Q153A), and (I) R165C structures. Panels B, D, H show overlays of N146K (salmon), Q148R
(sand), and Q153A (blue) with native FXN (green), respectively. Panels F and J show overlays of the four independent molecules of Q148G (hot
pink) and two independent molecules of R165C (orange) overlaid with native FXN (green), respectively.
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were determined to provide insight into how these mutations
result in changes in binding and activation of the SDU complex.
Biochemical data for the FRDA missense and related FXN

variants presented here and in a previous paper35 suggest four
general classes of FXN variants, each of which contains FRDA
missense mutations. Class I variants (Q153A and W155R)
displayed weak binding (at least 25-fold weaker than that of
FXN) and substantially reduced cysteine desulfurase activity
(kcat less than 30% of that of FXN). Class II variants (R165C,
N146K, and W155A) displayed weak binding but possessed a
level of catalysis that was only mildly reduced (kcat more than
45% of that of FXN). Class III variants (Q148R) had only
modest defects in binding (3−10-fold weaker than that of
FXN) but a substantially reduced level of catalysis (kcat less
than 25% of that of FXN). Class IV variants (W155F, N146A,
Q148G, and I154F) had only modest defects in both binding
and activation of the SDU complex.
The crystal structures for the class I and II variants that

bound at least 25-fold more weakly to the SDU complex
[R165C < Q153A < W155R < N146K < W155A (Figure 5A)]
suggested that two factors contributed to the binding defects.
First, the weakest binding variant, R165C, lacks the
guanidinium group of the R165 side chain; the Q153A variant
exhibits two conformations for R165 that are distinct from that
of native FXN and are stabilized by hydrogen bond interactions
with D167 and N151, and the W155A variant underwent a
rearrangement of the R165 side chain to hydrogen bond to
Q153 (Figure 5A). In these mutants, the guanidinium group of
the R165 side chain is not available or less able to interact with
partner proteins. Second, the W155R and N146K structures
(Figure 5A) revealed the presence of positively charged
residues that are adjacent to a surface pocket near S157 that
may lower the binding affinity of FXN for SDU. In contrast, the
available crystal structures of the class III and IV variants that
bind only 3−10-fold more weakly than the wild type (Q148G <
W155F < N146A < Q148R < I154F) revealed that the R165
side chain was positioned like native FXN and that these

variants lacked a positively charged residue near the surface
pocket (Figure 5B). Together, these structure−function
correlations suggest that FXN binding to the SDU complex is
stabilized by the native FXN conformation of R165, whereas a
positive charge near a surface pocket destabilizes the complex.
Structure−function properties were also examined for the

different FXN variants to understand the determinants for
stimulating the cysteine desulfurase reaction of the SDU
complex. Crystal structures of class I and III variants, which
possess substantially reduced level of activation of the cysteine
desulfurase reaction [W155R < Q148R < Q153A (Figure 5C)],
revealed that these variants may lose the ability of residue 155
to occupy the surface pocket and activate the SDU complex.
The W155R variant substitutes the tryptophan with a positively
charged residue; the Q148R mutant stabilized W155 in the
native conformation through a cation−π interaction, and the
Q153A variant stabilized an alternate conformation of the
W155 side chain (Figure 5C). The crystal structures of class II
and IV variants, which possess an only moderately reduced
level of activation, reveal that the relative effects of the variants
(W155A < N146K < Q148G < W155F < N146A < I154F <
R165C) can be also linked to their effects on W155 and
adjacent residues. The class II and IV variants with weaker
activation (kcat between 45 and 50% of that of FXN) include
the W155A variant, which lacks the indole ring of residue 155,
the N146K variant, which incorporates a positive charge near
the proposed W155 interaction site, and Q148G, which
stabilizes an alternate conformation for the W155 side chain
(Figure 5D). The class II and IV variants with the highest kcat
values (W155F and R165C) placed an aromatic ring in the
surface cavity (Figure 5E). Together, these data are consistent
with a model for efficient catalysis being mediated when W155
occupies a pocket on the surface of FXN for interactions with
partner proteins, possibly through π−π or cation−π inter-
actions, that are inhibited by positive charge.
A general correlation was observed for a log−log plot of the

binding constants for the different FXN variants (Kd) and the

Figure 5. Grouping of FXN variant structures by their ability to bind and activate the SDU complex. Structural overlay for (A) class I (Q153A and
W155R) and II (R165C, N146K, and W155A) variants that bind the SDU complex at least 25-fold more weakly than FXN, (B) class III (Q148R)
and IV (W155F and Q148G) variants that bind the SDU complex 3−10-fold more weakly than FXN, (C) class I (Q153A and W155R) and class III
(Q148R) variants that have kcat values that are <30% of that of FXN, (D) class II (N146K and W155A) and IV (Q148G) variants that have kcat
values that are between 45 and 50% of that of FXN, and (E) class II (R165C) and IV (W155F) variants that exhibit kcat values that are >50% of that
of FXN. The color scheme is as follows: green for FXN, salmon for N146K, hot pink for Q148G, sand for Q148R, sky blue for Q153A, cyan for
W155A, yellow for W155F, magenta for W155R, and orange for R165C.
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kcat values for the cysteine desulfurase reaction (Figure 6). Such
a correlation has been observed for other systems48−50 and
suggests these FXN variants are altering molecular interactions
important for binding to the SDU complex that are also
important for stimulating the cysteine desulfurase activity. In
Figure 6, variants above the line have stronger binding than
activation deficiencies, whereas those below the line exhibit
stronger activation than binding defects. A binding defect
outlier, R165C, has 50-fold weaker binding to the SDU
complex yet exhibits a similar kcat compared to that of native
FXN. We hypothesize these properties of R165C are due to the
loss of the guanidinium group of the R165 side chain, which
primarily contributes to binding, and the positioning of W155
in a pocket for interactions with SDU (Figure 5E). An
activation defect outlier, Q148R, exhibits a modest decrease in
binding affinity but is one of the most compromised variants in
its ability to stimulate the cysteine desulfurase activity of the
SDU complex. We hypothesize that these properties of Q148R
are due to the near native conformation of R165, which
contributes to the binding affinity, and the introduced Q148R
positive charge, which provides cation−π interactions to lock
W155 in the native FXN conformation and inhibit the
proposed conformational change that places the indole ring
in a surface pocket for interactions with the SDU complex.
The three FRDA missense mutations R165C, N146K, and

Q148R investigated here were equally compromised in the in
vitro cysteine desulfurase and Fe−S cluster assembly assays.
Initially, one might predict that the clinical consequences of
these variants would then be similar. However, the situation is
more complicated in FRDA patients with missense mutations,
as these patients express both a native FXN from a GAA
expanded allele and the mutant FXN from the missense allele.
These two forms of FXN would compete for binding to the
SDU complex in vivo. The 3−5-fold loss of catalytic efficiency
observed for many of the FRDA missense mutants (Table 1) is
on the order of the 3−5-fold decrease in FXN levels that
appears to be sufficient to develop a FRDA phenotype for
patients with two GAA repeat alleles.51−55 Therefore, class III
FXN missense mutants such as Q148R that have an ∼5-fold
decrease in catalytic efficiency but bind relatively well might be
expected to be more detrimental than class II missense mutants
such as R165C and N146K that bind weakly but have mild, if
any, catalytic deficiencies. Consistent with this idea, patients
with the class III mutation Q148R exhibit typical FRDA
pathogenesis, while patients with class II mutations R165C and
N146K have unusually mild disease progression.2 Notably, the
class I mutant W155R, which is characterized by both weak

binding and low activity, is classified as an early onset FRDA
missense mutant, whereas the class IV missense mutant I154F
with modest binding and activation defects has typical disease
progression.2

In summary, the results presented here allow an initial
classification of FRDA and related FXN variants on the basis of
their ability to bind to the SDU complex and stimulate the
cysteine desulfurase reaction. The biochemical properties for
these different classes of FXN variants may help explain the
clinical outcomes for FRDA missense mutations that range
from early onset to atypically mild.2 From a mechanistic
perspective, it is difficult to understand how FXN functions as
an activator without molecular level structural data for the
SDUF complex. Here we start to define the contributions of
individual FXN residues in the binding and activation of the
SDU complex that may lead to the design of biomimetics that
can therapeutically replace FXN function. Future experiments
will be aimed at testing and refining this model for FXN-based
activation and defining the role of FXN-interacting residues on
NFS1 and ISCU2 that are important for sulfur transfer and Fe−
S cluster assembly.
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