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ABSTRACT

Most cases of Friedreich ataxia (FRDA) are due to ex-
pansions of a GAA trinucleotide repeat sequence in
the FRDA gene coding for frataxin, a protein of poorly
understood function which may regulate mitochondrial
iron transport. However, between 1% and 5% of muta-
tions are single base changes in the sequence of the
FRDA gene, causing missense, nonsense, or splicing
mutations. We describe three new mutations, IVS4nt2
(T to G), R165C, and L182F, which occur in patients
in association with GAA expansions. These cases, and
a further five reported cases of point mutations causing
FRDA, demonstrate that splicing, nonsense, or initia-
tion codon mutations (which cause a complete absence
of functional frataxin) are associated with a severe phe-
notype. Missense mutations, even in highly evolutional-
ly conserved amino acids, may cause a mild or severe
phenotype.
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INTRODUCTION

Friedreich ataxia (FRDA) is the most-common autoso-
mal recessive hereditary ataxia, affecting about 1 in
50,000 individuals [1]. The essential diagnostic criteria,
as defined by Harding [2], include onset before 25 years
and within 5 years of onset there is progressive ataxia
of limbs and gait, absent knee and ankle jerks and ex-
tensor plantar responses, as well as dysarthria after 5
years of symptom onset. Small or absent sensory action
potentials are also required. Patients who do not meet
all the essential criteria are defined as atypical.

The 210-amino acid protein, frataxin, which is mu-
tated in FRDA, has homologs in species such as yeast
and Caenorhabditis elegans [3]. Studies of yeast have
shown that the homologuous gene, YFH1, encodes a
mitochondrial protein which is involved in iron home-
ostasis and respiratory function [4, 5]. Campuzano et al.
[6] demonstrated that human frataxin is located in the
mitochondria, consistent with the yeast localization.

Over 95% of mutations which cause FRDA are due
to an expansion of a triplet repeat in intron 1 of the
FRDA gene (originally known as X25) [3]. Most af-
fected individuals have repeats in the range from 600 to
well over 1,000 GAA repeats, but occasional cases with
as few as 66 repeats have been recorded [7, 8]. The
range in normal alleles is 6–27 uninterrupted repeats
[9]. The expansion causes reduction in the level of fra-
taxin mRNA [3, 10]. In patients homozygous for the ex-
pansion, allele size correlates with phenotypic severity,
with the smaller of the two alleles being the more sig-
nificant in conferring a less-severe phenotype [7,
11–14].

Point mutations have been reported in the remain-
ing mutant alleles that are not caused by GAA expan-
sion. Three alterations were initially identified [3]:
L106X, I154F, and an A to G transition that disrupted
the acceptor splice site at the end of the third intron,
altering the AG of the acceptor site to GG. Bidichan-



254

Table 1 Summary of clinical and genetic analysis (echo echocardiogram, ECG electrocardiogram, c present, P absent)

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age onset (years) 9 15 23 8 2
Pes cavus c c c P c
Reflexes All P Ankle P

Knee c
Ankle P
Others brisk

Ankle P
Others brisk

Ankle P
Others brisk

Plantar responses Upgoing Upgoing Upgoing Upgoing Upgoing
Heart Normal echo Mild ECG changes Normal echo Normal echo Normal echo
Peripheral neuropathy Reduced Reduced Reduced Reduced Reduced
GAA repeat size 600 730 380 1330 1080
Point mutation IVS4nt2

(T to G)
L182F R165C G130V G130V

dani et al. [15] found a fourth point mutation, G130V.
Cossee et al. [10] found a single base substitution, G to
T, that altered the ATG initiation codon of frataxin. No
patient has yet been found with no expansion but two
point mutations.

The previously described I154F conservative change
of a hydrophobic amino acid affects an invariant posi-
tion within the highly conserved domain shared be-
tween human, worm, and yeast from amino acids 141 to
167 [3]. The clinical phenotype observed in the patients
compound heterozygous for the I154F substitution and
a GAA expansion is indistinguishable from that ob-
served in individuals homozygous for the GAA repeat
expansion [11]. In addition, all three patients from two
unrelated families who are compound heterozygotes
for the initiation codon mutation and a GAA expan-
sion have typical FRDA [10]. In contrast, the three pa-
tients heterozygous for the G130V mutation have a
mild atypical phenotype [15].

We report here three novel point mutations that
have been identified in our Australian patients, one at
the splice donor site in intron 4 (IVS4 nt 2, T to G), the
second at codon 165 in exon 5a (R165C), and the third
at codon 182 also in exon 5a (L182F). The patient with
the splice donor site mutation has typical FRDA [2],
whilst the other two patients with amino acid substitu-
tions have had a milder disease course.

MATERIALS AND METHODS

Genomic DNA extractions

Whole blood was collected from patients in both lithium heparin
and EDTA tubes. Blood leukocytes were extracted using a Proge-
nome II DNA extraction kit (Progen).

Polymerase chain reaction amplification

Patients had their DNA analyzed using the oligonucleotides
GAA-F and GAA-R from Campuzano et al. [3] with the Gen-
eAmp XL Long PCR reagent kit (Perkin-Elmer). These primers
gave a product of 457c3n base pairs (bp) (where npnumber of
GAA repeats). Reactions contained 25–150 ng genomic DNA,
0.2 mM each dNTP, 1 mM each primer, 1.5 mM magnesium
(Mg2c) (EDTA samples) or 3.0 mM Mg2c (lithium heparinized
samples), and 2.0 units rTth (Thermus thermophilus) DNA poly-

merase, XL. Other conditions were as recommended by the man-
ufacturer. The cycling reaction involved 95 7C for 5 min, followed
by ten cycles of 95 7C for 1 min and 68 7C for 3 min, then ten cy-
cles at 95 7C for 1 min and 68 7C for 7 min, finishing with ten cy-
cles of 95 7C for 1 min and 68 7C for 10 min. The whole polymer-
ase chain reaction (PCR) product was then analyzed on a 0.8%
agarose low electroendosmosis gel (LE, Boehringer-Mannheim)
and the size of the expansion relative to the molecular weight
standard marker C (Boehringer-Mannheim) was determined us-
ing EAGLE EYE 3.0 software (Stratagene). Errors in estimation
of triplet repeat expansion numbers were B20 for expanded al-
leles and B3 for alleles in the normal range.

Sequencing

Each exon was then amplified for sequencing using PCR primers
designed by Campuzano et al. [3]. The annealing temperatures
were: exons 2, 3, and 4 55 7C, exon 1 at 59 7C, and exon 5a at
52 7C. PCRs contained 25–150 ng genomic DNA, 0.2 mM each
dNTP, 1 mM each primer, 3.0 mM Mg2c, and 1.25 units of Taq
polymerase (Boehringer-Mannheim). PCR products were purif-
ied either by spinning through a plugged tip or using the QIA-
quick PCR purification kit (QIAGEN). Cycle sequencing was
performed using standard conditions (Amersham).

Clinical examination

The patients were each examined by one of the authors (G.A.N.,
M.B.D., or J.K.).

RESULTS

Characterization of clinically affected FRDA patients
for the GAA expansion identified five patients who are
heterozygous for the expansion (Table 1). Sequencing
was performed for each exon of FRDA to identify
point mutations for the second mutant allele.

Patient 1 is a Fijian Indian male who presented with
an onset of symptoms at 9 years of age with asymmetric
ataxia. The patient is now 20 years of age. Recent ex-
amination revealed spinocerebellar ataxia, pes cavus,
and reduced vibration sense. He was areflexic, mildly
dysarthric, and plantar responses were both upgoing.
Sural nerve biopsy performed at age 13 years showed
severe chronic axonal neuropathy. Sensory nerve ac-
tion potentials measured at the same time showed evi-
dence of a peripheral neuropathy which was predomi-
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Fig. 1 Sequencing of exon 4 in patient 1 using the reverse primer.
Detection of an A to C single base pair substitution at position 2
in intron 4 which translates to a T to G substitution on the sense
strand

Fig. 2 Sequencing of exon 5a in patient 2 using the reverse prim-
er. Detection of a G to A single base pair substitution in codon
182 on the antisense strand. Codon changes from CTC to TTC on
the sense strand

nantly sensory. Recent echocardiography was within
normal limits.

Patient 1 was found to be heterozygous for an ex-
panded FRDA allele of approximately 600 GAA re-
peats. From sequencing, a point mutation of a T to a G
at the second base of the splice donor site in intron 4
was detected (Fig. 1). This mutation creates a Fok I
site, and was not detected in 40 normal alleles. The
most-likely outcome from this mutation is that exon 4 is
lost from the mature mRNA. No tissue samples were
available from this patient to determine the level of
mutant mRNA products or if a cryptic splice site is uti-
lized instead. Assuming a simple deletion of exon 4
from the mRNA, a shortened protein product of 130
amino acids would result because of the introduction of
a premature stop codon, thus causing loss of functional
activity.

Patient 2 is a Caucasian female, who is currently 27
years of age, with an onset of symptoms at age 15 years
with frequent tripping. She has progressively worsening
lower limb ataxia and currently uses a walking stick.
She has minimal dysarthria and has little upper limb
dysfunction and describes her handwriting as “perfect,
better than any doctor.” Recent examination revealed
bilateral pes cavus, mild pyramidal muscle weakness in
the lower limbs (4/5) without wasting, and absent ankle
jerks with reduced but present knee reflexes and exten-
sor plantar responses. There was reduced vibration
sense and two-point discrimination. Electrocardiogra-
phy revealed inferior T wave changes only.

Patient 2 was also found to be heterozygous for the
expansion in FRDA with an expanded allele of 730 re-
peats. Sequencing the genomic DNA from this individ-
ual revealed a single base substitution of a C to a T

altering the codon at position 182 from leucine to phe-
nylalanine (Fig. 2). This mutation therefore results in
the production of full-length protein, but we are unable
to assess its functional level in vitro. The mutation re-
moves a naturally occurring Mnl I site, and was not de-
tected in 40 normal alleles. The amino acid which is
mutated is conserved between human, worm, and
yeast.

Patient 3 is also a 27-year-old Caucasian female. On-
set of symptoms was at 23 years with gait disturbance,
although her mother notes that clumsiness was present
from about 12 years of age. On examination there was
ataxic gait, bilateral pes cavus, weakness of wrist exten-
sion, hip flexion, and ankle dorsiflexion but no dysar-
thria. Plantar responses were extensor and reflexes
were brisk except for the ankle jerks which were ab-
sent. Proprioception and vibration sense were reduced
in the feet.

Patient 3 had one allele in the expanded range of
381 repeats. Sequencing revealed a single base substitu-
tion of a C to a T altering codon 165 from arginine to
cysteine (Fig. 3), again resulting in full-length protein.
The mutation was not detected in 40 normal alleles.
Again the mutated amino acid is well conserved
through evolution.

Two brothers from a fourth family who are hetero-
zygous for a GAA expansion were found to have inher-
ited a G130V missense mutation from their father (re-
sults not shown). This mutation has been reported pre-
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Fig. 3 Sequencing of exon 5a in patient 3 using the forward prim-
er. The single base substitution of C to T alters the codon at 165
from CGT to TGT

viously in unrelated individuals [15], and destroys a re-
striction site for the enzyme Bsi Y1. These patients are
of Caucasian origin. Currently 15 and 12 years old,
their ages of onset were 2 and 8 years. They have atypi-
cal FRDA as defined by the diagnostic criteria of Har-
ding [2], in that they have brisk knee, biceps, and tri-
ceps jerks, but absent ankle jerks in addition to moder-
ately severe limb and gait ataxia, reduced propriocep-
tion and vibration sense, and very mild dysarthria.
Neither has scoliosis, cardiomyopathy on echocardio-
graphy, or diabetes mellitus. Both are ambulant.

DISCUSSION

FRDA is the only autosomal recessive disorder shown
to be due to expansion of a trinucleotide repeat. An
inverse correlation was observed by Campuzano et al.
[6] between the amount of frataxin protein and the size
of the GAA repeat on the smaller allele. Previous ob-
servations have identified a correlation between the
length of the smaller allele and phenotypic severity [7,
11–14]. Thus, the milder clinical presentation in individ-
uals with smaller GAA repeat sizes is likely to be due
to higher levels of frataxin present in such patients. As
the GAA expansion alters protein levels rather than
function, examination of the few patients that have
point mutations in their FRDA gene will help to eluci-
date the key functional domains of frataxin. It is as-
sumed that the expanded allele will contribute to the
phenotype in patients that are compound heterozygotes
for an expansion on one allele and a point mutation on
the other, but we are unable to quantify this contribu-
tion.

Our patient with the splicing mutation (IVS4 nt 2, T
to G) has a clinical phenotype consistent with that ob-
served in individuals homozygous for the GAA expan-
sion. This mutation should result in the loss of exon 4,
codons 129 to 160, deleting a major proportion of the
highly conserved domain and causing premature termi-
nation and loss of functional activity.

The exon 5a mutation L182F is a conservative
change of a hydrophobic amino acid at an invariant po-
sition in the protein. This region is downstream of the
extended conserved domain where the I154F substitu-
tion is located. Our patient has had a milder course and
has atypical FRDA as defined by Harding [2], indicat-
ing that mutations in position 182 disrupt function to a
lesser extent than mutations at position 154.

The R165C mutation is nonconservative, altering a
basic amino acid which is hydrophilic to a hydrophobic
noncharged sulfur-containing amino acid. The muta-
tion occurs at an invariant position in the protein and
within the conserved structural domain defined by ami-
no acids 141–167. This patient had a relatively mild
presentation in contrast to the published patients with
the I154F mutation [3, 11] who have typical FRDA
phenotype. Including the two brothers we have de-
scribed, all five patients reported with the G130V muta-
tion [15] have atypical FRDA [2]. The G130V mutation
is proving to be relatively common among point muta-
tions in FRDA. The FRDA mRNA level in carriers of
this mutation is not reduced [15], unlike carriers of the
GAA expansion [3]. Frataxin protein studies on a pa-
tient who is a compound heterozygote for GAA670 and
the G130V mutation demonstrated no detectable pro-
tein in muscle [6], but this may be an artefact as there is
loss of the epitope recognized by the monoclonal anti-
body used, 1G2.

In conclusion, point mutations in FRDA which re-
sult in an absence of functional frataxin are associated
with a severe phenotype. The phenotype associated
with missense mutations, even in regions of the gene
which show high evolutionary conservation in amino
acid sequence, cannot be predicted with certainty, as
such patients can have a mild or severe clinical
course.
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