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Next-generation sequencing has turned out to be a powerful tool to uncover genetic basis of childhood mito-
chondrial disorders. We utilized whole-exome analysis and discovered novel compound heterozygous muta-
tions in FARS2 (mitochondrial phenylalanyl transfer RNA synthetase), encoding the mitochondrial
phenylalanyl transfer RNA (tRNA) synthetase (mtPheRS) in two patients with fatal epileptic mitochondrial en-
cephalopathy. The mutations affected highly conserved amino acids, p.I329T and p.D391V. Recently, a homo-
zygous FARS2 variant p.Y144C was reported in a Saudi girl with mitochondrial encephalopathy, but the
pathogenic role of the variant remained open. Clinical features, including postnatal onset, catastrophic epi-
lepsy, lactic acidemia, early lethality and neuroimaging findings of the patients with FARS2 variants,
resembled each other closely, and neuropathology was consistent with Alpers syndrome. Our structural ana-
lysis of mtPheRS predicted that p.I329T weakened ATP binding in the aminoacylation domain, and in vitro
studies with recombinant mutant protein showed decreased affinity of this variant to ATP. Furthermore,
p.D391V and p.Y144C were predicted to disrupt synthetase function by interrupting the rotation of the
tRNA anticodon stem-binding domain from a closed to an open form. In vitro characterization indicated
reduced affinity of p.D391V mutant protein to phenylalanine, whereas p.Y144C disrupted tRNA binding.
The stability of p.I329T and p.D391V mutants in a refolding assay was impaired. Our results imply that the
three FARS2 mutations directly impair aminoacylation function and stability of mtPheRS, leading to a de-
crease in overall tRNA charging capacity. This study establishes a new genetic cause of infantile mitochon-
drial Alpers encephalopathy and reports a new mitochondrial aminoacyl-tRNA synthetase as a cause of
mitochondrial disease.
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INTRODUCTION

Defects in the mitochondrial respiratory chain (RC) have been
linked to an expanding group of disorders in children and
adults (1). RC is composed of multi-heteromeric enzyme com-
plexes in the mitochondrial inner membrane and is essential
for cellular ATP synthesis through oxidative phosphorylation.
Both nuclear genes and mitochondrial DNA (mtDNA) encode
RC subunits, the mtDNA-encoded subunits being translated by
mitochondrion’s own translation apparatus. For this mitochon-
drial translation system, the ribosomal and transfer RNAs
(tRNAs) are encoded by mtDNA. Maternally inherited mitochon-
drial tRNA mutations are a common and well-characterized cause
of mitochondrial diseases. However, nuclear genes code for all
ribosomal and other translation proteins for the mitochondria, in-
cluding tRNA-modifying enzymes, translation elongation and
termination factors, translational activators and aminoacyl-tRNA
synthetases (mt-aaRSs). Defects in these proteins have increasing-
ly been found to underlie recessively inherited mitochondrial dis-
orders (2). Despite the essential role of mitochondrial RC in all
cell types, the phenotypes of patients with mitochondrial transla-
tion defects may present as highly tissue-specific disorders and
often manifest in early childhood (3).

Here, we used whole-exome sequencing to search for genetic
causes underlying progressive mitochondrial encephalopathy,
and report FARS2 (mitochondrial phenylalanyl transfer RNA
synthetase) mutations in mitochondrial infantile-onset encephal-
opathy of Alpers/Alpers–Huttenlocher type.

RESULTS

Clinical phenotype

Family 1, patient II-2 (Fig. 1), the proband, was the second
child of healthy non-consanguineous parents. She was born
after an uneventful pregnancy at week 41 of gestation. Her
weight was 3740 g, height 51 cm, head circumference 34 cm
and Apgar score 9/9. From the age of 2 days, she had myo-
clonic jerks, which were resistant to treatment. Her first elec-
troencephalography (EEG) and brain magnetic resonance
imaging (MRI) at the age of 4 days were normal, but at 6
weeks she had multifocal spikes in the EEG; at the age of 3
months, brain MRI showed severe central and cortical
atrophy with slight bilateral signal increase in the putamina.
Liver biopsy showed enlarged hepatocytes, increased amount
of glycogen, lysosomal iron and copper accumulation. Her
muscle biopsy sample showed weak cytochrome c oxidase
(COX) histochemical activity, and small lipid droplets and
subsarcolemmal accumulation of glycogen, but no ragged-red
fibers. NADH:cytochrome c oxidoreductase activity was
114% of control’s mean, succinate:cytochrome c oxidoreduc-
tase 21%, succinate dehydrogenase 50% and COX 16% of
controls’ mean. Plasma isoleucine, leucine and alanine were
elevated and she had generalized aminoaciduria. Increased
amount of lactate, up to 4.3 mmol/l, was found in the blood,
and 7.2 mmol/l in cerebrospinal fluid. Blood levels of liver
transaminases, creatine kinase and NH4 were normal. MR
spectroscopy at 3 months of age showed increased amount
of lactate and reduction of N-acetylaspartate. Her cardiac func-
tion was normal. She had slightly coarse retinal pigmentation

and the optic nerve looked normal. The patient’s myoclonic
seizures continued and she had no psychomotor development.
Gastrostomy was performed at the age of 7 months. As her
general condition deteriorated, active treatment was discontin-
ued and she died at the age of 8 months.

The neuropathological autopsy revealed microcephaly, and
the brain weight was 213 g (,30% of normal value). The
surface of the brain showed narrowed and atrophic gyri, espe-
cially fronto-temporally (Fig. 1B). No abnormal focal lesions
could be seen and the anatomical structures at the brain base
were normal. The brain stem and cerebellum seemed atrophic.
Microscopic examination of the frontal cortex showed striking
and subtotal laminar necrosis of the whole cortical ribbon. De-
generation of the fronto-temporal cortex was almost total,
with practically no remaining pyramidal cells, and the
region showed mid-laminar microcystic degeneration with re-
active gliosis and capillary proliferation (Fig. 1C). The hippo-
campi showed severe atrophy preferentially in the dentate
fascia and CA4. In particular, the gyral white matter showed
some presumably secondary degeneration and pallor. Basal
ganglia showed neuronal degeneration with atrophy and
gliosis, especially in the thalamic dorsomedial and reticular
nuclei (Fig. 1D). In the brain stem, the mesencephalon was
within normal range considering substantia nigra and the
oculomotor complex, but some atrophy was seen in the peri-
aqueductal grey matter. The basis of pons was quite severely
atrophic and gliotic, and the medulla oblongata showed some
depletion of olivocerebellar fibers in the hilar region of the in-
ferior olives. The cerebellar cortex was quite severely atrophic
with Purkinje cell drop-out, narrowed molecular and granular
layers (Fig. 1E), and the dentate nucleus was moderately
affected. The spinal cord and peripheral nerve showed only
minor changes. The neuropathological findings were consid-
ered consistent with Alpers syndrome, and together with
liver disease filled the criteria of Alpers–Huttenlocher
disease.

Patient II-1, the sister of patient II-2, had died of an identi-
cal disease. Her seizures started at 4 days of age and she died
of multiorgan failure at the age of 21 months after having been
hospitalized for the second year of her life. She had elevated
lactate values, but the histological findings of the muscle
biopsy sample were normal. No autopsy was performed.

In Family 2, the index patient and her two siblings, born to
consanguineous parents, have been recently described to carry
a homozygous FARS2 mutation c.431A.G (p.Y144C) (4),
but the single family and lack of functional data hampered
conclusions of a pathogenic role of the variant. These patients
had an early-onset encephalopathy, developmental delay and
uncontrolled seizures starting early in infancy. Index patient
had elevated blood lactate levels and normal ammonia.
Index patient expired at the age of 22 months, and her affected
siblings expired before the age of 3 months.

Identification of novel FARS2 variants by exome
sequencing

MtDNA sequencing showed no pathogenic mtDNA mutations
in the skeletal muscle of patient II-2, indicating recessive auto-
somal gene defect underlying the disorder. Exome sequencing
of this patient yielded 58 685 single-nucleotide variants
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Figure 1. Patients with FARS2 mutations. (A) Family 1 pedigree. (B) Coronal section of the brain at the level of the lenticular nucleus and anterior thalamus. The
cortex of the anterior temporal lobes is especially narrow and already shows macroscopic features of laminar necrosis with cystic changes (white arrow). (C) In
the microscopic view of the frontal cortex, practically no remaining pyramidal neurons exist, and the mid-laminar region is transformed into a microcystic track
with gliosis and capillary proliferation (dotted line). HE ×200 (original magnification). (D) Neuronal loss, spongiosis (arrows) and gliosis can be seen in the
medial/reticular thalamus. HE ×400 (original magnification). (E) The top of an atrophic cerebellar cortical folium shows narrowed molecular layer (m), Purkinje
cell drop-out (arrows), Bergmann gliosis and a sparse granular layer (g). HE ×100 (original magnification). (F) Blue native electrophoresis analyses of mito-
chondrial RC complexes in the brain and skeletal muscle of the patient and control autopsy samples. For protein detection, monoclonal antibodies (Abcam)
against the 39 kDa subunit of Complex I (CI), 70 kDa subunit of Complex II (CII), core 2 subunit of Complex III (CIII) and cox1 subunit of Complex IV
(CV) were used. (G) Quantification of CI and CIV signal against CII from the blue native electrophoresis analyses. The result is the average of two independent
blots. (H) Family 1, Finnish patient II-2, T1-weighted MRI scan at the age of 4 days. No cortical atrophy or abnormal findings are present. (I) T2-weighted image
of the same patient 3 months later. Extensive brain atrophy with widened sulci (black arrows) and compensatory fluid accumulation around the cerebrum (white,
thick arrows). Pathological signal change in putamen is indicated by white thin arrow. (J) Brain MRI of the Family 2 Saudi patient with a homozygous FARS2
variant in exon 2 (c.A431G, p.Y144C) at 1.5 years of age, with cortical atrophy, widened sulci (black arrows) and fluid accumulation (white thick arrows).
Expanded liquor space is indicated with an asterisk. White thin arrows indicate pathological signal changes in putamen (below) and nucleus caudatus (above).
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(SNVs), which were then filtered to identify the pathogenic
variants (Fig. 2A). Known dbSNP130 SNVs and non-genic
variants were first excluded. Then we selected all homozygous
and potentially compound heterozygous variants, and using the
SIFT Genome tool, we predicted whether they were likely to be
damaging for protein function. Three genes with compound het-
erozygous, potentially damaging variants were found, but only
one of these, FARS2, encoded a mitochondrial-targeted protein.
The identified FARS2 variants were in exon 5, c.986T.C,
p.I329T, and in exon 6, c.1172A.T, p.D391V (RefSeq
NM_006567.3) (Fig. 2B). The parents were heterozygous car-
riers of these variants. The variants were not present in 400
Finnish control chromosomes, or in the 1000 Genomes

database, and were therefore considered putative pathogenic
variants.

FARS2 gene consists of seven exons, of which exons 2–7
are protein-coding (Fig. 2C). We screened these protein-
coding exons and exon–intron boundaries for mutations in
82 patients with mitochondrial encephalopathy by Sanger
DNA sequencing (primers are listed in Supplementary Mater-
ial, Table). One patient with a rare heterozygous variant,
c.1275G.C (p.L425L) and a novel heterozygous variant
c.1277C.T (p.S426F) in exon 7, was identified. We tested
by cDNA sequencing the potential effect of the c.1275G.C
variant in splicing, but both alleles of FARS2 were equally
present in fibroblast cDNA. This patient also carried a

Figure 2. Identification of FARS2 mutations. (A) Schematic representation of the exome data analysis and data filtering. (B) FARS2 mutation sequences of exons
5 and 6. (C) Schematic representation of FARS2. Boxes represent exons 1–7. Exon 1 is non-coding. MTS denotes mitochondrial targeting signal. (D) Cross-
species protein conservation of mtPheRS, flanking the altered amino acids p.I329, p.D391 and p.Y144 in eukaryotes.
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known SNV leading to the p.N280S amino acid change, which
previously has been shown to affect protein refolding (5).
However, this SNV has an allele frequency of 0.15 in
Europeans (1000 Genomes), and was not considered to be a
likely disease mutation.

RC analyses and mitochondrial translation

FARS2 encodes the mitochondrial phenylalanyl-tRNA synthe-
tase (mtPheRS), which is responsible for the charging of
tRNAPhe with phenylalanine in mitochondrial translation.
Defects in mtPheRS activity are thus expected to disrupt the
synthesis of mtDNA-encoded RC proteins. Blue native elec-
trophoresis (BN-PAGE, Blue native polyacrylamide gel elec-
trophoresis) of the mitochondrial RC complexes revealed a
severe reduction of COX (Complex IV) in the brain and skel-
etal muscle and partial Complex I deficiency in the brain
(Fig. 1F and G). However, patients’ fibroblasts did not
display decreased mitochondrial translation or reduction in
the number of RC complexes (data not shown), hindering
the use of cultured patient cells in functional studies. Similar
lack of phenotype in cultured cells has been observed in
many other mt-aaRS defects (6,7), with the exception of mito-
chondrial methionyl-tRNA synthetase 2 (MARS2) defects
manifesting in lymphoblasts and YARS2 (mitochondrial
tyrosyl-tRNA synthetase 2) defects in myotubes and myoblasts
(8–10).

Neuroimaging findings of patients

Next we compared the neuroimaging findings of the Finnish
and Saudi patients, as diseases caused by mt-aaRS defects
often show gene-specific brain MRI patterns (7,11). At the
age of 4 days, patient II-2 from Family 1 had normal brain
MRI (Fig. 1H), but at the age of 3 months had developed
severe brain atrophy with compensatory subdural fluid accu-
mulation around the cerebrum, and pathological signal inten-
sities in both putamina (Fig. 1I). The Saudi patient had very
similar brain MRI findings to the Finnish patient at the age
of 1.5 years, showing extensive cerebral atrophy with subdural
fluid accumulation, and pathological bilateral signal intensities
in the putamina (Fig. 1J). This patient also showed signal
changes in both caudate nuclei. Both patients had relative
sparing of the cerebellum.

Structural modeling of the mutations affecting mtPheRS

The mtPheRS amino acids altered in the Finnish patients,
Ile329 and Asp391, and in the Saudi patient, Tyr144, are all
highly conserved residues among eukaryotes (Fig. 2D). Exam-
ination of the crystal structure of human mtPheRS (12) shows
Ile329 as part of the ATP-binding site in the aminoacylation
domain, whereas Asp391 is in the anticodon stem-binding
domain (Fig. 3A). We predicted that the change of Ile329
for the small, uncharged, threonine would result in a
widened ATP-binding site, leading to decreased affinity for

Figure 3. Structure of mtPheRS. (A) Location of Ile329, Asp391 and Tyr144 within the resolved structure of human mtPheRS (PDB id 3CMQ). The catalytic
domain is in orange, the linker is in yellow and the anticodon-binding domain is in green. Carbon atoms of phenylalanyl-adenylate are in magenta, magnesium
atom is represented as green sphere. (B) Location of Ile329 within the aminoacylation domain of mtPheRS. Ile329 is represented in ball-and-stick model. Resi-
dues interacting with ATP are shown. Phe191 forming stacking interaction with adenyl ring of ATP is marked. (C) Contacts formed by Asp391 and Tyr144 with
neighboring residues in the interface between two domains. The loop-encompassing residues Arg179-His187 is in red. Hydrogen bonds are represented as black
dashed lines. Color code for the domains as in (A).
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ATP (Fig. 3B). Structural and biochemical studies have shown
that mtPheRS exists in a dynamic equilibrium between the
closed and open conformational states, and tRNA-binding sta-
bilizes the open form (12–14). Binding of tRNA is thought to
trigger rotation of the anticodon-binding domain away from
the aminoacylation domain to the position optimal for inter-
action with the anticodon loop of tRNA. Asp391 is one of
the residues on the contact surface between the aminoacyla-
tion and anticodon-binding domains. It is involved in the
stabilization of the closed form of the enzyme by forming
hydrogen bonds with Arg73 and Tyr188 (Fig. 3C). We pre-
dicted that the change of Asp391 to valine would alter the
rotation mechanism upon tRNA binding, thus affecting the
conformational flexibility of the enzyme. The Tyr144 altered
in the Saudi patient (4) locates in the mtPheRS aminoacylation
domain on the interface of the anticodon stem-binding domain,
and participates in the stabilization of the closed structure by
forming hydrogen bonds with Arg180 and Asp383 (Fig. 3C).
Consequences of the p.Y144C change for the synthetase func-
tion are thus likely to be similar to p.D391V. These structural
data predict a pathogenic role for all the three identified
FARS2 mutations.

Functional analysis of recombinant mutant mtPheRS

To test the functional effects of the FARS2 mutations in vitro,
we expressed and purified the recombinant mutant mtPheRS
proteins in Escherichia coli, according to previously published
procedures (14). ATP-PPi exchange kinetic assays for amino
acid activation revealed a significant difference in ATP
binding between the wild-type and p.I329T mtPheRS, support-
ing the structural prediction of a widened ATP-binding site in
the mutant. The p.I329T replacement led to a �4-fold decrease
in the catalytic efficiency of amino acid activation due to a
2.5-fold increase in KM for ATP, as predicted by the structural
modeling, and a small decrease in kcat (Table 1). Phe binding
was essentially unaffected in the p.I329T mutant, but interest-
ingly, we observed that the p.D391V replacement, which is
distal from the active site, led to an increase in KM for Phe
(Table 2). Therefore, in vivo, under limited substrate availabil-
ity, the p.D391V mutation may significantly decrease mtPheRS
aminoacylation activity. ATP- or Phe-binding were not affected
by the p.Y144C replacement. Steady-state charging assays were
also performed to determine the effect of mutations on tRNAPhe

binding. Both the p.I329T and p.D391V mtPheRS variants
showed only modest changes in their catalytic efficiencies for
tRNAPhe charging, whereas p.Y144C mutant had a clearly
increased KM for tRNA (Table 3).

In addition to the direct impact on function, we analyzed the
effect of p.I329T and p.D391V amino acid replacements on
the stability of mtPheRS by refolding assay. Our results
show that the single mutants p.I329T and p.D391V refold
only to �35–45% of the original active fraction, whereas
the WT retains almost 80–90% of its active folded form
(Fig. 4). Therefore, the p.I329T and p.D391V substitutions
in mtPheRS not only impair aminoacylation function directly
by perturbing small molecule binding in the active site, but
also affect the stability of mtPheRS, leading to a significant
decrease in overall charging capacity. These results experi-
mentally verified the effects of the mutations on catalytic

activity, and strongly support a pathogenic role of all identified
FARS2 mutations.

DISCUSSION

Here, we provide evidence that FARS2 mutations lead to
mitochondrial encephalopathy with neonatal disease-onset,
treatment-resistant epilepsy, lactacidosis and developmental
arrest. The neuroimaging findings were highly similar
between the Finnish and Saudi patients, including severe
progressive cerebral atrophy. The neuropathological findings
were consistent with Alpers syndrome, previously only asso-
ciated with mutations of mtDNA polymerase g (POLG,
MIM 174763) (15) and helicase Twinkle (C10ORF2, MIM
606075) (16). We proved the pathological potential of the
identified FARS2 mutations by protein modeling and by

Table 1. Steady-state PPi exchange kinetic constants for ATP with wild-type
and mutant mtPheRSs

mtPheRS kATP
cat (s21) KATP

M (mM) kcat/KM (s21 mM
21)

WT 7.4+0.3 2.9+0.3 2.5+0.3
I329T 5+0.1 7.3+0.9 0.7+0.1
D391V 5.6+0.1 2.5+0.04 2.2+0.02
Y144C 5.7+0.3 2.3+0.01 2.5+0.1

ATP was varied in the range of 1–25 mM. Enzyme concentrations were
normalized by active site titration. Data represent averages and standard errors
from three independent trials.

Table 2. Steady-state PPi exchange kinetic constants for Phe with wild-type
and mutant mtPheRSs

mtPheRS kPhe
cat (s21) KPhe

M (mM) kcat/KM (s21 mM
21)

WT 1.7+0.1 7.3+0.5 0.2+0.01
I329T 1.6+0.2 8.6+1.7 0.2+0.02
D391V 2.3+0.02 20.9+1.2 0.1+0.01
Y144C 1.4+0.2 7.5+1.4 0.2+0.02

Phe was varied in the range of 5–800 mM. Enzyme concentrations were
normalized by active-site titration. Data represent averages and standard errors
from three independent trials.

Table 3. Steady-state aminoacylation kinetic constants for tRNAPhe with wild-
type and mutant mtPheRSs

mtPheRS ktRNA
cat (s21) K

tRNA

M (mM) kcat/KM (s21 mM
21)

WT 0.09+0.01 1.2+0.2 0.07+0.01
I329T 0.05+0.005 1.2+0.4 0.05+0.01
D391V 0.07+0.01 1.4+0.2 0.05+0.01
Y144C 0.06+0.02 2.8+0.3 0.02+0.01

Human mitochondrial tRNAPhe was varied in the range of 0.05–4 mM. Kinetic
parameters were estimated using sub-saturating concentrations of tRNAPhe.
Enzyme concentrations were normalized by active-site titration. Data represent
averages and standard errors from at least three independent trials. kcat/KM was
estimated directly from the slope of the equation, V ¼ kcat[E][S]/KM, where
[E] ¼ enzyme concentration, [S] ¼ substrate concentration.
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biochemical and functional characterization of recombinant
proteins, and showed that they lead to defective tRNA aminoa-
cylation and tissue-specific mitochondrial RC deficiency.

The shared known function of mt-aaRSs is to specifically
recognize and bind to their cognate mitochondrial tRNAs
and catalyze the transfer of the appropriate amino acid to
the acceptor stem of the tRNA, thereby being essential for
mitochondrial translation. However, the clinical variability
and tissue specificity of the associated disorders are remark-
able. DARS2 (mitochondrial aspartyl-tRNA synthetase 2)
mutations lead to leukoencephalopathy with brain stem and
spinal cord involvement and lactate elevation (LBSL, MIM
611105) (7). RARS2 (mitochondrial arginyl-tRNA synthetase
2) mutations cause pontocerebellar hypoplasia type 6 (MIM
611523) (17), whereas YARS2 defects underlie myopathy,
lactic acidosis and sideroblastic anemia (MLASA, MIM
613561) (9). Perrault syndrome with ovarian dysgenesis in
females and sensorineural hearing loss in males and females
have been reported to be caused by HARS2 (mitochondrial
histidyl-tRNA synthetase 2) mutations (MIM 600783) (18),
and the HUPRA (hyperuricemia, pulmonary hypertension,
renal failure in infancy and alkalosis) syndrome in infancy
by SARS2 mutations (MIM 612804). We previously identified
AARS2 mutations in infantile cardiomyopathy patients (MIM
612035) (6). Recently, MARS2 mutations were reported in
spastic ataxia with leukoencephalopathy (ARSAL, MIM
609728) (8), and EARS2 mutations in leukoencephalopathy
with thalamus and brainstem involvement and high lactate
(LTBL, MIM 621799) (11). Our current study establishes
FARS2 as a disease gene for early-childhood fatal mitochon-
drial encephalopathy. The molecular basis of this exceptional
variability in disease manifestations remains to be solved.

Tissue specificity and genotype–phenotype correlation of
mt-aaRS disorders is expressed both in clinical and neuroima-
ging findings (7,11). The LBSL patients with DARS2 muta-
tions have a uniform diagnostic brain MRI pattern
comprising of signal abnormalities in the cerebral white
matter and specific brain stem and spinal cord tracts (7).
Patients with EARS2 mutations display a distinct but also diag-
nostic brain MRI pattern with extensive symmetrical cerebral
white matter abnormalities sparing the periventricular rim and

symmetrical signal abnormalities of the thalami, mid-brain,
pons, medulla oblongata and cerebellar white matter (11).
The two patients with the different FARS2 mutations described
in this study shared highly similar MRI findings showing ex-
tensive cerebral atrophy with subdural fluid accumulation,
and bilateral putaminal pathological signal intensities. The
reason for the differential specificity of the mitochondrial
aminoacyl-tRNA synthetase defects of the brain is unknown.

The neuropathological findings of the Finnish FARS2
patient, with laminar cortical necrosis and severe cortical
atrophy, were consistent with the diagnosis of Alpers disease
(19,20). Alpers disease has been associated with recessive
mutations in POLG and C10ORF2 (15,16,20), but many
patients with typical signs do not have mutations in these
genes. Alpers–Huttenlocher disorder typically shows brain
and liver involvement (21). The Finnish FARS2 patient had
pathological liver histology. The Saudi patient, however,
with similar brain MRI as the Finnish patients, showed no
signs of liver disease. Alpers syndrome patients with POLG
mutations commonly develop valproate toxicity-induced
liver dysfunction after epilepsy treatment (22). In the
Finnish FARS2 patients, the liver dysfunction existed before
valproate treatment, suggesting no similar valproate sensitivity
as in POLG-Alpers. Our findings suggest that FARS2 muta-
tions are a new cause of Alpers encephalopathy, which may
manifest with or without liver dysfunction.

mtPheRS consists of 451 amino acids, of which 37 N-
terminal residues form the mitochondrial targeting signal
(23). The synthetase has a catalytic aminoacylation domain
(residues 84–325) and a C-terminal anticodon stem-binding
domain (residues 359–451) separated by a linker (residues
326–358). MtPheRS, a monomer, is unusual among
phenylalanyl-tRNA synthetases, as bacterial and eukaryotic
cytoplasmic synthetases are heterotetramers consisting of
two a-subunits and two b-subunits (23). An mtPheRS
monomer contains an aminoacylation domain, homologous
to the bacterial a-subunit and an anticodon-binding domain,
homologous to the C-terminus of the bacterial b-subunit. It
also lacks the structural module, present in bacterial and
eukaryotic cytosolic PheRSs, responsible for proofreading a
non-cognate tyrosine (24,25). mtPheRS has two functional
conformations. In its open form, it binds tRNA and catalyzes
the attachment of Phe to its cognate tRNA in the aminoacyla-
tion domain. The closed form has the anticodon stem-binding
domain rotated back close to the aminoacylation domain. By
measuring the steady-state kinetics of the recombinant
mutant proteins, we identified three alternative ways, by
which the mutations affected the aminoacylation efficiency
of the synthetase. First, we predicted the p.I329T mutant to
widen the ATP-binding pocket, and found decreased ATP
binding by the recombinant mutant protein, whereas phenyl-
alanine and tRNA binding were unaffected. The amino acid
changes p.D391V and p.Y144C are located at the interface
between the aminoacylation and anticodon-binding domains.
We hypothesized that these mutations would interfere with
the rotation mechanism of the synthetase, which could affect
the tRNA binding. This was found to be true for the
p.Y144C mutant. On the contrary, we observed that, in
vitro, the p.D391V mutant had normal KM for ATP and
tRNA, but a significantly decreased affinity for phenylalanine.

Figure 4. Aminoacylation and the stability of mtPheRS. The stability of the
mutant mtPheRS was tested by determining the active fraction of the
mutant and wild-type mtPheRSs by active site titration, followed by incuba-
tion at room temperature for 24 h and re-measured activity to quantify the
properly folded fraction.
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To explain why Asp391, which is not situated at the active
site, had decreased phenylalanine binding, we propose the fol-
lowing. Asp391 is involved in a close network of interactions
with the conserved residue Arg330 near motif 3 (which is ad-
jacent to Ile329), Tyr188 in motif 2 and Arg73. The p.D391V
replacement may cause Arg330 and other neighboring resi-
dues to adopt different conformations, leading to perturbation
in the loop encompassing residues Arg179-His187, of which
Arg179 is critical for binding and coordination of phenylalan-
ine (Fig. 3C). In addition, the overall stability of the tested
mutants was compromised. Thus, the mutations affected
both the function and the stability of mtPheRS, impairing its
tRNA charging capacity.

In conclusion, we provide clinical, genetic, structural and
functional evidence that FARS2 mutations are a novel cause
of mitochondrial translation disorder, leading to neonatal
onset progressive Alpers syndrome.

MATERIALS AND METHODS

Patient studies

Patient samples for the study were taken according to the Dec-
laration of Helsinki, with informed consent given prior to
sample collection. The ethical review board of the Helsinki
University Central Hospital approved the study.

RC enzyme activities were determined as previously
described (26). The activities were calculated as ratios
to citrate synthase activity. Blue native electrophoresis
(BN-PAGE) of the mitochondrial RC complexes (27) and
mtDNA sequencing (6) were performed as previously
described.

Exome sequencing

Exome targets were enriched from patient’s total DNA, using
the NimbleGen Sequence Capture 2.1 M Human Exome v1.0
array, followed by sequencing with the Illumina Genome
Analyzer-IIx platform. The variant-calling pipeline of the
Finnish Institute for Molecular Medicine was used for the ref-
erence genome alignment and variant calling (28). As a result,
94.86% of target coverage was reached, with 20-fold coverage
for 53.23% of targets. This approach yielded 58 685 SNVs,
which were then filtered to identify the pathogenic variants.

Functional assays

E. coli strain BL21 (pArgU218)/pET21c-PheRS expressing
C-terminal His6-tagged mtPheRS was a gift from
Prof. Linda Spremulli (University of North Carolina, Chapel
Hill, NC, USA). Point mutations were introduced by site-
directed mutagenesis using the QuikChange procedure (Strata-
gene). In vitro aminoacylation assays were performed at 378C
in aminoacylation buffer containing 100 mM Na-Hepes (pH
7.2), 30 mM KCl, 2 mM ATP, 10 mM MgCl2. Reaction
mixture contained 40 mM L-[14C]Phe (215 cpm/pmol, Perkin
Elmer Lifesciences), 2.5 mM native E. coli tRNAPhe and
100 nM hmtPheRS. Nine microliters of aliquots were
removed and spotted on 3 mm filter disks (Whatman),
washed three times in 10% trichloroacetic acid and dried.

The amount of radioactivity retained was determined by
liquid scintillation counting. Steady-state kinetics were inves-
tigated at 378C as previously described (24,29). For ATP-PPi

exchange kinetics for amino acid activation, concentrations of
substrates were varied from 5–800 mM for Phe and 1–25 mM

for ATP. Enzymes were added to a final concentration of 100–
150 nM. In the steady-state charging assays, the concentrations
of mitochondrial tRNAPhe varied between 0.05 and 4 mM and
enzymes were added to a final concentration of 50 nM.

For protein refolding, active fractions of 1–5 mM of all the
protein samples were incubated in aminoacylation buffer.
After 24 h, amino acid activation was performed. Active site
titration was done in a 50 ml of reaction mixture containing
100 mM Na–Hepes, pH 7.2, 30 mM KCl, 10 mM MgCl2,
2 mM ATP, 25 mM L-[14C]Phe (215 cpm/pmol) and 5 mM

b-mercaptoethanol and 2 U/ml inorganic pyrophosphatase.
The reaction was initiated by the addition of mtPheRS to reac-
tion mixture pre-incubated at 378C for 5 min. After adding the
enzyme, the reaction was performed for 10 min at 378C and
then filtered through a nitrocellulose membrane (Whatman
PROTRAN BA85) pre-washed with cold 0.5× aminoacyla-
tion buffer. The filters were then washed with 3 ml of cold
0.5× aminoacylation buffer and dried at 858C for 30 min.
The amount of radioactivity retained was quantified by
liquid scintillation counting. Data from at least three independ-
ent experiments were averaged and resulting standard errors
are shown.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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