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Abstract
Mutations in nucleus-encoded mitochondrial aminoacyl-tRNA synthetases (mitaaRSs) lead to defects in mitochondrial translation affecting

encephalopathy to understand how these variants affect the biophysical properties of the enzyme. These mutants have already been

the expression and function of 13 subunits of the respiratory chain
complex leading to diverse pathological conditions. Mutations in the

reported to have reduced aminoacylation activity. Our study
established that the mutants are signiﬁcantly more thermolabile

FARS2 gene encoding human mitochondrial phenylalanyl-tRNA synthe-

compared to the wild-type enzyme with reduced solubility in vitro. The

tase (HsmitPheRS) have been found to be associated with two different
clinical representations, infantile Alpers encephalopathy and spastic

presence of aggregation-prone insoluble HsmitPheRS variants
could have a detrimental impact on organellar translation, and poten-

paraplegia.
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INTRODUCTION
Mitochondria are known as the power house of cell because
they are the major source of ATP synthesis through aerobic respiration involving the respiratory chain (RC) complexes located
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in the mitochondrial membrane. Defects in the fundamental
functions of RC complexes have been linked to a growing list of
human disorders including mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS), myoclonic epilepsy with ragged red ﬁbers (MERRF), diabetes and
deafness (1–3). Mitochondria maintain a separate genome and
the human mitochondrial genome encodes 13 subunits of RC
complexes, 2 rRNAs, and 22 tRNAs (4). Most of the mitochondrial
translational machinery is encoded by the nuclear genome and
transported into mitochondria including tRNA modifying
enzymes, translation elongation and termination factors and mitaaRSs. Mutations in maternally inherited mitochondrial DNA
have been found to be associated with many of the mitochondrial
diseases and the most commonly reported class of pathogenic
mutations have been reported in tRNA encoding genes (5–8).
However, it was found that the aminoacylation of mitochondrial
tRNAs may also be impaired due to mutations in nuclearencoded mitaaRSs and an expanding list of mutations in mitaaRSs encoding genes have been reported to be associated with
mitochondrial disorders (9). Though functional mitochondria are
very much essential for every cell, defects in mitochondrial
translation due to reduced mitaaRS activity have been found to
be highly tissue-speciﬁc in patients. The affected mitaaRS is
often identiﬁable from the symptoms alone as the pattern of the
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vulnerable tissue is mostly associated with a particular mitaaRS
(10, 11). Each of the 19 mitaaRSs is reported to have disease correlations and mutations in 17 out of 19 mitaaRSs (except
mitGlyRS and mitTyrRS) encoding genes are found to be associated with damages in the central nervous system (12). For example, mutations in the mitochondrial aspartyl-tRNA synthetase
gene (DARS2) have been found to be linked with leukoencephalopathy with brain stem and spinal cord involvement
and lactate elevation (LBSL, MIM 611105), while mutations in
the mitochondrial arginyl-tRNA synthetase gene (RARS2) lead to
pontocerebellar atrophy type 6 (MIM 611523), and mutations in
mitochondrial glutamyl-tRNA synthetase (EARS2) have been
linked to leukoencephalopathy with thalamus and brain stem
involvement and lactate elevation (LTBL, MIM 614924) (10, 11).
To date at least 21 pathogenic variants have been reported for
HsmitPheRS that were found to be associated with disease conditions with moderate to severe symptoms. The clinical phenotypic
expression of the pathogenic variants of the FARS2 gene show
pleiotropic effects, from spastic paraplegia to infantile Alpers
encephalopathy (13–24). The effects of some of these mutations on
enzyme function have been investigated. Initially three mutations
(Y144C, I329T, and D391V) have been reported associated with
Alpers encephalopathy with severe early-onset clinical symptoms
and death in infancy. Studies of these mutants have reported to
effect the enzymatic activity with possible indications of perturbation in enzyme stability (13, 14). We have now built on these earlier studies using biophysical approaches to understand the effect
of these mutations on folding and stability of the HsmitPheRS. Our
ﬁndings revealed that the Alpers encephalopathy associatedmutations have a strong effect on the solubility of the enzyme
in vitro, with signiﬁcant implications for loss of function in vivo.

MATERIALS AND METHODS
Expression and puriﬁcation of the pathogenic mutants
of HsmitPheRS
pET21c plasmid with HsmitPheRS (FARS2) gene containing
Y144C, I329T, and D391V single mutations were transformed
separately in Escherichia coli strain BL21 (DE3). Bacterial colonies were transferred and grown into Luria-Bertani (LB) media
containing 100 μg/mL of Ampicillin from transformed plates for
each plasmid DNA and grown overnight at 37 C. Fresh LB media
containing Ampicillin were inoculated with the culture and
grown at 37 C until OD595 nm reaches to 0.6. 10 mL of this culture were added to 1 L of Ampicillin-enriched autoinduction
media and grown at 25 C overnight (25). The cells were
harvested by centrifugation at 5,000 rpm for 10 min and further
processed to purify the protein as was mentioned previously (26).

Fluorescence spectroscopy
All the ﬂuorescence measurements were carried out in Hitachi
F-7000 spectroﬂuorometer at least three times. Tryptophan
was selectively excited at 295 nm and the emission was
recorded from 310 to 450 nm. Both excitation and emission slit
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widths were set at 5 nm for all the measurements. The emission maxima (λmax) values were determined by taking the ﬁrst
derivative of the individual emission spectra.

Acid denaturation
Acid denaturation of HsmitPheRS was studied as a function of
pH from pH 1.0 to pH 8.0 at a 0.5 interval using 50 mM buffers
(KCl-HCl [pH 1.0–1.5], Gly-HCl [pH 2.0–3.5], sodium acetate
[pH 4.0–5.5], and sodium phosphate [pH 6.0–8.0]). All reagents
used for buffer preparation were of analytical (AR) grade. The
buffers were ﬁltered through 0.22 μm membrane ﬁlter, and
stored at −20 C and thawed to room temperature before use.
Protein samples were added individually at different pH values
to a ﬁnal concentration of 2 μM and incubated at room temperature for 18–24 hr to ensure that thermodynamic equilibrium has
been reached.

ANS binding assay
8-Anilino-1-naphthalenesulfonic acid (ANS) is a ﬂuorescent
molecular probe that hardly ﬂuoresces in aqueous environment
but ﬂuoresces only when it binds to hydrophobic regions of proteins. A stock solution of ANS was prepared in methanol and the
concentration was determined using an extinction coefﬁcient of
5,000 M−1 cm−1 at 350 nm. Protein samples (2 μM) were incubated with 25-fold molar excess of ANS for 30 min in the dark at
room temperature. The ANS ﬂuorescence was then measured by
setting the excitation wavelength at 420 nm to avoid the inner ﬁlter effect and emission spectra were recorded from 450 nm to
550 nm. Fluorescence intensities at 482 nm were recorded and
plotted as a function of pH.

Turbidity assay
Turbidity of the ligand free protein samples (2 μM) were measured in 50 mM Tris–HCl (pH 8.0), 5 mM MgCl2, 150 mM KCl
without any substrates. Turbidity of the protein samples (2 μM)
were also measured in presence of 2 mM of L-phenylalanine (LPhe) and 2 mM of L-Phe with 2 mM of ATP. The turbidity was
measured at 400 nm at 37 C over time in a Shimadzu UV2401PC spectrophotometer equipped with a Peltier temperature
controller. All the measurements were done in triplicates and
the average was plotted against time.

Dynamic light scattering (DLS)
Protein samples (4 μM) in 50 mM Tris–HCl (pH 8.0), 5 mM MgCl2,
150 mM KCl were ﬁltered through 0.22 μm ﬁlter device from Millipore and transferred to disposable cuvettes and the hydrodynamic diameters were determined in Malvern Zetasizer™ NanoS
light scattering instrument. The protein samples were subjected
to a temperature gradient from 25 C to 40 C and the change in
the hydrodynamic diameters was monitored by DLS. The effect
of substrates were studied in presence of 2 mM of L-Phe and
2 mM ATP by setting the temperature at 37 C and the change in
particle size was determined by DLS for 1 hr.

The thermoﬂour experiment
The assay was performed using 96-well thin-wall PCR plates
(Applied Biosystems, US). The total reaction volume was 30 μL
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FIG 1

Location and chemical nature of the amino acid substitutions of the Alpers encephalopathy associated mutants within the functional domains of HsmitPheRS

and the plate was kept on ice while adding the samples. The
ﬁnal protein concentration was kept at 4 μM. 5000X SYPRO
Orange stock solution was diluted 100-fold in buffer (50 mM
Tris pH 8.0, 5 mM MgCl2, 50 mM NaCl) to get a 10-fold working solution. Three microliters of the 10-fold SYPRO Orange
working solution was added to each reaction. The plates were
sealed with optical adhesive covers (Applied Biosystems) and
centrifuged at 4000 rev/min for 2 min. The plate was then
heated from 25 to 80 C in the StepOne real-time PCR system
from Applied Biosystems for the thermoﬂour experiment. Variation in ﬂuorescence in the wells was monitored using excitation and emission wavelength of 492 and 516 nm, respectively.
The inﬂection point of the ﬂuorescence intensity versus temperature plot was considered to be the transition mid-point
(Tm) (27).

RESULTS

Multiple sequence alignment of mitPheRS showed that all three
amino acid residues mutated in Alpers encephalopathy patients,
Tyr144, Ile329, and Asp391 are highly conserved among all the
mitPheRS(14) that may lead to structural and/or functional perturbation in the enzyme. The amino acid substitutions have been
shown to affect the substrate afﬁnity of the enzyme. While I329T
affects ATP binding, D391V affects the L-Phe binding and Y144C
affects tRNAPhe binding of HsmitPheRS. From a structural perspective it is predicted that the Ile to Thr mutation at 329 position
leads to widening of the ATP-binding site whereas Y144C and
D391V variants are believed to affect the conformational ﬂexibility of the enzyme because Tyr144 is located on the interface of
the anticodon stem-binding domain and Asp391 is located on the
contact surface of the aminoacylation and the anticodon binding
domains(14) (Figure 1). The functional perturbations of these
amino acid substitutions led us to investigate the structural implications on the enzyme, if any, under different conditions using
biophysical approaches.

Mutations of HsmitPheRS in sequence and structural
context

Formation of stable molten-globule-like structure at
acidic pH

Mutations of the conserved residues are usually believed to be
detrimental to enzyme architecture that may affect their function.

To understand the effect of these amino acid substitutions on
protein stability over a range of pH, denaturation studies were

FIG 2

Change in conformation of HsmitPheRS as a function of pH. (a) pH-induced changes in tryptophan emission maxima of
HsmitPheRS. Tryptophan emission maxima were obtained by taking the ﬁrst derivative of the tryptophan emission spectra in
Hitachi F-7000 spectroﬂuorometer. All the data were recorded three times and standard deviations were calculated. (b) ANS binding as a function of pH. Fluorescence intensities at 482 nm were recorded in Hitachi F-7000 spectroﬂuorometer and plotted as a
function of pH. The data are average of three measurements
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FIG 3

FIG 4
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Comparative size of the WT and the pathogenic variants of HsmitPheRS. Particle hydrodynamic diameter
(dH) distribution by number (%) as measured by DLS
in Malvern Zetasizer™ NanoS light scattering instrument. Protein concentration was kept 4 μM in 50 mM
Tris–HCl (pH 8.0), 5 mM MgCl2, 150 mM KCl buffer

done using buffer ranging from pH 1.0 to 8.0. Measurement of
tryptophan emission maxima change and ANS binding as a
function of pH showed that the WT HsmitPheRS is remarkably
stable at lower pH. The pathogenic variants also showed comparable stability at low pH; however, at physiological pH
(pH 8.0) the tryptophan emission maxima showed a red-shift
of 2 nm compared to the WT indicating that the tryptophans
are more exposed in the mutants with respect to the native conformation at physiological pH (Figure 2a). ANS ﬂuorescence
indicated that WT as well as the pathogenic variants form a
molten-globule-like structure at low pH range (pH 1.0–pH 6.0)
and the ﬂuorescence leveled off above pH 6.0. Notably, the ANS
binding at low pH is much higher in the case of the pathogenic
variants compared to the WT (Figure 2b).

The pathogenic variants affect the enzyme
architecture
Particle size distribution of WT and the pathogenic variants
were determined by DLS to understand whether there is any

Determination of the starting temperature of aggregation of WT and the pathogenic variants by DLS. (a) Particle hydrodynamic
diameter distribution by number (%) of WT as measured by DLS with increasing temperature. (b) Particle hydrodynamic diameter distribution by number (%) of Y144C as measured by DLS with increasing temperature. (c) Particle hydrodynamic diameter
distribution by number (%) of I329T as measured by DLS with increasing temperature. (d) Particle hydrodynamic diameter distribution by number (%) of D391V as measured by DLS with increasing temperature

COMPROMISED STABILITY OF DISEASE-ASSOCIATED HSMITPHERS MUTANTS

FIG 5

Differential thermal stability of the WT HsmitPheRS and the pathogenic variants. (a) Temperature-dependent binding of SYPRO
Orange to WT, in absence and in presence of L-Phe and ATP as was determined by thermoﬂour assay. (b) Temperaturedependent binding of SYPRO Orange to Y144C, in absence and in presence of L-Phe and ATP as was determined by thermoﬂour
assay. (c) Temperature-dependent binding of SYPRO Orange to I329T, in absence and in presence of L-Phe and ATP as was
determined by thermoﬂour assay. (d) Temperature-dependent binding of SYPRO Orange to D391V, in absence and in presence
of L-Phe and ATP as was determined by thermoﬂour assay

perturbation in enzyme architecture in case of the variants at
physiological pH. The results indicated that the hydrodynamic
diameter (dH) of the WT protein is 4.8  0.7 nm, whereas the
size of all three pathogenic mutants (Y144C, 7.9  0.6 nm;
I329T, 6.2  0.5 nm; D391V, 9.64  0.8 nm) (Figure 3)
increased signiﬁcantly from the WT indicating that the pathogenic mutations may lead to a conformational expansion of
HsmitPheRS in solution affecting the enzyme’s native
architecture.

Thermal stability of the mutants decreased
signiﬁcantly
To understand whether there are any differences in stability
between WT and the pathogenic variants of HsmitPheRS, they
were subjected to thermal denaturation. Two approaches were
used to assess the changes in thermal stability, the propensity to
aggregate with increasing temperature as recorded by DLS and
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exposure of the hydrophobic patches to solvent upon unfolding
with increasing temperature as recorded by real time PCR. Thermal stability of the pathogenic variants was compared with WT
by heating them gradually from 25 to 40 C and monitoring the
aggregation by DLS. The temperature at which the WT
HsmitPheRS started aggregating is 38  1 C. In case of Y144C
the aggregation started at 30  1 C, while I329T and D391V,
both the mutants started aggregating at 31  1 C (Figure 4a–d).
These data indicate that the stability of the pathogenic variants
is highly compromised compared to the WT HsmitPheRS.
For the thermoﬂour experiments, binding of a hydrophobic
ﬂuorescent dye, SYPRO Orange, was monitored while increasing the temperature gradually from 25 to 80 C. SYPRO Orange
undergoes a signiﬁcant increase in quantum yield upon binding
to hydrophobic regions of proteins that become exposed upon
protein denaturation. The transition mid-point temperature
(Tm) was determined from the increase of ﬂuorescence intensity
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TABLE 1

Increase in the melting temperature (ΔTm) of
HsmitPheRS in presence of L-Phe and ATP

HsmitPheRS

ΔTm ( C) (Phe-AMP)

WT

5

Y144C

1.2

I329T

3.8

D391V

0.7

of SYPRO Orange upon binding to hydrophobic patches of protein. The stabilizing effect on thermal stability of the
phenyladenylate (Phe-AMP) complex, which binds to the active
site of the enzyme, was checked for the WT as well as
the mutants. In the case of WT, the transition mid-point

FIG 6
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temperature was 43 C without any substrate addition. PheAMP exerted a strong stabilizing effect, increasing the Tm to
48 C (Δ Tm = + 5 C). The Tm of the mutants decreased 1.5–3 C
from the WT (Y144C, Tm– 39.5 C; I329T, Tm– 39.5 C; D391V,
Tm– 41.5 C); however, the stabilizing effect of Phe-AMP was less
pronounced for mutants compared to WT HsmitPheRS
(Figure 5a–d; Table 1). While Phe-AMP is able to somewhat stabilize the I329T variant, the other two mutants, Y144C and
D391V, are only marginally stable in the presence of Phe-AMP.
Very high ﬂuorescence values even at a lower temperature in
the case of the pathogenic variants compared to WT is indicative of the fact that all three amino acid substitutions in
HsmitPheRS have reduced stability and may lead to a conformational opening of the enzyme making them prone to aggregation. These ﬁndings are consistent with the DLS data that
displayed a larger particle size of the variants compared to WT
HsmitPheRS. The severe impact of these amino acid

Turbidity assay of the WT and the pathogenic variants of HsmitPheRS. (a) Turbidity assay of the WT HsmitPheRS in ligand free
condition, in presence of L-Phe, and in presence of L-Phe and ATP. (b) Turbidity assay of the Y144C in ligand free condition, in
presence of L-Phe, and in presence of L-Phe and ATP. (c) Turbidity assay of the I329T variant in ligand free condition, in presence
of L-Phe, and in presence of L-Phe and ATP. (d) Turbidity assay of the D391V variant in ligand free condition, in presence of LPhe, and in presence of L-Phe and ATP
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substitutions on protein stability raises the question of how
these mutations impact stability of HsmitPheRS in the cellular
milieu at body temperature.

DISCUSSION
Mitochondrial proteins that are synthesized in the cytosol have
to undergo either a partial or complete unfolding driven by the
protein import machineries or the mitochondrial membrane
potential to facilitate the transportation process across the
mitochondrial membrane (28). It has previously been
established that HsmitPheRS undergoes a low pH-induced partial unfolding that may actually facilitate the transport process
due to the generation of a local pH gradient across the mitochondrial membrane (26). The pathogenic variants studied here
were additionally found to form a molten globule-like structure
at lower pH, and showed increased ANS ﬂuorescence at lower
pH compared to WT HsmitPheRS, indicating that the hydrophobic patches are much more exposed to solvents in the variants
than in WT.
Determination of the particle size of the pathogenic variants
at physiological pH by DLS showed increase in diameter compared to the WT enzyme giving rise to a possibility that there
may be a conformational perturbation of the enzyme due to
these amino acid variations. This structural perturbation may
also compromise the stability of the mutants as speciﬁed from
the thermal denaturation data. In the case of GlyRS, it has been
established using hydrogen-deuterium exchange that ﬁve spatially dispersed mutations associated with Charcot–Marie–Tooth
(CMT) disease leads to a similar conformational opening of the
in-solution conformation of the enzyme (29). Accumulation of
aberrant misfolded proteins as amyloidogenic aggregates are
found to be the common hallmark of many neurological diseases, like Parkinson’s disease, Alzheimer’s disease,
amyotrophic lateral sclerosis, and so forth. Several diseaseassociated mutations in speciﬁc proteins such as α-synuclein,
TDP-43, tau lead to protein misfolding and aggregate formation
leading to cellular dysfunction and eventually brain damage
(30, 31). Protein misfolding leading to decreased solubility may
also affect the availability of the functional protein to sustain its
normal activity (32). Biophysical approaches to understand the
effect of these mutations on enzyme properties have proven
that they alter the stability and solubility of the enzyme. The
aminoacylation-intermediate complex has been shown to have
a stabilizing effect on structure(32–34) and is also used frequently for structural studies to stabilize the catalytic region (35,
36). The aggregation kinetics data of the mutants at 37 C in the
presence of L-Phe and ATP by both static light scattering (SLS)
and DLS experiments (Figures 6a–d and 7) suggested that binding of the Phe-AMP complex does not have as pronounced an
effect on stability in the case of the pathogenic variants as was
seen for the WT HsmitPheRS. The stabilizing effect of the PheAMP complex was nominal in the case of the pathogenic variants, especially Y144C and D391V. The deleterious effect of the
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FIG 7

Determination of the particle size of the WT and the
pathogenic variants of HsmitPheRS in presence of
substrates by DLS as a function of time. Particle
hydrodynamic diameter distribution by number (%)
as measured by DLS in presence of L-Phe and ATP at
37 C as a function of time

mutants on thermal stability and solubility of the enzyme at
physiological pH may have a strong impact on the amount of
functional HsmitPheRS available in mitochondria under pathological conditions. These observations extend the need to explore
the in-solution structure and cellular availability of the enzyme
under disease conditions. Based on the patient history and
reported enzymatic activities of pathogenic missense mutations
of HsmitPheRS it is hard to draw any genotype–phenotype correlation. Recent studies on the effect of some of these variants on
structure and function of HsmitPheRS impede any direct correlation as many of the less conserved residues showed severe
impact on enzyme activity and vice versa (37). In vitro studies of
enzymatic activities are also not always corroborative with the
clinical phenotypes indicating that there is a potential difference
in in vitro and in vivo enzyme function. Earlier three patients
with homozygous Y144C mutations have been reported and two
patients with compound heterozygous mutations (I329T and
D391V) were reported of which all the patients died in their
infancy (13, 14). Recently, 11 patients with Y144C homozygous
mutations and a patient with compound heterozygous mutations
(Y144C and V177D) have been reported. All of the 12 patients
showed severe clinical phenotypes with reduced life expectancy,
the patient with the compound heterozygous mutations being the
most severe among the patients reported until now with FARS2
mutations (24). Biophysical characterization of the pathogenic
variants in this study has shown consistently compromised conformational stability of HsmitPheRS mutants in addition to
changes in their residual activities that may contribute to the
severe clinical phenotypes in the corresponding patients. Compromised enzymatic activity and stability may exert accumulative depletion on the housekeeping function of HsmitPheRS in
mitochondria that may in turn lead to insufﬁcient synthesis of
Phe-tRNAPhe to sustain normal mitochondrial translation. However, it is still premtaure to conclude a direct correlation
between pathogenic variants and their in vitro aminoacylation
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activities and stability, as there remain many unknown factors
still to consider (38). To this end, studies of the HmitPheRS and
its pathogenic mutants may be developed as model to decipher
the mechanistic pathway of mutant mitochondrial aaRSs-related
diseases with the help of numerous crystal structures of free-and
tRNA-bound proteins including several pathogenic mutants (37,
39, 40).
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