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Abstract 

Aminoacyl-tRNA synthetases are indispensable enzymes in all cells, ensuring the correct pairing of amino acids to their cognate tRNAs to 
maintain translation fidelity. Autosomal dominant mutations V133F and Y330C in histidyl-tRNA synthetase (HARS) cause the genetic disorder 
Charcot-Marie-Tooth type 2W (CMT2W). Treatments are currently restricted to symptom relief, with no therapeutic a v ailable that targets the 
cause of disease. We pre viously f ound that histidine supplement ation alleviated phenot ypic defects in a humanized yeast model of CMT2W 

caused b y HAR S V155G and S356N that also une xpectedly e xacerbated the phenotype of the two HARS mutants V133F and Y330C. Here, 
w e sho w that V133F destabiliz es recombinant HAR S protein, which is rescued in the presence of tRNA 

His . HAR S V133F and Y330C cause 
mistranslation and cause changes to the proteome without activating the integrated stress response as v alidated b y mass spectrometry and 
growth defects that persist with histidine supplementation. The growth defects and reduced translation fidelity caused by V133F and Y330C 

mutants were rescued by supplementation with human tRNA 

His in a humanized yeast model. Our results demonstrate the feasibility of cognate 
tRNA as a therapeutic that rescues HARS deficiency and ameliorates toxic mistranslation generated by causative alleles for CMT. 
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harcot-Marie-Tooth Disease (CMT) is the most commonly
nherited peripheral neuropathy, affecting 1 in 2500 individ-
als ( 1 ). CMT is genetically heterogeneous with chronic neu-
opathy of the distal motor and sensory nerves. Disease onset
ypically occurs in the first or second decade of life, and cur-
ent treatment options are limited to the alleviation of CMT
elated symptoms ( 2 ). Over 150 genes have been associated
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(AAR S) ( 5 ), histidyl- (HAR S) ( 6 ), methionyl- (MAR S) ( 7 ) and
tryptophanyl- (WARS) ( 8 ) transfer RNA (tRNA) synthetases.
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hibiting autosomal dominant inheritance ( 9 ). Most patients
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present clinically with abnormal gait patterns, bony foot de-
formities and loss of distal sensory function ( 6 ). Both loss-
of-function and gain-of-function mutations can lead to CMT
phenotypes, and the mechanisms may not be mutually exclu-
sive within a disease subtype ( 9 ). 

The aaRSs family proteins are indispensable in all domains
of life and play an essential role in protein synthesis by charg-
ing amino acids to their cognate tRNAs (Figure 1 A). The fi-
delity of the genetic code relies on the accurate decoding of
messenger RNA (mRNA) codons into amino acids, which re-
lies on precise pairing of each aminoacyl-tRNA anticodon
to mRNA codons at the ribosome. One of the most critical
steps to ensure translation fidelity is the accurate ligation of
amino acids to their cognate tRNAs, since the ribosome does
not discriminate against mischarged tRNAs ( 10 ). The aaRSs
distinguish their cognate tRNA from a large pool of tRNA
molecules using identity elements found in the tRNA body
(Figure 1 A). Similarly, the amino acid binding site in an aaRS
generally accommodates only the cognate amino acid, and
mutations in the amino acid binding domain can lead to mis-
aminoacylation of tRNAs (Figure 1 B). 

Human HARS is a homodimeric enzyme composed of a
catalytic domain, a tRNA binding domain, and a helix-turn-
helix domain referred to as WHEP-TRS, which is important in
protein–protein interactions such as dimerization or complex
formation (Figure 1 C) ( 11 ). For most aaRSs, the anticodon
is a major identity element; however, the HARS identity ele-
ment in tRNA 

His is outside of the canonical tRNA body in
a diversity of species, including humans and yeast. tRNA 

His

possesses a unique guanylate residue at position -1, which
is post-transcriptionally added by tRNA 

His guanylyl trans-
ferase (Thg1) in eukaryotes ( 12 ,13 ). Interestingly, Thg1 rec-
ognizes the anti-codon of tRNA 

His as its primary recognition
site, while the G -1 residue is required for aminoacylation by
HARS. The primary function of HARS is the aminoacylation
of tRNA 

His with the cognate amino acid histidine (His), but
moonlighting functions have been identified for HARS, such
as a role in leukocyte chemotaxis ( 14 ). Circulating HARS is
also causative for anti-histidyl tRNA synthetase autoantibod-
ies (anti-Jo1) in one of the most common anti-synthetase syn-
dromes ( 15 ). 

Human diseases caused by mutations in the HARS pro-
tein can result from either loss- or gain-of-function muta-
tions ( 9 ). HARS loss-of-function mutations, such as the au-
tosomal recessive Tyr454Ser variant prevalent in an Ontario
Amish population, leads to HARS protein instability and re-
duced histidine incorporation in patient-derived fibroblasts
( 16 ,17 ). Gain-of-function mutations in aaRSs are thought to
be caused by defects in aminoacylation that allow for liga-
tion of an incorrect amino acid to the tRNA molecule (Figure
1 A,B) producing mistranslated proteins ( 18 ). Mistranslation
can result in protein misfolding, aggregation and a defective
proteome ( 19 ,20 ). Autosomal dominant CMT causing muta-
tions V155G and S356N in the HARS catalytic domain lead to
a toxic gain-of-function where a relaxed amino acid specificity
causes mistranslation of noncognate amino acids at histidine
(His) codons, proteome-wide translation errors, and protein
aggregation. In the case of HARS V155G and S356N, supple-
mentation with histidine alleviated growth and mistranslation
phenotypes in a humanized yeast model ( 21 ). Similarly, CMT
causing mutations in GARS and YARS slows translation and
reduce global protein production rates; however, these muta-
tions did not lead to a decrease in aminoacylation activity as 
the disease-causing mechanism ( 22 ,23 ). 

We developed a humanized Saccharomyces cerevisiae 
model system to study CMT-causing HARS alleles V133F and 

Y330C, associated with CMT2W (Figure 1 C). Using a model 
where human HARS complements deletion of S. cerevisiae 
yeast ortholog HTS1 , we previously showed that HARS alleles 
V133F and Y330C lead to a significant growth deficiency that 
cannot be compensated by histidine addition ( 21 ). We now 

show that these CMT mutations lead to HARS protein desta- 
bilization and mis-incorporation of amino acids at histidine 
codons. Mistranslation was rescued by the overexpression of 
human tRNA 

His , restoring yeast growth to wildtype levels.
Our model for tRNA 

His supplementation in an S. cerevisiae 
yeast model of human HARS variants allows for rapid as- 
sessment of tRNA 

His supplementation to rescue allele-specific 
disease variants. With rapid advances in tRNA therapeutic ap- 
plications ( 24 ), we anticipate that wildtype tRNA 

His supple- 
mentation will be a promising therapeutic for individuals with 

CMT2W peripheral neuropathy. 

Material and methods 

Yeast strain and growth conditions 

Generation of yeast models of HARS V133F and and Y330C 

were described previously ( 21 ). Cells were grown on selec- 
tive synthetic defined (SD) (6.7 g / L yeast nitrogen base, 2% 

glucose, 60 mg / L L-isoleucine, 20 mg / L L-arginine, 40 mg / L 

L-lysine, 60 mg / L L-phenylalanine, 10 mg / L L-threonine, 10 

mg / L L-methionine and 10 mg / L adenine hemisulfate salt) or 
yeast-extract-peptone-dextrose (YPD) liquid media (10 g / L 

yeast extract, 20 g / L peptone and 20 g / L dextrose or 50 

g / L of YPD broth), supplemented with 20 g / L agar for solid 

medium growth. SD medium was supplemented with amino 

acids as needed for selectivity markers at 60 mg / L L-leucine 
or 20 mg / L uracil. For growth curves, yeast cultures were 
grown in SD Leu-medium in 96-well plates for 48 h, and SD 

Ura- Leu- medium in 96-well plates for 24 h when supple- 
mented with tRNA 

His . For spotting assays, yeast were spotted 

on SD Leu- or SD Ura − Leu 

− plates for non-supplemented 

and tRNA 

His supplemented cultures, respectively, with 1:1,
1:4, 1:4 

2 ,1:4 

3 and 1:4 

4 dilutions. All cultures were grown 

at 30 

◦C. 

Plasmids 

Wildtype HARS variants were expressed as a YFP fusion 

protein from p425-ccdB-GPD (LEU2 plasmid) as described 

previously ( 21 ). To express wildtype HARS and the V133F 

and Y330C variants, gateway cloning was used to move the 
previously established variants in the pDONR201 vector to 

pcDNA3.2 with a C-terminal V5 tag. For co-expression of 
human tRNA 

His with HARS in mammalian cells, the tRNA- 
His-GTG-1–7 gene with 300 bp of the upstream and down- 
stream genomic sequence was amplified using primers binding 
to genomic DNA extracted from HEK 293T cells. Primers (5 

′ 

– GTTC AAC ATGTCCCCC AAGGGTAGTCTGAGTTC – 3 

′ ; 
5 

′ – GTTC AAC A TGTGT ACA TGAAAA GAGAAAAAAA T- 
C AC AGGGTC A T AG – 3 

′ ) included sequences to append Pci I 
cut sites and cloned into the Pci I site of pcDNA3.2 through 

restriction cloning. Human tRNA-His-GTG-1–7 was cloned 

into p426-GPD (ATCC: 87361) between the 300 bp upstream 
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B
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Figure 1. Aminoacylation of tRNA b y aaR Ss. ( A ) Aminoacylation and ( B ) mis-aminoacylation caused by mutations in the catalytic domain. T he HAR S G 

−1 

identity element on the tRNA is highlighted in green. ( B ) Mutations in the catalytic domain of an aaRS (red) can lead to mis-aminoacylation of tRNA, 
resulting in mistranslation at the ribosome. ( C ) CMT2W causative alleles Y330C and V133F in HARS str uct ure: Human HARS homodimer (PDB ID: 6O76) 
with the WHEP domain in blue, catalytic domain in tan and tRNA binding domain in purple. Human HARS was superimposed with the crystal str uct ure 
from Thermus thermophilus in complex with tRNA 

His (PDB ID: 4RDX), and the tRNA is shown in dark blue, with the 3 ′ acceptor stem coloured blue. 
CMT2W HARS mutants V133F and Y330C depicted in orange. Figure generated with PyMOL (Schrodinger, LLC). 
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nd downstream flanking regions for yeast tRNA 

His to ensure
RNA expression and processing in yeast. The tRNA 

His con-
truct was synthesized by AZENTA life sciences. 

ammalian cell lines and growth conditions 

EK 293T cells were cultured in DMEM supplemented with
0% FBS in a humidified incubator at 37 

◦C with 5% CO 2 . For
he CCK8 assay (Abcam, Cambridge, UK), cells were seeded
t a density of 5000 cells per well in 96-well plates; for the
ytotox-Glo assay, cells were seeded at a density of 10 000
ells per well. Cells were incubated overnight to allow for
roper attachment after seeding. 
On the day of transfection, 100 ng of plasmid DNA

as diluted in 5 μL of Opti-MEM reduced serum medium
#31985070, Gibco, Thermo Fisher Scientific, Waltham, MA,
USA), and 0.24 μL of P3000 reagent (#L3000001, Thermo
Fisher Scientific) was added to this mixture. A separate solu-
tion was prepared by adding 0.4 μL of lipofectamine 3000
(#L3000001, Thermo Fisher Scientific) to 5 μL of Opti-MEM
medium. Both the DNA mixture and the lipofectamine so-
lution were incubated separately at room temperature for 5
min before being combined. After gentle mixing, the combined
transfection mix was further incubated at room temperature
for 30 min, and subsequently, 10 μL of the transfection mix
was added to each well. The plates were shaken for 10 s on
an orbital shake setting using a Cytation instrument (BioTek
Instruments, Winooski, VT, USA) to ensure even distribution
of the transfection mix. The transfected cells were analysed
using the CCK8 (Abcam, Cambridge, UK) and Cytotox-Glo
assays (Promega Corporation, Madison, WI, USA) according
to the manufacturer’s instructions. 
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In vitro transcription and purification of tRNA 

His 

A template for in vitro transcription of tRNA 

His was
produced through PCR amplification of tRNA 

His -GTG-
1–7 from the p426 plasmid to add the T7 promoter
(lower case letters) on the 5 

′ end of the gene (5 

′ -
tctagataatacgactcactataGGCCGTGA TCGT A T AG-3 

′ ; 5 

′ -
TGGTGCCGTGA CTCGGATTCGAA CC-3 

′ ). The DNA
template was purified using the GeneJET PCR purification
kit from Thermofisher Scientific according to manufacturer
instructions. Run off in vitro transcription was performed
in 40 mM Hepes / KOH (pH 8.0), 22 mM MgCl 2 , 5 mM
dithiothreitol, 1 mM spermidine and 4 mM of each adenosine
triphosphate (ATP), guanosine triphosphate (GTP), cytidine
triphosphate (CTP), uridine triphosphate (UTP) and guano-
sine monophosphate (GMP) with 8 μg / mL of template DNA
and 30 nM T7 RNA polymerase. The reaction mixture was
incubated at 37 

◦C for 3 h.The product was separated on an
8 M urea, 12% polyacrylamide gel. tRNA was visualized by
UV- shadowing and extracted from the gel to to purify the
full-length tRNA 

His product as before ( 13 ). Following cen-
trifugation to remove insoluble precipitates, an equal volume
of 25:24:1 phenol-chloroform-isoamylalcohol (pH 7.8) was
added to the supernatant. The aqueous phase was separated
by centrifugation and transferred to an equal volume of
ice-cold ethanol with 270 mM NaAcetate pH 5.3. RNA was
precipitated at -80 

◦C followed by centrifugation for 30 min
at 12 000 x g at 4 

◦C. The pellet was washed with cold 95%
ethanol and resuspended in RNase free water. To fold the
tRNA, the sample was heated to 95 

◦C and slowly cooled in a
heat block to room temperature prior to use. 

Recombinant HARS purification and protein 

stability assays. 

HARS recombinant protein was produced as a His-tagged
fusion protein in Esc heric hia coli and purified by Ni-NTA
affinity chromatography as described previously ( 21 ). Ther-
mal stability assays were done for V133F as described us-
ing full length tRNA 

His ( 21 ,25 ). Partial tryptic digestion was
adapted from an assay established for Glutamyl-prolyl-tRNA
synthetase ( 26 ) with the following modifications: 2 mg / mL
of wildtype or mutant HARS proteins with or without 2
μM tRNA 

His minihelix were incubated with 2 μg / mL of se-
quencing grade modified Trypsin (Promega) prepared follow-
ing manufacturer recommendations. The tRNA 

His minihelix
( (5 

′ -pGGCC AUCCUGCGGGGUGGC ACC A-3 

′ ) was used as
a proxy for full length tRNA 

His . Reactions were incubated
at 37 

◦C for 5, 30, 60 or 120 min and quenched with 3X
SDS-Dye (6% sodium-dodecyl sulfate (SDS), 30% glycerol,
0.006% bromophenol blue, 125 mM Tris-HCl (pH 6.8)) and
boiling at 95 

◦C. Controls (C0 and C120) were incubated with-
out trypsin for 0 or 120 min, respectively. HARS proteins were
equilibrated with tRNA, or equivalent volume of buffer, prior
to digestion. 

Circular dichroism analysis 

Samples of HARS proteins were analysed by CD spectroscopy,
as described previously ( 21 ). Briefly, protein samples were dia-
lyzed into the UV transparent CD buffer (20 mM Tris-H 2 SO 4

pH 8.0, 150 mM NaF) and CD spectra were obtained at 2 μM
concentrations in a 0.1 cm cuvette. CD spectra were recorded
using a Jasco PTC-4235 CD spectrometer at 21 

◦C. The spec-
tra were collected over the 260–190 nm range with a band-
width of 1 nm. A total of five spectra were recorded for each 

sample and buffer spectrum was subtracted for baseline cor- 
rection. Deconvolution of these data to estimate secondary 
structure composition was determined with ridge regression 

analysis utilizing CONTINLL with reference set 7 through 

Dichroweb ( 27 ,28 ). 

Nor thern blot ting 

Northern blotting was adapted from Varshney et al. ( 29 ).
Briefly, whole cell RNA was extracted from yeast samples us- 
ing pH 4.5 phenol-chloroform extraction and ethanol precip- 
itation. Whole RNA was separated on an 8 M urea poly- 
acrylamide gel in 0.1 M sodium acetate buffer, pH 5.0,
then transferred and fixed to nylon membrane (Amersham 

Biosciences, RPN303S). Membranes were probed for yeast 
tRNA 

His (5 

′ - CT AGAA TCGAACC AGGGTTTC ATC – 3 

′ ),
human tRNA 

His (5 

′ –TCGGATTCGAA CCGA GGTTGCTGC 

– 3 

′ ) and 5S RNA (5 

′ – GGT AGA T A TGGCCGCAACC – 3 

′ ) 
with digoxigenin (DIG) labelled probes prepared according 
to manufacturer instructions (Roche Applied Science, Cat.
No. 11745832910). DIG labels were detected using anti- 
digoxigenin-AP-conjugate antibody and NBT / BCIP (Roche 
Applied Science, Cat. No. 11093657910) and imaged using 
the ChemiDoc MP Imaging system from Bio-Rad. 

Yeast sedimentation assay and western blotting 

Sedimentation assays were adapted from Shiber et al. ( 30 ).
Briefly, yeast cultures were normalized to A 600 = 1.0 and lysed 

in an 8 M urea, 1% SDS, 10 mM MOPS, 10 mM EDTA 

buffer and fractionated into whole lysate, supernatant (soluble 
proteins) and pellet (insoluble proteins). To determine HARS 
abundance in each fraction, samples were separated by 12% 

SDS- Polyacrylamide gel electrophoresis (PAGE) and trans- 
ferred to polyvinylidene fluoride (PVDF) membrane (Roche 
Applied Science, Cat. No. 03 010 040 001). Anti-GFP anti- 
body (ab32146) was used at a ratio of 1:1000. Secondary an- 
tibody IRDye® 800CW Goat-anti-Rabbit IgG (LiCor, 926 –
32 211) was used at a ratio of 1:10 000 and detected using 
the ChemiDoc MP Imaging system from Bio-Rad. 

Mass spectrometry 

Sample preparation for MS analysis 
Yeast cells were lysed in 100 mM Tris-HCl (pH 7.5), 200 mM 

NaCl with manual glass bead disruption. In-solution digest 
samples were prepared for Liquid Chromatography with tan- 
dem mass spectrometry (LC-MS / MS) analysis at Bioinformat- 
ics Solutions Inc. (Waterloo, Ontario, Canada). Briefly, sam- 
ples were reduced with 10 mM dithiothreitol (Sigma-Aldrich,
Missouri, USA), alkylated with 20 mM iodoacetamide (Sigma- 
Aldrich, Missouri, USA) and precipitated in acetone at −80 

◦C. After removing the acetone, the samples were then di- 
gested overnight with MS grade trypsin (Promega, Wiscon- 
sin, USA). Digested peptides were desalted with in-house made 
C18 spin columns. The desalted samples were dried down and 

kept in −20 

◦C until analysis. 
Samples were resuspended in 0.1% formic acid prior to MS 

analysis. For each run, the resuspended sample was separated 

by nanoflow liquid chromatography using an Ultimate 3000 

chromatography system (ThermoFisher, Massachusetts, USA),
then injected into the Thermo Orbitrap Exploris 240 (Ther- 
moFisher, Massachusetts, USA). Liquid chromatography was 
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erformed using a constant flow of 0.25 μL / min and a 15 cm
eversed-phased column with a 75 μm inner diameter filled
ith Reprosil C18 (PepSep, Bruker, Germany). Mobile phase
 was 0.1% formic acid and Mobile phase B was 99.9% ace-

onitrile, 0.1% formic acid. The separation was carried out
ver 120 min as follows: linearly 4% B to 32% B over 110
inutes with an increase to 95% B over 0.1 min and held con-

tant for 4.9 min to clean the column. Then the B percentage
as set back to 4% in the final 5 min. 

ottom-up MS data analysis 
S / MS data acquired on Thermo Orbitrap Exploris 240 for

ach sample were carried out in data-dependent acquisition
ode with a cycle time of 3 s. In the first round, MS1 scan
ata were obtained at 60 000 resolution (at 400 m / z) with
 mass range of 400–1600 m / z. The automatic gain control
AGC) was set to standard, with an auto maximum ion in-
ection time. The radio frequency (RF) lens was set to 70%.
he charge state filter was set to 2–8, and the dynamic exclu-
ion was set to 20 s. Isolation for MS2 scans was performed
n the quadrupole, with an isolation window of 0.7 Da. MS2
can data were acquired at a resolution of 15 000 m / z in the
rbitrap, with a standard AGC target and an auto ion injec-
ion time. The scan range of MS2 was also set to auto. Higher
nergy collisional dissociation (fixed normalized collision en-
rgy: 30%) was used for generating MS2 spectra, with the
umber of microscans set to 1. 

roteomics data search 

S Raw Files were processed using PEAKS Studio 11.5
Bioinformatics Solutions Inc., Ontario, Canada). The data
ere searched against the reviewed Saccharomyces cerevisiae
niprot database. Precursor ion mass error tolerance was set

o 10 ppm and fragment ion mass error tolerance was set to
.02 Da. Semi-specific cleavage with trypsin was selected with
 maximum of two missed cleavages. A fixed modification
f carbamidomethylation (+57.02 Da) on cysteine residues
nd variable modifications of deamidation (+0.98 Da) on as-
aragine and glutamine, as well as oxidation (+15.99 Da) on
ethionine were specified. A 1% false discovery rate (FDR)
as set for the database search. After the database search, ad-
itional variable modifications were searched to identify mu-
ations. The mutations and corresponding mass shifts are as
ollows: E to H (+8.02), H to E (-8.02), H to Q (-9.00), Q to H
+9.00), H to Y (+26.00), Y to H (-26.00), H to T (-36.01) and
 to H (+36.01). Only mutations supported by relative frag-
ent ion intensities > 2% and having a PEAKS AScore of > 15
ere considered in the analysis. 

tatistical analysis 

ll statistical significance was determined using t-tests to com-
are the means and standard deviations of the control data
nd the experimental data sets, or a one-way ANOVA test for
ultiple comparisons as indicated. Statistical significance lev-

ls are annotated using asterisks (**** P < 0.0001, *** P <

.001, ** P < 0.01, * P < 0.05, ns = not significant). 

esults 

utations in aaRSs can manifest in a variety of diseases,
hich can be attributed to reduced aaRS stability , activity , al-

ered amino acid or tRNA recognition or non-canonical func-
tions ( 18 ). Here, we analyse the impact of two CMT-causing
HARS mutations, V133F and Y330C (Figure 1 C). We previ-
ously generated a humanized yeast model of these mutants,
where endogenous yeast HARS is deleted and either human
wildtype or a pathogenic allele is expressed from a plasmid.
We found that V133F and Y330C lead to a strongly reduced
growth phenotype in yeast, and in contrast to that, HARS mu-
tants S356N and V155G, histidine supplementation did not
rescue the growth defect. Indeed, histidine supplementation
appeared to have a detrimental effect on the yeast model, with
increased protein aggregation upon histidine supplementation
( 21 ). 

HARS V133F and Y330C lead to protein misfolding 

and a growth phenotype in yeast. 

While HARS V133F and Y330C mutations clearly cause a
growth phenotype in yeast, the underlying mechanism re-
mained unclear ( 21 ). Yeast dependent on mutant HARS
V133F or Y330C showed reduced growth rates and signif-
icantly increased doubling times by 1.2-fold for V133F and
1.4-fold for Y330C ( Supplementary Figure S1 A,B) compared
to yeast cells dependent on wildtype HARS. 

To test if this phenotype is caused by reduced protein sta-
bility or structural changes, we purified recombinant HARS
proteins from E. coli and probed for structural differences
that may underlie the disease pathology. Limited tryptic di-
gestion was previously used as a measure of subtle changes
in protein structure in glutamyl-tRNA synthetase ( 26 ), and
we employed this method to probe for differences in wildtype
HAR S, HAR S V133F and HARS Y330C proteins. The limited
tryptic digest revealed a differential digest pattern for V133F,
but not Y330C relative to wildtype HARS (Figure 2 A). For
wildtype HARS, the major 55 kDa fragment (arrow 1) is ap-
parent within 30 min, and cleavage progressed to yield one
major cleavage product at 120 min and several minor pep-
tides (arrow 2). In V133F HARS, cleavage peptide products
appear within the first 5 min and the cleavage pattern is dis-
tinct from wildtype HARS, with fragments missing (arrow 2)
and another separate one appearing (arrow 3). V133F does
not produce the same major cleavage product at 120 min that
is apparent on the wildtype protein (arrow 1). The cleavage
pattern of Y330C more closely resembles the wildtype protein,
leading to the same major cleavage product formation, but
faster cleavage is observed after 5 min (arrow 4), and an addi-
tional band is present after 120 min (arrow 5). These changes
in cleavage pattern are consistent with subtle (Y330C) and
more significant (V133F) changes in tertiary structure ( 31 ).
The tryptic digest suggests subtle changes in structure that
may be due to increased flexibility between motifs, allowing
different cut sites to be more rapidly accessed by trypsin and
thus more rapid degradation of the protein. 

Interestingly, we found that soluble endogenous tRNA 

His

abundance is increased in Y330C compared to wildtype
HARS yeast (Figure 2 C and D), indicating a role for tRNA
abundance or tRNA binding in the phenotype. Changes in
tRNA abundance may be indicative of tertiary structure
changes in aaRS proteins leading to altered tRNA binding
( 31 ). We used differential scanning fluorimetry ( 25 ) to anal-
yse whether the changes in Y330C structure impact protein
stability (Figure 2 B, Supplementary Figure S3 ). We had previ-
ously characterized wildtype HARS and V133F ( 21 ), and have
included these data for comparison in Figure 2 B. Interestingly,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
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A

B C D E

Figure 2. HARS V133F and Y330C induce a growth phenotype in a humanized yeast model of HARS disease. A) Limited tryptic digestion of HARS 
proteins. HARS wildtype and mutant proteins were equilibrated with buffer then subjected to digestion by trypsin at 37 ◦C for the time indicated in 
minutes. Control samples of HARS were incubated without trypsin for 0 or 120 min (C0 and C120). The reactions were quenched with SDS dye and 
boiling, then separated on a 12% denaturing SDS-polyacrylamide gel followed by staining with Coomassie blue to visualize digest products. The 
expected mass of 6x-His tagged HARS is approximately 58 kDa. Soluble whole cell RNA from hsHARS, V133F and Y330C mutant yeast was extracted 
and purified under acidic conditions and separated on an 8M urea gel. ( B ) Protein thermal st abilit y of recombinant HARS WT or mutants with or without 
2 μM tRNA 

His minihelix. Purified protein was incubated with tRNA and heated from 25 ◦C to 95 ◦C, measuring fluorescence intensity to f ollo w protein 
unf olding. T he melting temperature (Tm) w as determined b y fitting fluorescence intensity of three biological replicates per condition to the B oltzmann 
equation in the Protein Thermal Shift software. Soluble whole cell RNA from hsHARS, V133F, and Y330C mutant yeast was extracted and purified under 
acidic conditions and separated on an 8 M urea gel. ( C ) Northern blot and ( D ) ratio of soluble tRNA 

His to 5S RNA of blots for yeast tRNA 

His . Blots were 
imaged using the ChemiDoc MP imaging system and quantified using ImageLab. ( E ) CD spectra of purified recombinant WT, V133F and Y330C proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

despite differences in the secondary and tertiary structure de-
tected by CD spectroscopy and the limited tryptic digest, the
Y330C mutation does not impact recombinant protein stabil-
ity ( Supplementary Figure S2 ). Since Y330C leads to increased
tRNA abundance in yeast, we tested whether the addition of
full length tRNA had an impact on the melting temperature
of Y330C, but this was not the case, the melting temperature
for Y330C was indistinguishable from wildtype HARS under
all conditions. Excitingly, V133F caused a decrease in melting
temperature by about 10 

◦C ( 21 ), but the addition of full length
tRNA restored thermal stability to wildtype levels (Figure 2 B).
To test if tRNA addition would impact the limited tryptic di-
gest, we incubated the recombinant HARS proteins with a
tRNA 

His minihelix ( 21 ), prior to digestion. The minihelix was
used as a proxy for full length tRNA 

His and was previously
shown to be a competent substrate for HARS ( 32 ) and effec-
tive in thermal stability assays ( 21 ). We observed no changes
in the tryptic digest pattern ( Supplementary Figure S1 C–E). 

CD spectroscopy of the HARS proteins further highlighted
the structural differences of V133F and the closer resemblance
of Y330C to wildtype protein (Figure 2 E). Ridge regression
analysis suggested the wildtype HARS protein has 49% al-
pha helical content with a low abundance of beta strands
and turns, and the remaining regions being unfolded or dis-
ordered (Figure 2 E, Table 1 ). V133F had a substantial reduc-
tion in alpha helices, estimated at 19% lower than the wild-
type HARS protein. Correspondingly, the beta strand and un-
folded content were estimated to increase by 10% and 8%,
respectively in V133F. Taken together, the changes in prote- 
olytic digestion patterns and estimated secondary structure 
content indicate that the V133F HARS mutation alters protein 

folding, providing a potential source for the aberrant enzy- 
matic function observed in the disease phenotype. Overall, our 
biochemical analysis revealed significant structural differences 
for both Y330C and V133F relative to the wildtype HARS 
protein. 

HARS mutations V133F and Y330C lead to a 

perturbance of the proteome. 

Both V133F and Y330C mutations show a significant de- 
crease in growth phenotype, and we previously showed that 
both variants lead to the accumulation of insoluble proteins,
especially when grown under increased histidine concentra- 
tions in the media ( 21 ). To evaluate the impact of these mu- 
tations on the yeast proteome, we performed label-free mass 
spectrometry on cells grown under normal histidine concen- 
trations ( Supplemental Data File 1 ). When compared to wild- 
type human HARS expressing cells, we found a significant 
change in abundance by at least 2-fold for 16 proteins in cells 
expressing V133F, and 118 proteins differentially abundant in 

cells with HARS Y330C (Figure 3 A–D). Data and analysis for 
each protein that was significantly changed by more than 2- 
fold in abundance is in Supplemental Data File 2 . Of these,
V133F showed eight proteins increased in abundance and 

eight decreased relative to cells with wildtype HARS, while 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
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Table 1. HARS secondary str uct ure as predicted by CD spectroscopy data analysis 

HARS Mutation Helix1 Helix2 Strand1 Strand2 Turns Unordered Total 

WT 29% 20% 2% 5% 16% 28% 100% 

Y330C 29% 18% 7% 6% 17% 23% 100% 

V133F 17% 13% 10% 7% 17% 36% 100% 

A

B D

C F

G

E

Figure 3. V133F and Y330C change the composition of the proteome in yeast. Heat maps of differentially abundant proteins identified by label-free 
quantification proteomic analysis between yeast expressing wildtype HARS or ( A ) V133F or ( B ) Y330C HARS. Volcano plots of proteins with significant 
changes shown for ( C ) V133F and ( D ) Y330C HARS, with upregulated proteins identified in red and downregulated proteins identified in green. String 
diagram of proteins ( E ) downregulated and ( F ) upregulated in Y330C compared to wildtype. ( G ) Bar graph of heat shock proteins changed in abundance 
in Y330C and V133F normalized to wildtype HARS expressing yeast. 
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330C showed an increase in abundance for 49 proteins, and
9 proteins were decreased in abundance. 
To identify pathways most impacted by these mutations,

e performed a protein–protein interaction analysis using the
earch tool for retrieval of interacting genes (STRING) ( 33 ).
or V133F, no functional enrichment of the 16 differentially
bundant proteins was identified ( Supplementary Figure S3 ),
hich is not surprising given the limited number of differ-

ntially abundant proteins. It is interesting to note, how-
ver, that the heat shock protein 70 (HSP70), one of the
roteins involved in the response to proteomic stress, is ac-
ivated by 2.1-fold in the V133F cells, whereas other heat
hock proteins like HSP104 and SSA4 remain unchanged
Figure 3 E). This indicates that while V133F shows a clear
rowth defect, only minor, but significant changes occur in the
roteome. 
For Y330C, we found a significant downregulation of en-
ergy metabolism (KEGG identified Metabolic pathways Gene
count 28, FDR 1.34e-07), as well as cellular amino acid
metabolic processes (GO:0006520, 11 genes counted, FDR
0.0175) (Figure 3 F). Proteins from amino acid metabolism
pathways, including cysteine biosynthesis CYS3 (2.3-fold re-
duction in Y330C) and SAM2 (2.2-fold reduction in Y330C),
serine biosynthesis (3-phosphoglycerate dehydrogenase and
alpha-ketoglutarate reductase, SER33, 2-fold reduction in
Y330C), leucine biosynthesis (beta-isopropylmalate dehydro-
genase, LEU2, 4.3-fold reduction in Y330C) and methion-
ine metabolism (Adenylylsulfate kinase, MET14, disaggre-
gase; and ATP sulfurylase MET3, 5-fold reduction in Y330C).
In addition, several heat shock proteins were decreased in
abundance, including HSP104 (2.1-fold reduction in Y330C),
HSP26 (16.7-fold reduction in Y330C) and HSP30 (20-fold

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
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reduction in Y330C), and SSA4 is also significantly down-
regulated by 3.6-fold, indicating that the unfolded protein
response is not activated in these cells. Interestingly, when
we performed a STRING analysis of proteins upregulated in
Y330C, we found ribosome neogenesis proteins were signif-
icantly enriched as well as proteins in amino acid biosynthe-
sis pathways (GO:0006520, gene count 10, FDR 0. 0.0173)
(Figure 3 G). Proteins in amino acid metabolism that were sig-
nificantly upregulated included, including proteins in serine,
lysine and arginine biosynthesis pathways (see Supplemental 
File 2 ) and two proteins in histidine metabolism. HIS5 catal-
yses the seventh step in histidine biosynthesis ( 34 ) (2.7-fold
upregulated in Y330C) and HIS4 catalyses the second, third,
ninth and tenth steps in histidine biosynthesis ( 35 ) (3-fold up-
regulated in Y330C). Finally, we found that similar to V133F,
HSP70 was upregulated by 4.7-fold in Y330C (Figure 3 E).
These data indicate that Y330C causes substantial changes to
protein levels that impact amino acid metabolism and protein
quality control pathways. 

HARS mutations V133F and Y330C cause 

mistranslation in yeast. 

Our biochemical and proteomic analysis suggests that both
Y330C and V133F impact translation fidelity, with V133F
causing structural changes and decreased thermal stability in
the HARS protein. While this phenotype could lead to a loss
of function and reduced aminoacylation activity in the cell, it
could also lead to a toxic gain-of-function, especially consid-
ering that both mutations are localized in the active site of the
protein (Figure 1 C). In addition, we previously showed that
histidine supplementation exacerbates the growth defect for
Y330C and causes increased protein aggregation for both mu-
tants ( 21 ). To test whether Y330C and V133F mutants lead to
mistranslation, we used bottom-up mass spectrometry to anal-
yse the proteome of humanized yeast that depend on wildtype,
V133F or Y330C HARS for growth. 

Not surprisingly and indicative of basal error in protein
synthesis, some mistranslation events were detected in cells
expressing WT HARS, with 18 uniquely mistranslated pep-
tides identified with relative fragment ion intensities > 2%
and a PEAKS score > 15 (Figure 4 ). In V133F cells, we ob-
served 2.5-fold more mistranslated peptides, with 49 unique
mistranslated peptides total, 26 resulting from mistranslation
of glutamine and 17 from tyrosine incorporation at histidine
codons, respectively (Figure 4 ). Interestingly, we identified
four cases of histidine incorporation at glutamic acid codons
( Supplementary Figure S4 ). Similar patterns of translation er-
ror were observed in Y330C proteome samples where we ob-
served 52 unique mistranslated peptides, including 33 cases of
mistranslation of histidine to glutamine and 17 cases of his-
tidine to tyrosine incorporation (Figure 4 E). Again, we also
observed two peptides with mis-incorporation of histidine at
glutamic acid codons ( Supplementary Figure S5 ). These data
show a 2.5-fold increase in mistranslation across the proteome
in both Y330C and V133F compared to wildtype HARS ex-
pressing yeast. 

Human tRNA 

His expression is not toxic to yeast. 

Since our biochemical data show that tRNA 

His stabilizes the
V133F protein and restores protein stability to wildtype levels,
we proceeded to test whether tRNA supplementation would
rescue the growth phenotype in yeast. Yeast tRNA 

His and
human tRNA 

His have 18 nucleotide changes between the S.
cerevisiae tRNA 

His -GTG-1–1 and human tRNA 

His -GTG-1–
7 (Figure 5 A) ( 36 ,37 ). We first tested human tRNA 

His ex- 
pression in a wildtype yeast background to assess toxicity.
No difference in growth was observed compared to no vec- 
tor or empty vector controls (Figure 5 B,C, Supplementary 
Figure S6 A). 

While hsHARS complements the deletion of yeast ortholog 
hts1, the humanized yeast model shows reduced growth com- 
pared to yeast with endogenous HARS ( 21 ). Yeast HTS1 en- 
codes both mitochondrial and cytosolic HARS. Yeast HTS1 

has two translation start sites, which are located 60 bp (20 

amino acids) apart, resulting in 2 different HARS proteins 
( 38 ). The longer HARS is localized to the mitochondria. Sur- 
prisingly, while deletion of the upstream ATG codon in the 
HTS1 transcript results in a respiratory deficient phenotype 
in S. cerevisiae , it does not alter cytoplasmic levels of HARS 
or reduce viability ( 38 ). This suggests that yeast can com- 
pensate for the absence of a mitochondrial HARS without 
a detectable growth phenotype, and that another mechanism 

is present to compensate for the missing mitochondrial syn- 
thetase. Nonetheless, it is evident that human HARS can- 
not completely complement for yeast HTS1, which may be 
due to either differences in tRNA 

His , or the inability of hu- 
man HARS to compensate for the absence of mitochondrial 
HTS1. Interestingly, when the expression plasmid for human 

tRNA 

His was introduced into both the wildtype BY4742 and 

the haploid Δhts1 strain, addition of human tRNA-His-GTG- 
1–7 gene resulted in a significant increase in growth in the 
hsHARS yeast strain at both normal and high histidine con- 
centrations (Figure 5 D,E), with a significant increase in mean 

gray area of 3.6- and 4.5- fold, respectively (Figure 5 D,E).
No significant increase in fluorescence from the hsHARS-YFP 

protein was noted under normal or high histidine conditions 
( Supplementary Figure S5 B,C). 

To further identify changes in the proteome caused by 
tRNA supplementation, we performed label-free proteomics 
on tRNA 

His supplemented cells and compared the proteome 
to cells expressing wildtype human HARS (Figure 5 F). We 
found seven proteins were significantly upregulated by at 
least 2-fold in tRNA supplemented cells, and 16 proteins 
were significantly downregulated by at least 2-fold. We again 

analysed up and downregulated proteins by STRING and 

found no significantly enriched pathways were upregulated 

( Supplementary Figure S5 D). Interestingly, four proteins as- 
sociated with amino acid metabolism were downregulated 

(Figure 5 G), of which three are subunits of mitochondrial 
glycine decarboxylase complex, GCV1,2 and 3 (all ∼ 2.5-fold 

downregulated in tRNA 

His supplemented cells). In addition,
ARO9 is an aminotransferase involved in tyrosine, pheny- 
lalanine and methionine metabolism (2.3-fold downregulated 

tRNA 

His supplemented cells). These data indicate that wild- 
type tRNA 

His overexpression is well tolerated and even bene- 
ficial to yeast cells. 

Over-expression of tRNA 

His rescues HARS V133F 

and Y330C growth defects. 

With successful expression of tRNA 

His in the wildtype HARS 
yeast model, we aimed to restore growth in HARS variants 
V133F and Y330C with tRNA 

His supplementation. Indeed,
tRNA 

His led to a rescue of growth for both alleles (Figure 6 A–
C). Doubling times of both alleles V133F and Y330C were 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
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Figure 4. HARS V133F and Y330C lead to mistranslation. Tandem mass spectra are shown for peptides that represent histidine to glutamine 
mistranslation difference in Y ions highlighted for ( A ) hsHARS, ( C ) HARS V133F and ( E ) HARS Y330C. Mirror plots of the same peptides for ( B ) HARS 
V133F and ( D ) HARS Y330C showing histidine to glutamine mistranslation. 
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ecreased by 1.7-fold (Figure 6 C). Growth was restored by
RNA supplementation under normal histidine and high histi-
ine conditions (Figure 6 A,B). Expression of human tRNA 

His 

as confirmed by northern blotting, where endogenous yeast
RNA-His-GTG-1–1 was detected in RNA extracts from all
east strains and human tRNA-His-GTG-1–7 was found only
n those carrying the plasmid for its expression (Figure 6 D).
Following supplementation with tRNA, the doubling time in
liquid growth curves and mean gray are of spotting plates
of humanized yeast strains expressing V133F and Y330C
are indistinguishable from wildtype expressing yeast strains
(Figure 6 C, E, F), indicating a full restoration of mutant
HARS activity. Furthermore, supplementation with high his-
tidine had no significant impact on the growth of the yeast
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Figure 5. Supplementation with human tRNA 

His is not toxic and improves growth of yeast strains expressing hsHARS. ( A ) Structure and sequence 
differences from Saccharom y ces cere visiae and human tRNA 

His . ( B ) Spotting y east gro wth assa y at 30 ◦C and ( C ) quantification of wildtype y east 
o v ere xpressing tRNA 

His . Yeast strains (BY-4742) with no plasmid, high copy number vector p426, and p426 encoding human tRNA 

His f or y east e xpression 
w ere gro wn in YPD medium, normaliz ed to A 600 = 1.0 and serially diluted 1:1, 1:4, 1:42, 1:43 and 1:44. T hree biological replicates w ere incubated at 
30 ◦C for 3 days. ( D ) Spotting assay at 30 ◦C and ( E ) quantification of humanized yeast. �HTS1 yeast strains (BY-4742) with a plasmid expressing hsHARS 
and a plasmid expressing human tRNA 

His were grown in SD Leu- or SD Ura- L eu-, respectiv ely, normaliz ed to A 600 = 1.0 and serially diluted as previously 
described. Three biological replicates each were spotted on complete SD medium with either 20 or 200 mg / L histidine and incubated at 30 ◦C for 4 da y s. 
Spotting plates were imaged using the ChemiDoc MP imaging system and quantified using ImageJ. ( F ) Volcano plot of label free proteomic analysis 
comparing wildtype humanized HARS with tRNA supplemented humanized HARS yeast. ( G ) String maps of differentially expressed proteins in hsHARS 
yeast cells supplemented with tRNA show downregulated proteins in tRNA supplemented cells compared to unsupplemented cells. 
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Figure 6. tRNA 

His supplementation restores growth in HARS V133F and Y330C dependent yeast. Growth curve under ( A ) normal (20 mg / L) and ( B ) 
high (200 mg / L) histidine conditions and ( C ) doubling time of haploid �HTS1 yeast (BY-4742) with high (p425) copy number plasmids expressing 
wildtype or mutant human HARS. Yeast cultures were grown at 30 ◦C in SD Leu − for non-supplemented or SD Ura − Leu − medium for 
tRNA 

His -supplemented cultures in a 96-well plate for 48 h with 10-min read intervals, with three biological and three technical replicates each. The error 
bars represent one standard deviation of the mean. ( D ) Northern blot for S. cerevisiae tRNA 

His and human tRNA 

His from yeast cultures used for growth 
curv e e xperiment under normal (20 mg / L) histidine conditions. Soluble whole cell RNA from hsHAR S, V133F and Y330C mutant y east w as e xtracted 
and purified under acidic conditions and separated on an acidic 8 M urea gel. A probe for the 5S RNA was used as loading control. ( E ) Spotting yeast 
gro wth assa y at 30 ◦C and ( F ) quantification. �HTS1 y east strains (BY-4742) with a plasmid e xpressing hsHAR S and a plasmid e xpressing human tRNA 

His 

w ere gro wn in SD L eu − or SD Ura − L eu −, respectiv ely, normaliz ed to A 600 = 1.0 and serially diluted as pre viously described. T hree biological replicates 
eac h were spot ted on complete SD medium with 20 mg / L histidine and incubated at 30 ◦C for 4 da y s. Spotting plates w ere imaged using the ChemiDoc 
MP imaging system and quantified using ImageJ. Error bars represent one standard deviation of the mean. 
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strains supplemented with tRNA in a dose response exper-
iment ( Supplementary Figure S6 ). These data indicate that
Y330C and V133F growth phenotypes can be rescues by cog-
nate human tRNA 

His expression. 

tRNA 

His supplementation is not toxic to human cells

To test if pathogenic HARS overexpression produced a com-
parable phenotype in human cells, we expressed wildtype,
V133F and Y330C HARS alleles in HEK 293T cells and con-
ducted cytotoxicity and cell viability assays, measured at 6,
24, 48 and 72 h after transfection. Interestingly, while nei-
ther HARS allele produced a measurable cytotoxic effect over
72 h ( Supplementary Figure S7 A), cell viability of V133F ex-
pressing cells was greater than wildtype or Y330C expressing
cells. This indicates that overexpressing these HARS alleles in
HEK 293T cells does not generate a tractable disease model.
Nonetheless, we tested if tRNA 

His expression is toxic to HEK
293T cells in combination with wildtype, V133F and Y330C
HARS alleles and high histidine supplementation for Y330C.
For almost all conditions, no significant difference in cell vi-
ability or cytotoxicity was observed ( Supplementary Figure 
S7 C–F), with exception of the growth advantage of the V133F
variant over wildtype HARS as nited above. Notably, histi-
dine supplementation had a favourable effect in cytotoxicity
at 6 h for all Y330C and wildtype HARS alleles (not tested on
V133F), and tRNA 

His expression was not toxic under any con-
ditions for any alleles ( Supplementary Figure S7 C–F). Overall,
these data show that an overexpression system in human cells
does not generate a suitable disease model, but tRNA 

His over-
expression is not toxic. 

tRNA 

His supplementation reverses changes in 

proteome composition in V133F and Y330C 

Since V133F and Y330C caused proteomic changes com-
pared to human wildtype HARS expressing cells, we sought
to identify if these changes could be reversed by tRNA 

His

supplementation and performed label-free mass spectromet-
ric analysis of tRNA supplemented cells. Indeed, when com-
paring the proteomes of tRNA 

His supplemented hsHARS ex-
pressing cells with tRNA 

His supplemented V133F and Y330C
cells, we found a stark reduction in changes to protein lev-
els ( Supplementary Figure S8 ). Additionally, we observe a
clear difference in the expression profiles of unsupplemented
and supplemented mutants ( Supplementary Figure S8 A–E)
and a stronger correlation of protein abundances of supple-
mented cells to wildtype ( Supplementary Figure S9 ). A total
of nine proteins were changed (down from 16 with no tRNA)
in abundance in V133F + tRNA 

His compared to the wild-
type control (Figure 7 A, Supplementary Figure S10 A), and
42 proteins (down from 116 with no tRNA) were differen-
tially abundant in Y330C + tRNA 

His compared to the wild-
type control with 11 proteins up and 31 proteins downregu-
lated (Figure 7 B, Supplementary Figure S10 B). When perform-
ing functional enrichment studies using STRING, no func-
tional enrichment of these proteins was found for either allele
( Supplementary Figure S10 C–F). When comparing the num-
ber of proteins changed in the mutant strains compared to
their tRNA supplemented counterparts (Figure 7 C), it is evi-
dent that the significantly changed proteome is reduced by at
least 50%. 

Since one of the most changed networks in Y330C cells
was in amino acid metabolism, we plotted the abundance
changes of all proteins involved in amino acid metabolism 

that were significantly changed under any condition and vi- 
sualized these changes in a heat map normalized to the pro- 
teome of unsupplemented wildtype human HARS (Figure 7 D).
It is evident that proteins upregulated in V133F and Y330C 

mutants (red) are returned to expression levels comparable 
to hsHARS tRNA 

His supplemented cells upon expression of 
tRNA 

His . Similarly, most proteins that are decreased in abun- 
dance in the mutants are restored to wildtype levels once cog- 
nate tRNA 

His is overexpressed in cells. Overall, the heatmap 

colour of unsupplemented cells differs from wildtype cells but 
is restored to levels resembling the wildtype expression pro- 
files ( Supplementary Figure S8 G), indicating a major rescue 
of the proteome by tRNA 

His supplementation in cells the de- 
pend on CMT-mutant HARS for growth. 

tRNA 

His supplementation rescues mistranslation 

and stabilizes HARS in vivo in V133F and Y330C 

In a previous study, we showed that HARS mutants V155G 

and S356N caused mistranslation at histidine codons that was 
rescued by supplementation of histidine. In contrast, HARS 
mutants V133F and Y330C show a clear growth phenotype 
that is not remedied, and may even be exacerbated, by histi- 
dine supplementation ( 21 ). Here, we found that tRNA 

His al- 
leviates the growth phenotype caused by HARS V133F and 

Y330C. We next tested if mistranslation can also be rescued 

by tRNA 

His supplementation. Using mass spectrometry, we 
found a 1.8-fold reduction in mistranslation events detected 

in cells expressing wildtype HARS and tRNA 

His compared 

to cells expressing wildtype HARS alone. Thirteen uniquely 
mistranslated peptides being identified in wildtype HARS ex- 
pressing cells (Figure 8 A), compared to 10 in supplemented 

cells. In these wildtype human HARS expressing cells supple- 
mented with tRNA 

His , two mistranslation to glutamine and 

eight to tyrosine incorporations at histidine codons were ob- 
served. (Figure 8 E, Supplementary Figure S11 ). In cells ex- 
pressing wildtype HARS, some mistranslated peptides were 
no longer observable after tRNA 

His supplementation (Figure 
8 B). The remaining mistranslated peptides did not show al- 
tered abundance between wildtype HARS supplemented and 

unsupplemented cells, as quantified by the area of the mis- 
translated peptide, which remains stable for most peptides in 

wildtype HARS expressing cells (Figure 8 B). The data indi- 
cate that translation fidelity is restored, while the basal level 
of background mistranslation remains ( 19 ). 

As described earlier, mistranslation in Y330C and V133F 

exceeds the basal mistranslation of wildtype HARS express- 
ing cells by about 2-fold (Figure 8 A). Upon supplementation 

with tRNA 

His , mistranslation in both variants was decreased 

to wildtype basal levels. In V133F, we observed a significant 
2.9-fold reduction in mistranslation events, with only 17 iden- 
tified unique mistranslated peptides. Of these peptides, histi- 
dine codons were mistranslated to glutamine in seven peptides 
and to tyrosine in eight peptides (Figure 8 E, I,J). Background 

level mis-incorporation of histidine at glutamic acid codons 
was still observed at similar levels following tRNA 

His supple- 
mentation ( Supplementary Figure S12 ). While we already ob- 
served a significant decrease in the number of mistranslated 

peptides, the remaining mistranslated peptides were also re- 
duced in abundance. By using the area under the isotopic 
peak of the mistranslated relative to the properly translated 

peptide, we found that following tRNA 

His supplementation 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
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Figure 7. tRNA 

His supplementation reduces proteome disturbances in HARS V133F and Y330C expressing cells. Volcano plots of differentially expressed 
proteins identified by label-free quantitative proteomic analysis between wildtype HARS and ( A ) V133F or ( B ) Y330C HARS following tRNA 

His 

supplementation of all strains with upregulated proteins identified in red and downregulated proteins in green. ( C ) Number of proteins significantly 
changed in abundance by at least 2-fold, as identified by label-free quantification, between wildtype HARS and V133F or Y330C HARS, before and after 
tRNA 

His supplementation. ( D ) Heat map of proteins with a role in amino acid metabolism that are up (red) and downregulated (green) compared to 
wildtype HARS with and without tRNA supplementation. 
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function mutations lead to mistranslation of histidine codons 
Figure 8 C) the abundance or level of mistranslated peptides
as 10–20% of that in V133F cells lacking human tRNA 

His . 
Similar patterns were observed in Y330C following

RNA 

His supplementation. Total mistranslation events were
ignificantly reduced 3-fold (Figure 8 A). We observed 20
niquely mistranslated peptides, with seven and eight in-
tances of glutamine and tyrosine incorporation at histidine
odons, respectively (Figure 8 E, Supplementary Figure S11 ).
imilar background levels of histidine mis-incorporation at
lutamic acid codons persisted following tRNA 

His supplemen-
ation (Figure 8 E, Supplementary Figure S12 ). As before, we
bserved a drastic decrease in the area under the isotopic
eak for mistranslated relative to wildtype peptides following
RNA 

His supplementation (Figure 8 D). 
To assess the impact of tRNA supplementation on HARS

tability in vivo , we next compared soluble and insoluble pro-
eins and whole cell lysates using a sedimentation assay. Fol-
owing separation of whole lysates into soluble and insoluble
ractions, we probed the samples with anti-GFP to identify
ARS-YFP that is either soluble or insoluble, which can be

ndicative of HARS stability in yeast cells. Interestingly, HARS
133F and Y330C were significantly enriched in the insoluble
protein fraction when compared to wildtype by 7.7- and 1.6-
fold, respectively (Figure 8 F,H, Supplementary Figure S13 A-
C), indicating mutant HARS aggregation in yeast. Following
tRNA supplementation, mutant HARS solubility was restored
to wildtype levels with no significant difference from the wild-
type (Figure 8 G,H, Supplementary Figure S13 D,E,F). These
data demonstrate that human tRNA 

His supplementation ef-
fectively rescues mistranslation and HARS protein stability in
cells caused by CMT-variants V133F and Y330C in human
HARS. 

Discussion 

Several disease-causing mutations in HARS have been re-
ported to date. The disease causing mechanisms vary from
loss of function due to decreased thermal stability for the
Usher syndrome associated Y454S mutation ( 16 ,21 ) to muta-
tion induced conformational changes ( 39 ), loss of aminoacyla-
tion mutations ( 25 ,40 ) and impaired dimerization ( 41 ). We re-
cently described a novel disease-causing mechanism for HARS
mutations, where toxic HARS V155G and S356N gain-of-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
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Figure 8. tRNA 

His supplementation alleviates mistranslation in V133F and Y330C expressing yeast. ( A ) Total spectral counts of mistranslation events in 
whole proteome samples from humanized HARS WT, V133F and Y330C yeast. Error bars show one standard deviation of the mean. Quantification of 
the area under the isotopic of the of mistranslated peptide relative to the wildtype peptide normalized to the unsupplemented sample fraction of each 
peptide for ( B ) hsHARS, ( C ) V133F and ( D )Y330C. ( E ) Mistranslation counts separated by type of mistranslation in untreated and tRNA-supplemented 
cells. Western blots for YFP-HARS of whole cell lysates from ( F ) unsupplemented and ( G ) tRNA 

His supplemented yeast samples were separated into 
total [W], soluble [S] and insoluble [P] protein fractions, separated on a 12% SDS-denaturing polyacrylamide gel then transferred to PVDF membranes 
and blotted with anti-GFP. Ratios of the soluble to insoluble fraction were ( H ) quantified with normalization to the wildtype sample before and after 
tRNA 

His supplementation; one standard deviation shown by error bars. Mirror plots of ( I ) HARS V133F with the difference in Y ions highlighted for ( J ) 
glutamine mis-incorporation at a histidine codons. 
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Figure 9. tRNA 

His supplementation rescues disease-causing CMT mutants in a yeast model. ( A ) Reduced HARS st abilit y in HARS V133F and Y330C 

lead to mistranslation, the accumulation of insoluble HARS and changes to the proteome focused on amino acid metabolism in a humanized yeast 
model of CMT. Supplementation with human tRNA 

His restores V133F CMT-HARS protein str uct ure and alleviates mistranslation in both V133F and 
Y330C as well as insoluble HARS accumulation in cells. 
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o non-histidine amino acids, causing widespread accumula-
ion of insoluble proteins ( 21 ). For these mutants, alternate
mino acids, such as glutamine, were detected in place of histi-
ine, indicating impaired amino acid selectivity by the mutant
ARS. For both mutants, the phenotype in humanized yeast
odels was rescued by histidine supplementation ( 21 ). 
Here, we identified a second mistranslation phenotype in

wo other CMT-HARS mutants V133F and Y330C (Figure
 ). HARS V133F and Y330C were previously characterized
s disease-causing mutations in CMT patients. HARS V133F
eads to reduced aminoacylation activity in patient derived
ells ( 42 ) and has an autosomal dominant inheritance pattern
 43 ), and HARS Y330C leads to a dominant negative phe-
otype in zebrafish and was found to reduce aminoacylation
nd induce the integrated stress response (ISR) ( 44 ). We re-
ently showed that both mutants lead to a reduced growth
henotype in yeast, which cannot be rescued by histidine sup-
lementation, and indeed increased histidine concentrations
aused insoluble protein accumulation ( 21 ). A recent break-
hrough demonstrated that tRNAs can be utilized as a ther-
peutic, where supplementation of wildtype cognate tRNAs
escued peripheral neuropathy, protein synthesis and the acti-
ation of the ISR in Drosophila and mouse CMT models ( 31 ).
n this case, the overexpression of tRNA 

Gly is thought to com-
ensate for the increased affinity of a mutant GARS protein
o its cognate tRNA, resulting in tRNA 

Gly sequestration ( 31 ),
roviding a first example of the potential therapeutic of cog-
ate or wildtype tRNA. 
In our study, supplementation of wildtype tRNA 

His res-
ued a humanized yeast growth phenotype, yet the underlying
isease-causing phenotype is distinct from other CMT-HARS
mutants (Figure 9 ). HARS Y330C does not impact protein
stability yet causes mistranslation in yeast leading to a signif-
icant growth phenotype and proteomic disturbance that can
be restored by tRNA 

His supplementation. As the mistransla-
tion of glutamic acid to histidine is evident in wildtype HARS
expressing cells and remains stable after tRNA 

His supplemen-
tation, it is unlikely that the mutant HARS is recognizing a
non-cognate tRNA, but rather due to background levels of
mistranslation that occurs in all cells as reviewed previously
( 19 ,45–46 ). HARS V133F shows a dual phenotype of mis-
translation and reduced protein stability, which leads to re-
duced growth in yeast that is exacerbated by histidine sup-
plementation causing insoluble protein aggregation ( 21 ). Re-
combinant V133F thermal lability can be rescued by the ad-
dition of a tRNA 

His , and tRNA supplementation rescues the
growth defect in yeast to wildtype levels, indicating that the
tRNA 

His restores HARS V133F function, while also prevent-
ing mistranslation. It is likely that tRNA 

His leads to restora-
tion of protein stability returning the structural integrity and
amino acid specificity of HARS to wildtype levels. 

Given that Y330C caused a notable alteration in the cellular
proteome, it is likely that mistranslation in this strain exceeds
tolerable levels, indicating that Y330C causes a toxic gain of
function. In Y330C yeast, amino acid metabolism is one of
the most effected metabolic pathways. Altered expression of
amino acid metabolic proteins has previously been associated
with the cellular stress response and activation of GCN4 ( 47 ),
though no activation of the ISR protein GCN4 was observed
in our proteomic analysis. Indeed no GCN4 peptides were de-
tected under any conditions ( Supplemental File S1 ), and we
previously did not observe an activation of the ISR by eIF2a

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae996#supplementary-data
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phosphorylation ( 21 ). Additionally, HSP70 upregulation is as-
sociated with mistranslation in cells ( 48 ), and HAC1, SSA4
and HSP104 are activated in the presence of uncharged tR-
NAs ( 47 ,48 ). While HAC1 was undetectable, we found only
HSP70 significantly upregulated in both yeast strains, with no
changes in SSA4 and HSP104 in V133F cells, and a signifi-
cant downregulation of SSA4 and HSP104 in Y330C cells, in-
dicating partial activation of the unfolded protein response.
Activation of the unfolded protein response and upregula-
tion of heat shock proteins was previously observed in re-
sponse to mistranslation and altered RNA processing path-
ways ( 49 ,50 ). It is likely yeast differentially regulate chaper-
ones and amino acid biosynthesis, especially upregulated his-
tidine biosynthesis, and ribosome biogenesis, in an attempt
to rescue halted translation. Excitingly, our data shows that
for HARS Y330C and V133F, all measured phenotypes were
rescued by tRNA 

His supplementation, restoring translation fi-
delity, growth and proteome composition to wildtype levels. 

Conclusion 

We presented the first example where wildtype tRNA supple-
mentation can rescue a disease phenotype caused by mistrans-
lation. Applications of tRNA therapeutics have gained trac-
tion in both academic and industry-led research teams ( 51 ),
and may soon move into clinical applications. While nonsense
suppressor tRNAs ( 52–56 ) show great promise in restoring
protein function from disease-causing alleles with premature
stop codons, we and others ( 31 ) show that wildtype tRNA ex-
pression can rescue disease phenotypes caused by mutations
in aaRSs and give rise to new disease-specific treatments for
CMT and many rare genetic diseases caused by mutations in
aaRSs. 

The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD050340. 
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Supplementary Data are available at NAR Online. 
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