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Abstract

Aminoacyl-tRNA synthetases (ARSs) are essential enzymes that ligate tRNA molecules to cognate amino acids. Heterozygosity for
missense variants or small in-frame deletions in six ARS genes causes dominant axonal peripheral neuropathy. These pathogenic
variants reduce enzyme activity without significantly decreasing protein levels and reside in genes encoding homo-dimeric enzymes.
These observations raise the possibility that neuropathy-associated ARS variants exert a dominant-negative effect, reducing overall ARS
activity below a threshold required for peripheral nerve function. To test such variants for dominant-negative properties, we developed
a humanized yeast assay to co-express pathogenic human alanyl-tRNA synthetase (AARS1) mutations with wild-type human AARS1.
We show that multiple loss-of-function AARS1 mutations impair yeast growth through an interaction with wild-type AARS1, but that
reducing this interaction rescues yeast growth. This suggests that neuropathy-associated AARS1 variants exert a dominant-negative
effect, which supports a common, loss-of-function mechanism for ARS-mediated dominant peripheral neuropathy.

Introduction
Hereditary peripheral neuropathies are a group of phenotypically
and genetically heterogeneous diseases that are characterized
by decreased sensory and/or motor axon function in the distal
extremities. This leads to sensory loss and muscle atrophy, which
often begins in the feet and lower legs, and may progress to
include the hands and forearms of the upper extremities (1,2). The
most common type of inherited peripheral neuropathy is Charcot-
Marie-Tooth (CMT) disease, which is estimated to affect between
1 in 1200 and 1 in 2500 individuals (3,4).

In total, mutations in over 100 genes have been associated
with CMT disease or related inherited peripheral neuropathies
(5). Among these are the aminoacyl-tRNA synthetase (ARS) genes,
a 37-member gene family that encodes ubiquitously expressed,
essential enzymes. ARSs act as either monomers or oligomers to
ligate tRNA molecules to cognate amino acids, forming a critical
substrate for protein translation (6). Variants in six aminoacyl-
tRNA synthetases have been linked to dominant peripheral
neuropathies: alanyl-(AARS1) (7) histidyl-(HARS1) (8) glycyl-
(GARS1) (9), seryl-(SARS1) (10), tryptophanyl-(WARS1) (11) and
tyrosyl-(YARS1) tRNA synthetase (12). Although methionyl-tRNA
synthetase variants have also been identified in patients with
CMT disease (13,14), the genetic evidence for the pathogenicity
of these alleles is still incomplete. It remains to be seen how

many additional ARSs will be implicated in dominant peripheral
neuropathy. Further defining the locus and allelic heterogeneity
of ARS-related neuropathy will be critical for patient diagnosis
and defining disease mechanisms.

ARS activity is essential for cellular function. Indeed, bi-allelic
ARS variants that reduce enzyme function cause early-onset
recessive disorders that affect multiple tissues (15,16). In many
cases, the constellation of recessive phenotypes includes periph-
eral neuropathy (17–19), demonstrating that peripheral nerves are
indeed sensitive to a reduction of ARS function. However, this
reduction must be more than 50%, because heterozygosity for a
null ARS allele is not sufficient to cause a penetrant neuropathic
phenotype; mono-allelic null alleles are not found in CMT patient
populations but are found in unaffected individuals. Additionally,
mice that are heterozygous for a Gars1 null allele do not develop
peripheral neuropathy, whereas those carrying loss-of-function
missense and in-frame deletion alleles do develop this phenotype
(20–22). Based on these observations, haploinsufficiency is an
unlikely disease mechanism for ARS-associated dominant neu-
ropathy.

The pathogenic ARS variants linked to dominant peripheral
neuropathy are exclusively missense mutations or small in-frame
deletions (23). As noted above, ARS frameshift alleles and prema-
ture stop codons have not been linked to dominant CMT disease,
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which indicates that an expressed mutant protein is required for
pathogenicity. It is currently unknown if the dozens of identified
pathogenic variants across the six implicated ARS genes (11,22–
29) exert a similar effect on a shared pathway, or if there are
unique pathogenic mechanisms for each locus. One proposed
mechanism is a neomorphic gain-of-function effect, in which
mutations expose novel protein interfaces that facilitate aberrant
protein–protein interactions, leading to the dysregulation of path-
ways important for neurons (30–35). However, it is unlikely that
the dozens of different alleles across all six ARS loci give rise
to an identical gain-of-function effect via aberrant interactions.
Rather, any common mechanism would likely be related to the
shared canonical function of charging tRNA in the cytoplasm and
axoplasm of peripheral neurons.

One notable commonality is that all six enzymes function as
homodimers. This raises the possibility of a dominant-negative
mechanism, in which decreased function of the mutant subunit
reduces the function of the wild-type subunit in the dimer;
this would lower the overall ARS activity in the cell below
50%. This mechanism is supported by an abundance of data
showing that the majority of neuropathy-associated ARS variants
reduce gene function (10,11,22–24,26–28). Additionally, pathogenic
variants do not decrease protein levels (21,22,36) nor do they
abolish dimerization (10–12,28,37,38). It has also been shown that
pathogenic ARS variants impair protein synthesis in affected
neurons. Expressing neuropathy-associated ARS alleles causes
decreased global protein translation in vitro (11,37,39) and in
vivo (40,41), increases eIF2-alpha phosphorylation (37,39,41) and
activates the integrated stress response (37,39,41). Importantly,
these phenotypes can be recapitulated in vitro by chemical
inhibition of the affected ARS enzyme (37), which directly links
these phenotypes to impaired enzyme function. These effects
have been further defined at the molecular level for several GARS1
mutations, which impair the release of tRNA from the enzyme
(39,42). Cumulatively, these studies demonstrate that pathogenic
ARS mutations reduce the enzyme’s ability to bind, charge, or
release tRNA, impacting protein translation and contributing to
the pathogenic mechanism. Considering the evidence against
haploinsufficiency, it is possible that these impairments are
exacerbated by pathogenic ARS alleles that interfere with the
function of the wild-type allele in a dominant-negative fashion.
In support of this, previous studies in yeast have shown that
cells co-expressing both wild-type and mutant neuropathy-
associated tyrosyl-tRNA synthetase variants show impaired
growth, compared to cells expressing only wild-type tyrosyl-tRNA
synthetase (12). However, it remains unclear if these phenotypes
are due to a dominant-negative effect or an unrelated toxic effect
of the mutant allele. Addressing this question will attempt to
identify a unifying mechanism of disease for all six implicated
dimeric ARS enzymes. Furthermore, developing an approach to
systematically assess ARS variants for a dominant-negative effect
will provide a relevant framework to assess the pathogenicity of
newly identified ARS variants in patients with dominant CMT
disease.

Here, we report a yeast model system to test human
pathogenic ARS variants for dominant-negative properties. Yeast
is a tractable model organism that can be adapted to study
highly conserved human genes, along with mutations in these
genes that affect gene function, impact conserved cellular
pathways and ultimately reduce yeast fitness (43,44). This is
particularly relevant for conserved pathways implicated in ARS
pathology including protein translation and the integrated stress
response (37,39,41,42). As recent studies in HEK293T cells have

demonstrated (39), studying the effect of neuropathy-associated
ARS alleles in non-neuronal systems can yield important and
informative insight into disease mechanisms. To this end, we
developed a yeast model to test human AARS1 variants for
dominant-negative properties. We focused on well-characterized
alleles in the anti-codon binding domain (R329H) (7,25,45,46) and
the amino acid activation domain (G102R) (47). We found that
R329H and G102R, as well as three additional AARS1 variants
(R326W, R329S and R329C), have a dominant, repressive effect
on yeast cell growth when co-expressed with wild-type human
AARS1. We then engineered a dimer-disrupting variant in the C-
terminal domain and modeled it in cis with pathogenic AARS1
variants. These double-mutants rescued the impaired yeast
growth, demonstrating that the dominant effect of mutant
AARS1 is dependent on dimerization with wild-type AARS1 and
that neuropathy-associated AARS1 variants can be classified as
dominant-negative (or antimorphic) alleles.

Results
Pathogenic AARS1 alleles repress yeast cell
growth in the presence of wild-type AARS1
Baker’s yeast (Saccharomyces cerevisiae) is an effective model to
study the functional consequences of pathogenic ARS alleles in
a living cell (23). To investigate dominant-negative properties of
neuropathy-associated AARS1 variants, we developed an assay
to test the effects of co-expressing human wild-type AARS1 and
human mutant AARS1 on yeast viability, using the ptetO7-ALA1
strain. In this strain, the yeast AARS1 ortholog, ALA1, is placed
under the control of a doxycycline-repressible promoter (48). We
transformed this strain with (1) a low-copy, centromere-bearing
vector (p413) (49) containing a wild-type AARS1 allele; and (2) a
high-copy number vector (i.e. bearing a 2-μm origin of replication)
with a galactose-inducible promoter (pAG425) (50) directing high
levels of expression of either wild-type or mutant AARS1 alleles
(Supplementary Material, Fig. S1A and B). To test mutant AARS1
alleles for a dominant effect on yeast cell growth, yeast cells
were grown in the presence of galactose (to express wild-type
or mutant AARS1 from the pAG425 vector) and doxycycline (to
repress endogenous ALA1); in this system, wild-type AARS1 is
constitutively expressed from p413. Subsequent yeast growth was
then solely dependent on the two forms of human AARS1: one
wild-type (from p413) and one wild-type or mutant (from pAG425).

To evaluate neuropathy-associated AARS1 variants for a
dominant-negative effect, we focused on two well-characterized
pathogenic AARS1 variants, R329H and G102R. R329H is a
recurrent mutation in the tRNA recognition domain that has
been identified in 10 families with dominant, axonal CMT
(7,25,45,46,51). It affects a highly conserved residue and signif-
icantly impairs AARS1 enzymatic function when assessed via in
vitro aminoacylation assays under Michaelis–Menten conditions
(45). The G102R AARS1 variant affects a highly conserved residue
in the activation domain of AARS1 and was found in a single pedi-
gree with dominant myeloneuropathy (47). Both G102R and R329H
have been modeled in the yeast ortholog ALA1, and were unable
to support yeast growth, indicating a loss-of-function effect in vivo
(45,47). To distinguish the dominant-negative properties of these
variants from a strictly loss-of-function effect, we generated a
premature stop codon, G757∗ (Supplementary Material, Fig. S1A),
which does not generate detectable levels of AARS1 protein
(Supplementary Material, Fig. S1B). Therefore, this variant is
expected to be a loss-of-function allele that does not exert
dominant-negative effects. This variant is a more precise negative

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad054#supplementary-data
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Figure 1. G102R and R329H AARS1 are loss-of-function alleles that repress yeast cell growth in the presence of wild-type AARS1. (A) Yeast harboring an
endogenous doxycycline-repressible ALA1 locus were transformed with a p413 vector with no insert and a pAG425 vector to express either wild-type
or mutant human AARS1. Cultures were plated undiluted or diluted on media lacking histidine and leucine, and containing galactose/raffinose and
doxycycline. (B) Similar experiment as shown in panel A; here, yeast were first transformed with a p413 vector expressing wild-type human AARS1.
For both panels, the vectors present in each experiment are indicated across the top, the dilution of the spotted yeast cultured is indicated on the left
side of the image, and the media conditions are indicated across the bottom of the image (his = histidine; leu = leucine; gal = galactose; raf = raffinose;
dox = doxycycline). Representative images are shown from thirteen (for G102R) or sixteen (for R329H) biological replicates. A cartoon on the bottom left
illustrates the experimental conditions for all samples.

control than an empty vector because it includes the AARS1
coding sequence. Yeast transformed with the G757∗ allele must
replicate a nearly identical DNA sequence, and express a nearly
identical mRNA sequence, as yeast transformed with the G102R
or R329H alleles.

To confirm that R329H and G102R human AARS1 are loss-
of-function alleles in a yeast complementation assay, ptetO7-
ALA1 yeast was first transformed with a p413 vector without
an AARS1 coding sequence (‘Empty’ in the relevant figures),
then with pAG425 expressing either wild-type or mutant
human AARS1. When these strains were plated on media
containing glucose, there were no observable growth defects
(Supplementary Material, Fig. S2A). When these strains were
plated on media containing galactose and doxycycline, the yeast
expressing G757∗ did not display any visible growth (Fig. 1A),
indicating that yeast cannot grow without ALA1 expression (i.e.
without functional AARS1 protein). Transformation with wild-
type AARS1 lead to robust yeast growth, confirming that wild-
type human AARS1 can complement the loss of yeast ALA1.
Neither G102R nor R329H AARS1 supported yeast growth (Fig. 1A),
confirming previous reports that these are loss-of-function alleles
in vivo (45,47).

To determine if mutant AARS1 alleles can repress the function
of wild-type AARS1, ptetO7-ALA1 yeast cells were transformed
with wild-type AARS1 on the low-copy p413 vector, then with wild-
type or mutant AARS1 on the high-copy pAG425 vector. Trans-
formed strains spotted on glucose media displayed no observable
growth defects (Supplementary Material, Fig. S2B). These strains
were then spotted on galactose (to induce expression from the
pAG425 vector) and doxycycline (to repress ALA1 expression).
Co-expression of wild-type and G757∗ AARS1 supported robust
growth, as did co-expression of the two wild-type AARS1 plasmids
(Fig. 1B). These data indicate that the G757∗ null allele has
no negative impact on yeast cell growth and, similarly, that
expressing two copies of wild-type AARS1 does not repress
yeast growth. In contrast, co-expression of wild-type AARS1 with
either G102R or R329H AARS1 caused significantly reduced yeast
growth (Fig. 1B). These data demonstrate that the two pathogenic,
neuropathy-associated alleles are not only loss-of-function
alleles but that they are also detrimental to yeast cell growth
in the presence of wild-type AARS1. These observations are

consistent with mutant AARS1 interfering with the function of the
wild-type AARS1 protein. Importantly, the mutation-associated
growth deficit is partially rescued by restoring ALA1 expression
(Supplementary Material, Fig. S3A), which increases growth 23-
fold for yeast expressing G102R and 11-fold for yeast expressing
R329H (Supplementary Material, Fig. S3B). These data suggest
that the dominant growth deficit caused by R329H and G102R
AARS1 is due to reduced alanine-tRNA charging. Interestingly,
ALA1 only partially rescues the growth deficit associated with
R329H. This may be related to our observation that human R329H
AARS1 interacts with ALA1 (Supplementary Material, Fig. S4B),
suggesting that human R329H AARS1 has a dominant-negative
effect on wild-type yeast ALA1.

Pathogenic AARS1 variants do not ablate
dimerization
The data presented above demonstrate that the pathogenic, loss-
of-function AARS1 variants G102R and R329H AARS1 dominantly
repress yeast cell growth in the presence of wild-type AARS1,
consistent with a dominant-negative effect. However, the data
do not rule out some other form of gain-of-function toxicity
unrelated to the AARS1 function. To directly test for a dominant-
negative effect, we first confirmed that mutant AARS1 dimerizes
with wild-type AARS1. As ultracentrifugation analyses have
demonstrated that isolated mutant ARS proteins retain the
dimerization properties of wild-type ARS proteins (28,37,38), we
hypothesized that mutant AARS1 also retained its ability to
dimerize with wild-type AARS1. To directly test this, HEK293T
cells were transfected with a vector expressing wild-type human
AARS1 with an in-frame C-terminal 3xFLAG tag and with a
vector expressing mutant AARS1 (G102R or R329H) with an
in-frame C-terminal 6xHis tag (Fig. 2A). After growth for 48 h,
cells were lysed and AARS1-6xHis was immunoprecipitated. Co-
immunoprecipitated proteins were subjected to western blot
analysis with an anti-FLAG antibody to detect AARS1-3xFLAG.
The reciprocal immunoprecipitation was also performed by
immunoprecipitating AARS1-3xFLAG and immunoblotting for
AARS1-6xHis. Both approaches detected comparable interac-
tions between wild-type and wild-type, wild-type and G102R
and wild-type and R329H AARS1 (Fig. 2B and C). These co-
immunoprecipitations demonstrate that neither R329H nor

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad054#supplementary-data
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Figure 2. G102R and R329H AARS1 dimerize with wild-type AARS1. (A) HEK293T cells were transfected with vectors to co-express wild-type and mutant
human AARS1, and a western blot was performed to detect the resulting proteins along with endogenous loading controls. The image is representative
of three independent replicates. A cartoon along the top illustrates the constructs employed in the experiments, and the presence or absence of each
construct is indicated across the top of the gel image. Protein molecular weights are indicated in kilodaltons (kDa) along the left side of the image
and antibodies are indicated along the right side. (B) After immunoprecipitation with an anti-6xHis antibody, a western blot was performed to detect
co-immunoprecipitated proteins. A representative image from five (for R329H) or three (for G102R) independent replicates are shown. This image is
annotated as in panel A. (C) After immunoprecipitation with an anti-FLAG antibody, a western blot was performed to detect co-immunoprecipitated
proteins. A representative image from two independent replicates is shown. This image is annotated as in panels A and B. (D) After treating patient
and control samples with a protein cross-linking agent, a western blot was performed to detect endogenous AARS1 protein. The image is representative
of four independent technical replicates. Samples and conditions are indicated across the top of the image, protein molecular weights are indicated
in kilodaltons (kDa) along the left side, and the antibody employed is indicated on the right side. DSS = disuccinimidyl suberate. (E) The percentage of
dimeric AARS1 protein signal in the total AARS1 protein signal (D) was quantified with ImageJ. The mean of four technical replicates is shown, with
error bars representing one standard deviation. A one-way ANOVA with Tukey’s multiple comparisons tests [F(2,9) = 0.3602, P = 0.7071] was performed
to determine if there was a statistically significant difference between R329H/+ cells and either of the two controls.

G102R ablates dimerization with the wild-type AARS1 subunit. As
a complementary approach, the total dimerization of endogenous
AARS1 was studied using an R329H/+ patient cell line. Patient
fibroblasts were crosslinked with disuccinimidyl suberate (DSS),
along with two independent control fibroblast cell lines. In
untreated technical replicates (-DSS), AARS1 protein is detected
between 100 and 130 kDa, consistent with its predicted size of
107 kDa. In DSS-treated technical replicates, an additional band
migrates at approximately twice the molecular weight, consistent
with a dimeric AARS1 protein (Fig. 2D). The percentage of AARS1
in dimeric form was not significantly different between the
control line and the patient cell line (Fig. 2E). Combined, the above
data indicate that mutant AARS1 proteins retain the ability to
dimerize with wild-type AARS1, which is required for a dominant-
negative effect.

Engineering dimer-disrupting AARS1 variants
If neuropathy-associated AARS1 variants (e.g. R329H or G102R) act
in a dominant-negative manner, then introducing a
dimer-disrupting variant in cis with the pathogenic variant
should reduce interactions between mutant and wild-type AARS1

proteins, temper any dominant-negative effects and rescue
the observed reduction in yeast cell growth. To identify dimer-
disrupting variants, a series of deletions were designed in the
C-terminal domain of AARS1 based on the published crystal
structure (52). The C-terminal domain is predicted to be essential
for AARS1 dimerization, although it has been shown to be
dispensable for AARS1 expression and tRNA charging activity in
vitro (53). Engineered deletions in this domain targeted amino
acids that have multiple contacts with the opposite subunit
(Fig. 3A, left). This series comprised a seven amino acid deletion
to encompass several contact points (K943_Q949del) as well as
smaller deletions within or near this region (N944_G946del and
Q949_E950del). This series also included the deletion of a single
codon, which encodes C947, a cysteine residue that forms a
putative disulfide bond with C773 on the opposite subunit (53).
Finally, a stop codon at Q855 was introduced to ablate the 113
amino-acid residues of the terminal globular domain (Fig. 3A,
right).

To assess the ability of each of the five putative dimer-
disrupting AARS1 alleles to support yeast growth in isolation, each
allele was cloned into the pAG425 vector and transformed into the
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Figure 3. Engineering dimer-reducing AARS1 variants. (A) A cartoon generated from PyMOL illustrates the crystal structure of the AARS1 C-terminal
dimerization domain (left side). One subunit from the dimer is shown in green, and the other in purple. Amino-acid residues that contact the opposite
subunit are shown in dark green or dark purple. The residues targeted in this assay are shown in pink and labeled in the inset. On the right side of this
panel is a second cartoon that illustrates the AARS1 C-terminal dimerization domain with the Q855∗ mutation. The dashed circles indicate the globular
domain that is ablated by the premature stop codon. (B) Yeast harboring a doxycycline-repressible endogenous ALA1 locus were transformed with a
pAG425 vector to express either wild-type or mutant human AARS1 (i.e. one of the engineered mutations affecting the residues highlighted in panel
A). Cultures were plated undiluted or diluted on media lacking leucine, and containing galactose/raffinose and doxycycline. A representative image of
four biological replicates is shown. The dilution of the spotted yeast cultured is indicated on the left and the media conditions are indicated across the
bottom (leu = leucine; gal = galactose; raf = raffinose; dox = doxycycline). (C) Yeast protein lysates were subjected to western blot analysis to detect the
human AARS1 proteins expressed from wild-type and mutant expression constructs, which are indicated across the top. Yeast was grown in galactose
and raffinose media lacking leucine, with no doxycycline. A representative image of three biological replicates is shown.

ptetO7-ALA1 yeast strain, followed by a complementation growth
assay as described above. Interestingly, none of the deletions
fully complemented the loss of ALA1 (Fig. 3B), indicating that
the affected residues are indeed important for AARS1 protein
function. To determine if the engineered mutations impact
protein stability, each allele was evaluated for an effect on
AARS1 protein levels via western blot analysis. The N944_G946del
allele led to no detectable AARS1 protein (Fig. 3C), providing
an explanation for its failure to complement in yeast. The
C947 deletion significantly reduced AARS1 expression (Fig. 3C),
but still showed partial complementation in yeast (Fig. 3B),
suggesting that this residue may be important for protein
stability. The deletions K943_Q949del and Q949_E950del similarly
reduced AARS1 levels (Fig. 3C) and led to less yeast growth
than C947del (Fig. 3B), suggesting that these deletions reduce
function as well as protein abundance. Only the globular domain
deletion Q855∗ resulted in a complete loss of yeast cell growth
(Fig. 3B) with no detectable decrease in protein levels (Fig. 3C).
Additionally, this mutation is not predicted to significantly
alter the structure of the protein outside of the dimerization

domain (Supplementary Material, Fig. S5). Based on these data
we concluded that Q855∗ is the most appropriate allele to test for
reduced dimerization.

To test if Q855∗ reduces binding to wild-type AARS1, HEK293T
cells were transfected with wild-type AARS1-3xFLAG and either
wild-type or Q855∗ AARS1-6xHis. First, all transfections resulted
in robust AARS1 protein expression (Fig. 4A), consistent with
Q855∗ AARS1 not significantly impacting protein levels. Second,
immunoprecipitation of wild-type AARS1-6xHis co-precipitated
wild-type AARS1-3xFLAG, confirming an interaction between the
two tagged wild-type subunits (Fig. 4B). However, immunopre-
cipitation for Q855∗ AARS1-6xHis did not co-precipitate wild-
type AARS1-3xFLAG (Fig. 4B), indicating that Q855∗ reduces
or ablates binding to the wild-type AARS1 protein. These
findings were supported by performing the reciprocal experiment.
Here, immunoprecipitation of wild-type AARS1-3xFLAG co-
immunoprecipitated wild-type AARS1-6xHis, but did not co-
immunoprecipitate Q855∗ AARS1-6xHis (Fig. 4C). These data
demonstrate that the engineered Q855∗ AARS1 variant reduces
the interaction with wild-type AARS1, and for the first time

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad054#supplementary-data
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experimentally confirms that the C-terminal globular domain
is required for dimerization.

Reducing the dimerization capacity of pathogenic
AARS1 alleles rescues yeast growth
If G102R and R329H AARS1 act as dominant-negative alleles,
then reducing the dimerization between mutant and wild-type
AARS1 proteins should rescue the mutation-associated depletion
of yeast growth reported above. To test this, the Q855∗ mutation
was introduced in cis with either G102R or R329H using site-
directed mutagenesis. These double mutants were then cloned
into pAG425 and transformed into the ptetO7-ALA1 strain. Both
G102R + Q855∗ AARS1 and R329H + Q855∗ AARS1 produced a
truncated AARS1 protein at levels comparable to wild-type AARS1
(Supplementary Material, Fig. S6A and B).

Complementation assays expressing G102R + Q855∗ AARS1 or
R329H + Q855∗ AARS1 in the presence of an empty p413 vector
showed no yeast growth, consistent with the double-mutants
acting as loss-of-function alleles (Fig. 5A). These alleles were then
tested in the presence of wild-type AARS1 expressed from the
p413 vector. As before, neither the control allele G757∗ AARS1
nor wild-type AARS1 repressed yeast growth, and both G102R and
R329H repressed yeast growth (Fig. 5B and C). Importantly, placing
Q855∗ in cis with either G102R or R329H ameliorated the growth
phenotype and increased the mean growth 24-fold or 82-fold
respectively, or to 49% or 85% of wild-type levels (Fig. 5B and C).
This rescued growth was comparable to that of yeast expressing
the G757∗ control allele or wild-type AARS1 in this experiment
(Fig. 5C). These data demonstrate that disrupting the dimerization
of G102R or R329H with wild-type AARS1 is sufficient to rescue the
dominant growth phenotype and show that the reduced growth
phenotype is a result of mutant AARS1 dimerizing with wild-type
AARS1. In sum, these data provide evidence that neuropathy-
associated AARS1 alleles are loss-of-function variants that bind
to and interfere with the function of wild-type AARS1; i.e. that
they act via a dominant-negative mechanism.

Sequences that encode the AARS1
anticodon-binding domain are susceptible to
recurrent dominant-negative mutations
If G102R and R329H AARS1 are dominant-negative alleles, it is
likely that other neuropathy-associated AARS1 variants act via
this mechanism. To investigate this possibility, we focused on
the R329 residue and the surrounding AARS1 coding region.
Previous work by McLaughlin et al. identified a high degree
of cytosine methylation in this area, making it susceptible to
cytosine deamination. This study predicted numerous missense
variants that could arise from such C�T changes (45). One
such predicted change, R326W, was later found in a multi-
generational family with CMT (24). Here, we report four additional
individuals with mutations at the R329 residue, all of whom
were examined by a neurologist and presented with axonal
neuropathy (Supplementary Material, Table 1). One individual is
heterozygous for R329S, a previously unreported variant that was
predicted by the cytosine methylation analysis (45). The other
three individuals comprise the eleventh family with CMT caused
by the R329H variant, further strengthening the argument that
this is a pathogenic allele and that the R329 residue is subject to
recurrent mutation. In addition to R329H and R329S, McLaughlin
et al. predicted that R329C could arise at this residue; however,
this allele has yet to be identified in patients with CMT disease.
Therefore, we assessed all three variants (R326W, R329S and
R329C) in our yeast dominant-negative assay.

The R326W, R329S and R329C variants were introduced into the
AARS1 open reading frame with site-directed mutagenesis, then
cloned into the galactose-inducible pAG425 expression vector
and transformed into the ptetO7-ALA1 yeast strain. G757∗ and
wild-type AARS1 were included as controls. To determine if
our yeast model can distinguish between pathogenic and non-
pathogenic AARS1 alleles, we also tested G931S AARS1, which is
a benign polymorphism found in the general population (with
a gnomAD allele count of 2147 out of 282 842 chromosomes
including 20 homozygous individuals (53). As previously reported
(24), R326W did not support yeast growth in the absence of ALA1
(Fig. 6A). Consistent with the functional importance of this region,
R329S and R329C also did not support yeast growth (Fig. 6A).
In contrast, G931S AARS1 supported robust yeast cell growth,
consistent with this being a benign allele. R326W, R329S and
R329C AARS1 were then tested in the presence of the wild-type
AARS1 allele expressed from p413. All three alleles repressed
yeast growth in the presence of wild-type AARS1, compared to
G757∗, wildtype and G931S AARS1 (Fig. 6B). Notably, this growth
defect was improved by restoring the expression of endogenous
ALA1 (Supplementary Material, Fig. S3C and D), supporting the
argument that the phenotype is due to an alanine-tRNA charging
defect.

To determine if the dominant growth repression associated
with these three alleles depends on their ability to dimerize
with wild-type AARS1, the dimer-disrupting Q855∗ variant was
introduced in cis with either R326W, R329S or R329C. These double-
mutant alleles were transformed into yeast expressing an empty
p413 vector, or expressing wild-type AARS1 from p413. Strains
were then plated on galactose (to express the double-mutant
AARS1 allele) and doxycycline (to repress endogenous ALA1).
In the presence of the empty p413 vector, the double-mutants
showed no yeast growth, consistent with the double-mutants
acting as loss-of-function alleles (Fig. 7A). However, when co-
expressed with wild-type AARS1, Q855∗ in cis with R329C, R329S or
R326W rescued the repressed yeast growth for all three variants,
increasing growth 15-fold, 26-fold and 29-fold, respectively (or
to 90%, 93% and 73% of wild-type levels) (Fig. 7B and C). The
growth of the double-mutants was not significantly different from
the growth of the yeast expressing the control allele G757∗ or
wild-type AARS1 (Fig. 7C). Combined, these data indicate that
R326W, R329S and R329C have dominant-negative properties.
Together with G102R and R329H, this study presents evidence
that neuropathy-associated AARS1 variants act via a dominant-
negative mechanism.

Discussion
In this study, we developed a yeast assay to study the molec-
ular mechanism of neuropathy-associated AARS1 alleles. We
demonstrate that multiple pathogenic, loss-of-function AARS1
variants repress yeast growth when co-expressed with the wild-
type AARS1 allele. We also show that these variants retain the
ability to dimerize with the wild-type AARS1 protein and that
disrupting this interaction is sufficient to rescue the repressed
yeast growth. These data provide evidence that neuropathy-
associated AARS1 alleles act via a dominant-negative mechanism
that represses the activity of wild-type AARS1.

It will be important to employ the dominant-negative yeast
model reported here to study other variants in AARS1. These
studies will enable rapid characterization of newly identified
AARS1 alleles and will provide functional evidence supporting
pathogenicity. Furthermore, an unbiased, massively parallel

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad054#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad054#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad054#supplementary-data


Human Molecular Genetics, 2023, Vol. 32, No. 13 | 2183

Figure 4. Q855∗ AARS1 impairs dimerization with wild-type AARS1. (A) HEK293T cells were transfected with vectors to co-express wild-type or Q855∗
human AARS1, and a western blot was performed to detect the resulting proteins, as well as endogenous loading controls. The image is representative of
three independent replicates. The presence or absence of each construct is shown across the top of the image, protein molecular weights are indicated
in kilodaltons (kDa) along the left side, and antibodies are indicated along the right side. (B) After immunoprecipitation with an anti-6xHis antibody, a
western blot was performed to detect co-immunoprecipitated proteins. The presence or absence of each construct is indicated at the top of the panel, and
a representative image from three independent replicates is shown at the bottom of the panel (with annotation as in panel A). The middle of the panel
shows ImageJ quantification of a 3xFLAG-tagged AARS1 signal. Bars indicate the mean value and one standard deviation for three biological replicates.
A one-way ANOVA with Dunnett’s multiple comparisons test was performed to determine statistical significance [F(2,6) = 15.21, P = 0.0045]. (C) After
immunoprecipitation with an anti-FLAG antibody, a western blot was performed to detect co-immunoprecipitated proteins. The panel is organized
similarly to panel B, with ImageJ quantification of 6xHis-tagged AARS1 signal in the middle of the panel. Bars indicate the mean value and one standard
deviation for three biological replicates. A one-way ANOVA with Dunnett’s multiple comparisons test was performed to determine statistical significance
[F(2,6) = 191.7, P < 0.0001].

mutagenesis approach utilizing this model will help predict
dominant-negative AARS1 alleles that may be identified in
patients in the future, such as R329C. This yeast model can
also be adapted to study and predict pathogenic variants in
GARS1, HARS1, SARS1, YARS1 and WARS1. We hypothesize
that pathogenic variants in these other neuropathy-associated
ARS genes will also show dominant-negative effects because
these genes also encode homo-dimeric ARS enzymes (53–56).
Classifying pathogenic variants in these additional ARS loci
as dominant-negative alleles will also contribute to defining a
common mechanism of ARS-mediated dominant neuropathy,
and will provide critical insight into how missense ARS variants
lead to depleted pools of charged tRNA, which ultimately impairs
protein translation (37,39–41).

Although the data presented here argue in favor of a
dominant-negative effect, it is possible that dominant-negative

and neomorphic gain-of-function effects work in concert to
exacerbate neuronal pathology. A recent study showed that the
pathogenic AARS1 variants N71Y, G102R and R329H each cause a
conformational change that enables binding to Neuropilin-1 (33),
a widely expressed receptor that modulates a variety of signaling
pathways and that is critical for neurovascular development (57).
Such an interaction might compound the damage in patient
neurons; however, the phenotype in our AARS1 yeast model—
combined with emerging pan-cellular phenomena of ribosome
stalling and activation of the integrated stress response in the
context of neuropathy-associated ARS variants (37,39,41,42)—
demonstrates that a neuron-specific interaction is not required to
assess pathogenic AARS1 alleles for disease-relevant, deleterious
effects. The tissue-specific phenotype in CMT disease may be
due to the reported sensitivity of peripheral neurons to activation
of the integrated stress response (41), which could be elicited
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Figure 5. Reducing dimerization of G102R and R329H with wild-type AARS1 rescues yeast growth. (A) Yeast with the doxycycline-repressible endogenous
ALA1 locus was transformed with an empty p413 vector and a pAG425 vector expressing wild-type or mutant human AARS1. Cultures were plated
undiluted or diluted on media lacking histidine and leucine, and containing galactose/raffinose and doxycycline. (B) Similar to strains shown in panel
A, except that yeast was transformed with p413 expressing wild-type human AARS1. For both panels, the vectors present in each experiment are
indicated across the top, the dilution of the spotted yeast cultured is indicated on the left, and the media conditions are indicated across the bottom
(his = histidine; leu = leucine; gal = galactose; raf = raffinose; dox = doxycycline). (C) Yeast spot intensity was quantified using ImageJ. Bars represent the
mean and one standard deviation. Thirteen biological replicates were assessed for G757∗ and wild-type AARS1, eight for R329H and R329H + Q855∗, and
seven for G102R and G102R + Q855∗. The indicated fold-change between the G102R strain and the G102R + Q855∗ strain, and the fold-change between
the R329H strain and the R329H + Q855∗ strain, were both calculated using the mean of each sample. To compare yeast growth to the strain expressing
both wild-type and G757∗ AARS1, a one-way ANOVA with Dunnett’s multiple comparisons test was performed [F(5,50) = 19.90, P < 0.0001].

by a dominant-negative effect causing decreased availability of
charged tRNA and ribosomal stalling.

A limitation of our yeast model is that the allelic expression
is intentionally skewed, with the pathogenic allele over-expressed
relative to the wild-type allele. This does not accurately reflect the
presumably equal expression of wild-type and mutant alleles in
the tissues of a heterozygous patient. Therefore, any dominant-
negative effects in patients are likely to be weaker than those
demonstrated here, and less likely to have such dramatic conse-
quences for cell viability. Indeed, such a tempered effect in patient

cells is more consistent with the late-onset and tissue-restricted
patient phenotype. A terminally differentiated peripheral neuron
that must maintain local protein translation far from the soma
may be particularly susceptible to even mild dominant-negative
effects of an ARS mutation. To determine if a dominant-negative
effect drives dominant AARS1-mediated peripheral neuropathy,
a knock-in animal model (e.g. mouse or worm) with an axonal
pathology is required. Then, a dimer-disrupting variant such as
Q855∗ can be introduced in cis with the pathogenic allele to
determine if this ameliorates the neuronal phenotype.
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Figure 6. R329C, R329S and R326W AARS1 are loss-of-function alleles that dominantly repress yeast cell growth. (A) Yeast with the doxycycline-
repressible endogenous ALA1 locus was transformed with a p413 vector with no insert, and a pAG425 vector expressing wild-type or mutant AARS1.
Yeast cultures were spotted undiluted or diluted on media lacking histidine and leucine, and containing galactose/raffinose and doxycycline. (B) A
similar experiment to that described in panel A, except that yeast expresses wild-type human AARS1 from p413. For both panels, the vectors present
in each experiment are indicated across the top, the dilution of the spotted yeast cultured is indicated on the left, and the media conditions are shown
across the bottom (his = histidine; leu = leucine; gal = galactose; raf = raffinose; dox = doxycycline). Images are representative of three replicates.

It will also be important to determine if over-expressing wild-
type AARS1 will improve the neuronal phenotype, just as increas-
ing ALA1 expression mitigated the toxicity of the pathogenic
AARS1 alleles in yeast. If so, this may point to an important
difference between the mechanism of AARS1 mutations and the
mechanism of certain Gars1 mutations, where over-expressing
wild-type Gars1 did not rescue peripheral neuropathy in mice (36).
This would be consistent with the different phenotypes associated
with AARS1 mutations and a subset of GARS1 mutations, which
can cause a more severe, earlier-onset, SMA-like phenotype (36).
More generally, our study points to a difference between AARS1
alleles and GARS1 alleles, which have been shown to increase
binding to tRNA, depriving the translation machinery of free-
charged tRNA (39,42). Two previously reported observations to
make it unlikely that the dominant toxicity of the AARS1 alleles
in yeast is related to tRNA sequestration: (1) the Q855∗ muta-
tion that rescues toxicity in yeast is unlikely to impact tRNA
binding because the C-terminal domain of human AARS1 does
not efficiently bind tRNA (58); and (2) the R329 residue has been
shown—through mutagenesis studies—to be essential for tRNA
binding, making it unlikely that this mutation results in increased
tRNA binding (59). However, the tRNA sequestration model has
yet to be empirically tested for AARS1 alleles. Furthermore, it
will be important to determine if dimerization is relevant to
other pathological models—including tRNA sequestration and
Neuropilin-1 binding—by testing the Q855∗ allele in cis with the
selected pathogenic alleles. To further delineate the differences
and similarities between GARS1 mechanisms and AARS1 mecha-
nisms, it would also be fruitful to test the known dimer-disrupting
GARS1 mutation T130K (60) in cis with dominant Gars1 muta-
tions to test if dimerization is required for the pathology. This
experiment might also provide insight into any interplay between
dominant-negative mechanisms and tRNA sequestration. It is
possible that one mechanism exacerbates the other, or that both
are independent but lead to similar downstream effects on protein
translation.

Although there has been debate (33,52) as to whether AARS1
functions as a dimer or a monomer, the results of our study
demonstrate that it likely functions as a dimer in vivo, which is
a requirement for a dominant-negative mechanism of disease.
Two previous studies using purified AARS1 protein for in vitro
analyses concluded that it primarily exists as a monomer. One
study (52) concluded that the C-terminal dimerization domain
(beginning at G757) is dispensable for in vitro aminoacylation,
while another (33) used gel filtration chromatography to show
that the primary in vitro form is monomeric. However, our data
demonstrate that, at least in an in vivo cellular context, the C-
terminal dimerization domain is likely required for protein sta-
bility. Furthermore, we have shown that the globular domain
beginning at Q855∗, whereas not required to maintain protein
levels in yeast or mammalian cells, is required for both AARS1
dimerization and activity in yeast. This indicates that dimeriza-
tion is necessary for AARS1 function in vivo. Finally, chemically
crosslinked AARS1 from human fibroblast cells is detected at
two molecular weights, one corresponding to a monomeric form
and one corresponding to a dimeric form. Overall, these data
reveal that AARS1 dimerization is important for protein function
in vivo.

To the best of our knowledge, there have been few yeast
systems developed to test human pathogenic variants for a
dominant-negative effect. Notable examples include reporter
assays to test for dominant-negative p53 mutations (61,62) and
enzymatic evaluation of yeast expressing dominant-negative
UDP-galactose4-epimerase alleles (63,64). In general, yeast
approaches are limited by the ability to recapitulate mammalian
gene function in yeast cells. As such, they are best suited
to study variants in genes with highly conserved functions,
particularly ones that impact a readily observable phenotype,
such as cellular growth. Using strategies like those presented
here, variants in genes that fit these requirements can be
efficiently interrogated for loss-of-function and/or dominant-
negative properties, providing critical data to aid in patient
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Figure 7. Reducing dimerization of R329C, R329S or R326W with wild-type AARS1 rescues yeast growth. (A) Yeast with the doxycycline-repressible ALA1
locus was transformed with an empty p413 vector and a pAG425 vector expressing either wild-type or mutant AARS1. Yeast was spotted undiluted
or diluted on media lacking histidine and leucine, and containing galactose/raffinose and doxycycline. (B) An experiment similar to that described in
panel A, except that yeast expresses wild-type human AARS1 from the p413 vector. (C) Yeast spot intensity was quantified using ImageJ analysis; bars
represent the mean and one standard deviation. At least three biological replicates were assessed for all variants. The indicated fold change between
the strains expressing R329C, R329S or R326W, and their counterpart with Q855∗ in cis, was calculated using the mean intensity of each condition. To
compare yeast growth to that of the strain expressing both wild-type and G757∗ AARS1, a one-way ANOVA with Dunnett’s multiple comparisons test
was performed [F(7,27) = 14.72, P < 0.0001].
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diagnosis and further defining how genetic variation impacts
gene function.

Here, we describe a tractable yeast model for rapidly evaluating
variants in aminoacyl-tRNA synthetase genes for a dominant-
negative effect. We demonstrate that multiple well-characterized,
pathogenic AARS1 variants repress yeast growth when co-
expressed with wild-type AARS1, but that this phenotype is
rescued when the mutant subunit is prevented from dimerizing
with the wild-type subunit. This work presents the first direct
evidence that pathogenic ARS alleles have dominant-negative
properties, which may contribute to the effect of neuropathy-
associated ARS variants by reducing the availability of charged
tRNA, causing ribosome stalling, and triggering the integrated
stress response (as shown for neuropathy-associated HARS1 [37]
and GARS1 alleles [39,41,42]). In sum, this work contributes to
further delineating the molecular mechanism of ARS-mediated
dominant peripheral neuropathy.

Materials and Methods
Yeast vector construction and growth assays
All yeast assays were performed using the haploid ptetO7-ALA1
strain from the Yeast Tet-Promoters Hughes Collection (YSC1180-
202219317, Horizon Discovery). AARS1 variants were generated
using site-directed mutagenesis (Agilent QuikChange II XL Site-
Directed Mutagenesis Kit) against the AARS1 open reading frame
in pDONR221 (primers available upon request). All clones were
verified via Sanger sequencing. The Gateway cloning (Invitrogen)
LR reaction was used to recombine the wild-type or mutant AARS1
locus into pAG425GAL-ccdB (Addgene #14153). This is a Gateway-
compatible vector with a 2-μm origin of replication that produces
a high vector copy number per cell, a GAL1 promoter that drives
high expression of the target gene in a galactose-inducible fash-
ion, and a LEU2 auxotrophic marker.

To assess the function of AARS1 variants independent of
wild-type AARS1, a p413 vector (ATCC #87370) with no AARS1
insert (‘Empty’) was introduced into the ptetO7-ALA1 strain using
lithium acetate yeast transformation. The p413 vector contains an
ADH1 promoter to drive constitutive expression of the target gene,
a centromeric origin of replication to produce a low plasmid copy
number per cell, and a HIS3 auxotrophic marker for selection.
This transformation was followed by a second transformation to
introduce a pAG425 vector harboring wild-type or mutant AARS1
(see above). Colonies were grown on media lacking histidine and
leucine (DO Supplement -His/-Leu, Takara Bio) to select for the
presence of both vectors. After transformation, colonies were
grown in 2 ml liquid media in a 14 ml round-bottom conical tube
(Fisher Scientific) for 2 days at 30◦C, shaking at 275 rpm (on an
I-24 incubator shaker, New Brunswick Scientific) until saturated.
Yeast was then diluted 1:10, 1:100 and 1:1000 in water. 10 μl of
undiluted or diluted samples were spotted on plates containing
glucose, galactose/raffinose (Takara Bio Minimal SD Bases) or
galactose/raffinose with 10 μg/ml doxycycline (Fisher Scientific
BP26531). Plates were imaged after four days of growth.

To co-express mutant and wild-type AARS1 in yeast, Gateway
Cassette C (Invitrogen) was cloned into the p413 vector just down-
stream of (3′ to) the ADH1 promoter using the SmaI restriction site.
Clones were sequence verified to confirm the correct orientation.
The LR Gateway reaction was then used to recombine wild-type
AARS1 from pDONR221 into p413. This construct was trans-
formed into the ptetO7-ALA1 strain, followed by AARS1 (wild-type
or mutant) in pAG425. Yeast was grown and spotted as detailed
above. All growth assays (studying a single AARS1 allele or two

co-expressed AARS1 alleles) were performed side-by-side with
the same pAG425 plasmid aliquots to enable direct comparisons.
To quantitatively analyze yeast spots, the mean gray values of
each spot were obtained using ImageJ, according to a previously
published protocol (65).

Yeast protein isolation
To assess the expression of each human AARS1 protein in yeast,
the ptetO7-ALA1 strain was transformed with a vector (pAG425)
to express wild-type or mutant AARS1 and grown on media
lacking leucine (DO Supplement -Leu, Takara Bio). One colony
was picked, placed into 3 ml media, and grown for 2–3 days
shaking at 275 rpm at 30◦C until saturated, reaching an optical
density (OD600) of approximately 2. Yeast was then centrifuged
at 1000×g for 10 min, washed once with water, transferred to a
1.5 ml Eppendorf tube, then centrifuged at 21 130×g for 1 min.
The supernatant was removed and the pellet was stored at −80◦C.
The pellet was thawed in 150 μl yeast lysis buffer (50 mM Na-
HEPES pH 7.5, 100 mM NaOAc, 1 mM EDTA, 1 mM EGTA, 5 mM
MgOAc, 5% glycerol, 0.25% NP-40 and 3 mM DTT) with 1X Halt
Protease Inhibitor Cocktail (Thermo Fisher Scientific). Approxi-
mately 100 μl of 0.5 mm cold glass beads (Biospec Products) were
added to each sample. Samples were vortexed at 4◦C for 3 min,
followed by 2 min resting on ice, followed by 3 min of vortexing
at 4◦C. To remove the lysate from the beads, a 26-gauge needle
(BD PrecisionGlide) was used to make a hole in the bottom of the
1.5 ml tube, which was then immediately inserted into a 14 ml
round bottom conical tube. Lysates were centrifuged at 200×g
at 4◦C for 5 min. The lysates were collected from the bottom of
the conical tube and transferred to a 1.5 ml Eppendorf tube and
were then centrifuged at 16, 363×g for 5 min at 4◦C. Supernatants
were collected and protein concentrations were measured using
the Thermo Scientific Pierce BCA Protein Assay kit, and 50 μg of
protein per sample was used for western blot analysis (see below).

Co-immunoprecipitation of wild-type AARS1 and
mutant AARS1
To test for interactions between wild-type and mutant AARS1 pro-
teins we performed co-immunoprecipitation followed by western
blot analysis in cultured mammalian cells. The LR Gateway reac-
tion was used to recombine the wild-type or mutant AARS1 open
reading frame from pDONR221 into pDEST40 (Thermo Fisher
Scientific) or pTM3xFLAG (gift from Moran Laboratory, Univer-
sity of Michigan). These vectors allow differential tagging of the
mutant and wild-type AARS1 alleles; wild-type AARS1-3xFLAG
(a C-terminal tag) was expressed from pTM3xFLAG using a CMV
promoter, and either wild-type or mutant AARS1-6xHis (a C-
terminal tag) was expressed from pDEST40 using a CMV pro-
moter. 100 mm plates (Falcon) were seeded with 1.5–2 million
HEK293T cells; the following day, these were transfected with
0.5 pmol plasmid using Lipofectamine 3000 (Invitrogen). Forty-
eight hours after transfection, cells were harvested using Trypsin–
EDTA (Gibco, Fisher Scientific) and centrifuged at 800×g for 2 min
at 4◦C. Cells were then washed once with 1X PBS (Thermo Fisher
Scientific), centrifuged again (as above), and then resuspended
in 1 ml lysis buffer (20 mM Tris–HCl pH 8, 137 mM NaCl, 2 mM
EDTA, 1% NP-40 and 0.25% sodium deoxycholate) with 1X Halt
Protease Inhibitor Cocktail (Thermo Fisher Scientific). Samples
were incubated for 2 h, rocking at 4◦C, then centrifuged for 15 min
at 16 363×g at 4◦C. The supernatant was collected and protein
concentration was measured using the Thermo Scientific Pierce
BCA Protein Assay kit.
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To conjugate beads with individual antibodies, 25 μl of Dyn-
abeads Protein G (Fisher Scientific) were aliquoted per sample. All
immunoprecipitations were performed using a MagnaRack (Invit-
rogen). Each aliquot was washed twice with 500 μl conjugation
buffer (0.5% BSA, 0.1% Triton X-100 in PBS), then suspended in
500 μl conjugation buffer with 2 μg 6xHis antibody (Abcam 18 184)
or 2 μg FLAG antibody (BioLegend 637 302). Beads and antibodies
were incubated overnight with rocking at 4◦C.

Before immunoprecipitation, lysates were pre-cleared to
remove any proteins with non-specific affinity for the magnetic
beads. An additional 25 μl of Dynabeads per sample was aliquoted
and washed once with lysis buffer. Then, 1 mg of cell lysate in
500 μl lysis buffer was added to the beads and rocked at 4◦C
for 2 h. Supernatant from the antibody-conjugated beads was
then removed, and the pre-cleared lysates were added. Samples
were incubated for 3 h rocking at 4◦C. For anti-6xHis IPs, samples
were washed four times with 1 ml high salt buffer (10 mM Tris–
HCl pH 7.5, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA and 0.5%
NP-40). For anti-FLAG IPs, samples were washed three times
with 1 ml low salt buffer (10 mM Tris–HCl pH 7.5, 137 mM
NaCl, 1 mM EDTA, 1 mM EGTA and 0.5% NP-40). On the last
wash, samples were moved to fresh 1.5 ml tubes to prevent co-
elution of proteins bound to the tube walls. Samples were re-
suspended in 50 μl wash buffer with 50 μl 2× Tris-Glycine Buffer
(Invitrogen). About, 4 μl BME was added before samples were
boiled at 99◦C for 5 min and the supernatant was collected for
western blot (see below). Samples were divided in half and loaded
in duplicate for immunoblotting with anti-AARS1, anti-6xHis, or
anti-FLAG.

Disuccinimidyl suberate crosslinking
To determine the degree of AARS1 dimerization in patient cells,
AARS1 protein was crosslinked with disuccinimidyl suberate
(DSS) and analyzed by western blot. Patient and control fibrob-
lasts were grown at 37◦C in 5% CO2 and standard growth media
(DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin and 50 μg/ml streptomycin [Invitrogen]). Approximately
1 million cells were harvested from each sample with Trypsin–
EDTA (Gibco, Fisher Scientific) and centrifuged at 800×g for 2 min
at 4◦C. They were then washed once with 1X PBS (Thermo Fisher
Scientific), transferred to a 1.5 ml tube, and centrifuged again (as
above). Cells were then re-suspended in 50 mM HEPES 0.5% NP-40.
The sample was divided in two and 50 mM DSS (Thermo Fisher
Scientific) was added to one aliquot to a final concentration of
5 mM. Both aliquots were incubated at room temperature for
30 min. The crosslinking reaction was then quenched with a
final concentration of 30 mM TrisCl pH 7.5 at room temperature
for 15 min. Samples were centrifuged at 16 363×g for 10 min at
4◦C, and the supernatant was collected for western blot analysis
(see below). 20 μg of protein was analyzed for each sample. An
antibody against human AARS1 (Bethyl Laboratories A303-473A)
was used at a dilution of 1:500.

Co-immunoprecipitation of wild-type ALA1 and
wild-type AARS1
To investigate an interaction between yeast ALA1 and human
AARS1, co-immunoprecipitation experiments were performed.
First, the endogenous yeast ALA1 coding sequence was amplified
from a previously published (45) pDONR221 clone with or without
a C-terminal 6xHis tag encoded in the reverse primer (primer
sequences available upon request). Then, Gateway cloning was
used to recombine these constructs into p413 (see above). The
ptetO7-ALA1 strain was transformed with p413 to express either

6xHis-tagged or untagged ALA1, then subsequently transformed
with pAG425 to express either R329H or G757∗ human AARS1.
Colonies were grown for 2–3 days until saturated in -leu -his
liquid glucose growth medium, then washed in water and re-
suspended in 125-250 ml -leu -his galactose liquid culture (Takara
Bio Minimal SD Bases, Takara Bio DO Supplement -His/−Leu).
Cultures were grown to saturation, then centrifuged at 1000×g
at 4◦C for 20 min. Yeast was washed with water and aliquoted
evenly into 4–5 1.5-ml tubes. Each sample was then centrifuged
at 21 130×g for 1 min. The supernatant was removed and pellets
were stored at −80◦C. The pellets were thawed in yeast lysis
buffer (50 mM Na-HEPES pH 7.5, 100 mM NaOAc, 1 mM EDTA,
1 mM EGTA, 5 mM MgOAc, 5% glycerol, 0.25% NP-40 and 3 mM
DTT) with 1X Halt Protease Inhibitor Cocktail (Thermo Fisher
Scientific). Approximately 100 μl of buffer was used for each
100 mg of pellet. Cells were lysed using the methods detailed
above.

About, 25 μl of Dynabeads Protein G (Fisher Scientific) were
prepared for each of the samples. Beads were washed twice
with 500 μl conjugation buffer (0.5% BSA, 0.1% Triton X-100 in
PBS), then re-suspended in 500 μl buffer and 2 μg anti-AARS1
(ab226259). Beads and antibodies were incubated overnight with
rocking at 4◦C. Yeast cell lysates were pre-cleared before immuno-
precipitation: 25 μl of magnetic beads were aliquoted and washed
once with lysis buffer before a 2 mg aliquot of yeast lysate in
a total of 500 μl lysis buffer was added. Samples were incu-
bated with rocking at 4◦C for 1 h. The supernatant was then
removed from antibody-conjugated beads and replaced with the
pre-cleared lysates. These samples were then incubated with
rocking for 2.5 h at 4◦C. After incubation, samples were washed
once with 500 μl lysis buffer, once with 200 μl lysis buffer, and then
re-suspended in 100 μl lysis buffer before being transferred to a
fresh 1.5 ml Eppendorf tube. The supernatant was then removed
and beads were suspended in 25 μl lysis buffer and 25 μl 2× Tris-
Glycine Buffer (Invitrogen). Samples were boiled for 5 min with
2 μl BME and supernatants were removed to analyze in western
blot assays.

Western blot analyses
To assess the levels of specific proteins in each experiment, west-
ern blots were performed. Protein concentrations for each sample
were measured using the Thermo Scientific Pierce BCA Protein
Assay kit. Samples were prepared with 1X Novex Tris-Glycine
SDS sample buffer (Invitrogen) and 2-mercaptoethanol (BME) and
boiled at 99◦C for 5 min. Protein samples were separated on
precast 4–20% Novex Wedgewell Tris-glycine gels (Invitrogen) at
150 V for 1 h and 15 min. PVDF membranes (Millipore Sigma)
were pre-washed in 100% methanol for 1 min, then soaked in 1X
transfer buffer (Invitrogen) and 10% methanol between two pieces
of filter paper (Thermo Fisher Scientific). The separated protein
samples were transferred to the PVDF membranes using a Mini
Trans-Blot Electrophoretic Transfer Cell (Biorad) at 100 V for 1 h.
Membranes were then blocked for 1 h with a 5% milk powder
solution in 1X TBST. Primary antibodies were applied in 5% milk
and membranes were incubated by rocking overnight at 4◦C. The
following day, membranes were washed three times with 1X TBST.
Secondary antibodies (Licor) against mouse (for the 6xHis primary
antibody and the PGK1 primary antibody), rabbit (for the AARS1
primary antibody and the actin primary antibody), or rat (for the
FLAG primary antibody) were diluted in 5% milk powder solution
at a concentration of 1:20 000, along with 0.1% Tween-20 and
0.02% SDS. This solution was applied to membranes for 1 h,
rocking at room temperature. Membranes were then washed three
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times with 1X TBST before exposure using a Licor Odyssey CLx
Imaging System.

For yeast protein and HEK293T co-immunoprecipitation
experiments, the AARS1 antibody (Bethyl Laboratories A303-473A)
was used at 1:1000 dilution. For fibroblast DSS assays, the same
AARS1 antibody was used at 1:500 dilution. For HEK293T and
yeast co-immunoprecipitation experiments, the 6xHis antibody
(Abcam 18 184) was used at a dilution of 1:3000. The FLAG
antibody (BioLegend 637 302) was used at a 1:2500 dilution. The
loading control was actin (Sigma A5060, 1:5000) for mammalian
protein blots and PGK1 (Abcam ab113687, 1:3000) for yeast
protein blots. For co-immunoprecipitation studies of AARS1
and ALA1, the AARS1 antibody used was Abcam ab226259 at
a dilution of 1:500. Supplementary Material, Figures 7–9 show
full-length western blots for data presented in Figures 2A–C,
3C, 4A–C.

AARS1 protein structure prediction
To predict whether Q855∗ significantly alters AARS1 protein struc-
ture, the AlphaFold Colab notebook was used to predict the pro-
tein structure of the first 854 amino acids of AARS1 (Uniprot
P49588-1). To enable a sdirect comparison between mutant and
wild-type, AlphaFold Colab was also used to predict the structure
of the full-length AARS1 amino acid sequence. Predicted struc-
tures were visualized and aligned using PyMOL.

Clinical and genetic evaluation of newly reported
patients
All patients were evaluated as part of the Inherited Neuropa-
thy Consortium natural history study (protocol 6601), which has
received Institutional Review Board/Ethics Board approval for the
study. All patients or their guardians signed consent forms. A Clin-
ical Laboratory Improvement Amendments-certified laboratory
in the United States performed all genetic testing.

Statistical data analysis
All statistical analyses were performed with GraphPad Prism.
One-way ANOVAs with multiple comparison tests were used to
determine statistical significance.

Supplementary Material
Supplementary Material is available at HMG online.
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