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Abstract
Charcot–Marie–Tooth (CMT) disease is a genetically heterogeneous group of peripheral neuropathies. Mutations in several
aminoacyl-tRNA synthetase (ARS) genes have been implicated in inherited CMT disease. There are 12 reported CMT-causing
mutations dispersed throughout the primary sequence of the human glycyl-tRNA synthetase (GARS). While there is strong
genetic evidence linking GARSmutations to CMT disease, themolecular pathology underlying the neuromuscular and sensory
phenotypes is still not fully understood. In particular, it is unclear whether the mutations result in a toxic gain of function, a
partial loss of activity related to translation, or a combination of these mechanisms. We identified a zebrafish allele of gars
(garss266). Homozygous mutant embryos carry a C->A transversion, that changes a threonine to a lysine, in a residue next to a
CMT-associated human mutation. We show that the neuromuscular phenotype observed in animals homozygous for T209K
Gars (T130K in GARS) is due to a loss of dimerization of the mutated protein. Furthermore, we show that the loss of function,
dimer-deficient and human disease-associated G319R Gars (G240R in GARS) mutant protein is unable to rescue the above
phenotype. Finally, we demonstrate that another human disease-associatedmutant G605R Gars (G526 in GARS) dimerizes with
the remaining wild-type protein in animals heterozygous for the T209K Gars and reduces the function enough to elicit a
neuromuscular phenotype. Our data indicate that dimerization is required for thedominant neurotoxicityof disease-associated
GARS mutations and provide a rapid, tractable model for studying newly identified GARS variants for a role in human disease.

Introduction

Charcot–Marie–Tooth (CMT) disease is a genetically heteroge-
neous group of peripheral neuropathies characterized by im-
paired sensation and progressive muscle atrophy in the upper
and lower extremities. Pathophysiological studies separate CMT
disease into twomajor categories: type I (CMT1 or demyelinating
CMT disease) and type II (CMT2 or axonal CMT disease). The
estimated prevalence of CMT disease is 1 in 2500 individuals
worldwide (1). There is an overlap between CMT2 and a similar
group of clinical syndromes classified as distal hereditary
motor neuropathy or distal spinal muscular atrophy (dSMA) (2).

To date, over 1000 different mutations have been discovered in
80 disease-associated genes. Identification of the genetic causes
of CMT elucidated conserved mechanisms that explain the
myelin degeneration in CMT1 and axon degeneration in CMT2.
Disruption of the myelin structure through mutation of proteins
produced by Schwann cells is a recurring mechanism in CMT1.
Defects associated with vesicle trafficking (3), mitochondrial
morphology (4) and cytoskeletal integrity (5,6) have been impli-
cated in multiple axonal forms of CMT. Interestingly, mutations
in six genes encoding enzymes indispensable for protein synthe-
sis [aminoacyl-tRNA synthetase (ARSs)] have been implicated in
axonal CMT2 (7–11).
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The canonical activity of ARSs is to charge amino acids onto
their cognate tRNA molecules in the cytoplasm and mitochon-
dria (12,13), the first step of protein translation, to maintain the
fidelity of the genetic code. There are 37 ARS genes in the mam-
malian nuclear genome that code for 17 cytoplasmic and 17mito-
chondrial enzymes. In three cases, a single gene encodes both
cytoplasmic and mitochondrial forms of the protein by using al-
ternatively spliced exons or alternative initiation codons, such as
the glycyl-tRNA synthetase (GARS) (14). Human GARS functions
as a homodimer with the monomer unit having 685 residues
and is composed of an N-terminal appendedWHEP-TRS domain,
a catalytic core and a C-terminal anticodon binding domain (15).
The catalytic domain contains the characteristic three conserved
motifs of class II tRNA synthetases. There are 12 reported CMT-
causing mutations dispersed throughout the primary sequence
of human GARS (16,17). Subsequently, mutations in the tyrosyl-
(YARS), alanyl-(AARS), histidyl-(HARS) and methionyl (MARS)—
tRNA synthetases have been implicated in inherited CMT disease
with an axonal pathology (7–11).

Three mouse models of GARS mutations were generated and
have been used extensively to study CMT2D onset and progres-
sion (18,19). Two of those cause dominant phenotypes due to
missense mutations in Gars (GarsNmf249 and GarsC201R) and share
pathological features with the human disease. The GarsNmf249

allele causes reduced body weight, loss of larger diameter
axons, partial or complete denervation of neuromuscular junc-
tions (NMJs), and lethality by 8weeks of age (18). The GarsC201R al-
lele, identified in an N-ethyl-N-nitrosourea (ENU) mutagenesis
screen, is considerably less severe. Those mice exhibit impaired
grip strength, reduced weight and show a trend toward smaller
axon diameters (19). Homozygous GarsC201R mice are sub-viable
and homozygousGarsNmf249 are embryonic lethal. The embryonic
lethality observed in these Gars alleles is probably not related to
the neuropathy phenotype, as GARS is necessary for translation
in every cell, and loss of function in non-neurological tissue is a
likely cause of the embryonic lethality. Moreover, mice heterozy-
gous for a complete null allele (GarsXM256) do not present any
phenotype, ruling out haploinsufficiency (18).

A Drosophila gars mutant was identified in a forward genetic
screen for dendrite and axon formation and arborization, using
the mosaic analysis with a repressible cell marker system. The
Drosophila mutation causes a missense change equivalent to a
P98L in the human protein. The homozygous phenotype in flies
is probably due to impaired translation and it was proposed
that the axons and the dendrites have a greater sensitivity to re-
duced protein synthesis (20).

Finally, structural studies in the human protein have shown
that many of the mutations alter dimer formation that is essen-
tial for tRNA-charging activity, such as L129P and G240R (17). Per-
ipheral nerves with long, large-diameter axonsmay be especially
vulnerable to decreased activity because of their unusual trans-
port and metabolic demands, suggesting that a reduction of
tRNA-charging function could result in neuropathy. Consistent
with this, the majority of disease-causing mutations in GARS
cause reduced tRNA charging in cell-free assays, which roughly
correlates with a decreased ability to support viability in yeast
cells deleted for GRS1, the ortholog of GARS (16). Furthermore,
some mutations alter the subcellular distribution of GARS in
transfected neurons, suggesting a possible loss of function at
the cellular level throughmislocalization, even if the charging ac-
tivity is preserved (7,16). While there is strong genetic evidence
linking GARSmutations to CMT disease, themolecular pathology
that underlies the progression of the neuromuscular and sensory
phenotypes is still not fully understood. In particular, it is unclear

whether themutations result in a toxic gain of function, a partial
loss of activity related to translation, or a combination of these
non-mutually exclusive mechanisms.

The zebrafish is an excellent organism for modeling neuro-
muscular phenotypes. It is amenable to forward and reverse gen-
etics, and embryos can be obtained in large numbers, are
transparent during early developmental stages, and have a sim-
ple nervous system. During a forward genetic screen (21), we
identified an allele of gars (garss266). Homozygous mutant em-
bryos carry a C->A transversion, leading to a non-conservative
substitution within gars that changes a threonine to a lysine at
residue 209, which is equivalent to the T130K in the human pro-
tein and resides next to a previously studied human mutation
(L129P). We show that T209K affects the homodimerization of
the GARS protein. Maternally deposited protein and mRNA sup-
port the development of embryos up to 48 h post-fertilization
(hpf ). However, garsT209K/T209K embryos and larvae are under-
developed with a smaller body axis, exhibit denervated NMJs
and a severe muscular atrophy, become progressively immotile
and have a cardiac phenotype. Cardiac contractility and blood
flow initiate as in wild-type animals but, due to impaired cardiac
valve formation, the flow stops and the blood regurgitates be-
tween the two heart chambers. Since T209K exists only as a
monomer, this ablates the ability to aminoacylate tRNA, thus in-
hibiting protein translation in mutant embryos. Heterozygous
garsT209K/+ embryos and adults do not show any phenotype, are
fertile, and can live more than 2 years with no swimming or
other behavioral phenotypes. Based on this, we hypothesized
that dimerization is required for dominant GARS-associated
neuropathy. We modeled several known human mutations in
zebrafish to test if garss266 can be used as the first vertebrate ani-
mal model for studying CMT-associated human mutations. The
garsT209K/T209K phenotype was transiently rescued by overexpres-
sing the wild-type and C236R zebrafish gars (which is equivalent
to the C201R mouse mutation). However, overexpression of a
human mutation that reduces, but does not ablate dimerization
(G319R; equivalent to G240R in GARS) did not improve the pheno-
type. Finally, overexpressing G605R gars (equivalent to G526R in
GARS, a human loss-of-function mutation that does not affect
dimerization) in zebrafish embryos heterozygous for T209K gars
resulted in a neuromuscular phenotype.

Altogether, these data suggest that: (i) the neuromuscular
phenotype observed in animals homozygous for T209K is due
to a loss of dimerization of the mutated protein; (ii) the loss of
function and dimer-deficient G240R mutant protein is unable to
rescue the above phenotype due to the loss-of-function nature of
this mutant protein and (iii) G526R gars dimerizes with the re-
maining wild-type protein in animals heterozygous for T130K
gars and reduces the function enough to elicit a neuromuscular
phenotype. Our data indicate that dimerization is required for
the dominant neurotoxicity of disease-associated GARS muta-
tions and provide a rapid, tractable model for studying newly
identified variants for a role in human disease.

Results
The s266 mutant allele destabilizes the dimerization
of Gars protein

We identified a recessive lethal mutation, s266, with retrograde
blood flow between the two heart chambers in a forward genetic
screen in zebrafish (21). Homozygousmutant embryos exhibit peri-
cardial edema and are underdevelopedwith unconsumed yolk and
smaller head and body axis (Fig. 1A). They become progressively
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immotile starting at 48 hpf, but survive up to 120 hpf. To identify
the s266 gene, we employed a positional cloning strategy. Bulk seg-
regant analysis placed the s266 locus on zebrafish chromosome 24.
Fine mapping with 1880 diploid mutant embryos positioned the
s266 locus to a 0.01 cM genomic region using markers z17203 and
z9321 and subsequently new markers we developed within two
partially overlapping BACs: DKEY-246L21 and DKEY-276I5 (Fig. 1B).
We sequenced all genes in the defined region and found a sin-
gle-nucleotide transversion (C to A) in the gars gene, which is
predicted to cause a substitution of a threonine with lysine
(T209K, equivalent to a T130K in human GARS) (Fig. 1C and D).
Importantly, zebrafish have a single gars gene on chromosome
24 (ZDB-GENE-030131-9174) encoding both the mitochondrial
and cytoplasmic Gars, as in Humans. T209 is inside the catalytic
domain at the dimer interface of the protein (Fig. 1E), suggesting
that it could affect homodimerization. Indeed, native western
blot analysis from garss266/s266 mutant embryo lysates demon-
strated the presence of only monomeric Gars proteins (Fig. 1F).

The T209K Gars mutation reduces yeast cell viability

To determine if the T209K amino-acid substitution alters the
function of the Gars protein, we employed a yeast complementa-
tion assay (Fig. 2). Yeast complementation assays have been used
to identify loss-of-function properties of human GARSmutations
(7,16). To assess the functional consequences of T209K gars, we
modeled this mutation in the yeast ortholog GRS1 (residue T209

in zebrafish GARS is equivalent to residue T80 in yeast GRS1
and T130 in human GARS) and tested for the ability to support
yeast cell growth compared with wild-type GRS1 or to a vector
with no GRS1 gene (‘Empty’). A previously validated haploid

Figure 1. Identification and cloning of a novel gars allele. (A) Bright-field images of wild-type (A, upper), garss266/s266 mutant (A, lower) at 96 hpf. garss266/s266 embryos are

delayed in development. They exhibit smaller head, eyes, body axis and a pericardial edema (B) The mutation was mapped on linkage group 24 (BAC clone DKEY-276I5)

using 1880mutant embryos. (C) s266 embryos carry a C->A transversion, leading to a substitutionwithin the gars gene that changes a threonine to a lysine at residue 209. The

gars sequence is shown at the region of the mutation from a wild-type (left panel) and a homozygous mutant (right panel). (D) The amino acid change is in a highly

conserved region of GARS protein throughout species (conserved amino acids are in black; the altered lysine is highlighted). (E) gars is a 17-exon gene encoding 764-

amino acid protein with two catalytic domains. The T209 mutant corresponds to the T130K in the human protein and is inside the first catalytic domain and in the

dimer interface domain. (F) Using a specific human anti-GARS antibody to protein extracts from garss266/s266 and wild-type embryos at 48 and 72 hpf on a native

western blot, we showed that T130K interferes with the dimerization of the protein. Scale bar: 100 μm.

Figure 2. T80K GRS1 fails to support yeast cell growth. Haploid Δgrs1 yeast strains

were transformed with a vector containing no insert (pRS315 Empty) or an insert

to express wild-type or T80K GRS1 (equivalent to the T209K, s266 zebrafish

mutation, T130K in human GARS). Cultures resulting from each transformation

were spotted undiluted and diluted (1:10 and 1:100) on plates containing 0.1%

5-FOA. Experiments were performed using two independently generated T80K

GRS1 expression constructs (A and B).
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Figure 3.Abnormal NMJs are observed in garss266/s266mutant larvae. (A). Cartoon summary of neuromuscular synaptogenesis inwild-type zebrafish (A, top view) 24–30, 48

and 96 hpf. For each stage a side view of twomyotomal segments are shown. In each panel, green structures representmotor neuron cell bodies and axons; red structures

represent AChR clusters, and yellow represents overlap of pre- and post-synaptic structures and thus a synapse. At the appropriate stage, the phenotype of garss266/s266

mutant is shown. At 24–30 hpf in wild-type and mutant embryos, motor axons have reached the dorsal and ventral edges of the myotome, and AChRs are clustered

beneath synaptic vesicle clusters. Non-synaptic AChRs are present along the myosepta between adjacent myotomes. At 48 hpf in wild-type zebrafish, motor axons

have turned and have grown along the rostral lateral myosepta, and axon branches are present in all muscle fiber layers. Synapses form along all axon branches, and

synaptic vesicle clusters and AChR clusters are well co-localized (yellow). However, in garss266/s266 embryos pre- and post-synaptic areas are smaller (bottom). By

96 hpf in wild-type zebrafish, motor axon branching and synapse formation has increased and the entire length of the rostral lateral myosepta is innervated (yellow

in the myosepta). In mutant embryos at 96 hpf, synapse number is reduced in the myotome and not properly localized (neuromuscular synapses are labeled with
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yeast strain with the endogenous GRS1 gene deleted and a vector
that expresses wild-type GRS1 and URA3 to maintain viability
(22) was transformed with a separate vector harboring a LEU2 se-
lection marker and either no insert or a wild-type or T80K GRS1
allele. Yeastwere then selected onmedia containing 5-fluorooro-
tic acid (5-FOA), which is toxic to yeast cells expressing URA3 and
thus selects for cells that have spontaneously lost the mainten-
ance vector. Only yeast cells expressing a functional GRS1 allele
from the LEU2-bearing vector will survive on 5-FOA. The wild-
type GRS1 expression vector sustained yeast viability, while the
empty vector was unable to complement the knockout allele,
consistent with GRS1 being an essential gene (Fig. 2) (22). Yeast
expressing T80K GRS1 demonstrate minimal survival on 5-FOA
media (Fig. 2). These results indicate that T209K gars is a
loss-of-function allele.

S266 larvae exhibit partial innervation and
degeneration of fast muscle fibers in the
developing skeletal muscles

To form a functional muscular unit, motor neurons grow out
from the spinal cord to establish contact with muscle fibers of
the corresponding somite. Zebrafish have three types of primary
motor neurons (PMNs), the caudal primary (CaP), the middle pri-
mary (MiP) and the rostral primary. Between 16 and 24 hpf the
axon of each PMN grows along the common pathway, lateral to
the notochord, to the choice point, pauses for several hours
and grows across the medial surface of one myotomal muscle
(23,24). Axons subsequently grow along the lateral myosepta
and branch extensively to innervate more lateral muscle fibers.
At the same time, pre-patterned acetylcholine receptor (AChR)
clusters at the choice point are present in almost all medially lo-
cated muscle fibers. Eachmuscle fiber has one cluster situated in
the middle of the myotome (Fig. 3C, asterisks). Between 20 and
28 hpf, each primary axon extends into its appropriate territory
of the myotome and the synapses are formed by overlapping of
the axon and the AChR clusters (Fig. 3D, arrows and arrowheads).
We examined garss266/s266homozygousmutants (n = 8 embryos at
28 hpf) for development and the formation of NMJs. Embryos
were co-stained with the synaptic-vesicle 2 (SV2) antibodymark-
ing the pre-synaptic motor nerve ends and a-Bungarotoxin
(aBTX), binding to the post-synaptic acetylcholine receptors,
AChRs. At 28 hpf s266 mutants do not exhibit a phenotype and
we could not detect any differences within the clutch. The pri-
mary axons (CaP and MiP) are developing and projecting at the
center of the myotome normally (Fig. 3F) and the pre-patterned
AChRs are clustering, too (Fig. 3G, merge in Fig. 3H). Robust over-
lapping NMJs are formed without any difference in the co-local-
ization of SV2 and aBTX as shownby the Pearson’s correlation co-
efficiency analysis (Fig. 3E).

In contrast, starting at 48 hpf (Fig. 3M–O) and more profound
at 96 hpf (Fig. 3T–V) we observed a progressive reduction of
NMJs in the developing muscle. Quantifications of pre- and

post-synaptic areas at 48 and 96 hpf showed that garss266/s266

larvae had lower volumes of both SV2 and aBTX (Fig. 3S). Par-
ticularly, at 48 hpf wild-type embryos had NMJs occupied area
of 7.5% ± 0.398% as a percentage of the total area of two somites
at the level of the hindgut extension, in comparison with the
3.3% ± 0.765% of garss266/s266. At 96 hpf wild-type larvae had
NMJs occupied area of 18% ± 0.255% in comparison with 5.5% %
± 0.255% of garss266/s266 larvae. NMJs occupied area were not sig-
nificantly altered between wild-type and siblings larvae (data
not shown). The reduction of the muscle innervation is more
pronounced in the fast muscle fibers in the center of the myo-
tomes, since the NMJs are located at the edge of slow muscle fi-
bers and form chevron-shaped lines at the boundary of body
segments (Fig. 3R). Moreover, co-localization of SV2 and aBTX
was significantly reduced by 1.6-fold (Fig. 3L). In summary,
T209K causes NMJ defects in homozygous mutant embryos by
arresting innervation. The primary motor axons entered the
muscle and branched properly, while the nerve terminal
completely overlaps the post-synaptic receptor field on the
muscle. However, from 48 hpf and onwards the innervation of
the muscle is significantly decreased, causing the observed
paralysis of garss266/s266 larvae at 96 hpf. Those data agree with
the GarsNmf249/+ mice that exhibit denervated or partially inner-
vated NMJs from P36 to P37, but not earlier (18). A possible ex-
planation of normal NMJ development during early stages is
maternal contribution of wild-type mRNA and protein (Supple-
mentary Material, Fig. S1A and B).

Since GARS mutations are also associated with distal spinal
muscular atrophy V, we examined the development and
formation of skeletal muscles in garss266/s266 larvae by immu-
nostaining with sarcomeric α-Actinin that stains the z-disks
and phalloidin that specifically recognizes f-actin of fastmuscle
fibers. We observed that the myofibrils of homozygous mutant
larvae lack the normally aligned arrangement to the chevron-
shape somatic semi-segment. Moreover, they lost their integ-
rity and tight formation (Fig. 4B) and were thinner compared
with the myofibrils of wild-type larvae (Fig. 4A). The thickness
of the myofibrils is reduced from 5 μm±0.08 (average ± SE, n = 10)
in wild-type animals to 3 μm± 0.07 [average ± standard error
(SEM) of the mean (SEM), n = 11] in mutant animals (Fig. 4G).
The formation of this looser muscle structure in homozygous
mutants affects the striation of the sarcomeres, since in
garss266/s266 larvae myofibrils are discontinuously striated
(Fig. 4F, arrows). Finally, we investigated themechanical stability
of the muscles by immunostaining with Vinculin, a cytoskeletal
protein associated with cell–cell and cell–matrix junctions.
Vinculin normally localizes to the myotendinous junctions
(MTJs) (25). In garss266/s266 embryos, Vinculin stains discontinu-
ously in MTJs with gaps at regions where the actin filaments
have retracted (Fig. 4D, arrowheads). In addition, we observed
larger angle and more U-shaped like somites. Heterozygous
larvae showed no neuromuscular alterations (Supplementary
Material, Fig. S2A–F).

antibodies against SV2 (green, pre-synaptic vesicles) and aBTX (red, post-synaptic AChRs). Images are oriented so that left is rostral and top is dorsal. (B–H) At 28 hpf the

PMN of the embryo projected straight axons dorsally (MiP axons, arrowheads) and ventrally (CaP axons, arrows) and robustly overlapped with NMJs. (E) Quantification of

co-localization of SV2 and aBTX in 28 hpf garss266/s266 (n = 8) and wild-type (n = 15) embryos showed no difference at this stage. However, as the mutant embryos develop

they showeda progressive loss of NMJs resulting to a severemuscular atrophy. (I–O) Projections of confocal z-stacks at the level of hindgut extension (I: 62 μm,O: 70 μm). In

48 hpf, mutant embryos (n = 13) had reduced synaptic occupied areas, compared with the wild-type embryos (n = 9). (L) Quantification of Pearson’s correlation (r) of pre-

and post-synaptic regions of wild-type (n = 10) and garss266/s266 (n = 14) 96 hpf larvae. (P–R) Projections of confocal z-stacks at the level of hindgut extension (R: 64 μm) of

96 hpf wild-type and mutant embryos. During the development of garss266/s266 denervated post-synaptic regions were observed, as only the 5.5% ± 0.8% of synaptic area

was present inmutants (T–V) larvae (W: 63 μm). Thesemeasurements reflected differences in larvalmuscle innervation, explaining the immotilityof garss266/s266-deficient

larvae. (S) Quantification of synaptic occupied areas in the two somites of the region of hindgut betweenwild-type (n = 9) and garss266/s266 (n = 13) 48 hpf embryos andwild-

type (n = 15) and garss266/s266 (n = 20) at 96 hpf larvae. (L and S) mutants had significantly lower synaptic occupied area when compared with siblings and wild-types

(**P < 0.0001, unpaired t-test). Scale bars: 25 μm. Agarose sections width 150 μm.
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Finally, we performed touch-evoke response assays at three
developmental stages (62, 72 and 96 hpf) on wild-type and
garss266/s266 animals to assess for muscle weakness (26). Wild-
type embryos responded to mechanosensory stimuli with rapid
and vigorous swimming in a straight line (Supplementary Mater-
ial, Fig. S3A–D). In contrast, homozygous mutants tended to
weakly flex and move for only a short distance (Supplementary
Material, Fig. S3E–H). Statistical analysis of the captured videos
showed that the time interval for swimming of a fixed distance
(1.1 cm) was significantly increased up to 5-fold for mutant
compared with wild-type embryos (Supplementary Material,
Fig. S3K). However, at this developmental stage garss266/s266 em-
bryos did not have any structural dystrophies in the skeletalmus-
cles, as exhibited at later stages. (SupplementaryMaterial, Fig. S3J
compare with Supplementary Material, Fig. S3I). This suggests
that the increased interval time for swimming was a result of a
muscular weakness.

S266 larvae exhibit immature AV cushion formation
and pericardial edema

The s266mutant allele causes a recessive cardiac phenotypewith
pericardial edema and blood stasis by 96 hpf. Blood circulation
initiates but from 72 hpf is gradually reduced and then at the
level of the bulbus arteriosus stops, with the blood regurgitating
between the two chambers of the heart. All mutant larvae die by
5 dpf due to the lack of blood circulation similar to most mutant
lines with cardiac defects from the forward genetic screen (21) or
the silent heart mutant line (sih) where a mutation in the cardiac

troponin T results to a non-contractile myocardium (27). We,
therefore, aimed to examine myocardial function and the
morphology of the AV cushion. Bright-field videos of the heart
showed that garss266/s266 animals had no difference inmyocardial
function compared with wild-type or sibling larvae and exhibit
an unaltered heart rate (SupplementaryMaterial, Fig. S4A). To es-
tablish whether cardiac valve morphogenesis was affected, we
used the transgenic lines Tg(kdrl:EGFP)s843 to mark endothelial
cells and the wnt signaling reporter Tg(7xTCF-Xla.Siam:nslCher-
ry)ia5. In these lines endocardial and valve cells can be visualized.
Confocal analysis of hearts showed that AV canal endocardial
cells in mutant larvae acquired the cuboidal shape. However,
analysis of Tg(7xTCF-Xla.Siam:nslCherry)ia5 showed a dramatic
decrease in the amount of TCF:cherry positive, mesenchymal
looking endocardial valve cells in the AV cushions (Supple-
mentary Material, Fig. S4B arrows in Supplementary Material,
Fig. S4J and K, compare with Supplementary Material, Fig. S4D
and E and Movie 2A and B). Taken together, these results indi-
cated that at early developmental stages AV valve differentiation
occurs normally, but at later stages impaired Gars function
prevents formation of functional cardiac valves.

T209k is a loss-of-function variant of Gars protein

The canonical function of GARS is to catalyze the ligation of gly-
cine to cognate tRNAs, resulting in glycyl-tRNA complexes neces-
sary for protein translation. To analyze whether the observed
phenotypes in s266mutants are caused by defective protein syn-
thesis, we chemically inhibited protein synthesis between 24 and

Figure 4. garss266/s266mutants exhibit structural defects inmuscles and somites. (A and B) Confocal analysis in 100 μmagarose sections of 72 hpfwild-type and garss266/s266

larvae stainedwith filamentousActin (wt n = 30, garss266/s266 n = 25), (C andD) with Vinculin, staining the chevron shaped-septa along the anterior–posterior axis (wt n = 16,

garss266/s266 n = 15) and (E and F) with sarcomeric α-Actinin (wt n = 10, garss266/s266 n = 11). In garss266/s266 mutants (B and F) themyofibrils lacked the aligned arrangement to

the chevron-shape somatic semi-segment and lost their integrity and tight formation, comparing with wild-type (A and E) embryos. In garss266/s266 embryos (F) myofiblis

were discontinuously striated (arrows). (G) The sarcomeres in mutant embryos were 30% shorter, compared with wild-type when measuring the length of z-disks

(α-actinin), (wt n = 10, garss266/s266 n = 11 in C and D). Vinculin staining showed that garss266/s266 larvae do not exhibit the typical chevron pattern in septa, but a

U-shaped, more fainted signal and a discontinuous formation with gaps (arrowheads, D). Arrows (F) are indicating z-disk and arrowheads (D) the discontinuous septa.

(G) The myofibril thickness and z-disk length was significantly reduced in mutants when compared with wild-type (**P < 0.001, unpaired t-test). Scale bars are 25 μm in

(A–D) and 5 μm in (E and F).
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96 hpf by the addition of cycloheximide (Chx) to wild-type and
siblings embryos. Treatment of wild-type animals with Chx
(Fig. 5B and C) led to a phenotype similar to garss266/s266 (Fig. 5D)
with treated embryos being underdeveloped with smaller body
axis and having a smaller head and decreased swimming cap-
ability (Supplementary Material, Movie S3). Chx-treated larvae
also developed a progressive neuromuscular phenotype with a
significant reduction in the NMJs occupied area (Supplementary
Material, Fig. S5A and B and quantification Supplementary
Material, Fig. S5C) and reduced myofibril thickness and shorter
z-disks in the skeletal muscles (Supplementary Material,
Fig. S5D and E and quantification in Supplementary Material,
Fig. S5F). These findings are consistent with the s266 phenotype
being caused by impaired translation. Since T209K Gars exists
only as a monomer, it would be predicted to ablate aminoacyla-
tion of tRNA-Gly molecules. Furthermore, this could result in in-
creased levels of uncharged tRNA and phosphorylation of Eif2α
(Fig. 5E and quantification in Fig. 5I). Thus, T209K demonstrates
loss-of-function characteristics, which result in impaired protein
translation and the observed phenotype.

In support of a loss-of-function mechanism, overexpression
of wild-type Gars protein improves the motility and extends
the life span of mutant embryos by 2 days. garss266/s266 larvae
overexpressing wild-type Gars also maintained blood circulation
up to 6 dpf (Supplementary Material, Movie S4A) and have a
2-fold increase in pre- and post-synaptic density in NMJs com-
pared with uninjected controls (Fig. 6H–J and quantification in

Fig. 6T). This partial rescue is achieved only by the overexpression
of a functional protein. Indeed, native western blot analysis from
injected embryo lysates showed the presence of the active homo-
dimer form of Gars in garss266/s266 larvae injected with wild-type
garsmRNA at 72 hpf and a double band of both forms (monomer-
ic and dimeric) of the protein (Fig. 6A). These data support our
conclusion that T209K is a loss-of-function gars allele.

In contrast, we did not detect rescue of the phenotype upon
overexpressing G319R gars (equivalent to the G240R in human
GARS), which reduces dimerization and aminoacylation (17).
Overexpression was confirmed by immunoblots at 72 hpf and
injected larvae had significantly increased levels of GARS protein
(up to 3-fold) compared with uninjected controls. Native western
blot analysis from injectedmutant embryo lysates demonstrated
only the monomeric form of GARS in garss266/s266 injected mu-
tants (Fig. 6A) consistent with previous in vitro data showing im-
paired dimerization of this protein (17). These data for the first
time show in vivo that G240R GARS affects dimerization.

The disease-associated G526R mutation ablates enzyme ac-
tivity but retains dimerization (16,17) and, as mentioned above,
the C201R mouse mutation is a partial loss-of-function allele.
We, therefore, tested these two mutant proteins for the ability
to rescue the s266 phenotype by modeling them in the Gars pro-
tein (G605R and C236R, respectively) and overexpressing themup
to 3-fold compared with endogenous levels. C236R does not
interfere with dimerization of the GARS protein, but does reduce
enzymatic activity in homozygous mice (19). Overexpression of

Figure 5. Eif2a phosphorylation is induced in garss266/s266 embryos. (A–D) Bright-field images of wild-type, siblings andmutant larvae at 72 hpf, after treatments with Chx.

Wild-type larvae (n = 60) and siblings (n = 40) treatedwith 10 μChx phenocopied the garss266/s266 phenotype. (A)Wild-type untreated control and (D) garss266/s266 untreated

embryo. (E) Western blot analysis showed that the levels of Eif2a phosporylation is increased up to 2.8-folds in homozygous mutants at 48 hpf (H) and up to 3.2-folds at

72 hpf (I), compared with wild-type embryos. All mutants were significantly altered comparing with wild-type (****P < 0.00001, one-way ANOVA). The quantification of

Eif2a protein levels was performed with the ImageJ software. Scale bars: 50 μm.
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Figure 6. Functional analysis of C236R, G319R and G605Rmutations using garss266/s266 larvae. (A) Native western blot analysis of protein extracts from injected with wild-

type, C236R and G605R zGars and uninjected mutant embryos at 72 hpf showed that in injected garss266/s266 embryos, Gars existed in an active, dimer formation, while in

the control as a monomer. In contrast, injection with G319R did not result in the formation of heterodimers. (B–D). Projections of confocal z-stacks at the level of hindgut

extension of 96 hpf. (E–G) During the development of garss266/s266, denervated post-synaptic regionswere observed, as only the 5.5% ± 0.8% of synaptic occupied areaswere

present in mutant larvae. (H–J) Forty-eight percent of the homozygous mutant larvae injected with wild-type zGars exhibited blood flow (n = 41, not shown) at 6 dpf and

showed nearly wild-type levels of synaptic areas at 96 hpf. (K–M) Seventeen percent of the homozygous mutant larvae injected with C236R mRNA exhibit blood flow

(n = 128, not shown) at 6 dpf and showed an increase of synaptic areas up to 2-fold at 96 hpf compared with mutant control. (N–P) Homozygous mutant larvae injected

with G319RmRNA (n = 35). Injected embryos had denervatedmuscles with a similar decrease of NMJs occupied areas compared with garss266/s266 uninjected larvae. (Q–S)
Homozygous mutant larvae (n = 47) injected with G605R mRNA. Injected embryos had denervated muscles with a similar decrease of NMJs density compared with

garss266/s266 uninjected larvae. Although dimers formed in the injected larvae, both mutations rendered the dimer non-functional and as a result embryos died by

5 dpf. (S and T) Quantification of synaptic occupied areas in injected larvae (wild-type n = 10, garss266/s266 n = 14, garss266/s266 wild-type zGars n = 10, garss266/s266 C157R

zGars n = 9, garss266/s266 G240R zGars n = 10, garss266/s266 G526R zGars n = 11, ***P < 0.0001, one-way ANOVA). (U) Quantification of co-localization of SV2 and aBTX in

injected embryos (wild-typen = 10, garss266/s266 n = 14, garss266/s266 wild-type zGars n = 10, garss266/s266 C236R zGars n = 9, garss266/s266 G319R zGars n = 10, garss266/s266 G605R

zGars n = 11, ***P < 0.0001, one-way ANOVA). Scale bars: 25 μm.
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C236R transiently rescues the levels of NMJs occupied area by
increasing pre- and post-synaptic areas (Fig. 6K–M) and by main-
taining blood circulation up to 6 dpf (Supplementary Material,
Movie S4B). Nativewesternblot analysis of injected embryo lysates
revealed only the homodimeric form of Gars in garss266/s266 in-
jected larvae at 72 hpf (Fig. 6A). At 5 days a double band indicating
the presence of both themonomeric anddimeric forms of the pro-
tein was observed (Fig. 6A), and only monomers were detected at
7 dpf (data not shown). A likely explanation for this partial rescue
is that C236R is a hypomorphic allele. Indeed, this is consistent
with the milder phenotype in heterozygous C201R mice and the
partial viability of homozygous C201R mice.

Finally, overexpression of G605R gars, (a functional null
allele equivalent to G526R GARS that does not reduce dimeriza-
tion 7,16,17), failed to rescue the neuromuscular phenotype of
garss266/s266, since the pre- and post-synaptic NMJs occupied
areas show a decreasing shift to lower values comparing to
garss266/s266 larvae (Fig. 6Q–S). In parallel, the garss266/s266 injected
larvae could not maintain the blood circulation later than 96 hpf.
Previous reports showed that G526R does not affect dimer forma-
tion (15). Indeed, on a native western blot analysis from injected
embryo lysates, we observed the homodimeric form of Gars
(Fig. 6A); however, G526R ablates enzymatic activity by direct
blocking of the AMP-binding site (16,17). Importantly, this is the
first evidence in a vertebrate model system that G526R causes a
loss-of-function effect.

Dominant toxicity is associated with dimerization

We injected gars capped mRNA to overexpress T209K, G319R and
G605R proteins (equivalent to the T130K, G240R and G526R
human mutations) in s266 siblings (heterozygous and wild-type
embryos). T209K and G319R overexpression had no effect (data
not shown), but G605R enhanced the NMJ phenotype. In particu-
lar, we observed a severe reduction of pre- and post-synaptic
densities in NMJs at similar levels to garss266/s266 larvae (Fig. 7D–F).
In addition, injected heterozygous larvae exhibited pericardial
edema and reduced blood circulation. To determine if reduced di-
merization would improve the phenotype associated with G605R
expression we co-injected both mRNAs harboring the T209K and
theG605R in trans. Interestingly, this ameliorated theNMJ pheno-
type by increasing the NMJs occupied area by almost 2-fold
(Fig. 7G–I, quantification Fig. 7J). A possible explanation for this
improvement is that the toxic potential of G605R is reduced
when the dimerization of the protein is reduced by an excess of
T209K in trans, which would impair any dimerization with en-
dogenous, wild-type Gars and therefore reduce any dominant-
negative effects of G605R.

T130K GARS mislocalizes in neurons

Altered subcellular localization has been reported for mutant
forms of GARS (7,16). The affect on localization of the garss266

allele (T209K) was examined by introducing the mutation into
the human coding sequence (T130K) in frame with an enhanced
green fluorescent protein (EGFP) tag and transfecting constructs
into immortalized motor neurons (MN-1). In cells expressing
wild-type GARS-EGFP, the protein formed puncta (Fig. 8A, ar-
rows). In contrast, T130K GARS-EGFP was diffusely localized
throughout the cytoplasm and did not show any points of con-
centrated localization. In addition, endogenous zebrafish Gars
protein was visualized by staining with a GARS antibody in
wild-type and homozygous mutant larvae at 96 hpf and puncta
were observed in the cytoplasm of the soma and cell processes

of the midbrain. However, the number and the intensity of
these punctawere highly variable. Inmutant larvae, Gars showed
a more diffuse staining pattern and seems to accumulate in the
cytoplasm of neuron somata of midbrain (Fig. 8D, arrowheads).

Discussion
GARS is the most well-studied of the ARS enzymes implicated in
CMT disease; however, the molecular and cellular mechanisms
linking GARS and other ARSs to neuromuscular disorders remain
unclear. Mechanistic insights into CMT2D pathology came from
cellular and yeast studies (7,16) and from two mouse models
(18,19). The broad distribution of CMT-causing mutations on
the primary sequence of GARS has long been puzzling. Under-
standing howGARSmutations cause a highly specific phenotypic
peripheral neuropathy (28–31) requires additional insight into
mutant forms of GARS found in affected individuals. In this
study, we present the first CMT2D-associated zebrafish model,
which arose froman ENU-mutagenesis screen. Positional cloning
led to the identification of a threonine to lysine change (T209K) in
Gars, which corresponds to T130K in human GARS. This residue
is highly conserved, resides in the catalytic domain, and is direct-
ly adjacent to the diseased-associated human mutation L129P.
The T209K mutation causes a progressive, but severe, denerv-
ation of muscles with subsequent muscular atrophy of fast mus-
cle fibers and disorganization of themuscle cytoskeleton leading
eventually to paralysis and premature death in homozygous an-
imals. In addition, we studied two human and one mouse muta-
tion associated with peripheral neuropathy in our model by
overexpressing them via injecting capped mRNA into one-cell
stage embryos: C201R, a known hypomorphic mouse allele with
partial function in vivo; G240R, a complete loss of function human
disease-associated allele that demonstrates decreased dimeriza-
tion and G526R, a functional null allele that is capable of dimer-
ization (7,15,16). Our results indicate that our zebrafishmodel can
be used to systematically study human disease-associated GARS
polymorphisms.

Modeling T209K GARS in the yeast ortholog (GRS1) revealed
that it does not complement loss of endogenous wild-type
GRS1. In previous studies, modeling human GARS mutations in
the yeast revealed that several mutations (e.g. L129P, H418R and
G526R) do not complement deletion of wild-type GRS1, whereas
others (E71G and G240R) do complement loss of endogenous
GRS1. Furthermore, T130K GARS mislocalizes in cultured neu-
rons similar to other GARS mutant proteins that cause CMT dis-
ease (7,16). In summary, T209K is a loss-of-function allele
that has functional consequences similar to human disease-
associated GARS mutations.

A common pathological mechanism for genetic disorders is
a loss of function through altered mRNA and protein levels or
enzymatic inactivity. The active form of GARS is a homodimer.
Native western blot analysis showed that in mutant embryos/
larvae T209K Gars exists only as a monomer compared with het-
erozygous fish that have both monomeric and dimeric Gars. In
addition, when G240R GARS was modeled in the zebrafish gene
(G319R gars) and overexpressed in embryos, it failed to promote
dimerization of the T209K protein in mutants, while overexpres-
sion of C236R Gars induced dimerization with T209K Gars and
transiently rescued garss266/s266 larvae. From the structural per-
spective, it is not surprising that T209K and G319Rmutations dis-
rupt dimer formation since these residues are involved in the
interaction domains of monomers to form a dimer (17). Since
GARS must form a dimer to charge tRNA, the failure of mutant
monomers to dimerize and charge tRNA could be the general
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cause for decreased protein synthesis. Importantly, protein-
synthesis inhibition studies on wild-type embryos at 48 and
72 hpf phenocopy s266 fish, suggesting that the cause of the

phenotype is the lack of protein synthesis. Further evidence for
a loss-of-function effect is that theCMT-disease-relevantNMJhisto-
pathology is rescued by wild-type Gars. Injections with wild-type

Figure 7. Dominant toxicity is associated with dimerization. (A–I) Projections of confocal z-stacks at the level of hindgut extension (C: 42,57 μm; F: 42,3 μm; I: 31,22 μm) of

gars+/s266, gars+/s266 G605R, gars+/s266 G605R/trans-T209K larvae at 96 hpf. (A–C) gars+/s266 uninjected larvae. (D–F) gars+/s266 larvae injected with G605R mRNA (n = 228

injected larvae, 33% of injected larvae gave a s266 phenotype). The expression of G605R caused a dramatic reduction of the pre- and post-synaptic densities in the

injected larvae. (G–I) gars+/s266 larvae injected with G605R/trans-T209K mRNA (n = 153 injected larvae). However, trans-expression of T209K mutation ameliorated the

observed NMJ phenotype probably due to lower levels of G605R Gars available for dimerization with wild-type Gars. (J) Quantification of synapse density in injected

larvae (gars+/s266 n = 11 larvae, gars+/s266 G605R n = 15 larvae, gars+/s266 G605R/trans-T209K n = 19 larvae, ***P < 0.0001, one-way ANOVA). Scale bars: 50 μm.
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Gars extended the life span of mutant larvae by 2 days with im-
proved blood circulation and increased NMJs occupied area to near
wild-type levels. Our results for the humanCMT2Dmutation G319R
are consistent with this mutation being a loss-of-function allele.
Overexpression resulted in the presence of only the monomeric
form of GARS and injection of G319R mRNA did not complement
the lethality or neuromuscular phenotypes of garss266/s266 larvae.
In contrast, overexpression of the C236R gars (equivalent to the
C201R mouse Gars mutation) ameliorates the phenotype in the
NMJ as it increases the occupied area of NMJs by almost 2-fold (but
not towild-type levels) and extends the lifespanofmutant larvae by
2days.Apossible explanation for theameliorationof theneuromus-
cular phenotype is that C201R is a hypomorphic (but not functional
null) allele. Indeed, in GarsC201R/C201R mice the enzymatic activity is
∼60% decreased (19), but overexpression of the mutant protein
may compensate for this reduction of enzymatic activity. Transient

overexpression of variants capable of forming dimers with the
T209K mutant variant seems to transiently rescue the phenotype,
indicating that such a ‘heterodimer’ can be functional. Moreover,
even though G526R GARS does not affect dimerization of the en-
zyme, the protein is not active and as a result the overexpression
of G526R in our model did not rescue the NMJ phenotype. Import-
antly, these findings reveal our in vivo model as relevant for the
systematic analysis of CMT-associated human mutations to
understand their impact on dimerization. A recent report (32) de-
monstrated a neomorphic function for mutated forms of GARS
binding to the receptorNrp1andcompetingwith theVEGF-Nrp1sig-
naling. Also, a non-canonical function for several ARSs regulating
angiogenesis has been demonstrated (33,34).

s266 homozygous zebrafish appear normal up to 48 h post-
fertilization with a normal heart rate. This is very likely due to
maternally provided mRNA and protein. Only at later stages do

Figure 8. T209K-Gars has altered sub-cellular localization. (A) Expression of wild-type and mutant GARS-EGFP in mouse motor neurons. The T130K mutation was

introduced into the human-coding sequence in frame with a C-terminal EGFP tag, and transfected into MN-1 cells. Cells expressing wild-type GARS-EGFP

demonstrated localization of the protein to cytoplasmic puncta (arrowhead). (B) T130K GARS-EGFP appeared diffused throughout the cytoplasm and did not form

punctate structures. (C and D) Confocal analysis in agarose sections width 50 μm of 96 hpf wild-type and garss266/s266 larvae stained with filamentous actin (red), anti-

Gars (green) and the ac-a-tubulin (blue), a pan-axonal marker (wt n = 12, garss266/s266 n = 11). (C) Endogenous Gars is localized in cytoplasmic puncta of the neurons in

the midbrain of wild-type larvae at 96 hpf. (D) In contrast, in mutant larvae Gars showed fainter, diffused staining. Scale bars: 5 μm.
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embryos show a cardiac valve phenotype. Heterozygous zebra-
fish appear normal and have no observable phenotype up to 2
years of age atwhich point they continue to actively swimand re-
main fertile. We overexpressed the zebrafish equivalents of four
GARS mutations (zebrafish T209K, mouse C201R and human
G240R and G526R) in clutch-matched wild-type and T209K het-
erozygous embryos. Overexpression of T209K, C236R and G319R
Gars had no effect on the NMJ phenotype. In contrast, expression
of G605R had a severe effect on the NMJs of both wild-type and
heterozygous larvae at 96 hpf, causing a significant denervation
of muscles comparable with homozygous T130K animals. Com-
bined, these findings show that the dominant toxicity of GARS
mutations is likely associated with enzyme dimerization. That
is, themutant proteinmust be able to interactwith the remaining
wild-type protein to enact the toxic mechanisms (e.g. a domin-
ant-negative effect that would further reduce GARS function
well <50%). Indeed, when both G605R and T209K gars mRNA
was co-injected to overexpress both mutations in trans, the
toxic effect of G605R was reduced. A possible explanation is
that T209K reduces dimerization with wild-type, thus reducing
the toxic effect of G605R. Therefore, Gars T209K (T130K in
GARS) could be a ‘separation of function’ mutation that shows
that dimerization between a mutant monomer and a wild-type
monomer is required for the autosomal dominant disease; this
observation could explainwhy s266heterozygotes shownoneur-
opathy. These findings indicate that a dominant-negative effect
may be a potential mechanism of GARS-mediated CMT disease
and warrant follow-up studies to further test this mechanism.

Materials and Methods
Zebrafish maintenance and breeding

Zebrafish embryos were raised under standard laboratory con-
ditions at 28°C. s266 is a recessive mutation identified during an
ENU screen (21). The mutants were anesthetized using a tricaine
chemical (tricaine methanesulfonate). The genetic backgrounds
usedwerewild-typeAb strains, s266 carrying the following trans-
genes Tg(kdrl:EGFP)s843 and Tg(7xTCF-Xla:Siam:nlsCherry)ia5

(35,36). All zebrafish animal work has been approved by the
BRFAA ethics committee and the Attica Veterinary Department
(EL25BIO001/no. 4739).

Positional cloning of s266

Bulk segregant analysis for s266was performed and themutation
was mapped between zk246Ls1 (@4 kb, 1 recombinant/1880 mu-
tants tested) and zk276I5 (@80 kb, 1 recombinants/1880 mutants
tested) on LG24 near the gars gene. Sequencing of the gars gene in
homozygous and heterozygous larvae revealed a C->A transver-
sion, causing a non-conservative threonine to lysine amino
acid change at residue 209 in zebrafish (T209K), which is the
equivalent for a T130K mutation in the human protein.

Yeast complementation assays

Yeast complementation assayswere performed as previously de-
scribed (7,16). Briefly,mutation-containing oligonucleotideswere
designed and used with the QuickChange II XL Site-Directed Mu-
tagenesis Kit (Stratagene, Santa Clara, CA, USA) (per the manu-
facturer’s instructions) to model the zebrafish T209K gars
mutation in the yeast ortholog GRS1 in a pDONR221 Gateway
entry clone (Invitrogen, Carlsbad, CA, USA). Plasmids were iso-
lated from individual clones and sequenced to confirmmutagen-
esis and exclude polymerase errors. The T209K GRS1/pDONR221

entry clone was recombined into a Gateway-compatible LEU2-
bearing pRS315 destination vector. Resulting cloneswere purified
and digestedwith BsrGI (New England Biolabs, Ipswich, MA, USA)
to confirm recombination. The Δgrs1haploid yeast strain [harbor-
ing a pRS316 maintenance vector to express wild-type GRS1 and
URA3 (22) was transformed with wild-type or mutant GRS1 in a
LEU2-bearing pRS315 vector and selected onmedium lacking ura-
cil and leucine (Teknova, Hollister, CA, USA). For each transform-
ation, two colonies were selected for further analysis. Each
colony was grown to saturation in the selection medium for
48 h. Next, 10 μl of undiluted and diluted (1:10 and 1:100) samples
from each culture were spotted on plates containing 0.1% 5-FOA
completemedium or SD -leu -ura growthmedium (Teknova) and
incubated at 30°C for 72 h. Yeast cell growth was determined by
visual inspection.

Cell culture and protein localization studies

The mouse motor neuron, neuroblastoma fusion cell line (MN-1)
was cultured and transfected as previously described (7,37). Brief-
ly, MN-1 cells were grown in a four-well culture slide (BD Bio-
sciences, Bedford, MA, USA) and incubated at 37°C for 24 h. Cells
were then rinsed with one-time PBS and transfected with 1.5 μg
of purified plasmid DNA or the equivalent volume of water for
mock transfections constructs to express wild-type or mutant
GARS in-frame with an EGFP tag [using Lipofectamine 2000
(Invitrogen) per the manufacturer’s instructions]. Cells were incu-
bated with the OptiMEM/lipofectamine/plasmid solution at 37°C
for 4 h. Next, transfection reactions were removed and replaced
with normal growth medium and the cells were incubated at 37°
C for 48 h. Growth medium was removed and the cells were
washed in one-time PBS and then incubated in one-time PBS/
0.4% paraformaldehyde for 10 min at room temperature. Cells
were washed in one-time PBS, co-stained with 300 n 4′,6-diami-
dino-2-phenylindole for 5 min, washed again in one-time PBS and
finally coated with pro-long antifade reagent (Invitrogen). The
IX71 Inverted Microscope using the cellSens Standard image soft-
ware (Olympus) was used to obtain images.

Immunohistochemistry

Time-staged zebrafish were fixed overnight at 4°C in 4% PFA.
Whole-mount antibody staining was carried out as described
previously (21). The antibodies were used in the following con-
centrations: anti-α-Actinin (1:500), anti-SV2 (Developmental
Studies Hybridoma Bank, catalog no. sv2; 1:250), anti-Vinculin
(Sigma-Aldrich, catalog no. V9131; 1:400), anti-GARS (Abcam,
catalog no. ab42905; 1:3000), Rhodamine Phalloidin (1:500) and
aBTX-Alexa Fluor 555 conjugated (1:500). The appropriate sec-
ondary antibodies were used with Alexa Fluor 488 (Molecular
Probes, catalog no. A-10235; 1:500) or 633 (Molecular Probes, cata-
log no. A-20170; 1:250).

Confocal microscopy

Imaging was performed using a Leica TCS SP5 inverted confocal
microscope. The imageswere capturedwith the LAS AF software.
Images shown are representatives samples of at least 10 em-
bryos/larvae examined.

Synapses quantification and co-localization

Quantification of pre- and post-synapses were made on confocal
scans at three developmental stages of 24, 48 and 96 hpf. Images
were obtained from trunk segments located at the level of the
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yolk-sac extension. Measurements were carried out as described
previously (38,39). In particular, to quantify the NMJswe used the
ImageJ analysis software to measure the pre- and post-synaptic
area (SV2 and BTX, respectively positive area as a percentage of
the total area in those twomyotomes, Fig. 3A). To study the co-lo-
calization of pre- and post-synaptic regions, we quantified the
Pearson’s correlation co-efficient using the Bitplane: Imaris
7.7.2. software. Data analysis was made in the Microsoft Excel
and GraphPad Prism version 5.01 software.

Touch-evoke response assays and muscular weakness
analysis

Touch-evoke response assays were carried out as described be-
fore (26). In brief, we captured videos (60 frames/s) of embryos/
larvae at stages 62, 72 and 96 hpf and they were analyzed
frame-by-frame using the ImageJ analysis software. Using amet-
ric ruler, we marked the start and end points of the swimming
bout (1.1 cm). After delivering mechanosensory stimuli to the
embryo/larvae by touching the tail with a needle, we measured
the time interval of swimming the fixed distance. Data analysis
was made in the Microsoft Excel and GraphPad Prism version
5.01 software.

Statistical analysis

Results were obtained from at least three independent experi-
ments and shown as mean ± SEM. Statistical analysis (unpaired
t-test) was performed to compare two groups (Figs. 3E, L, S and
4G; Supplementary Material, Figs. S3L, S5Cand S5F). A one-way
analysis of variance test was performed for statistical analysis
in all other cases by using the GraphPad Prism version 5.01 soft-
ware (Figs. 5H and I, 6T and U and 7J), (*P < 0.05, **P < 0.01 and
***P < 0.001).

Western blots

Proteins were isolated according to (40) and run on a native and
denatured 10% acrylamide gel. Membranes were incubated with
the anti-GARS antibody (Abcam, catalog no. ab42905; 1:5000),
anti-p-Eif2a (Eukaryotic translation initiation factor 2A, Cell
Signaling Technology, catalog no. 9722; 1:250) and total-Eif2α
(Cell Signaling Technology, catalog no. 2103; 1:500). Normaliza-
tion for loading was done by using a monoclonal anti-β-actin
(Sigma, catalog no. A5441; 1:2000).

Heart rate measurements

Heart rate [beats per minute (bpm)], analysis of captured videos
(60 frames/s) was done as described previously (41). In brief, larvae
at 72 hpf (AB, wild-type, n = 10; siblings, n = 11; garss266/s266, n = 11;
P > 0.05, ns) were anesthetized for 2 min in 0.04 g/ml tricaine and
then placed lateral to the microscope lens for video capture.

In situ hybridization

Whole-mount in situ hybridization experiments with gars anti-
sense probe were performed in different stages embryos and
larvae, according to (42).

Site-directed mutagenesis and overexpression
of C201R, G240R and G526R in gars

The zebrafish gars open-reading frame was polymerase chain
reaction (PCR) amplified using a full-length cDNA clone as a

template. PCR-amplified gars was cloned into the pBluescript R
vector (Agilent Technologies, catalog no. 212240) using standard
methods. Subsequent site-directed mutagenesis was performed
using the QuikChange site-directed mutagenesis kit (Agilent
Technologies, catalog no. 200518). The appropriateC236R-bearing
oligos are FW: 5′-GGATGTCAAGAACGGAGAGCGTTTTCGTGCA
GACCACCTTC-3′ and REV: 5′-GAAGGTGGTCTGCACGAAAACGCT
CTCCGTTCTTGACATCC-3′, the G319R are FW: 5′-GCCTGGAGG
CAACATGCAACGCTATTTAAGGCCAGAAACC-3′ and REV: 5′-GGT
TTCTGGCCTTAAATAGCGTTGCATGTTGCCTCCAGGC-3′ and the
G605R are FW: 5′-TGTGATCGAACCCTCTTTCCGTATCGGGAGG
ATCATGTAC-3′ and REV: 5′-GTACATGATCCTCCCGATACGGAAA
GAGGGTTCGATCACA-3′. Then, we in vitro transcribed the muta-
genized gars mRNA (C236R equivalent to the C201R, G319R
equivalent to human G240R and G605R equivalent to G526R)
using a MEGAscript® T7 Transcription Kit (Ambion, catalog no.
AM1333) and we injected the capped-mRNAs at 330pg for muta-
tions C236R andG319R and at 250 pg for G605Rmutation in one or
two cells in wild-type, siblings and garss266/s266 embryos. The
overexpression of Gars was quantified by denaturing immuno-
blots with a specific anti-GARS antibody (Abcam, catalog no.
ab42905; 1:5000).
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