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Disrupted function and axonal distribution of mutant
tyrosyl-tRNA synthetase in dominant intermediate
Charcot-Marie-Tooth neuropathy
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Charcot-Marie-Tooth (CMT) neuropathies are common
disorders of the peripheral nervous system caused by
demyelination or axonal degeneration, or a combination of
both features. We previously assigned the locus for autosomal
dominant intermediate CMT neuropathy type C (DI-CMTC) to
chromosome 1p34-p35. Here we identify two heterozygous
missense mutations (G41R and E196K) and one de novo
deletion (153-156delVKQV) in tyrosyl-tRNA synthetase
(YARS) in three unrelated families affected with DI-CMTC.
Biochemical experiments and genetic complementation in
yeast show partial loss of aminoacylation activity of the mutant
proteins, and mutations in YARS, or in its yeast ortholog TYS1,
reduce yeast growth. YARS localizes to axonal termini in
differentiating primary motor neuron and neuroblastoma
cultures. This specific distribution is significantly reduced

in cells expressing mutant YARS proteins. YARS is the

second aminoacyl-tRNA synthetase found to be involved

in CMT, thereby linking protein-synthesizing complexes

with neurodegeneration.

Dominant intermediate CMT neuropathy is a genetic and phenotypic
variant of classical CMT characterized by intermediate nerve conduc-
tion velocities and histological evidence of both axonal and demyeli-
nating features. Loci have been reported for three DI-CMT types:
DI-CMTA has been assigned to chromosome 10q24.1-q25.1 (ref. 1),
DI-CMTB to 19p12-p13.2 (ref. 2) and DI-CMTC to 1p34-p35 (ref. 3);

1,12
b

in addition, DI-CMTB is known to be caused by mutations in DNM2
(ref. 4). We previously assigned the locus associated with DI-CMTC to
a 6.2-cM chromosomal region in two unrelated pedigrees from
Bulgaria (CMT-176) and North America (CMT-160). These families
do not share a common disease-associated haplotype, indicating that
the mutations underlying DI-CMTC arose independently’.

In this study, we identified additional recombinants that reduced
the genetic interval between SDC3 and D152830 to 2.8 Mb. In the gene
encoding tyrosyl-tRNA synthetase (YARS), we identified a hetero-
zygous transition in exon 2 (G41R) in family CMT-160 and a
heterozygous transition in exon 5 (E196K) in family CMT-176. Each
missense mutation segregated with DI-CMTC and was absent
in 360 European and 262 geographically and ethnically matched
Bulgarian control chromosomes. We further screened 255 unrelated
individuals with CMT and identified a 12-bp in-frame deletion
(153-156delVKQV) in exon 4 in an affected individual from Belgium
(PN-765; Fig. 1a). Mutation analysis and genotyping of her asympto-
matic parents showed that this mutation occurred de novo.

YARS (also known as TyrRS) catalyzes the aminoacylation of tRNATY"
with tyrosine by a two-step mechanism. Tyrosine is first activated by
ATP to form tyrosyl-adenylate and is then transferred to tRNATY"
(ref. 5). Besides its essential role in protein biosynthesis, YARS has
cytokine activities®®. The holoenzyme is a homodimer, in which each
monomer comprises two fragments with different biochemical proper-
ties (Fig. 1b). The G41R mutation affects an evolutionarily highly
conserved glycine residue involved in tyrosyl-adenylate formation
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to that of wild-type YARS segregants, whereas

Q CMT160  121G-A PN-765 458-469del12 CMT176  586G—A
G41R 153-156delVKQV E196K again mutG YARS spores were nonviable,
indicating that this mutant protein can not

complement TYSI deficiency (Fig. 3b).
AAAATTIACTGGRGAACGGCAACCA GAGCTGAGGTIGARCACCCKGTOCA TECACCTITGOARAGAAGGIGAGTG We studied the effect of mutant over wild-
type protein by monitoring the growth rate
\/\NV\AN\/WMVWWW\N\M of the TYSI/tys1:KANR strain transformed
AAAATTTACTGGGGAACGGCAACCA GAGCTGAGGTGGTAAAGCAGGTGGA TTCACCTITGCAGAGAAGGTGAGTG with wild-type TYSI or YARS and their
Control Control Control different mutants under regulation of the
b mini TyrRS EMAPII-like conditional GALI promoter. We grew cells
on selective minimal medium (SD—Ura),
NHz_ = Smmie COOH  Human TyrRS with galactose or glucose as the carbon source
to express or suppress the transgene, respec-
! 250 st %8 tively. All wild-type and mutant TYSI trans-
C ppmer, — mmmewmes g memEme ero  wommeease 02 formants showed the same growth on
Vpewls mnmemese i mosewomm ol wommmoie 20 glucose-containing medium, whereas on
Gon w54 essewmos (Gl gememmoc 20 glactose the mutE and mutG TYSI transfor-

Figure 1 Mutations in human YARS associated with DI-CMTC. (a) Electropherograms showing the three
sequence variations in YARS. Arrows denote heterozygous mutations. (b) The two principal functional
parts of the human TyrRS protein and its corresponding domains. The N terminus (mini TyrRS) has
aminoacylation and interleukin-8-like activity; the C terminus is homologous to endothelial monocyte-
activating polypeptide Il (EMAPII). (c) Protein sequence alignment of YARS orthologs. Amino acids
involved in CMT-160 and CMT-176 are highlighted in red; amino acids deleted in PN-765 are

boxed in red.

mants showed a clear growth delay as com-
pared with transformants expressing wild-
type TYSI (Fig. 3c). The same experiment
with YARS showed that expression of mutG
YARS significantly reduced cell growth,
whereas the mutE YARS yeast culture grew
similarly to the wild-type culture (Fig. 3d).

(Fig. 1c). Mutations neighboring G41 in bacteria and yeast result in
reduced enzymatic activity owing to altered substrate binding®~!!. The
E196 and V53KQVs¢ residues are not strictly conserved, but are
located in regions that make contact with tRNAD™ (ref. 12 and Fig. 1c).

Because the G41R and E196K mutations are located in the
N-terminal part (termed ‘mini TyrRS’) that contains the aminoacyla-
tion domain'?, we purified recombinant mini TyrRS variants and
investigated the effect of both missense mutations on the first step of
the aminoacylation reaction. We observed partial loss of activity of
both mutant proteins, which was more pronounced for the G41R
(34% residual activity) than for the E196K (53%) mutant as compared
with the wild-type protein (Fig. 2).

To study the functional effects of the mutations in vivo, we carried
out genetic complementation experiments in Saccharomyces cerevisiae.
We introduced the missense mutations into the yeast ortholog TYSI
(G41R and E196K mutations in YARS correspond to G45R and E200K
mutations in TYSI and are hereafter termed mutG and mutF,
respectively). We subsequently transformed a heterozygous deletion
strain (TYSI/tys1:KANR) with wild-type or mutant TYSI cloned
either into a multicopy plasmid (pBEVY) regulated by an ADHI
promoter or into a single-copy plasmid (YCplacl11) under its own
promoter and terminator. Transformants were sporulated, and the
resulting tetrads were dissected to obtain haploid spores with no
endogenous expression of TYSI.

We found differences in the number and size of segregant colonies
expressing wild-type and mutant TYS! (Fig. 3a). The mutE protein
partially complemented TYSI deficiency, whereas the mutG protein
did not. When TYSI was expressed under the GALI promoter, we
observed complementation and small colonies not only for the wild
type and mutE proteins, but also for the mutG protein (data not
shown), demonstrating that the mutG Tysl protein has residual
activity but is insufficient to support yeast multiplication in the
absence of strong overexpression. Because YARS can complement
TYSI deﬁciencyM, we carried out similar experiments with
the human gene. mutE YARS segregants showed a phenotype similar

This suggested that at least one mutant allele
of the human enzyme can be dominant over
the wild-type yeast allele. Taken together, these results show that the
mutant proteins have a dominant-negative effect on the functionality
of the wild-type protein, possibly by lowering its enzymatic activity
through dimerization between wild-type and mutant subunits. We
verified that heterodimers form between wild-type and mutant YARS
isoforms by coimmunoprecipitation (Supplementary Fig. 1 and
Supplementary Methods online).

YARS is expressed ubiquitously, including in brain and spinal cord
(data not shown). To determine why mutations in YARS result in
peripheral neuropathy, we carried out immunofluorescence experi-
ments in fibroblasts (COS1) and neuroblastoma (N2a) cells. We first
visualized endogenous expression of YARS in nontransfected cells
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Figure 2 Pyrophosphate release assay. Recombinant mini wild-type, G41R
and E196K TyrRS proteins were used to assay the first step of the
aminoacylation reaction as described3C. The pyrophosphate released during
amino acid activation is hydrolyzed by pyrophosphatase and the free
phosphate is measured in a colorimetric reaction. Data were obtained from
three independent experiments. Enzymatic activity was estimated according
to the amount of phosphate released after 30 min of incubation: wild type,
1.47 + 0.02 nmol; G41R, 0.50 + 0.14 nmol; E196K, 0.79 + 0.10 nmol.
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Figure 3 Genetic complementation and growth a
tests in S. cerevisiae. (a,b) Tetrad dissection of
meiotic segregants of a heterozygous TYS1/
tys1::KANR strain transformed with pBEVY_TYS1
or pBEVY_YARS constructs. (a) From each tetrad
containing the wild-type TYS1I gene expressed
under a constitutive ADHI promoter
(pBEVY_U_TYS1wt), we obtained two

colonies with endogenous TYSI (TYSI +
pBEVY_U_TYS1wt) and two equal-sized colonies
with only exogenous TYSI (tysl::KANR +
pBEVY_U_TYS1wt). The pBEVY_U_TYSImutE
transformants also gave two normal colonies
(TYS1 + pBEVY_U_TYS1mutE) and two smaller
colonies (tys].-:KA/\/R + pBEVY_U_TYS1mutE).
Yeast transformed with the pBEVY_U_TYS1mutG
construct yielded only two colonies with
endogenous TYSI. Similar results were obtained
with a YCplac111 construct (data not shown),
showing that the mutE protein partially
complements TYS1 deficiency, but the mutG
protein does not. (b) From each tetrad containing
the wild-type or mutE YARS gene expressed
under the conditional GALI promoter
(pBEVY_GU_YARSwt or pBEVY_GU_YARSmutE),
we obtained on SDgal-Ura medium two normal-
sized colonies with endogenous TYSI and two
small-sized colonies with a null background
complemented by exogenous YARS. In

the tetrad dissection of tysI::KANR +
pBEVY_GU_YARSmutG, transformants produced
only two normal-sized colonies, and spores
containing only the mutG YARS gene were
nonviable. Protein blotting showed the presence
of mutG protein in cell lysates of hetero-

zygous transformants (TYSI/ys1::KANR +

TYS1
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pBEVY_GU_YARSmutG), demonstrating that the lack of complementation was not due to a deficiency in protein expression (Supplementary Fig. 3 online and
Methods). In all experiments shown in a and b, complementation of null spores was verified by replica plating on medium selective for the URA3*KANR*
phenotype. (c,d) Yeast growth curves of a heterozygous TYS1/ tys1::KANR strain transformed with pBEVY_GU_TYS1 (c) or pBEVY_GU_YARS (d) constructs
containing wild-type and the respective DI-CMTC mutant genes. The strains were grown in SD—Ura media with glucose or galactose as a carbon source.

using an antibody to YARS. Differences in protein distribution were
observed between neuronal and non-neuronal cells, and moreover
between undifferentiated and differentiating neuronal cells (Fig. 4).
Notably, YARS concentrated in granular structures in the growth cone,
branch points and the most distal part of projecting neurites in
differentiating N2a cells (Fig. 4b—e). A similar distribution along cell
projections was found for synaptophysin, a vesicle protein of synapto-
somes!” (Fig. 4f). This distribution, which we call the ‘teardrop effect)
was observed in all cells with neurite projections. In cells making
extensions, YARS concentrated at the site of outgrowth, behaving like
an early polarity marker. YARS localized in a comparable pattern in
differentiating human neuronal SH-SY5Y cells (data not shown).

We also examined anti-YARS staining in primary embryonic (E14)
motor neurons (Fig. 4i—t). At this relatively early stage of differentia-
tion, YARS was localized throughout the motor neuron and in the
small filopodia projecting from the main neurite (Fig. 4, arrows). To
test whether this distribution in neuronal cells is characteristic of
YARS, we compared it with those of arginyl-tRNA synthetase (ArgRS),
an enzyme component of the multi-aminoacyl-tRNA synthetase
(AARS) complex'®, and tryptophanyl-tRNA synthetase (TrpRS), a
structural homolog of YARS and a molecular antagonist of its cell
signaling function!”. None of these AARSs showed the same teardrop
effect (Fig. 4g,h), suggesting that YARS has a specific role in neuronal
endings where it is predominantly expressed.

To search for neuron-specific defects, we transiently transfected N2a
cells with pEGFP constructs expressing wild-type and mutant YARS
proteins (Fig. 5). At 7-72 h after transfection, the distribution of YARS
in cells transfected with a wild-type (Fig. 5a—c) or control (data not
shown) vector was comparable to that observed in nontransfected cells
(Fig. 5b,c). In cells expressing mutE and mutG proteins, however, the
teardrop effect was reduced and YARS was homogeneously distributed
in most cells without preferential sorting to neuronal tips (Fig. 5d—i).
In addition, there was no significant difference in the localization
of synaptophysin in mutant cells, and the distribution of mitochon-
dria along neuronal outgrowths was preserved (Supplementary
Fig. 2 online). Because many mRNAs targeted to the nerve
terminals are transported along microtubules'8, we also stained for
o- and P-tubulin. Although the microtubular network was
intact, suggesting that mutant YARS does not interfere with network
formation, disrupted interactions with other proteins remain plausible
(Supplementary Fig. 2).

We have identified mutations in YARS that cause DI-CMT in three
unrelated families. YARS is the second AARS known to be associated
with inherited peripheral neuropathies. Dominant mutations in
GARS, which encodes glycyl-tRNA synthetase, have been found in
CMT2D and in distal spinal muscular atrophy type V, two allelic
neuropathies assigned to chromosome 7p14 (ref. 19). In addition, p38,
a subunit of the AARS complex, is a parkin substrate in a model of
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Parkinson’s disease and shows particularly intense immunoreactivity
in dopaminergic neurons®’. These findings support the notion that
AARSs and other protein-synthesizing complexes may be involved
in neurodegeneration.

Our genetic complementation and growth assays in yeast and
biochemical data provide evidence that mutations associated with
DI-CMTC alter the normal properties of YARS. These mutations
reduce the first step of the aminoacylation reaction and have a
dominant-negative effect on wild-type function. Notably, the G41R
mutation has a more severe effect, corresponding to 66% loss of
enzymatic activity and lack of functional complementation in TYSI-
deficient yeast spores. This underscores the importance of this
conserved glutamate residue and correlates with the more severe
phenotype of the individuals in the North American family affected
with DI-CMTC. The connection between the DI-CMTC phenotype
and the canonical function of YARS remains, however, unknown. Our
immunocytochemical experiments showed that YARS localizes to axo-
nal termini. YARS could be a component of the protein-synthesizing
complexes in projecting neurons, providing the leading edge with the

Figure 4 Cellular distribution of aminoacyl-tRNA
synthetases, synaptophysin and neurofilaments.
(a) Homogeneous localization of YARS throughout
the cytoplasm in COS1 cells. (b) Representative
image of differentiating N2a cells expressing
YARS. (c) Nondifferentiated N2a cell (left)

with homogenous expression pattern and
differentiating N2a cell (right) with polarized
distribution of YARS along the neurite-forming
part of the cell. (d) Expression of YARS in

the branch point and growing processes.

(e-h) Localization of YARS in the growth cone (e),
compared with the distribution of synaptophysin
(f), ArgRS (g) and TrpRS (h) in differentiating
N2a cells. (i-s) Immunostaining of both YARS
(i,1,0,r) and nonphosphorylated neurofilaments
(j,m,p,s) in primary motor neurons of E14 mice.
k, n, g and t show colocalization. n and q
represent the boxed areas in | and o, respectively.
Note the granular staining of YARS along the
neurite projections, filopodia (arrow) and growth
cone (r). SMI32 staining was used as a marker
to identify motor neurons and their neurites.
Because embryonic cultures were used, the signal
is weak (j,m,p,s).

200 um

necessary proteins. Nerve endings partially
function independently from the cell body
and contain mRNAs, ribosomes, AARSs and
other co-translational machinery (see refer-
ences in ref. 21). Protein synthesis requires
the presence of all 20 AARSs; however, the
specific subcellular distribution of YARS was
not observed for two other AARSs (ArgRS
and TrpRS), at least in our experiments.
ArgRS has been shown to colocalize with
the extrasomatic translational complexes®?,
and we have shown that ArgRS is not
enriched in the neuronal terminals. This
suggests that YARS might have an additional
axon-terminal-specific function.

Inherited peripheral neuropathies
caused by length-dependent axonal degenera-
tion, which starts in the most distal parts of
nerves and spreads towards the cell body. The neuron is the longest
and most polarized type of cell, requiring an efficient axonal transport
of cytoskeletal and synaptic vesicle components, mitochondria and
other cellular organelles. An increasing number of disease-associated
genes in CMT and related neuropathies are being found to have,
despite their pleiotropic functions, a major effect on axonal transport
in the peripheral nervous system??. Our results are in accordance with
these findings and stress the importance of local metabolism in
synaptosomes and neuronal endings as the possible site where the
disease pathology starts. Studies on rat dorsal root ganglia and motor
neurons have shown that intra-axonal translation facilitates their
regeneration processes?4, and that inhibition of local protein synthesis
reduces the regeneration rate of adult rat peroneal nerve?. Our
combined genetic and functional experiments show that YARS muta-
tions causing DI-CMTC have a dominant-negative effect on the
normal function and distribution of YARS in neuronal endings,
which in turn could affect synaptic plasticity and result in axonal
degeneration, leading to axonal loss and ultimately to a motor and
sensory peripheral neuropathy.

are
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Figure 5 Confocal images of N2a cells transiently
transfected with wild-type and mutant YARS
constructs. N2a cells were transfected with the
constructs pEGFP-C1_YARSwt (a—), pEGFP-
C1_YARSmutE (d-f) and pEGFP-C1_YARSmutG
(g-i) and examined for green fluorescence 7 h
after transfection (a,d,g). The same cells were
processed for red fluorescent immunostaining
with antibody to YARS (b,e,h). Merged images
are shown in c, f and i, respectively. Scale

bars, 20 um. The percentage of cells showing
the ‘teardrop effect’ among nontransfected cells
was 73 + 8%, which is similar to that of pEGFP-
transfected cells (67 + 5%). This teardrop
distribution was significantly reduced in cells
expressing mutE (29 + 6%) and mutG (27+ 7%),
as compared with cells expressing wild-type
YARS (61 + 9%; P=1.3 x 1073 and P= 1.2
x 1073 respectively; data from four independent
experiments). Protein blot analysis of protein
extracts obtained from N2a and COS1 cells
transfected with the wild-type and mutant YARS
constructs showed comparable expression of the
recombinant proteins (Supplementary Fig. 3).

METHODS

DI-CMTC families. The study included two families with DI-CMTC
previously linked to 1p34-p35: a North American (CMT-160) and a
Bulgarian (CMT-176) family®. Individuals affected in both families show a
motor and sensory neuropathy with onset between age 10 and 60 years, distal
weakness and leg atrophy, motor median nerve conduction velocities between
25 and 58 m/s, slow progression and moderate severity. Interfamilial compar-
isons showed that individuals affected in the North American family have an
earlier onset, more sensory abnormalities and lower nerve conduction velo-
cities. We also screened the YARS gene for mutations in 127 individuals with
demyelinating, 16 with intermediate and 112 with axonal CMT neuropathies.
From all family members and control individuals, genomic DNA was isolated
from peripheral blood by a standard procedure. Paternity was confirmed
in family PN-765. Informed consent was obtained from all family members
and the study was approved by the Institutional Review Boards of the
Universities of Antwerp, Sofia and St. Louis.

Mutation analysis. We used the National Center for Biotechnology Information
(NCBI) Entrez Genome Map Viewer, the Ensembl Human Genome Server and
GenBank to search for known genes, expressed sequence tags and putative genes
in the DI-CMTC region. We determined exon-intron boundaries by BLAST
searches against the high-throughput genome sequences (NT_004511). From
the refined region, containing 37 known and 19 predicted genes, we excluded by
DNA sequencing ten selected genes (CSMD2, FABP3, FNDC5, WDR57,
MARCKSLI, PEF1, PUMI, RBBP4, SYNCI and ZNF31), and subsequently
found three mutations in the gene YARS. All coding exons and exon-intron
boundaries of candidate genes were sequenced as described’. We based codon
numbering of YARS on the reported amino acid sequence, using the first
methionine as an initiation codon (NCBI accession numbers NP_003671 and
NM_003680).

cDNA cloning and mutagenesis. For yeast experiments, we used the multi-
copy pBEVY plasmid and the single-copy YCplaclll plasmid. Full-length
YARS cDNA was derived by PCR using the RZPD clone IMAGp998G1110070Q
as a template. The TYSI sequence was amplified from yeast genomic DNA.
For expression in mammalian cells, full-length wild-type or mutant
YARS c¢DNAs were cloned into pEGFP-C1 (Clontech) or pcDNA3.1/V5-
His-TOPO (Invitrogen) vectors. The mini TyrRS ¢cDNA sequence, encom-
passing amino acids 1-364, was cloned into the pCR-T7/NT-TOPO-TA
vector (Invitrogen). For site-directed mutagenesis of YARS and TYSI,
we used the QuickChange kit (Stratagene). All constructs were verified
by sequencing.

LETTERS

Anti-YARS

MutG

RNA blot analysis. RNA blotting was done by using a custom-made human
brain blot and the FirstChoice Human Blot 1 (Ambion) according to the
manufacturer’s protocol. As a probe, we used a gel-purified 2.5-kb YARS cDNA
fragment labeled with [0>?P]-dCTP by the Random Primers DNA labeling
system (Invitrogen).

Cell cultures, growth and transfection conditions. Mouse (N2a) and human
(SH-SY5Y) neuroblastoma cell lines were maintained in minimal essential
medium; HEK293T cells and monkey kidney fibroblast (COS1) cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum at 37 °C and 5% CO,. Cells were grown on 4-cm? surface
plates and transfected with 0.5 pg of plasmid DNA using Lipofectamine 2000
(Invitrogen). N2a cells were differentiated by incubation in media without
serum for 72 h. We differentiated SHY-5Y cells as described?®. Motor neuron
cultures were prepared as described?’.

Yeast strain, growth and tetrad analysis. We used S. cerevisiae strain
Y24815 (MATa/alpha his3/his3 leu2/leu2 ura3/ura3 met15/METI5 LYS2/lys2
TYS1/tys1: KANR) derived from the Euroscarf collection (Invitrogen).
Yeasts were grown in rich (YP) or minimal (SD) medium supplemented
with glucose (SDglu) or galactose (SDgal). For selection of kanamycin-
resistant spores, yeasts were grown on YP plates containing G-418 (Duchefa).
The yeast strain was transformed with plasmid DNA by using lithium
acetate, and transformants were cultured on SDglu or SDgal media. Tetrad
analysis was done by standard procedures. At least 18 tetrads per transformant
were dissected with a micromanipulator (Singer Instruments). Spores
were germinated on rich or minimal medium at 30 °C, and their genotype
was determined by replica plating on SDglu or SDgal medium lacking
leucine or uracil and on YPD or YPgal medium plus Geneticin. We measured
growth measurements as described?®. All yeast cultures were monitored
in triplicate.

Production and purification of recombinant mini TyrRS. Expression of
wild-type and mutant mini TyrRS was induced with 1 mM isopropyl-B-p-
thiogalactopyranoside for 3 h at 37 °C. Cultures were lysed in 50 mM Tris-
HCI (pH 7.5), 100 mM KCl, 5 mM B-mercaptoethanol, protease inhibitor
cocktail, 1 mM phenyl methylsulfonyl fluoride and 1% Nonidet P-40. After
centrifugation for 30 min at 100,000g, the supernatant was incubated with
Probound resin (Invitrogen), and bound proteins were eluted with imidazole
and analyzed by SDS-PAGE. Protein concentration was measured by using
bovine serum albumin as a standard.
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Pyrophosphate release assay. Pyrophosphate release was assayed at 37 °C in
50 pl of reaction buffer containing 100 mM Tris-HCI (pH 7.6), 10 mM MgCl,,
40 mM KCl, 1 mM dithiothreitol, 40 U/ml of bovine liver tRNA (Sigma),
5 U/ml of yeast inorganic pyrophosphatase (Sigma), 1 mM ATP and 0.2 mM
L-tyrosine. Purified recombinant mini wild-type and mutant TyrRS proteins
(1 pM) were assayed for 0-60 min, Biomol Green reagent (Biomol) was added
to the mixture and absorbency at 620 nm was measured using a Multiscan EX
microplate reader (Thermo Labsystems). Spontaneous hydrolysis of ATP was
negligible in the assay conditions used.

Immunocytochemistry and microscopy. Cellular EGFP fluorescence
was analyzed after fixation with 3% paraformaldehyde in phosphate-buffered
saline for 25 min at 22 °C. Alternatively, cells were processed for single
and double immunolabeling29 at 7, 24, 48 and 72 h after transfection.
We used primary antibodies against TyrRS (1:25 dilution; C-18 from Santa
Cruz), ArgRS (1:50) and TrpRS (1:50; both from L. Kleiman, Institute for
Medical Research, Montreal, Canada), o-tubulin (1:100; Sigma), B-tubulin
(1:50; E7), synaptophysin (1:50; Transduction Laboratories), nonphosphory-
lated neurofilaments (1:100; SMI32 from Sternberger Monoclonal) and B-actin
(1:5,000; Sigma). For secondary antibodies, we used donkey anti-goat, anti-
mouse and anti-rabbit IgGs conjugated to Alexa Fluor 594, 555 or 488
(Molecular Probes). MitoTracker Red CM-H,Xros (Molecular Probes)
was used as a mitochondrion-selective dye. Cells were examined by a Zeiss
LSM510 confocal microscope equipped with Meta-Analysis tool and SP2v.3.2
software (Zeiss).

Accession numbers. GenBank protein sequences for YARS/TyrRS: Homo
sapiens, NP_003680; Pan troglodytes, XP_5246511; Mus musculus,
NP_598912; S. cerevisiae, NP_011701; Bacillus stearothermophilus, P00952;
Methanococcus jannaschii, NP_247363. The genomic sequence NT_004511
includes the genes FABP3 (NM_004102), FNDC5 (NM_004814), WDR57
(NM_004814), CSMD2 (NM_052896), MARCKSLI (NM_023009), PEF1
(NM_012392), PUMI (NM_014676), RBBP4 (NM_005610), SYNCI
(NM_030786) and ZNF31 (NM_145238).

URLs. Genome Database, http://www.gdb.org/; National Center for Biotech-
nology Information, http://www.ncbi.nlm.nih.gov/; Entrez Genome Map
Viewer, http://www.ncbi.nlm.nih.gov/mapview/; Ensembl Human Genome
Server, http://www.ensembl.org/; GenBank, http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?‘db=Nucleotide; RZPD, http://www.rzpd.de/; ClustalW multi-
ple protein alignment software, http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.
pl?page=/NPSA/npsa_clustalw.html.

Note: Supplementary information is available on the Nature Genetics website.
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