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SUMMARY

Mechanistic target of rapamycin complex 1 (mTORC1) controls cell growth and proliferation by sensing fluctuations in environmental cues such as nutrients, growth factors, and energy levels. The Rag GTPases (Rags)
serve as a critical module that signals amino acid (aa) availability to modulate mTORC1 localization and
activity. Recent studies have demonstrated how aas regulate mTORC1 activity through Rags. Here, we
uncover an unconventional pathway that activates mTORC1 in response to variations in threonine (Thr) levels
via mitochondrial threonyl-tRNA synthetase TARS2. TARS2 interacts with inactive Rags, particularly GTPRagC, leading to increased GTP loading of RagA. mTORC1 activity in cells lacking TARS2 is resistant to
Thr repletion, showing that TARS2 is necessary for Thr-dependent mTORC1 activation. The requirement of
TARS2, but not cytoplasmic threonyl-tRNA synthetase TARS, for this effect demonstrates an additional layer
Q2 of complexity in the regulation of mTORC1 activity.
Q3 Q4 Q7 INTRODUCTION
Mechanistic target of rapamycin complex 1 (mTORC1) is a
central regulator of cell growth and proliferation that exquisitely
responds to the availability of nutrients, growth factors, and
energy levels (Hay and Sonenberg, 2004; Wullschleger et al.,
2006; Wolfson and Sabatini, 2017). mTORC1 orchestrates
anabolic processes such as protein synthesis (Ben-Sahra and
Manning, 2017) and catabolic processes including autophagy
(Saxton and Sabatini, 2017), depending on the external stimuli.
Dysregulated mTORC1 activity is frequently implicated in diseases such as cancer, diabetes, and neurodegenerative disorders (Efeyan et al., 2012).
Amino acids (aas) regulate mTORC1 activity via the Rag guanosine triphosphatases (Rags) (Hara et al., 1998; Sancak et al.,
2010). Rags form a heterodimer of RagA or RagB (RagA/B) and
RagC or RagD (RagC/D) (Sekiguchi et al., 2001) and are responsible for aa-dependent mTORC1 activation at the lysosomal
surface (Dibble and Cantley, 2015). The aas switch nucleotide
loading of Rags via guanine nucleotide exchange factor (GEF)
(Bar-Peled et al., 2012; Shen and Sabatini, 2018) or guanosine
triphosphatase-activating protein (GAP) (Bar-Peled et al.,
2013). The nucleotide state of Rags determines their interaction
with Raptor, an exclusive component of mTORC1. Raptor preferentially binds active Rags composed of GTP-RagA/B and

GDP-RagC/D (Sancak et al., 2008). Although some proteins (or
protein complexes) have been identified as sensors for a few
specific aas—leucine (Leu), arginine, glutamine, and methionine
in the mTORC1 pathway (Jewell et al., 2015; Wang et al., 2015;
Wolfson et al., 2016; Chantranupong et al., 2016; Gu et al.,
2017; Jung et al., 2019)—sensors for other aas remain
unknown. Aminoacyl-tRNA synthetases (ARSs) are enzymes
that attach aas to their cognate tRNAs. It has been shown that
cytoplasmic ARSs function upstream or downstream of
mTORC1 (Arif et al., 2017; Luo et al., 2018; Dai et al., 2018). Q8
Importantly, leucyl-tRNA synthetase (LARS) was identified as a
Leu sensor in the mTORC1 pathway (Bonfils et al., 2012; Han
et al., 2012; He et al., 2018); however, the role of other ARSs in
the mTORC1 pathway, particularly as aa sensors, has not been
described.
Here, we reveal that mitochondrial (mt) threonyl-tRNA synthetase 2 (TARS2) activates mTORC1 in response to increased
threonine (Thr) levels. TARS2 associates with inactive Rags,
preferentially with GTP-RagC, and elevates GTP loading of
RagA and mTORC1 activity. This activity cannot be achieved
by cytoplasmic threonyl-tRNA synthetase (TARS). We further
show that TARS2 controls cell proliferation and mRNA translation in a Thr-dependent manner, demonstrating that TARS2
plays a key role in aa signaling and regulation of mTORC1
activity.
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Figure 1. TARS2 Interacts with aa-Sensing Machinery of mTORC1
(A) Schematic workflow of BioID assay using an abortive biotin ligase BirA R118G (BirA*).
(B) Specific recovery of TARS2 as prey with BirA*-tagged LAMTOR1 as a bait from humancellmap.org. Proximal interaction of the indicated baits with mt-ARSs—
TARS2, IARS2, CARS2 (cysteinyl-ARS), DARS2 (aspartyl-ARS), and EARS2 (glutamyl-ARS)—is shown. The mt proteins and lysosomal LAMTOR1 are shown in
blue and red, respectively.
(C) Subcellular localization of mt-ARSs with LamTOR1 in HEK293T cells. Nuclei were stained by Hoechst (blue). White squares in the merged images are enlarged
in the right images. Scale bar, 10 mm.
(D) Subcellular localization of TARS2. The total and mixtures of mitochondria and lysosomes (mito. + lyso.), pure lysosomes (lyso.), and cytoplasmic (cyto.)
fractions are shown. LAMP2 (lysosome), TOM20 (mitochondrion), a-tubulin (cytoplasm), and Lamin-B1 (nuclei).
See also Figure S1.

RESULTS AND DISCUSSION
TARS2 Interacts with aa Sensors in the mTORC1 Pathway
Proximity-dependent biotinylation coupled to mass spectrometry (BioID) is a powerful tool to uncover spatial relationships be-

tween proteins (Figure 1A). It enables large-scale projects that
involve multiple bait proteins to uncover the organization of individual organelles (Gupta et al., 2015; Youn et al., 2018). We
recently documented the protein organization of a human cell
through the profiling of 192 subcellular marker proteins (Go
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et al., 2019; https://humancellmap.org). Through the exploration
of the HumanCellMap database for ARSs, we noted the expected and near-exclusive recovery of mt-ARSs with mt baits.
However, TARS2 was also readily recovered as a proximity interactor for the sole subunit of the Ragulator complex in the dataset
(LAMTOR1) (Figure 1B). Except for TARS2 and mt isoleucyltRNA synthetase 2 (IARS2), which was also recovered as prey
with LAMTOR1, albeit at a comparatively lower level than
TARS2, no other mt-ARSs was significantly captured as prey
with LAMTOR1 (Figure 1B). Consistently, LamTOR1 co-localized
with TARS2 and IARS2, but not with mt-LARS2 (Figure 1C). This
intriguing and surprising finding prompted us to explore the
physical association of mt-ARSs with the lysosomal mTORC1
machinery. In contrast to IARS2, which is reportedly involved in
Q9 lung cancer tumorigenesis through the AKT/mTOR pathway (Di
et al., 2019), the role of TARS2 in the mTORC1 pathway has
remained unexplored. Our co-immunoprecipitation (coIP) assay
revealed that TARS2, but not TARS, interacted not only with
Ragulator (LamTOR1–LamTOR5) but also with other mTOR
complex components (mLST8, TEL2, and TTI1) and Rags
(RagA–RagD) (Figure S1A). As expected, TARS interacted with
its known binding partner 4EHP (Chapat et al., 2017; Jeong
et al., 2019) (Figure S1A).
TARS2 mainly localizes to mitochondria because of its
N-terminal mitochondrial targeting sequence (MTS) (Figures
S1B–S1D). Consistently, TARS2 was detected in the fraction
representing a mixture of mitochondria and lysosomes (Figure 1D, mito. + lyso.), but not in the pure lysosomes (Figure 1D,
lyso.), where the aa-sensing machinery, such as RagC and LamTOR4, resides. Nonetheless, a fraction of TARS2 proteins (10%
to 15%) was present in the cytoplasm (Figure 1D, cyto.),
implying the possibility of transient association of TARS2 with
aa-sensing machinery at the cytoplasmic interface of
lysosomes.
Thr Modulates mTORC1 Activity through TARS2
LARS functions as a Leu sensor in the mTORC1 pathway (Han
et al., 2012), in addition to its canonical enzymatic charging of
Leu to its cognate tRNA. Bearing this in mind, we examined
the potential role of TARS2 in the Thr-mediated regulation of
mTORC1. mTORC1 activity, indicated by phosphorylation
of the ribosomal protein S6 (pS6 S240/244) and 4E-BP1 (p4E-

BP1 T37/46), was rapidly decreased by depletion of aas or Leu
within 1 h (75% or 60% reduction, respectively) (Figure 2A).
Whereas the effect was less drastic for the depletion of Thr alone
for the same duration (30% reduction), prolonged Thr starvation
(12 h) dramatically reduced mTORC1 activity (85% reduction)
(Figure 2A). The low potency of Thr in the regulation of mTORC1
activity is likely because of the low cytoplasmic amount of
TARS2 (Novoa et al., 2014) and lower binding affinity of TARS2
to Thr compared with cellular Thr concentration (Wang et al.,
2016; Abu-Remaileh et al., 2017). Mechanistic target of rapamycin complex 2 (mTORC2) activity (pAKT S473) and TARS2
protein levels were not significantly altered by Thr starvation (Figure S2A). Reduced mTORC1 activity because of Thr starvation
was reversed upon incubation with 800 mM Thr (Figures 2C
and S2B). Moreover, adding Thr at a low concentration (8 mM)
to Thr-starved cells was sufficient for the full recovery of
mTORC1 activity within 90 min (Figure S2C). Notably, stimulating
cells by serine or valine, two amino acids similar to Thr, failed to
rescue mTORC1 activity (Figure S2C). mTORC1 is recruited to
the lysosomal surface by Rags in response to aas (Sancak
et al., 2010). Consistently, the lysosomal localization of mTOR,
indicated by co-localization with LAMP2, was enhanced upon
addition of Thr to Thr-starved cells (Figure 2D), demonstrating
that Thr effectively controls the activity and lysosomal localization of mTORC1.
We next examined whether TARS2 is required for this process.
Compared with control cells (control short hairpin RNA [shCon]),
mTORC1 activity in TARS2 knockdown cells (TARS2 short
hairpin RNA [shTARS2]) was further reduced by 12 h of Thr starvation (64% and 85% reduction, respectively) (Figures 2E and
S2D). Moreover, reduced mTORC1 activity was fully recovered
within 15 min in shCon, but not in shTARS2, even 60 min after
Thr stimulation (Figures 2F and S2E), indicating that TARS2
plays a key role in the Thr-dependent regulation of mTORC1 activity. These effects were independent of short hairpin RNA
(shRNA) sequences (Figure S2F). Furthermore, the lysosomal
recruitment of mTOR by Thr was abolished in shTARS2 (Figure 2G), demonstrating that TARS2 is required for the Thr-mediated activation and lysosomal recruitment of mTORC1. As
expected, mTORC1 activity in TARS knockdown cells in the
presence/absence of Thr was almost identical to that in shCon
(Figure S2G).

Figure 2. mTORC1 Activity and Localization Are Modulated by Thr in a TARS2-Dependent Manner
(A) mTORC1 activity after depletion of amino acids (aas), leucine (Leu), or threonine (Thr). HEK293T cells were starved for 1 or 12 h. pS6 S240/244 and p4E-BP1
T37/46 were used as mTORC1 activity markers.
(B) mTORC1 activity under starved () versus normal (+) Thr levels.
(C) Recovery of mTORC1 activity by Thr stimulation. HEK293T cells were starved of Thr for 15 h (Thr), followed by the addition of 800 mM Thr (Thr+Thr).
(D) mTOR lysosomal localization under starvation and supplementation of Thr. (Left) HEK293T cells were subjected to the same treatment as described in (C) but
stimulated by Thr for 1 h. Co-localization of LAMP2 and mTOR (co-local.), indicated by yellow spots in the merged image, is shown as white. Nuclei were stained
by Hoechst (blue). Scale bar, 10 mm. (Right) Mean ± SEM of the index of lysosomal mTOR, defined as the area of co-local. over the area of LAMP2, from the
indicated number of images containing at least one cell is shown. n.s., not significant; ****p < 0.0001 (one-way ANOVA followed by Tukey’s post hoc test).
(E) mTORC1 activity in TARS2 knockdown cells under Thr starvation. HEK293T cells stably expressing control shRNA (shCon) or TARS2 shRNA (shTARS2)
were used.
(F) Recovery of mTORC1 activity in shTARS2 by Thr stimulation. Cells were starved of Thr for 15 h before treating with 800 mM Thr.
(G) mTOR lysosomal localization in TARS2 knockdown cells under starvation and stimulation of Thr. (Left) Cells were subjected to the same treatment as
described in (D). Nuclei were stained by Hoechst (blue). Scale bar, 10 mm. (Right) The index of lysosomal mTOR was analyzed as described in (D). n.s., not
significant; *p < 0.05; ****p < 0.0001 (two-way ANOVA followed by Sidak’s post hoc test).
See also Figure S2.
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Figure 3. TARS2 Binds RagC in a Thr-Dependent and Nucleotide-Dependent Manner
(A) Preferential interaction of TARS2 with RagC. HEK293T cell lysates expressing the indicated plasmids were used for immunoprecipitation (IP) with an antiFLAG (left) or anti-myc (right) antibody.
(B) Interaction of endogenous TARS2 and RagC. HEK293T cell lysates were used for IP with an anti-RagC or anti-RagD antibody. Normal immunoglobulin G (IgG)
was used as a negative control. An arrow and an asterisk indicate RagC and a non-specific band, respectively.
(C) Interaction of TARS2 with RagC in a Thr-dependent manner. HEK293T cells expressing RagC and TARS2 were starved of Thr for 15 h () and then treated with
800 mM Thr for 1 h ( / +). IP was performed using an anti-FLAG antibody. An asterisk indicates the heavy IgG chain.
(D) Interaction of mutant TARS2 with RagC. HEK293T cells were transfected with wild-type (WT), aminoacylation-defective (C409A and R438A), or editingdefective (H133A,H137A) TARS2 and RagC. IP was performed using an anti-hemagglutinin (HA) antibody. An asterisk indicates the heavy IgG chain. Empty
vector, EV.
(legend continued on next page)
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GCN2 senses aa deficiency by responding to uncharged tRNA
levels and inhibits mTORC1 activity through eIF2a-ATF4-Sestrin2 (Ye et al., 2015). However, neither phosphorylation of
eIF2a (peIF2a S51), a marker of GCN2 activity triggered by aa
deprivation, nor mRNA and protein levels of ATF4 and Sestrin2
were significantly altered between shCon and shTARS2 (Figure S2H), indicating that TARS2 plays a part in regulating
mTORC1 activity in response to Thr levels independent of the
eIF2a-ATF4-Sestrin2 pathway.
TARS2 Interacts with Rags
Rags are essential for the aa-dependent mTORC1 activation by
recruiting mTORC1 to the lysosomal surface (Sancak et al.,
2008). We observed the interaction and co-localization of
TARS2 with Rags, most preferentially with RagC (Figures 3A,
S3A, and S3B). coIP using TARS2 truncation mutants (Figure S3C, upper panel) showed that although TARS21–60 and
TARS21–124 were not expressed, probably because of their
inherent instability, RagC interacted with TARS21–399 (Figure S3C, lower panel, lane 10), but not with TARS21–300
(lane 5). This result suggested that TARS2301–399, the intermediate region between the editing domain and the catalytic core
domain, is required for the interaction with RagC. TARS2301–399
contains a segment (TARS2382–398) that is unique to TARS2 of
higher organisms (Figure S3D, upper panel), but deletion of
this segment did not affect the interaction of TARS2 with RagC
(Figure S3D, lower panel). Likewise, coIP using RagC truncation
mutants (Figure S3E, upper panel) showed that TARS2 interacts
with RagC1–369 (Figure S3E, lower panel, lane 7), but not with
RagC1–242 (lane 5). This result indicated that RagC243–369 is
required for the interaction with TARS2. RagD displayed no interaction with TARS2 (lane 9), which is consistent with our endogenous coIP data (Figure 3B). RagC243–369 is mainly identical to the
corresponding region of RagD244–370 (only 9 of 127 aas are
different). However, single aa substitution mutants of RagC (Figure S3F, upper panel) did not abolish its interaction with TARS2
(Figure S3F, lower panel), likely indicating that R2 aas in
RagC243–369 are required for this interaction. Consistently, in
contrast to RagD knockdown, RagC knockdown cells could
not recover mTORC1 activity by Thr stimulation (Figure S3G),
demonstrating that TARS2 functions in the mTORC1 pathway
through the preferential interaction with RagC.
The interaction between TARS2 and RagC was Thr dependent
(Figure 3C). Among aminoacylation-defective (C409A and
R438A) and editing-defective (H133A,H137A) TARS2 mutants
(Chen et al., 2018), only the C409A mutant lost the interaction
with RagC (Figure 3D). C409 coordinates a Zn2+ ion, which binds
the a-amino group and side-chain hydroxyl group of Thr, for
recognition and discrimination of Thr at the active site, whereas

Q12

R438 interacts with the carboxyl group of Thr, 30 -CCA of tRNA,
and a-phosphate of ATP (Sankaranarayanan et al., 1999;
Torres-Larios et al., 2003). Even though both TARS2 mutations
are aminoacylation defective, previous studies using bacterial
orthologs suggest that C409A is likely defective in Thr binding
(Nureki et al., 1993; Sankaranarayanan et al., 1999), and
R438A is likely defective in tRNA charging (Minajigi and Francklyn, 2008). Collectively, these results imply that TARS2 must
be correctly charged with Thr to interact with RagC. We next
examined whether the nucleotide state of RagC influences
the interaction with TARS2. Intriguingly, TARS2 preferentially
interacted with the GTP hydrolysis-defective RagC mutant
(QL, RagCQ120L) mimicking GTP-RagC (Figure 3E). As expected,
TARS did not bind RagC, regardless of the nucleotide state (Figure 3F). Furthermore, TARS2 preferentially interacted with Rags
composed of GDP-RagA (TL) and GTP-RagC (QL) (Figure 3G).
Collectively, these data demonstrate that TARS2 binds GTPRagC in the presence of Thr.
TARS2 Induces GTP Loading of RagA in Response to Thr
Stimulation
To examine the role of TARS2 in aa signaling and the regulation
of mTORC1 activity, we explored the nucleotide state of Rags in
the presence/absence of Thr. In parallel with mTORC1 activity
(pS6), GTP loading of RagA was most dramatically altered by
Thr levels (Figure S4A). Although Thr starvation reduced GTP
loading of RagA similarly between shCon and shTARS2, Thr
stimulation did not elevate GTP loading of RagA in shTARS2 (Figure 4A). Because GTP-RagA is sufficient to activate mTORC1
(Kim et al., 2008), these results demonstrate that TARS2 is
required for the activation of mTORC1 upon replenishing Thr.
The signals emanating from intracellular aa levels are transmitted to Rags through two distinct pathways. Cytoplasmic aa
sensors such as LARS (Han et al., 2012), Sestrin2 (Wolfson
et al., 2016), and CASTOR (Chantranupong et al., 2016) detect
free aas, and the lysosomal aa sensors such as v-ATPase-Ragulator (Bar-Peled et al., 2012) and SLC38A9 (Rebsamen et al.,
2015) detect lysosomal efflux of aas. To determine the mechanism by which TARS2 senses Thr levels, we pre-treated cells
with the v-ATPase inhibitor bafilomycin A1 (BafA1) to block
lysosomal Thr efflux (Abu-Remaileh et al., 2017). Recovery of
mTORC1 activity by Thr replenishment was similar between
shCon and shTARS2 with or without BafA1 (Figure S4B), indicating that TARS2 detects cytoplasmic free Thr levels.
Because the nucleotide exchange on guanosine triphosphatases (GTPases) is achieved by GEFs, we compared the effect of
TARS2 on GTP loading of RagA with two known GEFs for Rags:
Ragulator (Bar-Peled et al., 2012) and SLC38A9 (Shen et al.,
2018). Although GTP loading of RagA was increased upon Thr Q10

(E) Preferential interaction of TARS2 with GTP-RagC. HEK293T cells expressing TARS2 with WT, GTP (QL), or GDP (SL) RagC were subjected to IP using an
anti-FLAG antibody. An asterisk indicates the heavy IgG chain.
(F) Interaction of TARS2, but not TARS, with RagC. HEK293T cells expressing WT, GTP (QL), or GDP (SL) RagC with TARS or TARS2 were subjected to IP
using an anti-HA antibody.
(G) Preferential interaction of TARS2 with inactive Rags. HEK293T cells expressing WT, GTP (QL), or GDP (TL) RagA and WT, GDP (SL), or GTP (QL) RagC
were subjected to IP using an anti-FLAG antibody. An asterisk indicates the heavy IgG chain.
See also Figure S3.
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Figure 4. TARS2 Activates mTORC1 in Response to Thr by Increasing GTP Loading of RagA
(A) GTP loading of Rags in TARS2 knockdown cells under starvation and stimulation of Thr. Cells were starved of Thr for 15 h (Thr) and then stimulated by 800 mM
Thr for 1 h (Thr+Thr). Cells were subjected to GTP-agarose pull-down assay. An asterisk indicates a non-specific band.
(B) GTP loading of Rags in cells lacking TARS2 or GEF under starvation and stimulation of Thr. Cells stably expressing the indicated shRNA were subjected to the
same treatment and GTP-agarose pull-down assay as described in (A).
(C) Recovery of mTORC1 activity in cells lacking TARS2 or GEF under starvation and stimulation of Thr. (Left) Cells were subjected to the same treatment
as described in (A). An arrow indicates SLC38A9. (Right) Mean ± SEM of pS6 from 6 to 9 independent blots is shown. n.s., not significant; *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001 (two-way ANOVA followed by Tukey’s post hoc test).
(legend continued on next page)
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stimulation in cells lacking LamTOR4 (shLamTOR4) or SLC38A9
(shSLC38A9) similar to shCon, GTP loading of RagA in shTARS2
was not increased to the same levels (Figure 4B). Consistently, recovery of mTORC1 activity by Thr stimulation in shTARS2 was
30% lower than in shCon, whereas the recovery in shLamTOR4
or shSLC38A9 was comparable to that in shCon (Figure 4C).
Because it lacks known functional GEF domains, TARS2 is not
likely a potential GEF, but it could act as a potent regulator of
Thr-sensitive GTP loading of RagA and mTORC1 activity, presumably by modulating the activity of a yet-unknown GEF.
TARS2 Controls Cell Proliferation and Global mRNA
Translation Efficiency by Activating mTORC1
Finally, we examined the physiological impact of TARS2-mediated mTORC1 activation by Thr. Cell proliferation was almost
identical between shCon and shTARS2 under normal Thr levels
(Figure 4D, left), probably because of the maintenance of basal
mTORC1 activity (Figures 2E and S2D). However, although the
proliferation of both cells was similarly suppressed under Thr
depletion (Figure 4D, right, dotted lines), recovery of the proliferation rate in shTARS2 upon Thr replenishment was 25% lower
than the rate in shCon (Figure 4D, right, solid lines). We also assessed global mRNA translation, which is controlled by
mTORC1, via polysome profiling (Gandin et al., 2014). The polysome profiles of shCon and shTARS2 appeared identical under
normal (Figure S4C) and Thr-free conditions (Figure S4D, lightcolored curves). However, recovery of the ratio of polysomes
to monosomes, an indicator of translation efficiency, by Thr supplementation in shTARS2 was 25% lower than in shCon (Figures
4E and S4D, dark-colored curves), demonstrating an important
physiological role of TARS2 in the activation of mTORC1 by
Thr stimulation.
In conclusion, we discovered a mechanism that controls the
lysosomal localization and activity of mTORC1 in response to
Thr levels through TARS2. We demonstrated that the interaction
of TARS2 with components of the aa-sensing machinery, which
impinges on mTORC1, plays a crucial role in Thr-mediated activation of mTORC1. We further revealed that in the presence of Thr,
TARS2 binds GTP-RagC and promotes the recruitment of
mTORC1 by increasing GTP loading of RagA (Figure 4F). Collectively, these findings present the specific regulation of mTORC1
activity by aas through a mt protein and are a further example of
the expanding role of mt proteins in various cellular compartments.
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(D) Proliferation of TARS2 knockdown cells under starvation and stimulation of Thr. (Left) Proliferation curves of shCon (blue) or shTARS2 (red) cells in a complete
medium (+Thr) are shown. (Right) Proliferation curves of shCon (blue) or shTARS2 (red) cells in a Thr-free medium (Thr, dotted line) are shown. 36 h after seeding,
cells were supplemented with 800 mM Thr (Thr+Thr, solid line). The curves show mean ± SEM of 3 independent replicates. n.s., not significant; *p < 0.05 (twoway ANOVA followed by Sidak’s post hoc test).
(E) Global mRNA translation in TARS2 knockdown cells under starvation and stimulation of Thr. Mean ± SEM of the ratio of polysomes to monosomes from 3
independent polysome profiles. n.s., not significant; **p < 0.01 (two-way ANOVA followed by Sidak’s post hoc test).
(F) Model of TARS2-mediated mTORC1 activation by Thr stimulation. (1) GDP-RagA/GTP-RagC forms an inactive complex under Thr-deprived condition. (2) Thr
stimulation increases charging of TARS2 with Thr. (3) Thr-charged TARS2 is recruited to GTP-RagC. (4) GTP loaded on RagC is hydrolyzed (by an unknown
mechanism) and TARS2 recruits a GEF for RagA. (5) GEF replaces GDP on RagA with GTP. Rags then become active, which is sufficient to recruit mTORC1 by
directly binding with Raptor. See also Figure S4.
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Azcárate, I.G., Bautista, J.M., Mirando, A.C., Francklyn, C.S., et al. (2014).
Analogs of natural aminoacyl-tRNA synthetase inhibitors clear malaria in vivo.
Proc. Natl. Acad. Sci. USA 111, E5508–E5517.
Nureki, O., Kohno, T., Sakamoto, K., Miyazawa, T., and Yokoyama, S. (1993).
Chemical modification and mutagenesis studies on zinc binding of aminoacyltRNA synthetases. J. Biol. Chem. 268, 15368–15373.
Rebsamen, M., Pochini, L., Stasyk, T., de Araújo, M.E.G., Galluccio, M.,
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Cat# F3165; RRID:AB_259529

Rabbit HA
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https://doi.org/10.17632/rr89y6c68m.1

Deposited Data
Unprocessed data
Experimental Models: Cell Lines
HEK293T
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CRL-3216

HeLa
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CCL-2

Human Atf4 realtime PCR primer forward:
TCTACCAGGGGCTCTCCAAAT

This study

N/A

Human Atf4 realtime PCR primer reverse:
CCTAGTGGCTGCTGTCTTGTT

This study

N/A

Human Sestrin2 realtime PCR primer
forward: CCGCCATCAGTGTTCTTACCT

This study

N/A
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reverse: CTGGATGTGTTCCTTGGTGATG

This study
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pRK5 HA GST-RagC 75L

Addgene
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Recombinant DNA
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pRK5 HA GST-RagD wt
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Uniprot: Q9NQL2-1
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TARS2 shRNA #1
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TARS2 shRNA #2

Sigma
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Sigma

Cat# TRCN0000344636

TARS shRNA #2

Sigma

Cat# TRCN0000333070

LamTOR4 shRNA

Sigma

Cat# TRCN0000281609

SLC38A9 shRNA

Sigma

Cat# TRCN0000150620

RagC shRNA

Sigma

Cat# TRCN0000072874

RagD shRNA

Sigma

Cat# TRCN0000059537

Control shRNA

Sigma

Cat# SHC002

pLP1

Invitrogen

Cat# K497500

pLP2

Invitrogen

Cat# K497500

pLP/VSVG

Invitrogen

Cat# K497500

GraphPad

https://www.graphpad.com

ImageJ

National Institute of Health

https://imagej.nih.gov/ij/

Fiji

Fiji

https://image.net/fiji

GIMP

The GIMP Team

https://www.gimp.org/

ZEN blue edition

Zeiss

https://www.zeiss.com/microscopy/int/
products/microscope-software/zen.html

Software and Algorithms
GraphPad Prism

RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nahum
Sonenberg (nahum.sonenberg@mcgill.ca).
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Materials Availability
All reagents generated in this study are available from the Lead Contact with a completed Material Transfer Agreement.
Data and Code Availability
Original data have been deposited to Mendeley Data: https://doi.org/10.17632/rr89y6c68m.1
METHOD DETAILS
Cell culture, amino acid starvation, stimulation, and transient transfection
HEK293T cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Wisent) supplemented with 10% fetal bovine serum
(FBS) (Wisent) and 1% streptomycin-penicillin (Wisent) in a humidified atmosphere containing 5% CO2 at 37 C. For amino acid
starvation, cells seeded 24 hr before starvation were washed by pre-warmed PBS and incubated with amino acid-, leucine-, and
threonine-free DMEM (manufactured by Wisent) supplemented with 10% dialyzed FBS (GIBCO). For amino acid stimulation, a
concentrated solution, which is prepared from individual amino acid powder, was added to the culture medium at the same concentration as in the complete DMEM (#319-005-CL) (Wisent). Transient transfection of plasmids was performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
Lentivirus production
HEK293T cells were transfected with lentiviral packaging plasmids (pLP-1, pLP-2, and pLP/VSVG) (Invitrogen) as well as a lentiviral
expressing plasmid using Lipofectamine 2000. After 48 hr, the medium containing lentiviral particles was collected, filtered using a
0.45 mm syringe filter (Fisher Scientific), and immediately added to the HEK293T cells with 5 mg/ml of polybrene. The rest of the supernatant was stored at 80 C. After 24 hr, cells were selected using appropriate antibiotics.
Immunoprecipitation
Immunoprecipitation was performed as described previously (Kim et al., 2002) with minor modifications. Briefly, cells were washed
by ice-cold PBS and collected by scraping in the lysis buffer (40 mM HEPES-KOH pH 7.5, 120 mM NaCl, 1 mM EDTA, 50 mM NaF,
0.3% CHAPS, supplemented with a complete EDTA-free protease inhibitor tablet and phosphatase inhibitor cocktail). Pre-cleared
lysates were incubated with primary antibody for 1 hr at 4 C, followed by incubated with Protein G or A agarose beads (Millipore)
overnight at 4 C. Beads were washed with wash buffer (lysis buffer supplemented with 50 mM HEPES-KOH pH 7.5, 150 mM
NaCl) for 10 min three times. Protein was eluted in 2x SDS sample buffer.
Subcellular fractionation
HEK293T cells were homogenized in lysis buffer (220 mM Mannitol, 68 mM sucrose, 80 mM KCl, 0.5 mM EGTA, 2 mM MgAc2, 10 mM
HEPES-KOH pH 7.4, supplemented with a complete EDTA-free protease inhibitor tablet) using 26-gauge syringe needle for
10 strokes (total fraction). Homogenate was centrifuged at 600 x g for 10 min at 4 C. Pellet was collected as a nuclear fraction
and, the supernatant was centrifuged at 5,000 x g for 10 min at 4 C. Pellet was collected as a mitochondrial (and small lysosomal)
fraction, and the supernatant was centrifuged at 12,000 x g for 5 min at 4 C. Pellet was collected as a pure lysosomal fraction, and the
supernatant was collected as a crude cytoplasmic fraction. Pellets between each step were washed with lysis buffer, and the supernatant was centrifuged twice every step for reducing contamination.
Immunofluorescence
Cells seeded on the poly-L-lysine (Sigma) or fibronectin (Sigma)-coated coverslips were washed by pre-warmed PBS and fixed by
pre-warmed 4% paraformaldehyde (PFA) (FD Neurotechnologies, Inc.) for 15 min at RT. After washing 3 times with PBS, cells were
permeabilized with PBS containing 0.05% Triton X-100 for 5 min at RT and blocked with blocking solution (PBS containing 10% FBS).
Cells were incubated with primary antibodies (from 0.5 to 2:100 in blocking solution) overnight at 4 C and incubated with Alexa fluor
(Thermo Fisher Scientific) secondary antibodies (1:1000 in blocking solution) for 1 hr at RT in the darkness. Nuclei were stained with
2 mg/ml of Hoechst (Life Technologies) for 10 min at RT in the darkness. Cells were mounted onto the slide glass by using the Fluorescence Mounting Medium (Dako). Images were acquired using the 63X oil immersion lens of LSM 800 confocal microscope (Zeiss).
Proximity ligation assay (PLA)
PLA was performed using Duolink PLA (Sigma) according to the manufacturer’s instructions. Briefly, cells seeded on the fibronectincoated coverslip were fixed and permeabilized as described above. Cells were blocked in Duolink blocking solution at 37 C for 1 hr
and incubated with primary antibodies for overnight at 4 C. After washing with Wash Buffer A, cells were incubated with Duolink PLA
probes at 37 C for 1 hr, followed by ligation at 37 C for 30 min. The PLA signals were amplified using Amplification Buffer at 37 C for
100 min. After washing with Wash Buffer B, cells were mounted onto the slide glass.
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GTP-agarose pulldown assay
GTP-agarose pulldown assay was performed as described previously (Stafa et al., 2014) with minor modifications. Briefly, cells were
lysed in lysis buffer (1% Triton X-100 in PBS, supplemented with EDTA-free protease inhibitor tablet and phosphatase inhibitor
cocktail). Cell lysates were incubated with GTP-agarose beads (Sigma) for 2 hr at 4 C. Beads were washed 3 times with lysis buffer
and once with PBS. Protein was eluted in 2x SDS sample buffer.
Polysome profiling
Polysome profiling was performed as described (Gandin et al., 2014) with minor modifications. Briefly, HEK293T cells at 80%–90%
confluency were treated with 100 mg/ml of cycloheximide (CHX) for 5 min at 37 C. Cells were placed on ice, washed twice with icecold PBS containing 100 mg/ml of CHX, and suspended in hypotonic buffer (5 mM Tris-HCl pH 7.4, 1.5 mM KCl, 2.5 mM MgCl2,
100 mg/ml of CHX, 200 u/ml of RNase inhibitor, 2 mM DTT, supplemented with EDTA-free protease inhibitor tablet). Cells were lysed
by adding detergent mixture (0.5% of Triton X-100 and 0.5% of sodium deoxycholate) and vortexed for 5 s. The amount of RNA in the
supernatant was measured using NanoDrop 2000 (Thermo Fisher Scientific), and the equal amount of each sample was loaded onto
10%–50% sucrose gradient containing 20 mM HEPES-KOH pH 7.6, 100 mM KCl, 5 mM MgCl2, 10 mg/ml of CHX, 10 u/ml RNase
inhibitor, supplemented with EDTA-free protease inhibitor tablet. Gradients were balanced and centrifuged at 36,000 rpm for 2 hr
at 4 C using SW 40 Ti rotor in Optima L-80 XP ultracentrifuge (Beckman Coulter). Absorbance at 254 nm was measured using
TracerDAQ (MicroDAQ) from lower to higher sedimentation of sucrose gradients.
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Figure S1. Related to Figure 1
(A) Interaction of TARS2 and TARS with AA-sensing machinery of mTORC1. HeLa cells were transfected with the
indicated plasmids and used for IP with an anti-FLAG antibody. Arrows indicate TARS2 or TARS-specific band and an
asterisk indicates TARS pulled down by cross-reactivity. EV (empty vector).
(B) Subcellular localization of TARS2 and TARS. α-tubulin (cytoskeleton), LAMP2 (lysosome), TOM20 (mitochondrion).
Scale bar = 10 μm.
(C) Localization of full-length (TARS2-myc FL) or non-mitochondrial (TARS2-myc ΔMTS) TARS2. Scale bar = 10 μm.
(D) Schematic representation of TARS2 mutants used in panel (C) with AA number is shown.
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Figure S2. Related to Figure 2
(A) mTORC2 activity under starved (-) versus normal Thr levels (+). (Left) pAKT S473 was used
as an mTORC2 activity marker. (Right) Mean± SEM of pS6 or pAKT from 3 independent experiments is shown.
(B) Recovery of mTORC1 activity by Thr stimulation. Mean± SEM of pS6 from 3 independent experiments and the R2
value, a determinant coefficient of linear regression, are shown.
(C) Recovery of mTORC1 activity by stimulation of threonine (Thr), serine (Ser), or valine (Val). HEK293T cells starved
of Thr for 15 hr (-Thr) and then supplemented with a range of concentrations from 1 to 800 μM Thr (-Thr+Thr), 400 μM
Ser (+Ser), or 800 μM Val (+Val) for 90 min. (Right) Mean± SEM of pS6 from 3 independent experiments is shown. 1x
indicates 800 μM of Thr, 400 μM of Ser, and 800 μM of Val.
(D) mTORC1 activity in TARS2 knockdown cells (shTARS2) under Thr starvation. Mean± SEM of pS6 from 3
independent experiments is shown. n.s., not significant, * p < 0.05 (one-way ANOVA with Dunnett’s posthoc test).
(E) Recovery of mTORC1 activity in shTARS2 by Thr stimulation. Mean± SEM of pS6 from 3 independent experiments
is shown. * p < 0.05 (one-way ANOVA with Dunnett’s posthoc test).
(F) mTORC1 activity in TARS2 knockdown cells under starvation and stimulation of Thr. HEK293T cells stably
expressing control shRNA (shCon) and shTARS2 (shT2) were starved of Thr for 15 hr (-Thr) and then stimulated by
800 μM Thr for 1 hr (-Thr+Thr).
(G) mTORC1 activity in TARS knockdown cells (shT) under starvation and stimulation of Thr. Cells were subjected to

the same treatment as described in panel (F). An arrow indicates TARS.
(H) eIF2α-ATF4-Sestrin2 pathway in shTARS2 under starvation and stimulation of Thr. (Left) Cells were subjected to
the same treatment as described in panel (F). (Right) Mean± SEM of mRNA levels from 3 technical replicates.
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Figure S3. Related to Figure 3
(A) Co-localization of TARS2 with RagC. Nuclei were stained by Hoechst (blue). White squares in the merged images
are enlarged in the upper left. Scale bar = 10 μm.
(B) Proximal interaction of TARS2 with RagC. Nuclei were stained by Hoechst (blue). Scale bar = 10 μm.
(C) RagC-interacting region of TARS2. (Upper) Schematic representation of functional domains of TARS2 is shown
with AA number. MTS, ThrRS-GTPase-SpoT domain (TGS), editing domain, catalytic core domain, and the anticodonbinding domain are indicated. (Lower) HEK293T cells were transfected with truncation mutants of TARS2 or full-length
TARS and used for IP with an anti-HA antibody. An asterisk indicates the light IgG chain. EV (empty vector).
(D) TARS2301-381 is sufficient for the interaction with RagC. (Upper) Schematic representation of a mitochondrial
TARS2-exclusive segment is shown. (Lower) HEK293T cells were transfected with plasmids expressing full-length
TARS2 (TARS2-myc) or TARS2 lacking 382-398 (TARS2 Δ382-398-myc) and used for IP with an anti-HA antibody. EV
(empty vector).
(E) TARS2-interacting region of RagC. (Upper) Schematic representation of functional domains of RagC is shown with
AA number. The G domain responsible for guanine nucleotide-binding and the C-terminal region, which is highly
conserved in RagD, are indicated by a white box and a thick line, respectively. (Lower) HEK293T cells were transfected
with truncation mutants of RagC or full-length RagD and used for IP with an anti-HA antibody. An asterisk indicates the
heavy IgG chain. EV (empty vector).

(F) Preferential interaction of TARS2 with RagC. (Upper) The difference in AA sequence between RagC243-369 and the
corresponding region in RagD. (Lower) HEK293T cells were transfected with wild-type (wt), mutant RagC, or full-length
RagD and used for IP with an anti-HA antibody.
(G) Recovery of mTORC1 activity in RagC knockdown cells. Cells stably expressing the indicated shRNA were starved
of Thr for 15 hr (-) and then supplemented with 800 μM Thr for 1 hr (-→+). An asterisk indicates a non-specific band.
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Figure S4. Related to Figure 4
(A) GTP-loading of Rags under starvation and stimulation of Thr. Cells were starved of Thr for 15 hr (-) and then
stimulated by 800 μM Thr for 1 hr (-→+). Cells were subjected to GTP-agarose pulldown assay.
(B) GTP-loading of Rags with or without Bafilomycin A1 (BafA1) in TARS2 knockdown cells. Cells were subjected to
the same treatment as described in panel (A) but treated with vehicle (DMSO) or BafA1 1 hr before the addition of Thr.
(C) Representative polysome profile under normal Thr condition. Small ribosome subunit (40S), large ribosome subunit
(60S), monosome (80S), and polyribosome (polysomes) fractions are shown.
(D) Representative polysome profile under Thr-starved (-Thr, light color) or Thr-stimulated (-Thr+Thr, dark color)
condition.

