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SUMMARY

Target of Rapamycin Complex 1 (TORC1) is a conserved eukaryotic protein complex that links the presence of
nutrients with cell growth. In Saccharomyces cerevisiae, TORC1 activity is positively regulated by the pres-
ence of amino acids and glucose in the medium. However, the mechanisms underlying nutrient-induced
TORC1 activation remain poorly understood. By utilizing an in vivo TORC1 activation assay, we demonstrate
that differential metabolism of glucose activates TORC1 through three distinct pathways in yeast. The first “ca-
nonical Rag guanosine triphosphatase (GTPase)-dependent pathway” requires conversion of glucose to fruc-
tose 1,6-bisphosphate, which activates TORC1 via the Rag GTPase heterodimer Gtr1¢TP-Gtr2°PP, The second
‘“non-canonical Rag GTPase-dependent pathway” requires conversion of glucose to glucose 6-phosphate,
which activates TORC1 via a process that involves Gtr1¢TP-Gtr2%™F and mitochondrial function. The third
“Rag GTPase-independent pathway” requires complete glycolysis and vacuolar ATPase reassembly for
TORC1 activation. We have established a roadmap to deconstruct the link between glucose metabolism

and TORC1 activation.

INTRODUCTION

Target of Rapamycin Complex 1 (TORC1) is a master regulator of
eukaryotic cell growth, proliferation, and metabolism. The TORC1
signaling pathway controls cellular growth through activation of
anabolic processes such as protein, lipid, and nucleotide synthesis
and repression of catabolic processes such as autophagy and pro-
teasomal activity. Dysregulation of TORC1 signaling has been
implicated in a diverse set of common human diseases, including
cancer, neurological disorders, obesity, and diabetes.

TORCH1 is a serine/threonine protein kinase belonging to the
phosphatidylinositol 3-kinase (PI3K)-related family of lipid ki-
nases. The Saccharomyces cerevisiae TORC1 is composed of
four subunits: Tor1 or Tor2 (the catalytic subunit), Kog1 (ortholog
of mammalian raptor), Lst8 (synthetic lethal with sec thirteen), and
Tco89." TORC1 in yeast forms a lozenge-shaped dimer that con-
tains two copies of each of the 4 subunits. Human mTORC1’s
composition is similar to its yeast counterpart but lacks Tco89.

TORCH1 is regulated by the conserved Rag family of small gua-
nosine triphosphatases (GTPases); namely, the Gtr1 (RagA/B)
and Gtr2 (RagC/D) proteins in yeast.” Gtr1 and Gtr2 heterodimer-
ize and localize to vacuolar membranes via an interaction with the
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EGO (Ego1-Ego2-Ego3) complex.® Amino acid sufficiency pro-
motes the active conformation of the Gtr1/Gtr2 heterodimer, in
which Gtr1 and Gtr2 are loaded with guanosine triphosphate
(GTP) and guanosine diphosphate (GDP), respectively.* The
active Gtr19TP-Gtr2PP heterodimer binds to Kog1 and activates
TORC1. Mammalian RagA/B and RagC/D GTPases bind to the
lysosomal Ragulator complex composed of five subunit proteins
(LAMTOR1-LAMTORYS5) and sense the availability of amino
acids.” In the presence of amino acids (particularly leucine and
arginine), RagA/B and RagC/D GTPases activate mTORC1 by re-
cruiting it to the lysosomes for activation by the lysosomal Rheb
GTPase. Notably, mTORCH1, but not the budding yeast TORC1, is
regulated by the Rheb GTPase. Budding yeast TORC1 localizes
mainly to the vacuoles in a constitutive manner.®” However,
mTORC1 requires Rag-GTPases for its lysosomal localization.®

The nucleotide-binding status of Gtr1 and Gtr2 is tightly regu-
lated by conserved GAPs (GTPase-activating proteins) and
GEFs (guanine exchange factors). EACIT (Seh1-Associated
Complex Inhibiting TORC1 signaling) and Lst4-Lst7 complexes
act as GAPs for Gtr1 and Gtr2, respectively.’ Budding yeast
SEACIT contains three subunits, namely Imi1, Npr2, and
Npr3. The activity of SEACIT is negatively regulated by the
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SEACAT (Seh1-Associated Complex Activating TORC1
signaling) complex in yeast.* SEACAT is composed of five
subunits, namely Sea2, Sea3, Sea4, Seh1, and Seci3.
The mammalian counterparts for SEACIT and SEACAT are
GATOR1 and GATOR2 complexes, respectively. The
budding yeast vacuolar protein Vam6 has been proposed to
be the GEF for Gtr1.” Vamé is a component of the conserved
HOPS (Homotypic fusion and Protein Sorting) complex
involved in homotypic vacuolar fusion and vacuolar protein
sorting. The identity of the GEF for Gtr2 remains unknown.
Despite differences in subunit composition and regulatory
mechanisms, both yeast and mammalian TORC1 complexes
share the common cellular function of coordinating extracel-
lular signals with protein translation and catabolism.

Itis intriguing how nutrients regulate TORC1 activity in eukary-
otic cells. Somewhat unexpectedly, this process is better under-
stood in mammalian cells in comparison with yeast. In the
absence of amino acids, sestrins bind and inhibit mammalian
GATOR2."%"'® This frees up GATOR1, which activates GTP hy-
drolysis on RagA/B and inhibits mTORC1. Binding of amino acids
like leucine and arginine to sestrins inhibits its interaction with
GATOR2 and activates mTORC1. Apart from one report showing
that the leucyl tRNA synthetase (Cdc60) acts as a GEF for Gtr1 in
a leucine-dependent manner, ' there is very little progress in un-
derstanding how nutrients activate TORC1 in S. cerevisiae.

TORCH1 activity in yeast is highly sensitive to the presence of
glucose.'®"® The availability of glucose regulates disassembly/
reassembly of vacuolar ATPase (V-ATPase).'® V-ATPase has
been proposed to activate TORC1 in response to glucose and
amino acids via Gtr1.?° Specifically, in response to glucose but
not nitrogen starvation, TORC1 has been reported to disas-
semble, with its Raptor subunit Kog1 relocating to the vacuolar
edge to form Kog1 bodies.'® Formation of Kog1 bodies is driven
by Snf1-AMPK(Adenosine Monophosphate-activated Protein
Kinase)-mediated phosphorylation of Kog1 at Ser 491/494 and
two adjacent prion motifs.'® When budding yeast cells were sub-
jected to glucose starvation, TORC1 has been reported to form
catalytically inactive cylindrical structures called TOROIDs
(TORC1 oligomerized in inhibited domain), perched on the vacu-
olar membrane.?' While the inactive Gtr1PP-Gtr2GTF promotes
TOROID formation, the active Gtr19TP-Gtr2%PF antagonizes their
formation.?" Unlike observed for Kog1 bodies, the Snfi/AMPK
did not regulate TOROID formation.?’

We recently showed that glucose activates TORC1 via Rag
GTPase-dependent and Rag GTPase-independent mecha-
nisms.’® In this study, we combined genetics with targeted
metabolite analysis to determine the extent of glucose
metabolism and the upstream TORC1 regulators required
for glucose-induced TORC1 activation. We show that glucose
activates TORC1 through three distinct pathways. In the
first pathway, formation of fructose 1,6-bisphosphate activates
TORC1 via the canonical pathway dependent on Gtr1¢T-
Gtr2®®P. In the second pathway, formation of glucose
6-phosphate activates TORC1 non-canonical pathway involving
Gtr19TP-Gtr2G™" and requiring mitochondrial function. Complete
glycolysis of glucose to pyruvate activates TORC1 via the
third Rag GTPase-independent pathway, and this requires
V-ATPase reassembly and activity. Our work indicates that yeast
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cells have evolved multiple mechanisms to link glycolysis with
growth, providing an explanation for their well-known preference
for glucose as a carbon source.

RESULTS

Hexokinase-mediated phosphorylation of glucose is
essential for glucose-induced TORC1 activation
We have demonstrated previously that glucose is sufficient to
activate TORC1 via Rag GTPase-dependent and Rag GTPase-
independent mechanisms in S. cerevisiae.'® In the glucose-
induced TORCH1 activation assay, log-phase yeast cells are sub-
jected to complete nutrient starvation by incubating them in
water for 1 h. Glucose is then added to starved cultures, and
TORCH1 activity is assessed by monitoring phosphorylation of
its substrate, Sch9.'® Glucose can either directly activate
TORCH1 or it might have to be metabolized to activate TORC1.
We first tested whether glucose is metabolized by yeast cells
during the conditions of our glucose-induced TORC1 activation
assay. We performed the glucose-induced TORC1 activation
assay with wild-type and gtr14 cells and measured the relative
levels of glycolytic intermediates by liquid chromatography
(LC)-mass spectrometry (MS) (Figure 1A). In starved cells, lower
glycolytic intermediates, such as phosphoenolpyruvate (PEP)
and 2-phosphoglycerate (2-PG)/3-phosphoglycerate (3-PG)
accumulated (Figure 1A), which is consistent with a previous
study.?” Upon addition of 2% glucose to starved cells, the rela-
tive molar levels of glucose 6-phosphate (G6P), fructose
6-phosphate (F6P), fructose 1,6-bisphosphate (FBP), and glyc-
eraldehyde-3-phosphate (G3P)/dihydroxyacetone phosphate
(DHAP) increased and the relative molar levels of PEP and
2PG/3PG decreased (Figure 1A). These results demonstrate
that glucose undergoes glycolysis in yeast cells under the condi-
tions of the glucose-induced TORC1 activation assay. The ki-
netics of changes in the steady-state relative molar levels of
glycolytic metabolites in wild-type and gtr74 cells upon glucose
addition were indistinguishable (Figure 1A). Notably, the TORC1
activation peak in gtr14 cells was delayed by about 10 min in
comparison with wild-type cells (Figure 1B; quantification in
Table S2). These results suggest that delayed TORC1 activation
in gtr1A cells is unlikely to be due to a reduced rate of glycolysis.
To investigate whether metabolism of glucose is required for
TORCH1 activation, we compared the ability of glucose to activate
TORC1 in wild-type and hexokinase-deficient triple mutant
(hxk14 hxk24 glk14) cells. Addition of glucose resulted in rapa-
mycin-sensitive Sch9 phosphorylation in wild-type cells but not
in hexokinase-deficient cells (Figure 1C; quantification in
Table S2), suggesting that phosphorylation of glucose to G6P
is essential for glucose-induced TORC1 activation. To confirm
this result, we tested the ability of two glucose analogs,
2-deoxyglucose (2-DG) and 6-deoxyglucose (6-DG) to activate
TORCH1. 6-DG cannot be phosphorylated by hexokinase and is
therefore not metabolized (Figure 1D). On the other hand,
2-DG can be phosphorylated by hexokinase, forming 2-DG
6-phosphate, but cannot be metabolized further (Figure 1D).
We observed that 2% 2-DG (but not 2% 6-DG) activated
TORCH1, albeit weakly compared with 2% glucose (Figure S1A;
quantification in Table S3). Because 2-DG is a potent inhibitor
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Figure 1. Phosphorylation of glucose is
required for glucose-induced TORC1 acti-
vation

(A) Wild-type and gtr14 cells were grown in
SC(Synthetic Complete)-glucose (Glu) medium in
logarithmic phase (C) and then subjected to
complete nutrient starvation by incubating them in
water for 1 h. Starved cells (S) were transferred to a
solution containing 2% Glu. Aliquots of the cul-
tures were taken after 0, 10, 20, and 30 min for
preparing protein extracts and extracting metab-
olites for LC-MS analysis. Relative molar levels of
various glycolytic metabolites in wild-type and
gtr14 cells at different stages of Glu -induced
TORC1 activation assay are shown. Error bars
indicate standard deviation from 3 biological rep-
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taken after 0, 10, 20, and 30 min and used for
preparing protein extracts. Phosphorylation of
Sch9 was monitored by western blotting.

(D) Schematic showing the metabolic fates of Glu,
2-DG, and 6-DG.

(E) Wild-type cells and gtr14 cells in logarithmic
phase (C) in SC-Glu medium were subjected to
complete nutrient starvation by incubating them in
water for 1 h. Starved cells (S) were then trans-
ferred to a solution containing 0.05% Glu, 0.05%
2-DG, or 0.05% 6-DG in the presence and
absence of rapamycin (2 uM). Aliquots of the cul-
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used for preparing protein extracts. Phosphory-
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(A-C and E) Data are representative of 3 inde-
pendent experiments.

0.05% 2-DG

We then compared the ability of 0.05%

of glycolysis and depletes cellular ATP levels,?® we tested lower
amounts of 2-DG (ranging from 0.2% to 0.0125%) in the TORCH1
activation assay. We found that 0.05% 2-DG was most effective
in activating TORC1 (Figure S1B; quantification in Table S3). We
compared the abilities of 0.05% of 2-DG, 6-DG, and glucose to
activate TORC1. Addition of 0.05% glucose or 0.05% 2-DG to
starved cells resulted in increased Sch9 phosphorylation that
was abolished by rapamycin treatment (Figure 1E; quantification
in Table S2). The peak of TORC1 activation by 2-DG was delayed
by about 10 min compared with glucose. However, 6-DG failed
to activate TORC1 (Figures 1E and S1A; quantification in
Tables S2 and S3). These results indicate that hexokinase-medi-
ated conversion of glucose to G6P is essential for TORC1
activation.

glucose and 2-DG to activate TORC1 in
gtr14 cells. Interestingly, 0.05% glucose,
but not 0.05% 2-DG, was able to activate
TORCH1 in gtr14 cells (Figure 1E; quantification in Table S2).
Because 2-DG cannot proceed beyond the first step in glycol-
ysis, our results imply that metabolism of glucose beyond G6P
is required for TORC1 activation via the Rag GTPase-indepen-
dent pathway. On the other hand, conversion of glucose to
G6P is sufficient for the Rag GTPase-dependent pathway for
TORC1 activation.

G6P can be catabolized via either the glycolytic pathway or the
pentose phosphate pathway (PPP). G6P can also be anabolized,
leading to synthesis of trehalose and glycogen. To test which
catabolic pathway is required for Rag GTPase-independent
TORCH1 activation by glucose, we deleted ZWF1 (which encodes
the glucose-6-phosphate dehydrogenase that catalyzes the first
committed step in the PPP) or PFK1/2 (which encode subunits
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Figure 2. G6P activates the non-canonical pathway of TORC1 activation via Gtr1¢™/Gtr26™

(A) Wild-type, gtr14, iml14, npr24, and npr34 cells were grown in logarithmic phase (C) in SC-Glu medium and subjected to complete nutrient starvation by
incubating them in water for 1 h. Starved cells (S) were then transferred to a solution containing 0.05% Glu or 0.05% 2-DG. Aliquots of the cultures were taken after
0, 10, 20, and 30 min and used for preparing protein extracts. Phosphorylation of Sch9 was monitored by western blotting.

(B) gtr14 gtr24 cells expressing different combinations of Gtr1/Gtr2 variants (wild type, GTP, GDP, or empty vector) from the tetracycline-inducible promoter
were grown to logarithmic phase (C) in SC-Glu medium + tetracycline medium and subjected to complete nutrient starvation by incubating them in water for 1 h.

(legend continued on next page)
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of phosphofructokinase, which catalyzes the first committed step
in glycolysis). Deletion of ZWF1 had no major effect on glucose-
induced TORC1 activation in wild-type and gtr1A strains (Fig-
ure S2A; quantification in Table S3), indicating that the PPP is
not essential for glucose-induced TORC1 activation. However,
deletion of PFK1 or PFK2 greatly reduced glucose-induced
TORCH1 activation in the GTR1 strain (Figures S2B and S2C; quan-
tification in Table S3) and completely abolished TORC1 activation
in the gtr14 strain (Figures S2B and S2C; quantification in
Table S3). These results suggest that glycolysis is required for
the Rag GTPase-independent pathway for glucose-induced
TORCH1 activation. This is consistent with the failure of 2-DG to
activate TORC1 in gtr1A cells. Although not essential, glycolysis
is also required for efficient glucose-induced TORC1 activation
via the Rag GTPase-dependent pathway.

Use of SEACIT mutants uncovers two pathways of Rag
GTPase-dependent TORC1 activation by glucose

To confirm the function of Gtr1 in glucose-induced TORC1 acti-
vation pathways, we tested the role of the SEACIT complex in
TORCH1 activation. The SEACIT complex is composed of Iml1/
Npr2/Npr3 and inhibits TORC1 by promoting hydrolysis of GTP
bound to Gtr1. We tested the ability of glucose and 2-DG to acti-
vate TORC1 in wild-type and iml14/npr2 4/npr34 strains that are
deficient in SEACIT function. As expected, glucose-induced
TORCH1 activation was stabilized in SEACIT mutants in compar-
ison with the wild-type strain (Figure 2A; quantification in
Table S2). Deletion of GTR1 abolished the stabilizing effect of
SEACIT mutations on TORC1 activation (Figure S3A; quantifica-
tion in Table S3). These results support the notion that stabiliza-
tion of Gtr1€™" in SEACIT-deficient mutants boosts TORC1 acti-
vation. Much to our surprise, we found that 2-DG-induced
activation of TORC1 was abolished in SEACIT mutant strains
(Figures 2A and S3A; quantification in Tables S2 and S3).
Although the Gtr1€™ form boosts glucose-induced TORC1 acti-
vation, it is deficient in 2-DG-induced TORC1 activation. To
confirm this result, we constructed gtr14 gtr2 4 strains express-
ing either wild-type Gtr1/Gtr2 or various mutant heterodimers
that bind GTP or GDP (Gtr1ST"-Gtr2GPP, Gtr1GPP- Gtr2®TF,
Gtr1STP- Gtr2€™, Gtr1GPP- Gtr2®PP). We used gtr14 gtr24
strains containing an empty vector as a negative control. As ex-
pected, the canonical active form Gtr1€TP- Gtr24PF stabilized
glucose-induced TORC1 activation in comparison with cells ex-
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pressing wild-type Gtr1/Gtr2 (Figure 2B; quantification in
Table S2). In strains expressing the inactive form Gtr1GPP-
Gtr2%™P, glucose-induced TORC1 activation was delayed, as
observed in gtr14 gtr24 cells. Consistent with our results with
SEACIT mutants, 2-DG failed to activate TORC1 in the
Gtr1€TP-Gtr2GPP_expressing strain (Figure 2B; quantification in
Table S2). Remarkably, 2-DG activated TORC1 in cells express-
ing Gtr1€T"- Gtr2®™" (Figure 2B; quantification in Table S2).
These results indicate that glucose activates TORC1 through
Gtr1/Gtr2 via at least two pathways. In the first pathway,
Gtr1GTP _Gtr2¢PP activates TORC1 upon glucose addition, and
we refer to this as the canonical pathway. This pathway requires
metabolism beyond G6P as 2-DG fails to stimulate this. In the
second pathway, 2-DG activates TORC1, possibly via Gtr1STF-
Gtr2%™P, and we refer to as the “non-canonical pathway” for
the remainder of this manuscript.

Addition of 2-DG failed to activate TORC1 in npr34 cells,
which is predicted to be enriched for the Gtr1G™" form. This ap-
pears to be inconsistent with the notion that the Gtr1T"- Gtr2¢™F
heterodimer activates TORC1 via the non-canonical pathway.
We hypothesized that blocking hydrolysis of GTP bound to
Gtr1 could either prevent GTP binding to Gtr2 or block dissocia-
tion of GDP from Gtr2. This will prevent the formation of Gtr1%7 -
Gtr2%™P heterodimers in npr34 cells and block 2-DG-induced
TORCH1 activation. If this hypothesis is true, then expression of
the Gtr2®™ mutant should suppress npr34’s defect in 2-DG-
induced TORC1 activation. We compared 2-DG-induced
TORC1 activation in npr34 GTR2 and npr34 GTR2%™F cells (Fig-
ure 2C; quantification in Table S2). 2-DG activated TORC1 in
npr34 GTR2S™ cells but not in npr34 GTR2 cells, supporting
the idea that Gtr1%T"-Gtr2%™" activates TORC1 via the non-ca-
nonical pathway (Figure 2C; quantification in Table S2). Lst4 is
required for hydrolysis of GTP bound to Gtr2.>* We found that
2-DG-mediated TORC1 activation was quicker in Ist44 cells
compared with wild-type cells, further supporting the idea that
the Gtr1®TP-Gtr2®™F heterodimer activates TORC1 via the non-
canonical pathway (Figure S3B; quantification in Table S3).

G6P activates TORC1 via a non-canonical Rag GTPase-
dependent pathway

Because 2-DG is a synthetic compound, the non-canonical
pathway of TORC1 activation observed could be an artifact. If
2-DG induced TORCH1 activation is physiological, then G6P

Starved cells (S) were then transferred to a solution containing 0.05% Glu or 0.05% 2-DG. Aliquots of the cultures were taken after 0, 10, 20, and 30 min and used
for preparing protein extracts. Phosphorylation of Sch9 was monitored by western blotting.

(C) Wild-type and npr34 cells expressing different combinations of Gtr1/Gtr2 variants (Gtr1"T-Gtr2"T, Gtr18™"- Gtr2®PP, Gtr16™P-Gtr2G™, and Gtr1"V'-Gtr2¢™)
from the tetracycline-inducible promoter were treated with either 0.05% Glu or 0.05% 2-DG in the TORC1 activation assay and analyzed as described in (B).
(D) Fructose and mannose but not glucose can enter glycolysis without phosphoglucoisomerase.

(E) Wild-type, gtr14, pgi14, and pgil 4 gtr14 cells were grown to logarithmic phase (C) in SC-Raf/Gal medium and subjected to complete nutrient starvation by
incubating them in water for 1 h. Starved cells (S) were then transferred to a solution containing 2% Glu. Aliquots of the cultures taken after 0, 10, 20, and 30 were
used for preparing protein extracts. Phosphorylation of Sch9 was monitored by western blotting.

(F) pgi14, pgi14 gtr14, pgi14 npr34, and pgi14 npr34 gtr14 cells were tested in the Glu-induced TORC1 activation assay as described in (E).

(G) Wild-type and pgi1 4 cells were grown in SC-Raf/Gal medium in logarithmic phase (C) and then subjected to complete nutrient starvation by incubating them in
water for 1 h. Starved cells (S) were transferred to a solution containing 2% Gilu or 2% fructose. Aliquots of the cultures were taken after 0, 10, 20, and 30 min for
preparing protein extracts and for extracting metabolites for LC-MS analysis. The percentage mole fraction of FBP levels is plotted for wild-type and pgi7 4 cells
treated with 2% Giu (left) or 2% fructose (right) at the indicated time points. Error bars indicate standard deviation from 3 biological replicates (n = 3).

(H) Wild-type, pgit 4, pgi14 gtr14, and pgi14 npr34 cells were tested with 0.05% Glu and 0.05% fructose in the TORC1 activation assay as described in (E).
(A-C and E-H) Data are representative of 3 independent experiments.
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should also activate TORC1 via the non-canonical pathway. To
test this, we constructed a phosphoglucoisomerase deletion
strain (pgi1 4) that cannot interconvert G6P and F6P (Figure 2D).
Addition of glucose to pgi1 4 cells is expected to cause an accu-
mulation of G6P, thus “phenocopying” 2-DG-treated cells. Addi-
tion of glucose activated TORC1 in pgi14 cells but not in pgi14
gtr14 cells (Figures 2E and 2F; quantification in Table S2). This is
consistent with our observations that 2-DG-induced TORCH1
activation is dependent on Gtr1. Crucially, addition of glucose
to pgi1 4 npr34 cells resulted in drastically reduced TORC1 acti-
vation in comparison with pgi1 4 cells (Figure 2F; quantification in
Table S2). Our results support the notion that G6P formation ac-
tivates TORC1 via a Rag GTPase-dependent non-canonical
pathway. Conversely, because activation by glucose (but not
by 2-DG) is stabilized in SEACIT mutants in comparison with
wild-type cells, we can conclude that glucose has to be metab-
olized beyond G6P for TORC1 activation via the Rag GTPase-
dependent canonical pathway.

Fructose is phosphorylated by hexokinase to form F6P and
can enter glycolysis without phosphoglucoisomerase activity
(Figure 2D). We confirmed this by assaying changes in the levels
of glycolytic metabolites caused by addition of fructose and
glucose to pgi14 strains. Addition of fructose but not glucose
to the pgi1 4 strain increased the relative molar levels of FBP (Fig-
ure 2G). By titrating the amount of fructose, we found that 0.05%
fructose was optimal for activating TORC1 in the pgi714 strain
(data not shown). TORC1 activation induced by 0.05% fructose
was more stable in the pgi1 4 npr34 strain in comparison with the
pgil4 strain (Figure 2H; quantification in Table S2). In contrast,
activation by 0.05% glucose was reduced by about 3.1-fold in
pgi1l4 npr34 cells in comparison with pgi14 cells (Figure 2H;
quantification in Table S2). These results support the notion
that metabolism to G6P activates TORC1 through a non-canon-
ical pathway, and metabolism beyond G6P is required for
the Rag GTPase-dependent canonical pathway for TORC1
activation.

Intriguingly, addition of 2% fructose (unlike 0.05% fructose) to
starved pgi14 cells did not activate TORC1. One possibility is
that the ATP levels in pgi14 strain could be low and further
depleted by addition of 2% fructose (ATP consumed for FBP for-
mation). We measured ATP levels in wild-type and pgi714 cells
treated with 0.05% fructose and 2% fructose following starvation.
In both wild-type and pgi1 4 cells, ATP levels decreased for the first
10 min following addition of fructose and then increased in the sub-
sequent 20 min (Figure S4A). ATP levels in 0.05% fructose-treated
pgi14 cells were higher than in 2% fructose-treated pgi7 4 cells at
0 and 10 min (Figure S4A), which coincides with the timing of
TORCH1 activation in 0.05% fructose-treated pgi74 cells (Fig-
ure 2H). While reduced ATP levels in 2% fructose-treated pgi14
cells might explain the lack of TORC1 activation, it is possible
that there are other consequences of 2% fructose addition that
impair TORC1 activation in pgi74 cells.

Like fructose, mannose can enter glycolysis without phospho-
glucose isomerase activity (Figure 2D). Hence, mannose should
also activate TORC1 in the pgi14 gtr14 strain like fructose.
Indeed, 0.05% mannose (but not 2% mannose) activated
TORCH1 in the pgi14gtr1 4 strain like fructose (Figure S4B; quan-
tification in Table S3).
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We then tested whether mannose 6-phosphate (M6P) can also
activate the non-canonical Rag GTPase-dependent pathway.
Mannose is phosphorylated by hexokinase to form M6P, which
is then converted into F6P by the phosphomannose isomerase
Pmi40. We compared the kinetics of TORC1 activation induced
by glucose and mannose (2% and 0.05%) in wild-type, gtr14,
pmi404, and pmi404 gtr14 cells. As expected, glucose-induced
TORCH1 activation was comparable in wild-type, pmi404, and
their gtr14 variants (Figure S4C; quantification in Table S3).
Mannose and glucose activated TORC1 to comparable extents
in wild-type and gtr14 cells. Interestingly, 0.05% mannose, but
not 2% mannose, activated TORC1 in pmi404 cells. TORC1
activation induced by 0.05% mannose was abolished in
pmi404 gtr14 cells (Figure S4C; quantification in Table S3).
Taken together, our results with pgi1 4 and pmi404 cells indicate
that formation of GBP/M6P is necessary and sufficient to activate
the Rag GTPase-dependent non-canonical pathway. Activation
of TORC1 by mannose in the pgi14gtr14 strain (Figure S4C;
quantification in Table S3), but not in the pmi404 gtr14 strain
(Figure S4C; quantification in Table S3), further supports the
notion that glycolysis beyond MG6P is required for the Rag
GTPase-independent pathway of TORC1 activation.

TORCH1 activation data with 2%/0.05% mannose in pmi404
cells is reminiscent of our results with wild-type cells treated
with 2%/0.05% 2-DG (Figures S1A and S1B). Treatment of
pmi404 cells with 2% mannose or treatment of wild-type cells
with 2% 2-DG is expected to cause an accumulation of high con-
centrations of M6P or its analog 2-DG 6-phosphate, respec-
tively. We measured ATP levels in starved wild-type and
pmi404 cells treated with 0.05% mannose and 2% mannose.
In wild-type cells treated with 2% mannose, ATP levels
decreased for the first 10 min and then increased in the subse-
quent 20 min (Figure S4D). In contrast, ATP levels in 2%
mannose-treated pmi404 cells decreased over the course of
30 min. ATP levels in 0.05% mannose-treated pmi404 cells at
10 and 20 min were higher than in 2% mannose-treated
pmi404 cells (Figure S4D), which coincides with the timing of
TORCH1 activation in 0.05% mannose-treated pgit4 cells (Fig-
ure S4C). These results are suggestive of a link between ATP
levels and TORC1 activation in mannose-treated pmi404 cells.
Alternatively, high concentrations of M6P (and 2-DG 6-phos-
phate) might inhibit TORC1 activation.

Formation of FBP is sufficient for the canonical Rag
GTPase-dependent pathway of TORC1 activation

We then sought to identify glycolytic steps downstream of G6P
that are required for the Rag GTPase-dependent canonical
pathway and the Rag GTPase-independent pathway of TORC1
activation. As mentioned above, inactivating phosphofructoki-
nase (Pfk1/Pfk2), which converts F6P to FBP, severely affected
glucose-induced TORC1 activation. To test whether the poor
TORCH1 activation observed in pfk2 4 cells was via the canonical
pathway, we tested the effect of npr3A on TORC1 activation in
pfk2 cells. While TORC1 activation was stabilized in npr34 cells,
TORCH1 activation was abolished in pfk24 npr34 cells (Fig-
ure S2C; quantification in Table S3), suggesting that the weak
activation in pfk2A cells was via the non-canonical pathway.
These results also indicated that glycolytic reactions
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Figure 3. Formation of FBP from Glu is sufficient for the canonical pathway of TORC1 activation
(A) Wild-type and PretoFBAT cells were grown in SC-Glu medium in the presence of tetracycline and then subjected to complete nutrient starvation by
incubating them in water for 1 h. Starved cells (S) were transferred to a solution containing 2% Gilu. Aliquots of the cultures were taken after 0, 10, 20, and 30 min
for extracting metabolites for LC-MS analysis and for preparing protein extracts. Relative molar levels of various glycolytic metabolites in wild-type and Presor
FBAT1 cells at different stages of Glu-induced TORC1 activation assay are shown. Error bars indicate standard deviation from 3 biological replicates (n = 3).

(legend continued on next page)
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downstream of FEP are required for the canonical pathway of
TORCH1 activation.

Aldolase (Fba1) catalyzes the conversion of FBP into G3P and
DHAP. Because FBAT is an essential gene, we constructed a
yeast strain that expresses FBAT from the tetracycline-repress-
ible promoter. PreormFBAT cells were dead on tetracycline-con-
taining SC-glucose medium plates (data not shown). To deplete
aldolase, PretorrFBAT cells were grown overnight in synthetic
medium in the presence of tetracycline. Cells from the overnight
culture were inoculated at an optical density 600 (ODggo) of 0.2
and cultured further for 5-6 h in SC-glucose medium + tetracy-
cline. A strain expressing FBAT from the native promoter served
as a control. Growth of Pry~FBAT cells was severely inhibited
in the presence of tetracycline, indicating efficient depletion. We
compared the relative proportions of glycolytic metabolites in
wild-type and FBAT7-depleted cells following addition of glucose.
Relative molar levels of FBP following glucose addition
increased to 92% in wild-type cells but increased to 97% in
the PretorsFBAT cells (Figure 3A). Crucially, the downstream
glycolytic metabolites (G3P/DHAP) were not detectable in
PretorFBAT cells, indicating efficient depletion of FBAT1 (Fig-
ure 3A). TORC1 was activated by glucose, albeit at reduced
levels, in PreworrFBAT cells in comparison with wild-type cells
(Figure 3B; quantification in Table S2). In contrast, TORC1 acti-
vation was completely blocked in PreiormFBAT gtr14 cells (Fig-
ure 3B; quantification in Table S2), indicating that metabolism
of glucose beyond FBP is required for TORC1 activation via
the Rag GTPase-independent pathway. However, formation of
FBP is sufficient for the Rag GTPase-dependent pathway of
TORCH1 activation. To confirm that the activation of TORC1 by
glucose in PretorFBAT strain was via the canonical pathway,
we compared glucose-induced TORC1 activation in Preor~
FBAT1 and PretorFBAT npr34 cells. TORC1 was activated
following addition of glucose and remained stable in Pretor
FBAT npr34 cells in comparison with Preor~FBAT cells (Fig-
ure 3B; quantification in Table S2). Taken together, our results
suggest that formation of FBP is sufficient for TORC1 activation
via the canonical pathway but that further glycolytic steps
beyond FBP formation are required for the Rag GTPase-inde-
pendent pathway of TORC1 activation.

Complete glycolysis is essential for TORC1 activation
via the Rag GTPase-independent pathway

To determine glycolytic steps downstream of FBP formation that
are required for the Rag GTPase-independent pathway of TORC1
activation, we first tested the role of triosephosphate isomerase

Cell Reports

(Tpi1), which interconverts DHAP and G3P. In tpi714 cells, G3P
but not DHAP generated by fructose1,6-bisphosphate aldolase
will be metabolized further in glycolysis. We analyzed the relative
levels of glycolytic metabolites in wild-type and tpi7 4 cells during
the glucose-induced TORC1 activation assay. As expected, levels
of DHAP in tpi1 4 cells (cycling and starved) were elevated in com-
parison with wild-type cells (Figure S5). Addition of glucose to
starved tpi714 cells caused a rise in relative FBP levels, albeit to
a lower extent than in wild-type cells (Figure S5A). TORC1 activa-
tionin tpi1 4 cells was reduced by about 2-fold in comparison with
wild-type cells (Figure 3C; quantification in Table S2). However,
TORCH1 activation was completely abolished in tpi14 gtr14 cells
(Figure 3C). tpi1 4 cells are expected to undergo complete glycol-
ysis without generating net ATP because one molecule of DHAP is
unutilized. Consistent with this prediction, we observed that ATP
levels increased following glucose addition to starved wild-type
and gtr14 cells but not in tpi14 and tpi14 gtr14 cells (Figure S5B).
These results suggest that net ATP production from glycolysis is
required for the Rag GTPase-independent pathway of TORC1
activation. To confirm that activation of TORC1 by glucose in
tpi1 4 cells is via the Rag GTPase-dependent canonical pathway,
we compared TORC1 activation in tpi14 and tpi14 npr34 cells.
Glucose-induced TORC1 activation was more stable in tpi74
npr34 cells in comparison with tpi74 cells, indicating that triose-
phosphate isomerase activity is not required for TORC1 activation
by glucose via the Rag GTPase-dependent canonical pathway
(Figure 3C; quantification in Table S2). These results further sup-
port the notion that formation of FBP is sufficient for activation
of TORC1 via the canonical Rag GTPase-dependent pathway.
We then examined the ability of pgk74, gpm14, and cdc194
mutants that are defective in the remaining glycolytic steps to
metabolize glucose under our TORC1 assay conditions. Rela-
tive molar levels of G6P/F6P/FBP in cdc194 and gpm14 cells
did not increase following addition of 2% glucose, indicating
that the cdc794 and gpm14 mutant cells were poor in initiating
glycolysis (Figure S6A). Addition of glucose to cdc7194 and
gpm14 cells failed to activate TORC1, consistent with the
idea that glycolysis is essential for glucose-induced TORCH1
activation (Figure S6B; quantification in Table S3). Interestingly,
we observed an accumulation of FBP in starved pgk74 cells
and a further increase in FBP levels upon glucose addition (Fig-
ure S6A). Glucose (2%) activated TORC1 in wild-type and
pgk14 cells (Figure 3D; quantification in Table S2). However,
glucose failed to activate TORC1 in pgk14 gtr14 cells (Fig-
ure 3D). To test whether the canonical pathway is active in
pgk14 cells, we compared glucose-induced TORC1 activation

(B) Sch9 phosphorylation in wild-type and Preo~FBAT cells was assayed by western blotting.

(C) Wild-type and tpi1 4 cells were grown in SC-EtOH/Gly medium (2% ethanol and 2% glycerol) and then subjected to complete nutrient starvation by incubating
them in water for 1 h. Starved cells (S) were transferred to a solution containing 2% Glu. Aliquots of the cultures were taken after 0, 10, 20, and 30 min for analysis
for Sch9 phosphorylation and for extracting metabolites for LC-MS analysis. Sch9 phosphorylation in wild-type and tpi7 4 cells was assayed by western blotting.
Relative molar levels of various glycolytic metabolites in wild-type and tpi14 cells at different stages of Glu -induced TORC1 activation assay are shown in

Figure S5.

(D) Wild-type and pgk14 cells were treated as in (C), and Sch9 phosphorylation was assayed by western blotting. Relative molar levels of various glycolytic
metabolites in wild-type and pgk14 cells at different stages of Glu-induced TORC1 activation assay are shown in Figure S6.
(E) Wild-type, pgk14, npr34, and pgk14 npr34 cells were analyzed in the TORC1 activation assay as described in (D). Sch9 phosphorylation was assayed by

western blotting.
All data are representative of 3 independent experiments.
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inpgk14 and pgk14npr34 cells. We used lower concentrations
of glucose (0.05%) because we reasoned that pgk14 cells
might have lower amounts of ATP. TORC1 activation was sta-
bilized in pgk14 npr34 cells in comparison with pgk14 cells,
indicating that phosphoglycerate kinase activity is not required
for the canonical pathway for glucose-induced TORC1 activa-
tion (Figure 3E; quantification in Table S2). These results further
support the idea that conversion of glucose to FBP is sufficient
for TORC1 activation via the canonical Rag GTPase-dependent
pathway but that complete glycolysis of glucose is required for
the Rag GTPase-independent pathway. It is notable that
starved pgk14 cells contain FBP but lack TORC1 activity.
This indicates that the presence of FBP is not sufficient for
TORC1 activation.

pet1004 and petite strains were unable
to grow in medium containing a non-
fermentable carbon source (data not
shown), consistent with a defect in mitochondrial function. We
compared the ability of 2-DG and glucose to activate TORC1
in the wild type, pet1004, and their gtr14 variants. Glucose-
induced TORC1 activation in the wild-type and pet7004 strains
was comparable. TORC1 activation in pet1004 gtr14 was de-
layed by about 10 min relative to the gtr14 strain (Figure 4A;
quantification in Table S2). However, 2-DG failed to activate
TORC1 in pet1004 strains (Figure 4A; quantification in
Table S2). Glucose-induced TORC1 activation in petite strains
was weaker compared with the wild-type strain (Figure 4B;
quantification in Table S2), but the relative timing of TORC1 acti-
vation in wild-type and gtr1A petite strains was comparable with
their wild type counterparts. However, 2-DG failed to activate
TORC1 in the petite strains (Figure 4B; quantification in
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Table S2). Inactivation of the SEACIT complex stabilized TORC1
activity in glucose-treated pet1004 cells (Figure S7A; quantifica-
tion in Table S3)). These results indicate that a functional mito-
chondrion is essential for the non-canonical pathway but not
required for the canonical Rag GTPase-dependent and Rag
GTPase-independent pathways. To confirm this, we tested the
effect of antimycin A, an inhibitor of the mitochondrial respiratory
chain,?® on the non-canonical pathway of TORC1 activation. We
compared the ability of glucose and 2-DG to activate TORC1 in
wild-type and pgi14 cells in the presence or absence of antimy-
cin A treatment. TORC1 activation in 2% glucose-treated wild-
type cells was unaffected by antimycin A treatment (Figure 4C;
quantification in Table S2). In contrast, TORC1 activation in 2%
glucose-treated pgi14 cells was completely abolished by anti-
mycin A treatment. Importantly, 0.05% 2-DG-induced TORCH1
activation in both wild-type and pgi74 cells was blocked by
antimycin A treatment (Figure 4C; quantification in Table S2). In
addition, 2-DG-induced TORC1 activation in cells expressing
Gtr16TP-Gtr2™ was also inhibited by antimycin A treatment
(Figure 4D; quantification in Table S2). These results demon-
strate that the non-canonical pathway of TORC1 activation
requires mitochondrial function. We then tested whether mito-
chondrial function is required for the Rag-GTPase independent
pathway by comparing the effect of antimycin A treatment on
TORCH1 activation in wild-type and gtr14 cells treated with 2%
glucose. While antimycin A treatment had no effect on TORC1
activation in wild-type cells, it modestly reduced (~25%)
TORCH1 activation in gtr14 cells (Figure 4E; quantification in
Table S2). This result, along with the effect of pet7004 mutation
on the Gtr1-independent pathway (Figure 4A), suggests that
mitochondrial function is required for efficient activation of the
Rag-GTPase-independent pathway. In summary, active mito-
chondrial function is essential for the non-canonical pathway of
TORCH1 activation but largely dispensable for the Rag GTPase-
dependent canonical/and Rag GTPase-independent pathways
of TORC1 activation.

Known FBP-binding proteins are not required for the
canonical pathway of TORC1 activation

FBP formation is essential for glucose-induced TORC1 activa-
tion via the canonical pathway. FBP could activate TORC1 by
directly binding to its subunits or indirectly via proteins that
regulate TORC1 activity. Alternatively, generation of FBP from
glucose could modify the cellular milieu, which then activates
TORC1. We explored the role of three FBP-binding proteins
(namely, aldolase, pyruvate kinase, and fructose 1,6-bisphos-
phatase) in glucose-induced TORC1 activation. FBP binds to
aldolase and inactivates AMPK in human cells.”® To test whether
the yeast aldolase has a non-enzymatic role in glucose-induced
TORCH1 activation, we replaced the yeast aldolase with the hu-
man aldolase. Although yeast and human aldolases catalyze
the same enzymatic reaction, they are not evolutionarily related
and have no detectable sequence homology.?” Human aldolase
rescued the lethal phenotype of yeast fba? deletion (data not
shown). Glucose induced TORC1 activation in the human
aldolase-expressing yeast strain and was comparable with acti-
vation in wild-type yeast cells (Figure 5A; quantification in
Table S2). Furthermore, TORC1 activation was enhanced in
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npr34 FBA1™man celis (Figure 5A; quantification in Table S2).
These results strongly suggest that aldolase does not have a
non-catalytic role in TORC1 activation in yeast. Deletion of the
FBP1 gene, which encodes fructosel,6-bisphosphatase, did
not affect glucose induced TORC1 activation (Figure 5B; quanti-
fication in Table S2). Moreover, npr3A stabilized glucose-
induced TORC1 activation in fbp14 cells (Figure 5B; quantifica-
tion in Table S2), indicating that activation of the canonical
pathway does not require fructose 1,6-bisphosphatase.

Enzymatic activity of Cdc19 (pyruvate kinase) is induced upon
FBP binding (Figure 5C). To test whether FBP binding to Cdc19is
required for glucose-induced TORC1 activation, we constructed
a catalytically active variant of Cdc19 that is deficient in FBP
binding. R459 in Cdc19 forms an electrostatic interaction with
the 1’-phosphate group of FBP.?® The R459Q mutation in
Cdc19 abolishes FBP binding (Figure 5C).%° A strain expressing
Cdc1974%9Q was unable to grow in nutrient medium with glucose
as a carbon source, indicating that R459Q inhibits Cdc19’s enzy-
matic activity (data not shown). The E392A mutation in Cdc19
renders the catalytic activity independent of FBP binding.?**°
We tested whether the E392A mutation could restore the enzy-
matic activity of the Cdc1974%°Q mutant. Indeed, a strain ex-
pressing the Cdc195392A R459Q mutant was able to grow in
glucose-containing medium (data not shown). TORC1 activation
induced by glucose in Cdc19YVT and Cdc19E392A R489Q giraing
were comparable (Figure 5C; quantification in Table S2). These
results indicate that Cdc19’s ability to bind FBP does not have
a non-catalytic role in glucose-induced TORC1 activation.

V-ATPase activity is required for the Rag GTPase-
independent pathway of TORC1 activation

V-ATPase is a multisubunit complex that uses energy derived
from ATP hydrolysis to pump protons into the vacuole and main-
tains the low pH inside the yeast vacuoles.’° V-ATPase disas-
sembles during glucose starvation and reassembles upon
glucose re-addition in yeast.’° V-ATPase reassembly in yeast
is facilitated by the RAVE (regulator of the ATPase of vacuolar
and endosomal membranes) complex composed of Ravi,
Rav2, and Skp1.2"°? To test whether V-ATPase reassembly is
required for glucose-induced TORC1 activation, we compared
TORCH1 activation in wild-type, gtr14, rav24, and rav24 gtr14
cells. Glucose-induced TORC1 activation in the rav24 mutant
was comparable with the wild-type strain at the onset but de-
cayed rapidly after 20 min (Figure 6A; quantification in
Table S2). However, glucose-induced TORC1 activation was
severely compromised in rav24 gtr14 cells (Figure 6A; quantifi-
cation in Table S2). These results suggest that V-ATPase reas-
sembly is required for the Rag-GTPase-independent TORC1
activation pathway. Effect of rav24 on TORC1 activation in
GTR1 cells is more pronounced at later time points. This could
be due to the 10-min delay in activation of TORC1 via the Rag
GTPase-independent pathway in comparison with the Rag
GTPase-dependent pathway.

To test whether V-ATPase reassembles during the glucose-
induced TORC1 activation assay, we tagged the cytosolic
(Vph1) and membrane (Vma5) subunits of the V-ATPase with
mCherry and GFP, respectively. We tested the effect of two
glycolytic mutations, tpil4 and pgkl4, on glucose-induced
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nonical pathway
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SERT1 genes, respectively. Pyruvate can
generate amino acids glutamate/gluta-
mine from the TCA cycle intermediate
a-ketoglutarate via the action of the gluta-
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V-ATPase reassembly. We grew the wild-type, tpi14 and pgk14
cells in ethanol-glycerol medium to log phase and then subjected
them to complete nutrient starvation for 1 h. We then added
glucose (2%) to starved cells and assayed V-ATPase
reassembly 15 and 30 min after glucose addition. V-ATPase
was disassembled in cells growing in ethanol-glycerol medium
(Figure 6B). V-ATPase assembly following glucose addition
occurred in wild-type and tpi74 cells but not in pgk74 cells.
This suggests that complete glycolysis but not ATP generation
per seis required for glucose-induced V-ATPase assembly. How-
ever, glucose-induced TORCH1 activation via the Rag GTPase-in-
dependent pathway was defective in both tpi14 (Figure 3C;
quantification in Table S2) and pgk14 (Figure 3E; quantification
in Table S2) cells. Taken together, these results suggest that
complete glycolysis with net ATP production is essential for

mate dehydrogenases Gdh1 and Gdh2.
Glutamine has been shown to activate
TORCH1 via Pib2 and independent of Rag
GTPases.’*** We therefore assayed glucose-induced TORC1
activation in wild-type, ser34, ser14, and gdh14 gdh24 cells
and their gtr1 4 variants. Glucose activated TORC1 to compara-
ble extents in wild-type, seri4 ser34, and gdh14 gdh24 cells
(with or without Gtr1), suggesting that glutamine/serine produc-
tion from glycolytic metabolites is not required for the Rag-
GTPase-dependent and Rag-GTPase-independent pathways
(Figure S7C; quantification in Table S3).

ATP generated by glycolysis could be required for V-ATPase
activity. To test whether V-ATPase activity is required for
glucose-induced TORC1 activation, we treated nutrient-starved
cells with the V-ATPase inhibitor bafilomycin A1,°° added
glucose to wild-type and gtr14 cells, and assayed TORC1 acti-
vation. Bafilomycin A1 treatment had little or no effect of
TORCH1 activation in wild-type cells (Figure 6C;quantification in
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Figure 6. V-ATPase reassembly and activation are required for the
Rag GTPase-independent pathway of TORC1 activation

(A) Wild-type, gtr14, rav24, and rav24 gtr14 cells were grown in logarithmic
phase (C) in SC-Glu medium and subjected to complete nutrient starvation by
incubating them in water for 1 h. Starved cells (S) were then transferred to a
solution containing 2% Glu. Aliquots of the cultures were taken after 0, 10, 20,
and 30 min and used for preparing protein extracts. Phosphorylation of Sch9
was monitored by western blotting.

(B) Wild-type, tpi1 4 and pgk1 4 cells expressing Vma5-GFP and Vph1-mCherry
were subjected to the Glu-induced TORC1 activation assay. Aliquots of the
cultures were taken at different points and examined by fluorescence micro-
scopy. Percentages of cells showing localization of Vph1-mCherry and Vma5-
GFP were plotted. Representative images of cells with assembled and
dissembled V-ATPase are shown (N = 500 cells). Scale bars represent 3 um.
(C) Same as described in (A) but performed with wild-type and gtr1A cells in the
presence and absence of bafilomycin (10 uM).

All data are representative of 3 independent experiments.

GTR1

gtriA

Table S2). However, glucose-induced TORC1 activation was
severely reduced in bafilomycin Al-treated gtr14 cells (Fig-
ure 6C; quantification in Table S2). Taken together, our results
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suggest that V-ATPase assembly and activation following
glucose addition is required for the Rag GTPase-independent
pathway for TORC1 activation.

DISCUSSION

An exciting yet formidable challenge in biology is to understand
how a cell senses the presence of nutrients and fine-tunes its
growth and developmental state. The discovery and character-
ization of TORC1 was a significant step toward meeting this chal-
lenge in eukaryotic cells. TORC1, a highly conserved eukaryotic
protein complex, integrates sensory inputs from growth factors,
amino acids, and glucose with rates of cellular growth, meta-
bolism, and proliferation. But the molecular details of how nutri-
ents modulate TORC1 activity remain to be uncovered. Discov-
ery of sestrins provided a mechanistic basis for regulation of
mTORC1 activity by amino acids in mammalian cells. However,
how amino acids and glucose regulate TORC1 activity in
S. cerevisiae remains largely unknown. In this study, we com-
bined genetics with targeted metabolite analysis to identify
cellular factors and metabolic requirements for glucose-induced
TORCH1 activation in S. cerevisiae. We show that metabolism of
glucose via the glycolytic pathway activates TORC1 through
three distinct pathways (Figure 7).

A non-canonical pathway for TORC1 activation

Activation of TORC1 via binding of Gtr1%T"-Gtr2%PP under condi-
tions of amino acid sufficiency constitutes the canonical pathway
of TORC1 activation, which is conserved from yeast to humans.
Our work defines a non-canonical pathway of TORC1 activation
that is promoted by Gtr1€TP-Gtr2%™" but inhibited by Gtr1GT-
Gtr28PP. Multiple lines of evidence support the existence of a
non-canonical pathway. Either inactivation of SEACIT complexes
or expression of Gtr1GTP-Gtr2%PF blocked TORC1 activation in
2-DG-treated wild-type cells. Addition of glucose to pgi14 cells
or mannose to pmi404 cells phenocopied the 2-DG-treated
wild-type cells. However, the onset of TORC1 activation in wild-
type cells by 2-DG (or in pmi404 cells by 0.05% mannose) was de-
layed by about 10 min compared to the onset of glucose-induced
TORC1 activation in pgi1 4 cells. This delay could be due to hexo-
kinases having a reduced substrate preference for 2-DG and
mannose in comparison with glucose. Alternatively, the delay
could be due to 2-DG’s reported effects on N-glycosylation of pro-
teins®® and endoplasmic reticulum (ER) stress-induced auto-
phagy®” by mimicking mannose 6-phosphate.

The non-canonical pathway was active in 2-DG-treated cells
expressing either wild-type Gtr1/Gtr2 or Gtr1®TP-Gtr2C™F,
SEACIT mutant cells accumulated Gtr1™" but failed to activate
the non-canonical pathway. We reasoned that hydrolysis of GTP
bound to Gtr1 might help GTP binding/GDP dissociation from
Gtr2, thereby preventing the formation of Gtr1T"-Gtr2¢™F in
SEACIT mutant cells. Consistent with this possibility, the failure
of SEACIT mutant cells to activate the non-canonical pathway
was suppressed by expression of the Gtr2%™" bound form.
Because SEACIT mutant cells accumulate Gtr1®™ bound
form, this further shows that Gtr1®™"-Gtr2®™" promotes the
non-canonical pathway of TORC1 activation.



Cell Reports

Glucose —— G6p —— F6P —— FBP

¢? CellPress

OPEN ACCESS

+ Pyruvate

Non-canonical
Rag GTPase-dependent pathway
g ;

SEACIT

SEACIT

SEACAT

EGOC Vacuole

h Antimycin A

Mitochondrion

Canonical
Rag GTPase-dependent pathway

Mitochondrion

Rag GTPase-independent
pathway

SEACAT SEACIT

Sea3 Sea2

SEACAT

Sea3 Sea2
Sea4 Sehl

Vacuole

Mitochondrion

Figure 7. A model for Glu-induced TORC1 activation
Please see the text for details.

Intriguingly, mitochondrial function is required for the non-ca-
nonical pathway of TORC1 activation. Petite mutation or addition
of antimycin compromised 2-DG-induced TORC1 activation.
Precisely how mitochondrial function promotes the non-canoni-
cal pathway is not addressed in this study. Mitochondria could
provide ATP for sustaining the non-canonical pathway. Physical
connections between mitochondria and vacuole have been re-
ported to be mediated by Vps39/Vamé and Vps13 in yeast.*®
Interestingly, Vps39/Vam6 has also been shown to regulate
TORCH1 activity via Rag1 GTPase.’ Itis also noteworthy that anti-
mycin treatment had a modest effect on the Rag GTPase-inde-
pendent pathway, which requires V-ATPase function.

What might be the function of non-canonical pathway? One
possibility is that yeast cells might use two different pathways
to activate TORC1 during glycolysis and gluconeogenesis. Dur-
ing glycolysis, FBP activates TORC1 via the canonical pathway.
During gluconeogenesis, G6P might activate TORC1 via the
non-canonical pathway. Interestingly, mitochondrial function
essential for energy generation during gluconeogenesis is
required for the non-canonical pathway. Having two separate
mechanisms for TORC1 activation could facilitate specificity
of downstream responses during glycolysis and gluconeogen-
esis. Uncovering the biological relevance of the non-canonical
pathway of TORC1 activation and whether this pathway is
conserved in mammalian cells is an exciting challenge for the
future. Intriguingly, G6P activates mTORC1 in mammalian
cells.® As observed in yeast, nTORC1 was activated by lower
concentrations of 2-DG but inhibited at higher concentra-
tions.*® Upon G6P deprivation, hexokinase Il bound and in-
hibited TORC1 through its TOS (TOR signaling) motif. In the
presence of glucose, G6P is formed, which binds to hexokinase
Il (HK-1I) and releases it from TORC1, thus relieving the inhibi-
tion. Testing whether 2-DG activation in mammalian cells is
dependent on canonical/non-canonical states of the RagA/B-
RagC/D heterodimer would be informative.

How might the non-canonical pathway work? One possibility
is that the TORC1 in starved cells adopts a different higher-order
structure that requires Gtr1®TP-Gtr2%™" instead of Gtr1TF-
Gtr2%PF for activation. G6P could either directly or indirectly alter
the TORC1 complex structure to facilitate interaction with the
Gtr18TP-Gtr2%™. TORC1 forms TOROIDs during starvation in
yeast, which requires the inactive heterodimer Gtr1GPP-Gtr2¢™P.
However, we did not observe any TORC1 foci during complete
nutrient starvation (M.A. and P.A., unpublished data). Also,
expression of Gtr1%PP-Gtr2®™" did not activate the non-canoni-
cal pathway (Figure 2B; quantification in Table S2).

Canonical pathway of glucose-induced TORC1

activation

Activation of canonical pathway requires active Gtr1¢TP-Gtr2¢PP
and formation of FBP. Inactivation of the SEACIT complex or
expression of Gtr1%TP-Gtr2®PP poosted the canonical pathway
indicated by steady levels of Sch9 phosphorylation in the
SEACIT mutants. Presumably, the phosphorylation status of
Sch9 is determined by outcome of a tug of-war between kinases
(TORCH1) and phosphatases. Because inactivation of SEACIT is
expected to reduce downregulation of TORC1 activity by locking
Gtr1 in the GTP-bound state, TORC1 activity is stabilized, result-
ing in steady levels of Sch9 phosphorylation.

While blocking glycolysis before FBP formation prevented
activation of the canonical pathway, blocking glycolysis down-
stream of FBP formation did not affect this pathway. Inactivation
of aldolase, which boosted FBP levels, hyperactivated TORCA1,
although transiently. How might FBP activate TORC1? FBP
has been shown to inactivate AMPK in human cells by binding
to aldolase.”® It is very unlikely that FBP binds to aldolase in
yeast to activate TORC1 via a non-enzymatic function. Although
yeast aldolase and human aldolase A catalyze the same enzy-
matic reaction, they are not homologs and evolved convergently
to perform the same function. Human aldolase was able to
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substitute for yeast aldolase functionally in glycolysis and
TORCH1 activation. FBP also binds with other two proteins,
Fbp1 and Cdc19, which have FBPase and pyruvate kinase activ-
ity, respectively. Deletion of FBP1, which encodes FBPase, did
not affect TORC1 activation. FBP binds to Cdc19 and activates
its enzymatic activity allosterically. However, a constitutively
active form of Cdc19 that lacks FBP binding was comparable
with wild-type Cdc19 in terms of activating the canonical
pathway of glucose-induced TORC1 activation. pgk714 cells
accumulated FBP during starvation but failed to activate
TORC1. We hypothesize that the production of FBP from
glucose but not FBP itself is required for TORC1 activation.
The old adage “the journey is more important than the destina-
tion” might be an appropriate description of the effect of glycol-
ysis on the canonical pathway of TORC1 activation.

Our results suggest that signals generated by metabolism of
glucose to FBP activates TORC1 independent of the SEACIT
complex. In starved SEACIT mutant cells, TORC1 is inactive,
and addition of glucose activates TORC1 (Figure 2A). This indi-
cates that glucose-induced TORC1 activation is not mediated
via inhibition of SEACIT complex. We suggest that a signal
caused by FBP formation promotes TORC1 activity by gener-
ating the Gtr1ST"-Gtr2%PP-bound form. This could occur via acti-
vation of factors that facilitate exchange of GDP by GTP in Gtr1.
Determining how FBP formation activates TORC1 is an impor-
tant challenge for the future.

Interestingly, DHAP has been shown to be required for
glucose-dependent mTORCH1 activation in human cells.*® More-
over, conversion of Dihydroxyacetone (DHA) to DHAP by triose
kinase was sufficient to activate mTORC1 in the absence of
glucose.? It is possible that eukaryotic cells might have evolved
different mechanism to link the presence of glucose with TORC1
activation.

TORCH1 is activated via the Rag GTPase-independent
pathway
Our results support the notion that complete glycolysis is
required for glucose-induced activation of TORC1 via the Rag
GTPase-independent pathway. Blocking glycolysis via delet-
ing/transcriptionally silencing genes that encode aldolase,
triose-phosphate isomerase, phosphoglyceraldehyde dehydro-
genase, and phosphoglycerate kinase did not affect the Rag
GTPase-dependent canonical pathway but abolished the Rag
GTPase-independent pathway. Phenotypes of the rav24 cells
and bafilomycin-treated gtr1 4 cells suggest that V-ATPase reas-
sembly and V-ATPase activity are required for TORC1 activation
via the Rag GTPase-independent pathway.

Disassembly of V-ATPase during glucose starvation in yeast is
a well-known phenomenon.®® The V-ATPase consists of the
membrane-bound Vo sector that forms the proton pore and
the cytosolic V1 sector, which has ATPase activity. V-ATPase
catalyzes ATP-dependent uptake of protons into the vacuole
to regulates cytosolic pH. Glucose starvation results in dissocia-
tion of V1 from Vo and consequent inhibition of V-ATPase activ-
ity. Re-addition of glucose drives the reassembly of V-ATPase,
which is facilitated by the RAVE complex. We propose that
V-ATPase reassembly and activation following glucose meta-
bolism acidifies the vacuole, which activates TORC1 resident
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in the vacuole. TORC1 activationin gtr1 4 cells is slower by about
10 min relative to wild-type cells. Complete glycolysis and vacu-
olar acidification might take additional time, which could account
for the delay. The tpi7A mutant helped to uncouple V-ATPase
assembly from glucose-induced TORC1 activation. Both
V-ATPase assembly and ATP generation induced by glycolysis
are required for TORC1 activation. Production of ATP via glycol-
ysis could promote V-ATPase activity. Alternatively, metabolites
derived from complete glycolysis could facilitate V-ATPase acti-
vation. Pyruvate addition to starved cells was insufficient to acti-
vate TORC1 (Figure S7B; quantification in Table S3). A previous
study proposed that glucose regulates TORC1 by regulating the
cytosolic pH via Gtr1.?° However, our results indicate that
V-ATPase regulates TORC1 independent of Gtri1. Treatment
with bafilomycin had very little effect on TORC1 activation via
the canonical and non-canonical pathways dependent on Rag
GTPases.

Relative contribution of the three pathways to glucose-
induced TORC1 activation

Comparison of TORC1 activation in wild-type and gtr74 strains
suggests that the Rag GTPase-dependent pathway contributes
to the bulk of TORCH1 activity in the first 10 min. Antimycin A treat-
ment blocks the non-canonical pathway (2-DG-treated wild-type
cells or 2% glucose-treated pgi14 cells) but had no effect on
TORCH1 activation in 2% glucose-treated wild-type cells. This
suggests that either the canonical/non-canonical pathways do
not operate simultaneously or that the non-canonical pathway’s
contribution to TORC1 activation in 2% glucose-treated wild-
type cells is minor. Likewise, bafilomycin treatment had little ef-
fect on TORC1 activation in glucose-treated wild-type cells but
severely affected TORC1 activation in gtr14 cells. This suggests
that the Rag-GTPase-independent pathway makes a minor
contribution to the TORC1 activation in wild-type cells. However,
it is unknown whether all three pathways can operate simulta-
neously and independently in vivo and whether they are influ-
enced by mutual synergy/antagonism. For both Rag GTPase-
dependent pathways to be active, the Gtr1G™"-Gtr2®°" and
Gtr19TP-Gtr2%™" complexes should co-exist. Determining the
relative contribution of the 3 pathways for TORC1 activation
and their underlying molecular mechanisms and physiological
relevance is of pivotal importance.

In complete contrast to TORC1, the energy-sensing kinase
Snf1/AMPK is active in glucose-starved yeast cells and inactive
in glucose-treated cells.*’ AMPK has been shown to inhibit
TORC1 in yeast by phosphorylating Kog1.'® More recently,
Snf1/AMPK has been shown to inhibit TORC1 during glucose
starvation via Pib2 and by phosphorylating the N-terminal
domain of Sch9.”” A reciprocal antagonistic regulation of
TORC1 and AMPK activities has been observed in fission yeast
and mammalian cells.*® It might be informative to test the role of
Snf1 and its phospho-substrates in the three pathways of
glucose-induced TORC1 activation.

In summary, we have identified three different pathways
through which glucose activates TORC1 (Figure 7). We show
that G6P, FBP, and complete glycolysis are required for the
non-canonical (Rag GTPase-dependent), canonical (Rag
GTPase-dependent), and Rag GTPase-independent pathways,
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respectively. While our in vivo assay has certain limitations, our
work sets a foundation to dissect the mechanism of glucose-
induced TORC1 activation. An in vitro/extract-based assay will
help to confirm and dissect the specific molecular activators of
TORCH1.

Glucose uptake and metabolism are often elevated in cancer
cells.** Cancer cells aerobically metabolize glucose and pro-
duce lactate even in the presence of mitochondria. This phenom-
enon of aerobic glycolysis is known as the “Warburg effect.”
However, how the Warburg effect benefits the growth and sur-
vival of cancer cells is not resolved. While our study shows that
glycolytic metabolites activate TORC1 by multiple mechanisms
in yeast, DHAP has been shown to be sufficient to activate
mTORC1 in human cells.“C It is possible that cancer cells might
use glycolysis to boost mMTORC1 activity and positively regulate
growth and proliferation. Interestingly, mTORC1 activity is found
to be upregulated in several forms of cancer.® Uncovering the
link between glycolysis and mTORC1 activity could identify novel
targets for cancer therapy.

Limitations of the study

We defined the relationship between TORC1 and glucose meta-
bolism by performing a glucose-induced TORC1 activation
assay in mutants defective in various steps of glycolysis. It is
possible that the glycolytic mutations have pleiotropic effects
on cell physiology, which could directly or indirectly affect
TORCH1 function. Indeed, TORC1 activation was inhibited at
high glucose concentrations in a few glycolytic mutants. An
in vitro assay for glucose-induced TORC1 activation using puri-
fied protein complexes will help to test several predictions from
our study. Quantification of TORC1 activation data in our study
was based on one representative replicate. Inclusion of addi-
tional replicates for quantification may better support some con-
clusions. A real-time in vivo assay for glucose-induced TORC1
activation will facilitate a quantitative analysis of the relative con-
tributions of the three pathways. Finally, we did not identify res-
idues in Sch9 that are phosphorylated by TORC1. Phosphopro-
teomics analyses may help to identify pathway-specific
phosphorylation events in Sch9 and other TORC1 substrates.
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Strain 4574 (MATa sch9:
SCH9-HAB6::KanMX6 pgk1::NatMX6)
Strain 4576 (MATa sch9:
SCH9-HA6::KanMX6 pgk1::NatMX6
gtr1::KanMX6)

Strain 4647 (MATa sch9:
SCH9-HAG6::KanMX6 pgk1::NatMX6
npr3::His3MX6)
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Strain 4630 (MATa sch9: This paper Figure 3

SCH9-HA6::KanMX6 pgk1::NatMX6
npr3::HIS3MX6 gtr1::KanMX6)

Strain 4507 (MATa sch9: This paper Figure S6
SCH9-HAG6::KanMX6 gpm1::NatMX6)
Strain 4509 (MATa sch9: This paper Figure S6

SCH9-HA6::KanMX6 gpom1::NatMX6
gtr1::KanMX6)

Strain 3951(MATa sch9: This paper Figure S6
SCH9-HAG6::KanMX6 cdc19::NatMX6)
Strain 3965 (MATa sch9: This paper Figure S6

SCH9-HA6::KanMX6 cdc19::NatMX6
gtr1::KanMX6)

Strain 3818 (MATa sch9: This paper Figure 4
SCH9-HAG6::KanMX6 pet100::NatMX6)
Strain 3914 (MATa sch9: This paper Figures 4 and S7

SCH9-HAG6::KanMX6 pet100::NatMX6

gtr1:KanMX6)

Strain 4631 (MATa sch9: This paper Figure 4
SCH9-HAG6::KanMX6 rho-

petite 1 strain)

Strain 4632 (MATa sch9: This paper Figure 4
SCH9-HAG6::KanMX6 rho-

petite 2 strain)

Strain 4633 (MATa sch9: This paper Figure 4

SCH9-HAG6::KanMX6 gtr1:KanMX6
rho- petite 1 strain)

Strain 4634 (MATa sch9: This paper Figure 4
SCHY9-HAG6::KanMX6 gtr1:KanMX6
rho- petite 2 strain)

Strain 4556 (MATa sch9: This paper Figure 5
SCH9-HAG6::KanMX6 fbal::NatMX6
PADH1'H.S. AIdA-pRS316'2/.Lm)

Strain 4558 (MATa sch9: This paper Figure 5
SCH9-HA6::KanMX6 fba1::NatMX6

Papri-H.s. AIdA-pRS316-2um

gtr1::KanMX6)

Strain 4560 (MATa sch9: This paper Figure 5
SCH9-HA6::KanMX6 fba1::NatMX6

Papri-H.s. AIdA-pRS316-2um

npr3:HIS3MX6)

Strain 4562 (MATa sch9: This paper Figure 5
SCH9-HAG6::KanMX6 fba1::NatMX6

Papr1-H.s. AIdA-pRS316-2um

npr3::HIS3MX6 gtr1::KanMX6)

Strain 4189 (MATa sch9: This paper Figure 5
SCH9-HA6::KanMX6 cdc19::NatMX6

TetOo#+CDC19:URA3-YCplac33)

Strain 4191 (MATa sch9: This paper Figure 5
SCH9-HA6::KanMX6 cdc19::NatMX6

TetO,CDC19:URA3-YCplac33

gtr1::KanMX6)

(Continued on next page)
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Continued
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Strain 4223 (MATa sch9: This paper Figure 5

SCH9-HAG6::KanMX6 cdc19::NatMX6
TetOoCDC19:URAS3-YCplac33
npr3::HIS3MX6)

Strain 5016 (MAT« sch9: This paper Figure 5
SCH9-HAB::KanMX6 cdc19::NatMX6

TetO,scdc19-E392A R459Q:URAS-

YCplac33)

Strain 5017 (MATa sch9: This paper Figure 5
SCH9-HAGB::KanMX6 cdc19::NatMX6

TetOo~ cdc19-E392A R459Q:URA3-

YCplac33 gtr1::KanMX6)

Strain 5106 (MATa sch9: This paper Figure 5
SCH9-HA6::KanMX6 cdc19::NatMX6

TetOs~ cdc19-E392A R459Q:URA3-

YCplac33 npr3::His3MX6)

Strain 3884 (MATa sch9: This paper Figure 5
SCH9-HA6::KanMX6 fbp1::NatMX6)
Strain 4406 (MATa sch9: This paper Figure 5

SCH9-HA6::KanMX6 fbp1::NatMX6
gtr1::KanMX6)

Strain 5102 (MATa sch9: This paper Figure 5
SCH9-HA6::KanMX6 fbp1::NatMX6
gtr1::KanMX6 npr3::His3MX6)

Strain 4699 (MATa sch9: This paper Figure 6
SCH9-HAB::KanMX6 rav2::NatMX6)
Strain 4701 (MATa sch9: This paper Figure 6

SCH9-HAB::KanMX6 rav2::NatMX6

gtr1::KanMX6)

Strain 4842 (MATa sch9: This paper Figure 6
SCH9-HAB::KanMX6 vma5::

VMAS5-GFP:NatMX6 vph1::VPH1-

mCherry-NatMX6)

Strain 5124 (MATa sch9: This paper Figure 6
SCH9-HAB::KanMX6 pgk1::NatMX6

vma5:: VMA5-GFP:NatMX6 vph1::VPH1-

mCherry-NatMX6)

Strain 5126 (sch9: SCH9-HA6::KanMX6 This paper Figure 6
tpi1::NatMX6 vma5:: VMAS5-GFP:NatMX6

vph1::VPH1-mCherry-NatMX6)

Strain 4402 (MATa sch9: This paper Figure S7
SCH9-HAB::KanMX6 ser3::NatMX6)
Strain 4404 (MATa sch9: This paper Figure S7

SCH9-HAG6::KanMX6 ser3::NatMX6
gtr1::KanMX6)

Strain 4390 (MATa sch9: This paper Figure S7
SCH9-HAB::KanMX6 ser2::NatMX6)
Strain 4392 (MATa sch9: This paper Figure S7

SCH9-HAG6::KanMX6 ser2::NatMX6
gtr1::KanMX6)

Strain 4408 (MATa sch9: This paper Figure S7
SCH9-HAB::KanMX6 gdh1::NatMX6
gdh2::HphMX6)

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Strain 4410 (MATa sch9: This paper Figure S7

SCH9-HA6::KanMX6 gdh1::NatMX6

gdh2::HphMX6 gtr1::KanMX6)

Strain 4835 (MATa sch9: This paper Figure S7
SCH9-HAG6::KanMX6 npr3::His3MX6

pet100::NatMX6)

Oligonucleotides

Sequences of oligos used are This paper N/A
listed in Table S1

Software and algorithms

ImageJ NIH https://Imaged.nih.gov/ij/
Prism Graphpad software https://www.graphpad.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr Pra-
kash Arumugam (parumugam@sifbi.a-star.edu.sg).

Materials availability
Information and reagent requests will be fulfilled by the lead contact.

Data and code availability
o Data reported in this paper will be shared by the lead contact.
e This paper does not report original code.
o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains and oligos
All yeast strains used in this study were generated from S. cerevisiae SK1 genetic background. A complete list of strains and geno-
type information is provided in the key resources table. The list of oligos used in study is provided in additional Table S1.

Chemical treatment to cell culture
Stock solution of rapamycin, antimycin A and bafilomycin A1 was prepared in dimethyl sulfoxide (DMSO). The final concentration of
DMSO did not exceed 1% in experiments.

METHOD DETAILS

TORCH1 activity assay

Overnight cells were grown in the medium at 30°C with 200 rpm shaking until they reached to logarithmic phase. Cells were then
subjected to complete nutrient starvation by washing 3-times and incubating them in water at 30°C for 1 h. Starved cells were
then transferred to appropriate experimental solutions. Aliquots of the cultures were collected at different time points and used
for preparing protein extracts. Phosphorylation of Sch9 was monitored by western blotting as described previously. '®

Quantification of western blot images

Quantification of Western blot band intensities was done with Imaged (Fiji). Blot images were inverted to generate images for mea-
surement of band intensities. A fixed Region Of Interest (ROI) per blot was set and integrated density values were measured for the
top (phosphorylated) (ROI1) and bottom bands (ROI2). Final relative quantification values for phosphorylation per lane is expressed
as a percentage of the values obtained for ROI1/(ROI1 + ROI2). Quantification data for Western blot images in Main and Supplemen-
tary Figures are presented in Tables S2 and S3 respectively.
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Analysis of glycolytic metabolites

Glycolytic metabolites were extracted from logarithmic phase cells, starved cells and aliquots of cultures collected at different time
points after the addition of carbon-source to starved cells. Cultures were quenched by mixing with twice the volume of methanol (pre-
incubated at —80°C) and immediately spun down at 4500 rpm in centrifuge cooled to —10°C for 2 min. Supernatants were discarded
and pellets were either stored at —20°C or processed further for metabolite extraction. Extraction solution, 40% (v/v) acetonitrile,
40% (v/v) methanol, and 20% (v/v) water was prepared and cooled to —80°C. All solvents used in extraction solution were HPLC
grade. Extraction solution was mixed thoroughly prior to use. Pellets were resuspended with 700 pL cold extraction solution by pi-
petting up and down and kept on ice for 15 min. Mixture was spun down at highest speed in centrifuge cooled to -4°C for 5 min to
remove cell debris. Supernatants were transferred to 1.5 mL microcentrifuge tube and evaporated to dryness in a vacuum evaporator
or stored at —80°C. The dried extracts were redissolved in 100 pL of 98:2 water/methanol and analyzed by targeted liquid chroma-
tography-mass spectrometry (LC-MS) analysis as previously described.*®

ATP analysis

Yeast cells were mixed with the final concentration of 5% trichloroacetic acid (TCA) and then kept on ice for at least 5 min. Cells were
washed and resuspended in 10% TCA and lysis was performed with glass beads in a bead beater to extract the ATP. The ATP level
was quantified by PhosphoWorks Luminometric ATP Assay Kit (AAT Bioquest) and normalized by protein content measured by Bio-
Rad protein assay Kkit.

Microscopy

Wild type, tpi14 and pgk14 cells expressing Vph1-mCherry and Vma5-GFP were grown to logarithmic phase at 30°C in YEP me-
dium +2% Ethanol +2% Glycerol. Cultures were pelleted, washed, resuspended in water and starved for 1 h at 30°C. Glucose
was added to a final concentration of 2% to starved cells. Aliquots of the cultures were taken after 15’ and 30" and sonicated to
disperse the cell clumps for easy microscopic visualization. 10 pL of cells was placed on a glass slide and directly visualized by dif-
ferential interference contrast (DIC) and fluorescence microscopy using the Leica DM6000B microscope. Microscopic images were
analyzed using the ImagedJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis of all the experimental results such as mean value, standard deviations, significance, and graphing was performed us-
ing GraphPad Prism v.9.3.1 software. The comparison of obtained results was statistically performed, and the graphs were plotted.
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