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FYVE1/FREE1 is involved
in glutamine-responsive TORC1 activation in plants

Mirai Tanigawa,1,2,4,* Tatsuya Maeda,1 and Erika Isono2,3
SUMMARY

Target of rapamycin complex 1 (TORC1) integrates nutrient availability, growth factors, and stress signals
to regulate cellular metabolism according to its environment. Similar to mammals, amino acids have been
shown to activate TORC1 in plants. However, as the Rag complex that controls amino acid-responsive
TORC1 activation mechanisms in many eukaryotes is not conserved in plants, the amino acid-sensing
mechanisms upstream of TORC1 in plants remain unknown. In this study, we report that Arabidopsis
FYVE1/FREE1 is involved in glutamine-induced TORC1 activation, independent of its previously reported
function in ESCRT-dependent processes. FYVE1/FREE1 has a domain structure similar to that of the yeast
glutamine sensor Pib2 that directly activates TORC1. Similar to Pib2, FYVE1/FREE1 interacts with TORC1
in response to glutamine. Furthermore, overexpression of a FYVE1/FREE1 variant lacking the presump-
tive TORC1 activationmotif hindered the glutamine-responsive activation of TORC1.Overall, these obser-
vations suggest that FYVE1/FREE1 acts as an intracellular amino acid sensor that triggers TORC1 activa-
tion in plants.

INTRODUCTION

Controlling themetabolism of living organisms according to their environment is a crucial adaptivemechanism underlying their vital activities.

Target of rapamycin complex 1 (TORC1) plays a crucial role in this regulatory process in eukaryotes. TORC1 is activated by growth factors and

diverse nutrients, including amino acids, fatty acids, and sugars, and is inhibited by various stresses.1–3 Active TORC1 promotes anabolic re-

actions, such as the synthesis of proteins, nucleic acids, and fatty acids, while concurrently inhibiting catabolic processes such as autophagy,

thereby facilitating cell growth.

In mammals and yeast, the mechanisms underlying TORC1 activation by nutrients, particularly amino acids, have been extensively studied

in recent years. Amino acids have been shown to activate TORC1 via multiple independent pathways. These include the evolutionarily

conserved heterodimeric small GTPases RagA/B-RagC/D (Rag complex) in mammals4,5 and Gtr1-Gtr2 (Gtr complex) in yeast.6,7 In mammals,

several amino acid sensors such as Sestrin28,9 and CASTOR10–12 have been identified that function upstream of the Rag complex. Although it

has been suggested that intracellular amino acids activate TORC1 also in plants,13,14 the Rag complex and its upstream components are ab-

sent. To date, a plant-specific small GTPase, ROP2, has been suggested to be involved in amino acid-responsive TORC1 activation, since the

expression of a constitutively active ROP2 variant enhances TORC1 activity in vivo and ROP2 is activated by the addition of amino acids to the

medium.14,15 However, the nature of the amino acids or their derivatives that are sensed upstreamof TORC1 in plants as well as the underlying

molecular mechanism remain still unknown.

Glutamine can activate TORC1 in a Rag pathway-independent manner both in mammals16,17 and yeast.18 In yeast, Pib2 that mainly local-

izes on the vacuolar membrane is required for Rag-independent TORC1 activation.19–23 We recently reported that Pib2 functions not only as

an intracellular glutamine sensor but also as a direct TORC1 activator.24 Interestingly, among the proteinogenic amino acids, glutamine has

the strongest activation effect on TORC1 in plants,14 implying that plants have amechanism to sense intracellular glutamine levels. Therefore,

we searched for homologs of Pib2 in Arabidopsis thaliana and identified FYVE1/FREE1 as a protein with a domain structure similar to that

of Pib2.

FYVE1/FREE1 has previously been reported to function as a plant-specific component of the endosomal sorting complexes required for

transport (ESCRT) machinery25–27 which is an evolutionarily conserved membrane-remodeling complex essential for plant growth and devel-

opment. As a component of the ESCRTmachinery, FYVE1/FREE1 is crucial for multivesicular endosome (MVE) formation and growth. In addi-

tion, FYVE1/FREE1 negatively regulates abscisic acid (ABA) signaling via two mechanisms: first, by degradation of the ABA receptor PYL4

via the endosomal degradation pathway that attenuates ABA response28 and second, by controlling the transcriptional repression of

ABA-responsive genes.29 In the latter mechanism, FYVE1/FREE1 is phosphorylated by SnRK2 in an ABA-dependent manner, and the
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Figure 1. Arabidopsis FYVE1/FREE1 is a possible orthologue of yeast Pib2

(A) Schematic diagram of Pib2 from Saccharomyces cerevisiae and FYVE1 fromArabidopsis thaliana. Sequence alignments for the indicated species of the Pib2 E

and tail motifs are shown below.

(B) Yeast pib2D phenotype is partially rescued by Arabidopsis FYVE1 expression. Yeast wild-type (TM141) or pib2D (MH1059) strains were transformed with a

vector (p425ADH) or plasmids encoding indicated genes (pMH43, pJL59, and pMH517). Serially diluted cell suspensions were spotted on SD medium

(supplemented with uracil, tryptophan, and histidine) plates with or without 3.5 nM rapamycin and grown at 30�C for 3 or 4 days, respectively.

(C) Yeast lysates from pib2D (MH1059) cells carrying a vector (p425ADH) or plasmids encoding indicated genes (pJL59 and pMH517) were subjected to

immunoblotting. Actin was used as a loading control. See also Figure S1.
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phosphorylated FYVE1/FREE1 translocates into the nucleus to transcriptionally repress ABA-responsive genes. This mechanism is an ESCRT-

independent function of FYVE1/FREE1 and forms a negative feedback loop in the ABA signaling pathway. Furthermore, nuclear FYVE1

represses miRNA biogenesis by acting as a negative regulator of the microprocessor machinery involved in the early stages of miRNA pro-

cessing.30 These observations indicate that FYVE1/FREE1 is a multifunctional protein involved in various cellular processes.

This study reveals an uncharacterized function of FYVE1/FREE1 as a positive regulator of TORC1. FYVE1/FREE1 binds to TORC1 in vitro in

response to glutamine. Overexpression of a FYVE1/FREE1 mutant variant lacking the C-terminus tail-like motif, which is the presumptive

TORC1 activation motif, impedes glutamine-responsive TORC1 activation in vivo. Based on these data, we propose a model in which

FYVE1/FREE1 senses intracellular glutamine levels to activate TORC1 and mediates nutrient responses in plants.
RESULTS
Arabidopsis FYVE1/FREE1 is a possible yeast Pib2 ortholog

In a previous study, we showed that the yeast vacuolar protein Pib2 functions as a glutamine sensor and directly activates yeast TORC1. To

examine whether Pib2 is evolutionarily conserved, we performed a BLAST search and found that FYVE1/FREE1 in A. thaliana has a domain

structure similar to that of Pib2. The three domains of Pib2 are essential for TORC1 activation. In Pib2, the Emotif that binds TORC1, the FYVE

domain that interacts with phosphatidylinositol 3-phosphate [PI(3)P] and is responsible for the vacuolar localization of Pib2, and theC-terminal

tail motif that contains several conserved aromatic amino acids are essential for TORC1 activation (Figures 1A and S1A).19,20,22,24 Similarly,

FYVE1 has an E motif-like region (E-like motif) at its center and an FYVE domain between the C-terminus and the E-like motif. The tail motif

is not well conserved in FYVE1. However, similar to the Pib2 tail motif, it contains several aromatic amino acids in the C-terminal region (Fig-

ure 1A), which we named tail-like motif. Moreover, though the N-terminal halves of FYVE1 and Pib2 lack of sequence homology, both are

predicted to be primarily composed of disordered regions (flDPnn: http://biomine.cs.vcu.edu/servers/flDPnn/).31 This prompted us to test
2 iScience 27, 110814, September 20, 2024
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Figure 2. TORC1 activity is reduced in the fyve1-1 mutant

(A) Monitoring TORC1 activity based on Ser240 phosphorylation of RPS6. Wild-type Arabidopsis seedlings 2 days after germination were treated with 25 mM of

Torin 2 for 1 h, and the total extracts were subjected to immunoblotting using anti-phospho-Ser240-RPS6-specific and anti-RPS6 antibodies.

(B) TORC1 activity is reduced in the fyve1-1mutant. Total extracts from seedlings of indicated lines were subjected to immunoblot as in (A). UGPase was used as a

loading control. The bar graph shows ratio of phosphorylated/total Rps6 normalized to the values of wild-type (Col-0). Error bars represent the standard deviation

(n = 3 independent experiments), and significance was determined using a two-tailed Student’s t test. Statistically significant differences are indicated with

asterisks (***) representing p < 0.001.
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whether FYVE1 is a Pib2 ortholog. At first, we examinedwhether the exogenic expression of FYVE1 in yeast complements the rapamycin sensi-

tivity of yeast pib2D cells. pib2D cells exhibit reduced growth in media supplemented with rapamycin.19,20,22 The phenotype was partially

rescued by the expression of FYVE1 (Figure 1B). In contrast, FYVE1D335-353, which lacks the E-likemotif, failed to rescue the rapamycin sensi-

tivity of pib2D even though its expression was comparable to wild-type FYVE1 (Figures 1B and 1C). As the Pib2 E motif is responsible for the

interaction with TORC1, FYVE1 may interact with TORC1 through its E-like motif.

TORC1 activity is reduced in the fyve1-1 mutant

To test whether FYVE1 functions as a positive regulator of TORC1 similar to Pib2, we monitored TORC1 activity in the fyve1-1 mutant

(pst18264 RIKEN), which carries a Ds transposon in the first exon of the FYVE1 gene.27,32 To examine TORC1 activity in Arabidopsis seed-

lings, we monitored the phosphorylation of RPS6 at Ser240 that is phosphorylated by S6K upon activation by TORC1. We confirmed

that the phosphorylation of RPS6 at Ser240 reflects TORC1 activity as reported previously,33 as Torin 2 treatment that selectively inhibits

TOR activity diminished the phosphorylation (Figure 2A). Expectedly, in the fyve1-1 mutant, TORC1 activity was significantly reduced

compared to that in the wild-type and GFP-FYVE1 complemented lines (Figure 2B), suggesting that FYVE1 is necessary for intact

TORC1 activation.

Overexpression of a fyve1DC mutant impedes glutamine-responsive TORC1 activation

fyve1-1 causes seedling lethality, most probably due to the role of FYVE1 in ESCRT-mediated processes essential for plant growth, making it

challenging to perform biochemical experiments with the fyve1-1 mutant. Therefore, we attempted an alternative approach using a domi-

nant-negative FYVE1mutant. In yeast, overexpression of a pib2 variant lacking the C-terminal tail motif (pib2D621-635) causes severe growth

defects (data not shown). The dominant-negative phenotype of themutant is canceled by the R341Amutation in the Emotif, which impairs the

TORC1 binding ability.24 These observations indicate that the dominant negative effect of pib2D621-635 is caused by binding to TORC1 but

not being able to activate TORC1. Analogously, if FYVE1 binds to TORC1 via the E-like motif and activates TORC1 via the C-terminal tail-like

motif, then overexpression of C-terminal truncation of FYVE1 is expected to inhibit TORC1 activation. To test this idea, transgenic plants over-

expressing FYVE1D582-601 (FYVE1DC) under the cauliflower mosaic virus 35S promoter were generated and the effect of the overexpression

on TORC1 was evaluated. Glutamine addition to the medium induced TORC1 activation in wild-type (Col-0) and wild-type FYVE1 overex-

pressing plants. In contrast, glutamine-dependent activation was diminished in FYVE1DC overexpressing plants (Figures 3A and 3B).

FYVE1 was reported to be degraded by autophagy and proteasomes under stress conditions.34,35 We observed that the FYVE1 levels

increased in response to glutamine treatment (Figure 3A), which was not due to elevated FYVE1 mRNA level (Figure S2). We also observed

a decrease in FYVE1 protein levels upon treatment with Torin 2 (Figure S3), suggesting autophagy inhibition by activated TORC1 could impact

FYVE1 stability.

In cell culture-derived protoplasts, overexpression of FYVE1DC inhibited the glutamine-responsive TORC1 activation (Figures 3C and 3D).

Furthermore, the dominant negative effect of FYVE1DC overexpression in the protoplasts was canceled by simultaneous deletion of the E-like

motif (D335-350 = DE) (Figures 3C and 3D), suggesting that FYVE1DC inhibits the glutamine-responsive TORC1 activation through direct

TORC1 interaction via its E-like motif.

To test the effect of FYVE1 overexpression on plant growth, we compared root growth in lines overexpressing wild-type FYVE1 and the

FYVE1DC mutant to the same extent. The root growth of the FYVE1DC overexpressing line was inhibited on nitrogen-containing medium

without (+N�G) and with (+N+G) glucose (Figures 3E and 3F). The growth of the wild-type FYVE1 overexpressing line was also slightly
iScience 27, 110814, September 20, 2024 3
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Figure 3. Overexpression of FYVE1DC mutant impedes glutamine-responsive TORC1 activation

(A and B) 35Spro:HA-FYVE1 and 35Spro:HA-FYVE1DC transgenic seedlings were treated with 1mM L-glutamine for 20min, and the total extracts were subjected

to immunoblotting. UGPase was used as a loading control. The ratio of phosphorylated/total Rps6, normalized to the values for each line to which glutamine was

not added, is shown for representative lines in B). Error bars represent the standard deviation (n = 3 independent experiments), and significance was determined

by a two-tailed Student’s t test. Statistically significant differences are indicated with asterisks, (**) representing p < 0.01 and (***) representing p < 0.001.

(C and D) Root-cultured cell derived protoplasts transformed with plasmids harboring both 35Spro:S6K and indicated 35Spro:FYVE1mutants were treated with

1 mM L-glutamine for 10 min, and the total extracts were subjected to immunoblotting. The ratio of phosphorylated/total S6K normalized to the values for each

transformant to which glutamine was not added in D). Error bars represent the standard deviation (n = 3 independent experiments). Significance was determined

by a two-tailed Student’s t test. Statistically significant differences are indicated with (**) representing p < 0.01 and (***) representing p < 0.001.

(E) Photographs of wild-type, 35Spro:HA-FYVE1, and 35Spro:HA-FYVE1DC seedlings grown for 7-day on 1/2 MS (+N�G), 1/4 MS with glucose (+N+G), and

grown for 9 days on 1/4 MS without nitrogen but with glucose (�N+G). Scale bars: 1 cm.

(F) Boxplots of primary root length of 7-day-old seedlings grown on 1/2 MS (+N�G), 1/4 MS with glucose (+N+G), and of 9-day-old seedlings grown on 1/4 MS

without nitrogen but with glucose (�N+G) tested for wild-type (n = 55, 57, and 57 seedlings, respectively), 35Spro:HA-FYVE1 (n = 55, 55, and 54 seedlings,

respectively), and 35Spro:HA-FYVE1DC (n = 53, 52, and 52 seedlings, respectively). Error bars represent standard deviation among the independent samples

and the cross and the horizontal lines in each box represent mean and median values, respectively. Statistically significant differences between the lines are

indicated with asterisk (*) representing p < 0.05, (**) representing p < 0.01, and (***) representing p < 0.001, based on a two-tail t test assuming unequal

variance between the lines.

(G) PIN2 levels in seedlings of wild-type (Col-0) and indicated transgenic lines. Total extracts were subjected to immunoblotting with anti-PIN2 antibody. Actin

was used as a loading control. See also Figures S2, S3, and S4.
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inhibited on nitrogen-containing medium; however, the phenotype was milder than that of the FYVE1DCmutant line (Figures 3E and 3F). In

contrast, on a nitrogen-free medium with glucose (�N+G), the FYVE1DC overexpression line did not show significant differences with wild-

type seedlings (Figures 3E and 3F). The difference in phenotypic severity was probably because TORC1 was already largely inactivated under

nitrogen starvation and FYVE1DC overexpression did not further reduce TORC1 activity.

As FYVE1 interacts with multiple components of the ESCRT machinery, the dominant-negative effect of FYVE1DC could be caused by the

inhibition of ESCRT function.25,26,36 To examine ESCRT functions in FYVE1DC overexpressing plants, wemonitored PIN2 protein levels, which

is sorted into MVE and degraded in the vacuolar lumen.37,38 While PIN2 accumulated in fyve1-1 seedlings as previously reported,25 apparent

differenceswere not observedbetweenwild-type (Col-0), wild-type FYVE1, and FYVE1DC overexpressing plants (Figure 3G). Similarly, fyve1-1

mutant seedlings and PI3K- and PI4K inhibitor wortmannin-treatedwild-type seedlings showed accumulation of ubiquitylated proteins as pre-

viously reported.25,27,39 In contrast, the amounts of ubiquitylated proteins in FYVE1 and FYVE1DC overexpression lines were comparable to

those in the wild-type (Figure S4). These data suggest that ESCRT- and ubiquitin-mediated endosomal degradation is retained in FYVE1DC

overexpressing plants and that the impairment of glutamine-responsive TORC1 activation in the FYVE1DC overexpressing plants is not due to

ESCRT dysfunction.
L-glutamine induces FYVE1-TORC1 interaction in vitro

In yeast, Pib2 binds directly to TORC1 in response to glutamine and activates TORC1.24 Mass spectrometry (MS) data using FYVE1 as bait

identified TORC1 components Lst8-2 and Raptor1B as potential interactors of FYVE136.. To test the interaction between FYVE1 and TORC1

in vitro, we generated HA-tagged LST8-2 and RAPTOR1B overexpressing lines. Since we could detect HA-Raptor1B but not HA-Lst8-2 in

the obtained lines by western blotting, we performed an in vitro pull-down assay using HA-Raptor1B overexpressing lines. GST-FYVE1 pu-

rified from E. coli was incubated with plant lysates from HA-Raptor overexpressing lines. HA-Raptor was co-precipitated with GST-FYVE1,

and this interaction was enhanced by the addition of L-glutamine to the lysates (Figure 4A). To induce the maximum binding, millimolar

levels of glutamine were required, which is within the range of the intracellular glutamine level in Arabidopsis cells (Figure 4B).40 Further-

more, the glutamine-responsive TORC1 interaction was abolished in the FYVE1DE mutant (Figure 4C), suggesting that the E-like motif is

necessary for the glutamine-responsive binding to TORC1. Notably, FYVE1-TORC1 interaction was increased only by L-glutamine, but not

by other tested amino acids including L-cysteine, which induced Pib2-TORC1 interaction24,41 (Figure 4A).

Altogether, our results identified Arabidopsis FYVE1 as an ortholog of yeast Pib2 that can act as a glutamine sensor. TORC1 activation by

FYVE1 was dependent on the C-terminal tail-like motif and this function of FYVE1 is likely ESCRT-independent. Given the amino acid identity

of FYVE1 and its homologs in other plant species (Figure 1A), it can be expected that FYVE1 function is conserved in plants. Thus, we propose

that FYVE1 is a positive regulator of TORC1 in plants, and increasing FYVE1 levels under favorable conditions and conversely decreasing them

under stress conditions could be part of a feedback mechanism during nutrient response in plants (Figure 5).
DISCUSSION

This study identifies FYVE1/FREE1 as a positive regulator of TORC1 in A. thaliana. Overall, our experiments indicate that FYVE1 is the plant

Pib2 ortholog and suggest that FYVE is an intracellular glutamine sensor that triggers TORC1 activation.

Pib2 has been recently reported to function also as a cysteine sensor in yeast.41 While the binding of Pib2 to TORC1 is induced by cysteine

and glutamine,24,41 the binding of FYVE1 to TORC1 was not induced by cysteine, suggesting that FYVE1 does not function as a cysteine

sensor. In plants also, cysteine has been suggested to activate TORC1,14,42 although the activation mechanism is probably independent

of FYVE.
iScience 27, 110814, September 20, 2024 5
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Figure 4. L-glutamine induces FYVE1-TORC1 interaction in vitro

(A) L-glutamine specifically induces FYVE1-TORC1 interaction. Plant cell lysates fromHA-Raptor1B expressing seedlings were subjected to pull-down assays with

bacterially expressed GST-FYVE1 and the final 1 mM of indicated amino acids. The bar graph shows GST-FYVE1-bound HA-Raptor1B normalized to the samples

without amino acids. Error bars represent the standard deviation (n = 3 independent experiments). Significance was determined using a two-tailed Student’s

t test. Statistically significant differences are indicated with asterisks (**) representing p < 0.01.

(B) The FYVE1-TORC1 interaction depends on glutamine concentration. Pull-down assays were performed as in (A), except that the indicated concentrations of

L-glutamine were added to the cell lysates. Dot plots represent the ratio of GST-FYVE1-bound HA-Raptor1B normalized to the samples without glutamine. Error

bars represent the standard deviation (n = 3 independent experiments).

(C) The E-like motif of FYVE1 is required for the glutamine-induced FYVE1-TORC1 interaction. Pull-down assays were performed as in (A) using GST-FYVE1 or

GST-FYVE1DE(D335-350). The bar graph showsGST-FYVE1-or FYVE1DE -boundHA-Raptor1B normalized to the samples without glutamine. Error bars represent

the standard deviation (n = 3 independent experiments). Statistically significant differences are indicated with asterisks (*) representing p < 0.05 and (***)

representing p < 0.001.
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It is noteworthy that both Pib2 and FYVE1 are phosphorylated and regulated by stress-activated AMP-activated protein kinase (AMPK)

orthologs. In Arabidopsis, when nutrients are depleted, FYVE1 is phosphorylated by the AMPK ortholog SnRK1a1, thereby being recruited

to the autophagosomemembrane where it plays an essential role in autophagosome closure by probably bridging the ATG conjugation sys-

tem and ESCRTmachinery.36 In yeast, Pib2 is phosphorylated by the AMPK ortholog Snf1 to inhibit the Pib2-TORC1 interaction under energy-

depleted conditions.43 In other words, Pib2 and FYVE are signaling hubs that function downstream of AMPK and upstream of TORC1, de-

pending on the environment. Given the mutually inhibitory relationship between AMPK and TORC1, factors upstream of one signal being

regulated downstream of the other might be a natural evolutionary consequence.

Is Pib2 evolutionarily conserved across animal species?Mammals have LAPF/phafin1, which has an FYVE domain andC-terminal sequence

that are homologous to the tail motif of Pib2 (Figure S1A).19 However, it was reported that knockdown of LAPF/phafin1 in RagA/B knockout

cells did not affect the glutamine-responsive TORC1 activation,44 and to date, no clear phenotype of LAPF/phafin1 knockdown or knockout in

TORC1 signaling has been reported. Notably, the C-termini of LAPF/phafin1 homologs in flies and nematodes lack homology with the tail

motif of Pib2 (Figure S1B), implying that these homologs, including LAPF/phafin1, may have lost their function as TORC1 activators during

evolution.
6 iScience 27, 110814, September 20, 2024



Figure 5. Model of the roles of FYVE1 in the nutrient response

Under nutrient-rich conditions, FYVE1 is activated by glutamine and interacts with TORC1, leading to TORC1 activation. Under nutrient-poor conditions, FYVE1 is

phosphorylated by active SnRK1, thereby being recruited to autophagosomes, where it promotes autophagosome closure and probably its own degradation.
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What could be the advantage of sensing glutamine upstream of TORC1? As yeast and plants can synthesize all proteinogenic amino

acids on their own and, unlike mammals, probably do not have amino acids that could bottleneck their growth. Therefore, monitoring the

amount of nitrogen stored in cells is a low-cost strategy for the cell compared to monitoring the amounts of individual amino acids in the

cells. Here, glutamine has properties that make it suitable as an indicator of the amounts of intracellular nitrogen storage. First, glutamine,

which has two amino groups per molecule, is one of the most abundant free amino acids in both yeast and plants,40,45 indicating that

glutamine occupies a large mass of nitrogen in cells. Second, intracellular glutamine levels reliably reflect the nitrogen status of cells. Un-

der nitrogen starvation conditions, the intracellular glutamine level decreases to <5% within 30 min after starvation in yeast cells, whereas

the level of glutamate, which can be generated by glutamine deamination, remains at approximately 40%.46 As glutamate is at a metabolic

crossroads with other amino acids and metabolites, maintaining a stable glutamate level is probably crucial for maintaining cellular homeo-

stasis. Therefore, glutamine possibly functions as a nitrogen storage molecule for this purpose and is perceived as an indicator of nitrogen

storage.

Limitations of the study

Although we showed that L-glutamine induces the FYVE1-TORC1 interaction in vitro, how FYVE1 functions as a sensor in vivo and whether

FYVE1 directly activates TORC1, such as Pib2, remain unclear. Future studies should address these questions.
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Antibodies

Rabbit anti-phospho-RPS6A-Ser240 Agrisera Cat#AS194302

Rabbit anti-RPS6A Agrisera Cat#AS194292

Rabbit anti-UGPase Agrisera Cat#AS05086

Rabbit anti-phospho S6K1/2 Agrisera Cat#AS132664

Rabbit anti-S6K1/2 Agrisera Cat#AS121855

Rabbit anti-HA Agrisera Cat#AS122220

Rabbit anti-FYVE1/FREE1 Agrisera Cat#AS224702

Rabbit anti-PIN2 Agrisera Cat#AS214697

Mouse anti-actin (C4) Santa Cruz Biotechnology Cat#SC-47778; RRID:AB_626632

Mouse anti-Ub(P4D1) Cell Signaling Technology Cat#3936, RRID:AB_331292

Mouse anti-GST (4C10) BioLegends Cat#901601

Sheep anti-Mouse IgG HRP-conjugated Cytiva Cat#NA931, RRID:AB_772210

Donkey anti-Rabbit IgG HRP Conjugated Cytiva Cat#NA934, RRID:AB_772206

Goat anti-Rabbit IgG HRP conjugated Sigma-Aldrich Cat#A0545, RRID:AB_257896

Bacterial and virus strains

Escherichia coli Rosetta-gami B(DE3) Novagen Cat#71136

Chemicals, peptides, and recombinant proteins

Torin 2 ChemScene Cat#CS-0236

rapamycin LC Laboratories Cat#R-5000

Isopropyl b-D-1-thiogalactopyranoside (IPTG) Nacalai Cat#19742

M-MULV Reverse Transcriptase New England Biolabs Cat#M0253

Critical commercial assays

NucleoSpin RNA Plant kit Macherey-Nagel Cat#740949

Experimental models: Organisms/strains

Arabidopsis: Col-0 Lab Stock N/A

Arabidopsis: 35Spro:3HA-RAPTOR1B This study N/A

Arabidopsis: fyve1-1 RIKEN pst18264

Arabidopsis: fyve1-1, UBQ10pro:GFP-FYVE1 Kolb et al.27 N/A

Arabidopsis: 35Spro:3HA-FYVE1 This study N/A

Arabidopsis: 35Spro:3HA-FYVE1D582-601 This study N/A

Deposited data

Raw and analyzed data Mendeley Data https://doi.org/10.17632/9vcy967fvd.1

Oligonucleotides

Primers provided in Table S1

Recombinant DNA

Plasmids provided in Table S2

Software and algorithms

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

flDPnn Hu et al., 202131 http://biomine.cs.vcu.edu/servers/flDPnn/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains and growth conditions

Yeast strains used in this study were in the S288C background and the genotypes are as follows. TM141 (MATa leu2-D1 his3-D200 trp1-D63

ura3-52)47 and MH1059 (same as TM141 except pib2::kanMX4).21 Cells harboring plasmids were spotted on SD medium (1.7 g/L Yeast nitro-

gen base [Difco]), 5 g/L ammonium sulfate [supplemented with uracil, tryptophan, and histidine], 20.0 g/L glucose) plates with or without the

indicated concentration of rapamycin and incubated at 30�C.

Plant material and growth conditions

All plant experiments were performed using A. thaliana. Arabidopsis seedlings were surface sterilized with 1% NaOCl, and kept at 4�C in the

dark for 1–7 days, and grown on 1/2 Murashige & Skoog (MS) (2.15 g/L MS medium containing vitamins [Duchefa], 250 mg/L MES, pH 5.8) or

MS with sucrose (4.3 g/L MS medium containing vitamins [Duchefa], 250 mg/L MES, 1% sucrose, pH 5.8) under long day (16 h light and 8 h

dark) or continuous light conditions at 21�C for 5–10 days. For primary root growth assay, 1/4 MS with glucose (+N + G) and 1/4 MS without

nitrogen but with glucose (-N + G) were prepared as previously described.48 fyve1-1 (RIKEN pst18264) and its complemented line with

UBQ10pro:GFP-FYVE1 were genotyped as previously described.27 To generate 3HA-FYVE1, 3HA-FYVE1DC, and 3HA-RAPTOR1B overex-

pressing lines, wild-type Col-0 was transformed by the floral dip method49 with pMT20, pMT21, and pMT66, respectively.

METHOD DETAILS

Monitoring TOR kinase activity in seedlings

Arabidopsis seeds were sown in 6-well plates with 1 mL of 1/2 MS medium and grown for 6–7 days under long-day conditions (the liquid

medium was replaced on day 3 or 4 and the day before harvest). The collected seedlings were immediately frozen in liquid nitrogen, ground

with 23 Laemmli sample buffer, and the samples were denatured for 4min at 98�C. The samples were centrifuged at 15,0003 g for 2min and

the supernatant was subjected to immunoblotting using anti-RPS6A-P240 and anti-RPS6A antibodies.

Monitoring TOR kinase activity in protoplasts

Protoplasts derived from Arabidopsis root cell-derived cultures (Col-0) were transformed with the indicated plasmids using a polyethylene

glycol–mediated method.50 Subsequently, the protoplasts were suspended in MS + mannitol medium (MS containing vitamins and 0.4 M

mannitol) and incubated overnight at 21�C in the dark. Transformed cell cultures were divided into two groups, one was treated with gluta-

mine at a final concentration of 1 mM for 10 min. Trichloroacetic acid was added directly to the cultures at a final concentration of 7%. After

incubation on ice for 1 h and centrifugation at 1503 g at 4�C for 3 min, cell precipitates were suspended in cold acetone and incubated at -

25�C for 1–2 h. The cell suspensions were centrifuged at 24,0003 g for 30 min and the precipitates were washed once with cold acetone. The

precipitates were then dried, suspended in urea buffer (25 mM Tris-HCl pH 6.8, 6 M urea, and 1% SDS), and briefly sonicated. Subsequently,

43 Laemmli sample buffer was added to each sample and incubated at 65�C for 10min. The samples were centrifuged at 15,0003 g for 2min

and the supernatant was subjected to immunoblotting.

GST-FYVE1 purification from E. coli

E. coli Rosetta-gami B(DE3) carrying pGEX4T-2-derived plasmids were cultivated in LB containing 15 mg/mL chloramphenicol and 100 mg/mL

ampicillin at 37�C overnight. The overnight culture was then diluted in the same medium to an OD600 of 0.35 and incubated for 1 h at 18�C
before adding 0.5 mM of isopropyl-b-D-thiogalactoside. The culture was then incubated overnight at 18�C and the cells were collected, sus-

pended in PBSN buffer (PBS +0.1% NP40, 1 mM phenylmethylsulfonyl fluoride, 40 mg/mL aprotinin, 10 mg/mL pepstatin A, 20 mg/mL leupep-

tin), and lysed by sonication. After centrifugation at 20,000 3 g for 15 min, the supernatant was mixed with glutathione Sepharose 4B beads

(Cytiva, Marlborough, MA, USA) and the mixture was rotated for 1 h at 4�C. The beads were washed three times with PBSN, and the precip-

itated proteins were eluted in an elution buffer (50 mM Tris-HCl [pH 8.0] and 10 mM reduced glutathione).

In vitro pull-down assay

7-day-old seedlings of 35Spro:3HA-Raptor1B transgenic plants grown on MS with sucrose medium under continuous light or long-day con-

ditions were quickly chilled in liquid nitrogen and grounded in a pull-down buffer (50 mM HEPES-KOH [pH 7.5], 120 mM NaCl, 1 mM EDTA,

0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 40 mg/mL aprotinin, 10 mg/mL pepstatin A, and 20 mg/mL leupeptin) with liquid ni-

trogen. The extract was centrifuged at 20,0003g for 15min, and the supernatant was collected. The indicated amount of each amino acid was

added to the supernatant along with purified GST-FYVE1 on Glutathione Sepharose beads (Cytiva, Durham, NC, USA), and the mixture was

rotated for 1.5 h at 4�C. Subsequently, the beads were washed three times with the pull-down buffer containing the indicated amount of each

amino acid, suspended in Laemmli sample dye, and boiled for 4 min. The supernatants were then subjected to immunoblotting.

qRT-PCR

Seedlings frozen in liquid nitrogen were extracted using a TissueLyser (Qiagen) with 1.2 mm diameter glass beads. Total RNA was isolated

using the NucleoSpin RNA Plant Kit (Macherey-Nagel, Düren, Germany), followed by cDNA synthesis using M-MULV Reverse Transcriptase
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(New England Biolabs, Beverly, MA, USA). The cDNA was analyzed by RT-PCR using gene-specific primers oMH73/oMH74 for FYVE1 and

GAPDH fw/GAPDH rv for GAPDH.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Microsoft Excel software. Details of statistical analyses are included in the corresponding figure

legends. All the data are presented as the mean G SD. Student’s two-tailed t-test was used to evaluate group differences. p-value of less

than 0.05 was considered to indicate statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001). p-value >0.05 was considered not significant

and was denoted by ‘‘n.s’’.

No specific methods were used to test whether the data met the assumptions of the statistical approach.
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